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Abstract

The liver is a relevant target organ for in vivo gene therapy, being involved in
several coagulation disorders and metabolic diseases. Adeno-associated viral (AAV)
vectors have been extensively used for liver gene therapy, obtaining successful
results in clinical trials. Despite AAV vector genomes remain mostly episomal, the
transgene has been shown to be maintained for several years in the adult liver.
However, active hepatocyte proliferation during liver growth currently challenges
application of AAV-vector gene therapy to young individuals. We have previously
developed lentiviral vectors (LV) that integrate their genome into host DNA and
achieve stable transgene expression in adult mice, dogs, and non-human primates.
Here we performed and in-depth analysis of maintenance of LV-transduced
hepatocytes following post-natal liver growth and homeostasis and of the age-
dependent impact on liver-directed LV gene therapy in mice. We observed a high
hepatocyte proliferation rate in newborn mice that decreased over time, with only
25% of hepatocytes contributing to liver growth, generating the vast majority of the
adult liver. No major differences have been observed between proliferation of LV-
transduced and non-transduced hepatocytes. We then observed a higher hepatocyte
transduction efficiency in young (newborn and juvenile) mice compared to adults,
paralleled by a lower uptake of LV by non-parenchymal cells. By intravenously (i.v.)
administering LV expressing a human coagulation factor IX (FIX) transgene we
observed the highest FIX output in mice treated as juvenile, which substantially
dropped when mice were treated from the 4" week of age. Newborn-treated mice
showed an intermediate level of transgene output. Young mice also showed a higher
percentage of multiple-transduced hepatocytes, which might contribute to the
differences in transgene output. We then investigated the distribution of transduced
hepatocytes in the liver lobule and observed a preferential transduction in the peri-
central area in young-treated mice and in the peri-portal area in adult-treated mice.
We observed that also Kupffer cells shift from the central to the portal area during
growth, however their depletion did not reduce the peri-portal transduction bias in
adult mice, indicating that they are not determining the LV transduction bias. Overall,
our work showed that i.v. LV administration to young mice results in higher
hepatocytes transduction and transgene output than in adult-treated mice, with
maintenance of the transgene following cell proliferation during liver growth. These
findings inform further development of liver-directed LV gene therapy towards
application to pediatric patients and shed light on mechanisms of post-natal liver

growth in mice, which are relevant also for genome editing strategies.
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1. Introduction

1.1 Gene therapy

Genetic mutations are a rather common event occurring spontaneously or induced
by external factors during cell replication, and the resulting genetic variations
deriving from these errors represent the motor of evolution, thanks to the appearance
of new characteristics that could confer a survival or reproductive advantage to the
organism in a constantly changing environment. Despite the utility of this mechanism
from an evolutionary perspective, genetic mutations may also be deleterious. Indeed,
the accumulation of mutations in somatic cells during life are not significant for the
transmission of new characteristics to descendants, and although are often silent,
they can potentially induce a malignant transformation of cells that leads to
development of tumors. On the other hand, heritable genetic mutations occurring in
germline cells can be responsible of the appearance of genetic diseases. The
modification even of a single nucleotide in a gene could induce an aminoacidic change
that impair the normal function of the protein coded, or the appearance of a
premature stop codon that blocks the translation of mRNA into protein, or an
alteration in the regulation of the expression of the protein. This single mutation can
be responsible of a serious reduction of quality or expectancy of life of the affected
person. For a long time, medicine has tried to tackle genetic diseases by treating
symptoms and/or supplying the absent or altered protein to the organism (enzyme
replacement therapy, ERT), but this approach presents several limitations. The
protein administered intravenously is often recognized as “non-self” by the organism,
because of the lack of an active immune tolerance for that antigen that is normally
established during development for all the endogenous proteins. The production of
anti-drug-antibodies strongly affects the efficacy of the therapy (Banugaria et al,
2011). Moreover, this approach showed good results only in the case of the
administration of circulating proteins, such as coagulation factors in the case of
hemophilia (Orlova et al, 2012), or proteins that could be internalized by the target
cells, such as in lysosomal storage diseases (LSD) (Li, 2018), thus reducing its
applicability. But even for those diseases for which ERT has been effective, variation
of protein level over time and constant need for drug re-administration significantly
impact patients’ quality of life. Conversely to the treatment approach comprising ERT,
that intervenes on symptoms instead of causes, in the last 50 years there has been
a growing interest into gene therapy, a curative approach that tackles the disease at

its root and that is based on substitution or modification of the gene causing the
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disease. The major advantage of gene therapy, if successful, is the achievement of
the complete rescue of the normal phenotype by a single administration of the drug
product. The most common approach used in gene therapy is called gene addition
(or gene replacement), that consist in the introduction into the cell of genetic material
containing a correct version of the gene, which, when mutated causes the disease.
Gene addition is based on the introduction into the patient cells of genetic material
to allow expression of a functional form of the protein involved in the disease. The
most obvious way to deliver the curative genetic material would be the administration
of naked DNA or RNA into the patients or cells, but this method is very inefficient (Yin
et al, 2014), therefore many kinds of vectors have been developed over time, and
the most efficient and widely used are based on viruses.

In recent years, other gene therapy strategies have been developed beside gene
addition. In particular, the availability of engineered sequence-specific DNA
endonucleases opened the possibility to introduce precise edits in the genome, which
is referred to as genome editing. Genome editing has the potential to obtain
correction of the mutated gene directly in the locus (gene correction), or its knockout
through the induction of a DNA damage (gene suppression), or to target integration
of genetic material into a specific genomic site (targeted integration). Nuclease
proteins can induce a double-strand DNA break in a genomic locus by recognition of
a specific sequence. The cell can correct the damage in 2 ways: non-homologous end
joining (NHEJ) or homology-driven repair (HDR) (O'Driscoll & Jeggo, 2006). NHEJ is
an error-prone mechanism by which DNA ends are attached, but often with small
insertions or deletions, that if occurs in a coding region can alter or stop the
expression of the protein, and therefore can be used for gene suppression strategies.
Conversely, cells can try to repair DNA through HDR, exploiting another DNA
sequence with homology to the nuclease target site, that can be copied to restore a
functional version of the gene. HDR can be exploited to correct mutations and is
therefore considered a gene correction strategy. Gene suppression can be obtained
also through the insertion of small non-coding RNAs that can suppress the expression

of a protein by pairing with RNA and inducing its degradation.

1.1.1 Half century of gene therapy

The idea of gene addition therapies lay its foundations on the finding of Tatum in
the 1960s that viruses can transfer their genetic material into infected cells, and they
are inherited through cells division because of chromosomal insertion of the viral
genome (Temin, 1961; Sambrook et al, 1968; Tatum, 1966). The first gene

replacement therapy ever attempted dates back to 1974, when unmodified Shope
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papilloma virus was administered intravenously into 3 patients affected by
hyperargininemia, caused by lack of the arginase I enzyme, resulting into high
concentration of arginine in circulation. The idea was that Shope papilloma virus
carries a functional version of arginase I enzyme and could thus reduce arginine
bloodstream levels. Unfortunately, no beneficial effect was observed in treated
patients (Terheggen et al, 1975) because, as was later found out, Shope papilloma
virus genome did not code for arginase I enzyme. The arrival of genetic engineering
techniques in the 70s and 80s paved the way for modern gene therapy, thanks to
the opportunity to generate recombinant viral genomes. In particular, genetic
engineering has been used to introduce a therapeutic gene into the viral genome, to
be carried inside the patient cells, but also to change part of the viral genome that
are responsible for their infectivity, to make them replication defective and safer. As
a consequence, in the 80s and 90s there has been an increasing interest into gene
therapy, and a first wave of clinical trials were carried out in USA and Europe. In this
phase 2 branches of gene therapy were carried on: on one side, thanks to the
advancement of hematopoietic stem cells (HSC) transplantation, y-retroviral vectors
were used for ex vivo gene therapy; on the other side adenovirus-derived vectors
(AdV) and adeno-associated virus (AAV)-derived vectors were directly injected into
the patient for in vivo gene therapy. Ex vivo gene therapy is based on the collection
of autologous cells from the patient, which are then corrected in vitro by the
introduction of the therapeutic transgene and then infused again in the organism.
Thanks to their accessibility for explant and the ease in reinfusion, hematopoietic
cells are the most common target of ex vivo gene therapy, and in particular HSC and
T lymphocytes. The first ex vivo gene therapy trial was approved in 1990 by US Food
and Drug Administration (FDA) for the treatment of patients affected by adenosine
deaminase deficiency (ADA), a form of severe combined immunodeficiency (SCID),
by infusion of autologous T cells transduced with y-retroviral vector containing ADA
transgene (Blaese et al, 1995). Short after, another clinical trial in ADA-SCID patients
obtained promising results by targeting bone marrow HSC (Bordignon et al, 1995),
paving the way for the approval of the first ex vivo gene therapy product by the
European Medicines Agency (EMA) in 2016, commercialized with the name Strimvelis
and administered to more than 50 patients so far (Ferrua & Aiuti, 2017).
Simultaneously, AAV vectors were developed for in vivo gene therapy, leading to a
pioneering clinical trial for hemophilia B targeting hepatocytes. In this trial,
expression of therapeutic levels of coagulation factor IX (FIX), the protein missing in
hemophilia B, was obtained, however, unfortunately, it lasted for only a few weeks

because of an immune reaction directed against transduced liver cells (Manno et al,
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2006). Despite this phase of expansion and enthusiasm for gene therapy provided
the first promising results, it was also characterized by unfortunate events.
Integration of vector genome into host cells resulted in 5 cases of leukemia out of 20
patients in 2 clinical trials for X-linked SCID (SCID-X1) based on correction of bone
marrow HSC by transduction with y-retroviral vector carrying IL-2 receptor (IL2R)
gene (Hacein-Bey-Abina et al, 2008; Howe et al, 2008). Moreover, the use of
retroviral vectors resulted in genotoxicity also in a clinical trial to treat Wiskott-Aldrich
syndrome (WAS), in which 7 out of 10 patients developed acute leukemia (Braun et
al, 2014). 2 cases of myelodysplasia have been detected also in patients affected by
X-linked chronic granulomatous disease (X-CGD) in a clinical trial exploiting y-
retroviral vector (Stein et al/, 2010). Another event that represented a turning point
for gene therapy was the death of Jesse Gelsinger, that could be attributed directly
to the administration of the vector. Jesse was affected by ornithine transcarbamylase
(OTC) deficiency, a metabolic disease affecting aminoacidic metabolism, and at 18
years of age was enrolled in a clinical trial based on the intra-hepatic administration
of AdV. He started to experience severe complications short after the treatment and
died 2 days later of multiple organ system failure caused by a massive immune
response induced in response to systemic vector administration (Raper et al/, 2003).
These adverse events pushed scientist to go back from bedside to bench to deepen
the understanding of vector biology and safety and their interactions with the host
genome and the immune system. One of the major subsequent advances was the
development of human immunodeficiency virus (HIV)-derived lentiviral vectors (LV),
which are integrating vector like y-retroviral vectors but with a higher safety profile
and have the advantage to integrate their genome into non-dividing cells (Reiser et
al, 1996). LV progressively replaced y-retroviral vectors for transduction of
hematopoietic cells (Akkina et al, 1996), but showed to be efficient also for in vivo
applications (Naldini et a/, 1996). Over time, LV found multiple applications besides
ex vivo gene therapy for immunological syndromes. It turned out that hematopoietic
cells can be used as a cargo to carry therapeutic molecules, expressed by the
transgene, into specific site, such as the central nervous system (CNS). Promising
results have been achieved for X-linked adrenoleukodystrophy (ALD) (Cartier et al,
2009), a fatal demyelinating disease, and metachromatic leukodystrophy (MLD) (Biffi
et al, 2013), a neurodegenerative LSD. Gene therapy for MLD has recently obtained
market authorization by EMA and will be commercialized with the name Libmeldy
(Fumagalli et al, 2020; Jensen et al, 2021). Market authorization has been accorded
in 2021 also for treatment of cerebral adrenoleukodystrophy (CALD), a severe form

of ALD (Skysona; (Eichler et al, 2017). LV-based ex vivo gene therapy has been
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widely explored also to treat hematological disorders such as hemoglobinopathies.
Promising results have been achieved for sickle-cell disease and B-thalassemia
(Cavazzana & Mavilio, 2018), and for the latter Zynteglo, a drug based on HSC
transduced with LV encoding a B-globin gene, received EMA authorization in 2019
(Thompson et al, 2018). In the last twenty years ex vivo gene therapy has been also
explored to fight cancer, and now it represents its most common application. The
first attempts were based on the idea of introducing cytotoxic or suicide genes in the
tumor (Oldfield et al, 1993), but their efficacy was limited to the primary solid tumor
and not on metastasis, therefore the attention shifted again to hematopoietic cells,
that can be used to carry molecules that redirect immune system to attack cancer
cells. This has been attempted with expression of cytokines, such as interferon-a
(IFNa), that can be narrowed to tumor-infiltrating macrophages, with the purpose of
inverting the immunosuppressive tumor microenvironment and stimulate an immune
response in the tumor (Escobar et al, 2869), and promising preclinical results have
been achieved for different types of solid and liquid tumors (Escobar et al, 2018; de
Palma et al, 2008). Currently this strategy is under evaluation in 2 clinical trials in
patients with glioblastoma multiforme (GBM) (NCT03866109) and multiple myeloma
(MM) (NCT03875495). A different strategy for cancer gene therapy consists in the
genetic modification of autologous T-cells to express a chimeric antigen receptor
(CAR) that is able to recognize a tumor antigen. This is obtained through the fusion
of the single-chain variable fragment (scFV) from an antibody specific for the antigen
of interest, with the intracellular activation domain from CD3 zeta chain (CD3{) and
a costimulatory domain (CD28, 4-1BB or both) (June et al/, 2018). CAR-T have
already obtained market authorization for B-cell acute lymphoblastic leukemia (ALL,
Kymriah) and large B-cell lymphoma (DLBCL, Kymriah and Yescarta), in both cases
with targeting of CD19 antigen (Locke et al, 2019; Schuster et al, 2019; Maude et
al, 2018).

From the 90s also AdV progressively left the stage to AAV vectors, which became
the most used non-integrating vector, and found applications for in vivo gene therapy
in liver, eye, muscle and CNS (Mingozzi & High, 2011), which are considered post-
mitotic organs, and therefore the low or absent proliferation of parenchymal cells
reduces the risk of dilution of the episomal vector genome. Among the first approved
gene therapy product was Glybera, an AAV1 delivering lipoprotein lipase (LPL) gene
through multiple intramuscular injection in patients affected by lipoprotein lipase
deficiency (LPLD), a defect in triglycerides metabolism (Scott, 2015). The product
was administered to 31 patients in total before being retracted from the marked due

to the high cost and low number of patients available, therefore has been judged
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unprofitable by the developer (Shukla et a/, 2019). Subretinal administration of AAV
vector carrying RPE65 gene, coding for retinal pigment epithelium-specific 65 kDa
protein, improved visual function in patients affected by a genetic form of retinal
degeneration (Leber congenital amaurosis) in multiple clinical trials, one of which
(NCT01208389) showed sustained expression over time, with also injection in the
contralateral eye (Bennett et al, 2016), and lead to the approval of Luxturna by FDA
in 2017, the first gene therapy approved in the USA. AAV vectors versatility has been
improved through the exploration of different serotypes, either by using the ones
available in nature or by designing new ones. This led also to the creation of a tool
that can overcome one of the major obstacles for the treatment of diseases affecting
CNS, which is the crossing of the blood-brain barrier (BBB). Indeed, AAV9 has been
found to be able to naturally cross BBB (Foust et a/, 2008), and therefore has been
exploited for brain-directed gene therapy. In particular, it has been studied in the
context of spinal muscular atrophy (SMA), a disease caused by a mutation in SMN1
gene that results in the loss of motor neurons. A clinical trial on 15 patients less than
1 year old obtained a remarkable improvement in survival and motor function score
(Mendell et al, 2017), and led to the approval of the therapy by FDA in 2019 with the
commercial name Zolgensma.

In parallel to gene addition, gene correction strategies have been developed in the
last twenty years. The first genome editing attempts exploited zinc-finger nucleases
(ZFNs), meganucleases or transcription activator-like effector nucleases (TALENS),
that are based on engineering of DNA-binding protein to recognize specific DNA
sequence and induce a double-strand break (Silva et a/, 2011). But the discovery of
the CRISPR (clustered regularly interspaced short palindromic repeats) bacteria
defense system made much easier redirecting the nuclease, because the
CRISPR associated protein 9 (Cas9) exploited by this system is guided by an RNA
molecule rather than DNA-binding domain, and consequently is simpler to engineer.
The guide RNA (gRNA) molecule has complementarity to the DNA target sequence in
proximity of a PAM (protospacer adjacent motif) site. The incredible potential of this
system is demonstrated by the fact that in less than 10 years from the pioneering
discovery of CRISPR (Jinek et a/, 2012), it has already been awarded by a Nobel Prize
in chemistry and has already many clinical trials ongoing for multiple diseases
(Doudna, 2020), both for in vivo and ex vivo genome editing. Lately, new
technologies have been developed coupling a mutated form of Cas9 (only inducing
single-strand DNA break) to adenine or cytidine deaminase domains to generate
adenine base editors (ABEs) or cytosine base editors (CBEs), respectively. ABEs and

CBEs can catalyze the conversion of AeT-to-GeC base pairs or CeG to TeA base pairs
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respectively, thus opening the possibility to introduce site-specific point mutations
(Huang et al, 2021b).

1.1.2. Results, concerns and future perspectives

To summarize, in 50 years of history and 30 years of clinical applications, gene
therapy has achieved 9 market authorization by FDA or EMA for gene addition
strategies, 6 of which consist on ex vivo transduction of HSC by y-retroviral vector
or LV to target hematological diseases (ADA-SCID and B-thalassemia) or diseases
affecting CNS (CALD and MLD), or by CAR-T engineering to target B-cell
malignancies, and the other 3 (2 on the market, 1 withdrawn for commercial reasons)
involve local (in eye or muscles) or systemic administration of AAV vectors (targeting
mainly CNS). Therefore, gene therapy represents the first curative strategy for
genetic diseases that became a clinical reality, and now efforts are underway to
broaden its clinical applications. And this has been done by transforming pathogens
such as viruses into an ally, in particular with HIV-derived LV, that have been
developed during the first wave of spread of AIDS epidemic. For this reason and for
its troubled history, gene therapy still faces many challenges and skepticism.

One of the main critical aspects of gene therapy, that came out also from the first
phase of clinical trials, is the risk of genotoxicity by insertional mutagenesis. Indeed,
it is known that the integration of viral DNA in the host genome can alter expression
of neighbor genes, thus inducing a malignant transformation of cells, and this
phenomenon has been observed for multiple viral infections (Bushman, 2020;
Levrero & Zucman-Rossi, 2016). In gene therapy this aspect is of concern particularly
for integrating vectors based on y-retrovirus and lentivirus. As mentioned before,
several cases of vector-induced insertional mutagenesis have been observed in
multiple clinical trials by transducing hematopoietic cells with y-retroviral vectors. At
the time of the development of the first therapeutic strategies and clinical trials the
entire sequence of the human genome was not available yet, and it was not easy to
accurately study the integration pattern of viral genome, therefore it was believed
that integration of the viral DNA in the host genome was random. Conversely, it was
later shown that y-retroviruses integrate their genome preferentially in close
proximity to transcription start sites (Wu et al, 2003), therefore potentially
dysregulating the expression of the neighbor genes. Indeed, in 2 patients of the
SCID-X1 clinical trial that developed leukemia there was an expansion of clones with
transgene integration near the transcription start site of LMO2 gene, that is crucial
for hematopoietic development, and which expression was found to be upregulated

(Hacein-Bey-Abina et al, 2003). A third patient showed enrichment of clones with
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integration upstream of the CCDN2 transcription start site, that encodes for cyclin
D2, a known oncogene (Hacein-Bey-Abina et al, 2008). From this point of view LV
resulted to be safer than y-retroviruses because they preferentially integrate their
genome in coding regions of active genes, but not in proximity of the transcription
start site, thus reducing the risk of dysregulation of endogenous genes (Schroder et
al, 2002; Wu et al, 2003). But as it has been shown in HIV-infected patients
(Maldarelli et al, 2014), also LV cannot be considered completely safe, therefore it is
important to deeply study vector-genome interactions to design vectors with the
lowest possible risk of genotoxicity. As an example, improvement in vector safety
has been obtained by the development of self-inactivating (SIN) long terminal
repeats (LTR), that show a reduced genotoxicity risk compared to transcriptionally
active LTR (Montini et al, 2009), but also the choice of the promoter can impact on
genotoxic potential (Scholz et al, 2017). Despite these improvements, in 2021 a
clinical trial for CALD exploiting transduction of HSC by LV has been placed on hold
by FDA upon the report of a myelodysplastic syndrome in a patient more than 1 year
after treatment, only a couple of months after EMA market approval in Europe. The
sponsor stated that specific design features of the LV likely contributed to this event
(Keam, 2021).

Despite they are considered non-integrating, AAV vectors are not exempt from the
risk of causing insertional mutagenesis. Wild-type AAV2 genome integration has been
retrieved in 11 of 193 hepatocellular carcinoma and occurred in known cancer driver
genes (Nault et al, 2015). Despite AAV vectors lack Rep gene, that in wild-type virus
has DNA integrase activity (Smith, 2008), they have been shown to integrate with
low efficiency in the host genome, however, considering the high doses used for
treatment also this low efficiency of integration might be worrisome. Recently an
AAV-based pre-clinical study for hemophilia A gene therapy in dogs showed multiple
integrations of entire or fragmented vector genomes 10 years after treatment, with
a preference for transcription units and for cancer-related genes, that led to non-
malignant clonal expansion of targeted hepatocytes and increase in transgene
expression in 2 dogs (Nguyen et al, 2021).

Another major issue in gene therapy is the immune response to either the vector
or the transgene, indeed the uncontrolled and excessive immune reaction to the
vector particles has been demonstrated to be the cause of a gene therapy-related
death, the one of Jesse Gelsinger. While immunogenicity of the vector is less of a
concern for ex vivo gene therapy strategies because the vector does not directly
enter the body, it is particularly relevant for in vivo gene therapy. The encounter of

the vector with the immune system induces the formation of neutralizing antibodies
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(NAB), but they can be present in the patient even before treatment if they have
been infected by the wild-type virus. While pre-existing immunity to LV is very low
in the population, seroprevalence of NAB against AAV varies from 5% to 60%,
depending on the serotype (Jeune et al, 2013), therefore patients are typically
screened before enrollment in clinical trials of systemic AAV vector administration.
Moreover, administration of a 2" dose of the vector might be needed to counteract
transgene dilution over time in therapies with non-integrating vectors, but it can be
inhibited by NAB and might be challenging also using a different serotype because of
possible cross-reactivity of NAB. Injection of a 2" dose of AAV vector is possible in
the eye, thanks to an immune-privileged environment (Bennett et al, 2012).
Immunosuppression may be needed also to control T-cell mediated reaction against
transduced cells, that expose AAV capsid antigens on class-I major histocompatibility
complex (MHC) molecules, and this led to transgene loss in the first liver-directed
gene therapy trial for hemophilia B (Pien et al, 2009). Adaptive immune response
can be induced also against the transgene product, both in terms of production of
antibodies and CD8" T-cell response and can be developed independently from the
type of vector used (Calcedo et al, 2017), and can also affect ex vivo gene therapy
(Squeri et al, 2019). In in vivo gene therapy, immune response against the transgene
can be induced by transduction of antigen presenting cells (APCs), that can express
the transgene despite the use of a tissue-specific promoter. This can be avoided by
adding micro-RNA (miRNA) targeting site downstream the transgene, and in
particular miRNA 142, expressed in hematopoietic cells, has been used to avoid
transgene expression in APCs (Brown et al, 2006; Muhuri et al, 2021). Moreover,
another major limitation of in vivo transduction by systemic administration of LV is
phagocytosis by tissue-resident macrophages. This can be reduced by displaying high
amounts of CD47 anti-phagocytic molecules on vector surface (Milani et al, 2019).
These observations and partially unsolved hurdles of gene therapy indicate that,
in order to achieve the safest and most effective treatment possible, it is fundamental
to deeply understand vector biology and to characterize its interaction with the
organism from all points of view. Notably, in 1995 a National Institutes of Health
(NIH) advisory panel concluded that the low clinical efficacy obtained until then in
gene therapy trials could be attributed to “an inadequate understanding of the
biological interaction of these vectors with the host” and suggested to focus
investigations on basic aspects of gene transfer and the study of disease
pathophysiology (Orkin et al, 1995). Later in time, we could testify that these efforts

were actually put in place and led to some very successful gene therapy applications.
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It is now important to continue to study delivery vectors and vector-host interaction
to guarantee safety and efficacy of hew gene therapy treatments.

Besides all of these biological hurdles for gene therapy, the story of Glybera also
tell us that challenges in gene therapy also derive from the economic and social point
of view. Indeed, gene therapy has a very high cost for a single-shot treatment, that
ranges from 400.000$ for CAR-T therapies Yescarta and Kymriah and 690.000$ for
Strimvelis (Shukla et al, 2019) to more than 2 million $ for Zolgensma (Garrison et
al, 2021). However, alternative treatments, such as ERT, are costly too and are life-
long expenses. For example, prophylactic hemophilia treatment in the USA ranges
from 200.000$ to 400.000% per year (Thorat et al, 2018). Therefore, a one-shot 2-
million-dollar treatment would be cheaper than more than 10 years of current
prophylaxis. Nevertheless, the high cost and the technical challenges of the gene
therapy treatments, in particular for ex vivo therapies, and difficult deployment in
developing countries, are all emerging problems that the field has to face now that

the efficacy and potential of gene therapy has been demonstrated.

1.2. Gene therapy vectors

To overcome the challenge of delivering nucleic acids into target cells, multiple
viral and non-viral vectors have been developed. As mentioned above, the concept
itself of gene therapy derives from the observation of the possibility to transfer
genetic material exploiting viruses (Temin, 1961; Sambrook et al, 1968; Tatum,
1966), therefore viral vectors have been among the first to be developed. Despite
they are very efficient in transferring genetic material, because of their origin they
are also more likely to induce an immune response in the host organism, therefore
they necessitate extensive engineering of their genome and could represent a hazard
from safety point of view. Thus, non-viral vectors have also been extensively studied,
and lately their development was fueled by the advent of genome editing
technologies. The choice of the type of vector depends on which are the needs for
the desired application and whether the characteristic of a vector matches those
needs. Indeed, tropism and immunogenicity depend on the type of vector, and also
the type (DNA or RNA) and amount of genetic material that can be packaged.
Moreover, some applications require a stable long-term expression of the transgene,
others might prefer transient expression.

To develop a safe viral vectors, it is fundamental to ensure that it cannot replicate
in the host organism, as the virus of origin would do. In order to make them
replication defective, cis- and trans- acting sequences are separated. Trans-acting

elements are those part of the viral genome that encodes for proteins involved in
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packaging of the virions and transfer of the genetic material in the host cell. In
general, these elements are removed from viral vectors genome and provided
separately to producer cell lines, in order to assemble an intact and functional vector
that lacks the elements to generate other virions upon the defective infection referred
to as transduction. On the other hand, cis-acting elements are responsible for
encapsidation of the vector genome construct, infectious cycle and, in case of
integrating vectors, integration into the host genome, therefore are maintained in

the vector genome together with the therapeutic transgene (Naldini & Verma, 2000).

1.2.1. Non-integrating viral vectors: Adenoviral and AAV vectors

AdV are one of the first non-integrating vectors considered for in vivo gene
therapy. Adenoviruses are non-enveloped viruses made of an icosahedral protein
capsid that contain a linear double-stranded DNA with length ranging from 25 to 45
kb. Viral genome encodes from 35 proteins and is flanked by inverted terminal
repeats (ITR), hairpin structures that prime DNA replication and contain the
packaging signal. The latest generation of AdV lacks all the viral genes, that are
substitute by the transgene, and only ITR are maintained from the original genome,
therefore AdV have a very large cargo capacity (up to 36kb). Moreover, many
different serotypes have been identified in nature to infect humans, and 2 of them
(human adenovirus 2 and 5) have been exploited to generate gene therapy vectors
and have a broad tropism for human tissues (Bulcha et a/, 2021). Natural infection
form adenoviruses are very common in humans, especially in the upper respiratory
tract, therefore there is a high prevalence of NAB in the population, and this represent
an important obstacle to its application for systemic gene therapy (Mennechet et al,
2019). Moreover, their high intrinsic immunogenicity represents a safety concern,
particularly after the serious adverse event in the OCT trial that brought to the death
of Jesse Gelsinger. AdV have been extensively used for in vivo gene therapy clinical
trials, targeting mainly lungs and liver (Bramson et al, 1995), but due to the
immunogenicity of the vector and the adverse events, AdV progressively left the
stage to AAV for gene addition strategies. Nonetheless, AdV found extensive
application into vaccine development and cancer gene therapy and are used still
today in 50% of viral vector-based clinical trials (Bulcha et al, 2021). The
immunogenicity of AdV can indeed be exploited to stimulate an immune response
against the transgene encoded in its genome, and this feature makes them effective
vaccines against viruses such as Ebola and influenza virus (Milligan et al, 2016;
Sebastian & Lambe, 2018). More recently AdV have been used also in 3 of the most
used vaccines for SARS-CoV?2 virus (Ad26.COV2-S, ChAdOX1-nCoV and Gam-COVID-
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Vac/SputnikV) (Mendoncga et al, 2021). In the same way, AdV are used as vectors
for cancer vaccination, but are also exploited as oncolytic viruses or to carry immune-
regulatory genes (Shaw & Suzuki, 2019).

Despite they do not cause any known human disease, AAV have been extensively
studied since their discovery in 1965. Their name derives from the fact that they lack
the genes necessary for replication and expression of their own genome, thus they
need adenoviruses protein to provide these functions. AAV genome is smaller than
adenoviruses being only 4.7kb long, and it contains 4 open reading frames (ORFs):
the first encodes for replication genes (Rep), the second encodes for 3 capsid
proteins, the third for and fourth are nested sub-genomic coding for AAP (assembly-
activating protein), involved in capsid assembly, and MAAP (membrane-associated
accessory protein), whose function is not completely understood. The genome is a
single strand DNA (ssDNA) flanked by 145-nt ITRs that, as for adenoviruses, serve
as self-priming structure for replication and contains encapsidation signal (Bulcha et
al, 2021). After infection, ssDNA is transferred into the nucleus, where the second
strand is synthesized and intra- or inter-molecular recombination can occur between
ITRs to form concatemer or circular DNA, that increase stability of the viral genome,
that remains mostly episomal (Duan et al, 1998). Nonetheless, it has been observed
that AAV genome can be integrated into the host DNA (Nault et a/, 2015), and a locus
in chromosome 19 has been described as common site of integration of AAV, and
therefore it has been called AAVS1 (Kotin et al, 1991). This locus has been widely
used as a safe harbor locus for targeted integration in genome editing approaches
(Ward & Walsh, 2012). AAV can be used as a vector by substituting all the viral ORFs
with a transgene, flanked by ITRs, thus obtaining a recombinant AAV (rAAV) (Aponte-
Ubillus et a/, 2018). Given the small dimension of viral genome, an important limit of
rAAV vectors remain the small cargo capacity, that cannot exceed 5 kb. Multiple
strategies have been attempted to overcome this limit. ITRs recombination capacity
can be exploited to join together 2 viral genomes in a dual-vector system, or
alternatively recombination can be induced between homologous sequences (Nakai
et al, 2000). Otherwise, larger transgene can be obtained through RNA trans-splicing
(Lai et al, 2005) or protein splicing by fusing split inteins (Li et a/, 2008). Synthesis
of the second DNA strand is fundamental for transgene expression and is the limiting
step in AAV vector transduction. Double-stranded genome can be packaged into the
capsid by introducing a mutation in one of the ITRs, generating a self-complementary
AAV vector (scAAV) with enhanced transduction efficiency (McCarty et al/, 2003) but

with a cargo capacity halved compared to single-stranded rAAV.
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AAV can be categorized according to their capsid in different serotypes. AAV
serotype determines virus tropism and recognition by the immune system, and
therefore have been extensively studied for vector engineering. The first source of
discovery of new AAV serotypes has been natural variants found in human and non-
human primates, that led to isolation of more than 100 serotypes (Wu et al/, 2006).
New serotypes can be obtained also through rational design, by which some new
capsids have been obtained (Yang et al/, 2019) but it is generally very difficult to
apply, or directed evolution, that is based on iterative selection of randomly mutated
capsids (Dalkara et al, 2013).

AAV vectors are generally recognized as weakly immunogenic and very versatile
thanks to the diverse tropism conferred by different serotypes, therefore have been
used in more than 200 clinical trials for diseases affecting CNS, liver, eye, heart and
muscles (Bulcha et al, 2021). However, recent findings of AAV vector genome
integration into host DNA (Nguyen et al/, 2021) and toxicity caused by undesired
transduction of dorsal root ganglion (DRG) in multiple studies in non-human primates
(NHP) (Hordeaux et al, 2020) and for high vector doses in humans (Wilson & Flotte,
2020) raised some questions about safety of these vectors. Because of the episomal
nature of AAV genome, they would progressively diluted in actively replicating cells
but have shown stable long-term expression in non-dividing cells (Nathwani et al,
2014). AAV vectors are currently used also for genome editing. The episomal vector
can be used as a donor DNA template for HDR by including homology arms flanking
a genomic target site, but can also provide transient expression of Cas9 nuclease in

actively replicating cells (Wang et al, 2020).

1.2.2. Integrating viral vectors: retroviral vectors

Together with AdV, the first wave of gene therapy was characterized by an
extensive use of retroviral vectors that, conversely to AdV and AAV vectors, actively
integrate their genome into the host DNA. Retroviruses have a lipidic envelope, which
contain a proteic capsid and a homodimer of linear, single-stranded RNA genome of
7-10 kb. Genomic RNA is retro-transcribed into a double-stranded DNA by the viral
reverse transcriptase that is packaged into the virion, and then it is integrated into
chromosomes by the integrase expressed by the viral genome itself. Retroviruses
can be divided in 3 groups: oncoretroviruses, lentiviruses and spumaviruses, all of
which have been studied for gene therapy applications (Kim et al/, 2000).
Oncoretroviruses are known to induce tumor formation, instead lentiviruses (such as
HIV) induce immunodeficiencies, while spumaviruses are not linked to any known

disease. The genome of retroviruses contains 3 ORFs: gag (encoding for capsid
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protein), pol (encoding for protease, integrase and reverse transcriptase) and env
(encoding for the envelope glycoprotein) and is flanked by long terminal repeats
(LTRs) that mediate integration.

Retroviruses can be transformed into vectors by removing viral ORFs, which are
substituted by the transgene, but leaving LTRs and the packaging signals. Moreover,
the viral envelope glycoprotein, that mediates entry into the host cell, can be
substituted with another glycoprotein from a different virus to change or expand its
tropism (pseudotyping) (Cronin et al, 2005). Therefore, one of the most diffused
envelope glycoproteins for production of retroviral vector is the vesicular stomatitis
virus G glycoprotein (VSV-G). VSV-G pseudotyped retroviruses are pantropic and
their entry into cells is mediated by low-density lipoprotein receptor (LDL-R) and its
family members (Finkelshtein et al, 2013). Moreover, they resulted to be more stable,
allowing concentration by ultracentrifugation and long-term storage (Burns et al,
1993).

Integrating vectors give the opportunity to treat dividing cells without diluting the
transgene and losing its expression over time, opening the possibility to induce a
selective advantage of corrected cells, and thus reaching a therapeutic level of
correction by targeting a small population of cells. This aspect contributed to the
success of ex vivo gene therapy for ADA-SCID, a severe immunodeficiency
characterized by the accumulation of a toxic metabolite of adenosine that leads to
lymphocytotoxicity (Bradford et al, 2017). Hematopoietic cells corrected by the
insertion of a functional copy of adenosine deaminase carried by Moloney murine
leukemia virus (MMLV, an oncolytic virus belonging to the group of y-retroviruses)
derived vector do not accumulate the toxic metabolite and therefore can repopulate
the immune system (Aiuti et al/, 2003).

The initial success of retroviral vectors, and in particular y-retroviruses, brought
them to the 2" place of most widely used vectors for gene therapy in clinical trials,
but safety concerns emerged in 2000s because of genotoxic potential caused by viral
genome integration. Retroviruses integrate their genome preferentially near
promoters, with the risk of dysregulation of expression of the neighbor gene and
malignant transformation of transduced cells, as it has been observed in SCID-X1
clinical trial (Hacein-Bey-Abina et al, 2008). Despite leukemia cases affected gene
therapy clinical trials for other diseases (Stein et al, 2010; Braun et al, 2014),
malignancy development has been shown to be related not only to the vector but

also to transgene- and disease-specific characteristics (Cicalese et al, 2016).
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As mentioned above, lentiviruses have a safer profile compared to y-retroviruses,
thanks to different integration pattern and improvement in vector design, therefore
LV replaced y-retroviral vectors in latest clinical applications (see paragraph 1.3).

1.2.3. Non-viral vectors

Even if throughout the history of gene therapy progressively improved viral
vectors have been generated with good safety and efficacy profiles, immune
responses and genotoxicity remain concerns related to the use of viral vectors.
Therefore, non-viral vectors have also been considered for gene delivery, because of
the absence of virus-derived components, virtually unlimited cargo capacity and
relatively easy and cheap manufacturing processes (Yin et al, 2014). Currently, the
most used non-viral gene delivery technique is lipofection, that is based on lipid
vesicle called liposomes or lipid nanoparticles (LNP), that consist of spheric single or
multiple layers of phospholipids, incorporated with sterols, accommodating an
aqueous core that contains the genetic material to be transferred (Ren et al/, 2021).
Lipid layers can be also modified to increase stability, by adding for example poly-
ethylene glycols (PEG) or targeting ligands that redirect liposomes to specific cells
(Cullis & Hope, 2017; Eloy et al, 2017). Being non-toxic, low immunogenic, and
biodegradable, liposomes can be safely used both in vivo and ex vivo (Yin et al,
2014).

Multiple treatments based on drug-containing liposomes have been approved in
the last 30 years, also for carrying small interfering RNA (siRNA) or DNA molecules
(Bulbake et al, 2017). Both RNA and DNA can be loaded into liposomes, but in both
cases transgene expression is transient following delivery. Therefore, one of the most
studied application is the transfer of mRNA for in vivo genome editing, to achieve a
transient expression of genome editing machineries (Zhen & Li, 2019).

However, non-viral particles still suffer of low efficiency in some cases. Indeed,
viruses evolved for thousands of years to efficiently insert their genomes into host
cells, escape defense mechanisms and efficiently express their genes, and all of these
are lacking in non-viral vectors. This is true in particular for DNA, which after entering
the cell would lack the tool to move from cytosol to nucleus. One of the main
advantages of using LNPs or liposomes is that it may be possible to re-administer
them multiple times.

An application of LNP-mediated gene transfer we are all aware of is represented
by the COVID-19 vaccines (BNT162b2 and mRNA-1273), that in both cases consist
of LNPs carrying mRNA coding for SARS-CoV2 spike protein. These COVID-19
vaccines obtained impressive results in terms of efficacy and safety (Huang et al,
2021a).
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1.3. Lentiviral vectors

Lentiviruses belong to the family of retroviruses and are therefore enveloped
viruses with 2 copies of a 9.7kb, single-strand sense RNA genome. The virion is
spherical, with a diameter of 120nm, and contain a nucleocapsid bound to the
genome, that also contains a reverse transcriptase, a protease and an integrase
protein. The most commonly used LV for gene therapy is derived from HIV-1, but its
genome has been split into different plasmids used to produce LV to reduce the risk
of producing replication-competent viruses. The LV genome plasmid contains the
transgene and the cis-acting sequences, that are necessary for encapsidation,
retrotranscription and integration, while trans-acting sequences have been split in 3
packaging constructs, which are expressed by the producing cells but are not
packaged in the virion. The first packaging construct contains HIV gag, pro and pol
genes, that encodes the capsid proteins p24, matrix and nucleoprotein (gag), and for
reverse transcriptase, protease and integrase (pol/). Gag gene is translated in a single
polyprotein, which is the cleaved by the protease. The second packaging construct
contains rev gene, that encodes for Rev protein, which is necessary for nuclear export
unspliced mRNA. The unspliced LV mRNA is encapsulated and serve as vector
genome. Rev protein binds a specific HIV sequence called RRE (Rev responsive
element), that therefore has to be present on LV genome to generate vector particles.
The third packaging construct contains the gene encoding for the envelope protein,
but HIV env gene is usually substituted by VSV-G, that expand LV tropism, as
previously described for retroviral vectors. The fourth construct necessary for LV
production is called transfer construct and produces the mRNA that is encapsulated
in the LV particle and constitute its genome. LV genome is flanked by LTRs, that are
necessary for integration in the host DNA. HIV LTRs are composed of 3 elements, U3,
R and U5, that are present in both 5" and 3’ LTRs. U3 element act as a
promoter/enhancer for transcription of HIV genome but latest generations of LV have
a partial deletion in U3 3’ LTR that is called AU3. During retrotranscription AU3 is
copied in the 5’ LTR, therefore the enhancer/promoter activity is disrupted in both
LTRs, and LVs containing this deletion are called self-inactivating (SIN). The U3
region just upstream of the R element in 3’ LTR is also needed as a polyadenylation
(polyA) signal, therefore it cannot be eliminated, but a 400 bp depletion of the
promoter/enhancer sequences upstream of the polyadenylation signal, that also
contain a TATA box, is well tolerated (Zufferey et al/, 1998). The depletion of the HIV
promoter allows the insertion of an internal promoter that regulates the expression
of the transgene and reduces the risk of genotoxicity, while the transcription of the

LV genome in the producer cells is controlled by a cytomegalovirus (CMV) promoter
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Figure I. Constructs for the production of 3™ generation LV. A) LV genome transfer
construct. CMV promoter control the transcription of the genomic mRNA. 5’ LTR is depleted
of U3 sequence and is composed only of R and U5 elements. Packaging signal (W) from gag
gene is inserted in the transfer construct to allow encapsidation of LV genome, and contains
a splice donor site (SD). RRE sequence is recognized by Rev protein during LV production
and allows nuclear export of unspliced mRNAs, and is followed by a splice acceptor
sequence (SA). Central polypurine tract (cPPT) and central termination site improve reverse
transcription and nuclear import of LV genome. Transgene expression is controlled by an
internal promoter, that can be tissue specific. WPRE is a post-transcriptional regulatory
element that increase stability of transgene transcript and serve also as its polyadenylation
signal. U3 of 3’ LTR is depleted of 400bp to remove its promoter/enhancer function and
increase safety. During retrotranscription it is copied in 5" LTR, and makes this construct
self-inactivating (SIN). B) Envelope construct, usually expressing VSV-G. The polyA of this
construct and packaging constructs derives from simian virus 40 polyadenylation signal. C)
Packaging construct for expression of Rev protein. D) Packaging construct for expression
of protein of capsid, matrix and nucleoprotein (gag gene), protease and reverse
transcriptase and integrase (pol). Also in this construct there is an RRE sequence.

upstream of the 5’ LTR, that is not incorporated in the genome. Downstream of the
5" LTR there is a fragment of gag gene that acts as a packaging signal (W), that is
instead removed from gag gene in the packaging construct, and it also contains a
splice donor. Next on the LV genome construct we find the RRE sequence, that is
necessary for nuclear export of the full-length packaging competent vector genome
by Rev protein during vector production, and a slice acceptor site. Other cis-acting
sequences that are maintained from HIV genome are the central poly-purine tract
(cPPT) and the central termination site (CTS), that increase efficiency of nuclear
import of the vector genome and reverse transcription (Follenzi et al, 2000).
Downstream of the transgene it has been added a post-transcriptional regulatory
element form woodchuck hepatitis virus (WPRE), that stabilizes the transgene

transcript, increasing substantially its level (Zufferey et al, 1999). Wild-type WPRE
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contains part of the X protein sequence of woodchuck hepatitis virus (WHV), that has
been reported to be potentially oncogenic (Kingsman et al, 2004), therefore it has
been substituted with a mutated form (WPRE*) in which that sequence has been
disrupted (Zanta-Boussif et al, 2009).

HIV genome present a series of accessory genes (vif, vpr, vpu, nef) encoding for
proteins that increase pathogenicity of the virus and escape from immune sensing,
but are not necessary for production of functional viral particles, therefore have been
eliminated. Moreover, the use of an external promoter for the transcription of the
genomic RNA also allows the removal of tat gene, that encodes for a transcriptional
activator protein necessary to start RNA synthesis from the promoter in the U3
element of the 5’ LTR. Tat protein activity has been associated with Kaposi’s sarcoma
development (Buonaguro et al, 1994), therefore its removal further increased safety
of LVs. This system of 4 plasmid represents the 3™ generation of LVs and reduces
the risk of recombination of the plasmids that might lead to the generation of a
replication-competent virus (Dull et a/, 1998).

Scalable production of LV can be achieved by substituting the 4-plasmids system
with a stable producer cell line, in which the constructs are stably integrated in the
cell genome and are placed under the control of an inducible system, such as
tetracycline operators (TetO). Addition of tetracycline to the culture medium would
induce the expression of all of the constructs and therefore the production of LV
particles. Inducible systems are required to pseudotype vectors with VSV-G, because
its fusogenicity makes it toxic for the producer cells, therefore it cannot be expressed
for a prolonged period of time (Chen et al, 1996).

Thanks to the presence of a lipidic envelope that is generated during budding of
the viral particle, LVs surface can be engineered by editing producer cells, to induce
the expression of protein of interest or removing others potentially harmful. Two
examples have been described by our lab in the past. It is known that VSV-G
pseudotyped vectors are inactivated by human serum (DePolo et al/, 2000), limiting
the possibility to administer LV intravenously. LV resistance to complement
inactivation can be increase by reducing the number of VSV-G molecule expressed
on vector surface, but also removing MHC-I molecules trough knock-out of (2-
microglobulin (B2M) gene. MHC-I display on vector surface can indeed work as an
allo-antigen and induce an antibody-mediated complement activation, but also
activate a T-cell mediated immune response. LV produced by MHC-free cells results
therefore to be less immunogenic (Milani et al, 2017). Another major limitation in LV
in vivo administration is represented by phagocytosis of vector particles, in particular

liver and spleen macrophages. Phagocytosis is mediated by a mix of positive and
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negative signals sensed by phagocytic cells. CD47 display is one of these signals,
that can inhibit phagocytosis through interaction with SIRP-a receptor present on
plasma membrane of macrophages (Oldenborg et al, 2001). CD47 is normally
expressed by producer cell lines but at low level, therefore its overexpression in LV
producer cells results in increased amount on vector surface and shields the vector
from phagocytosis (Milani et al, 2019).

Conversely to retroviruses that can transduce only dividing cells, LV have the
advantage of transducing both dividing and non-dividing cells (Naldini et al, 1996),
increasing the number of possible targets (Sakoda et al, 1999). Despite stimulation
of HSC or T cell is still necessary for efficient ex vivo transduction, LV reach more
easily cells with long-term repopulating potential, making them a better candidate
for correction of hematopoietic stem cells (Naldini, 2011).

The genotoxicity adverse events due to y-retroviral vectors in HSC gene therapy
led to their progressive substitution with LV, which have improved efficiency of gene
transfer and a safer profile (Schréder et a/, 2002). In the last years, 5 advanced
therapy drug products based on LV have been approved, all based on gene addition
in HSC (Zynteglo for B-thalassemia, Skysona for CALD, Libmeldy for MLD) or T cell
for CAR-T generation (Yescarta and Kymriah), making it the most widely used vector
in clinical gene therapy applications. But in vivo applications of LV are under
evaluation too, indeed seroprevalence anti-HIV or anti-VSV-G antibodies in the
population is very low, thus avoiding the risk of pre-existing anti-viral immune
response that often complicates AAV vector gene therapy. Moreover, the larger
dimension of the LV genome allows accommodating longer transgene that do not
easily fit into AAV genome. However, also LV are immunogenic, therefore NAB are

developed upon systemic administration.

1.4. The liver: architecture, function and tissue dynamics

The liver is a unique organ involved in multiple functions, such as digestion,
metabolism and protein secretion, but with also an important defense role thanks to
detoxification of xenobiotic compounds and immunological functions. These variety
of features are conducted by parenchymal cells, hepatocytes and cholangiocytes, that
are supported by a number of non-parenchymal cells, mainly liver sinusoidal
endothelial cells (LSEC), Kupffer cells (KC) and stellate cells. Liver functions can be
carried out thanks to a peculiar vascular system, that has 2 vases carrying blood, the
portal vein and the hepatic artery. The portal vein collects blood from the
gastrointestinal tract, spleen, gallbladder and pancreas, therefore it is poor of oxygen

but rich in nutrients and also toxins from food intake. Portal vein blood represent the
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majority of the hepatic blood flow (about 75%) but is then mixed with that coming
from the hepatic artery, that is a branch deriving from the abdominal aorta and
therefore is oxygenated (Corbic et al, 1984). The 2 blood flows enter in the liver
parenchyma and mix in capillaries between hepatocytes layers called sinusoids,
giving rise to one of the 2 portal venous system in the human body. The blood is then
drained by the hepatic veins that merge into the inferior vena cava to go back to the
right atrium of the heart. The hepatic portal venous system represents a defensive
mechanism of the organism from toxins and pathogens that can enter with food
through the digestive system. Indeed, blood coming from the intestine goes directly
into the liver before entering the systemic circulation, with a first-pass mechanism
that allows hepatocytes to metabolize and detoxify xenobiotics entering into the
body. For this reason, the liver is often the first defensive system encountered by
external agents and therefore acquire a relevant role also from the immunological
point of view. The importance of this defensive mechanism is evident in the case of
the formation of portal-to-systemic collaterals (PSC), a series of blood vessels
appearing between the portal vein and the systemic circulation in case of extensive
liver damage that bypass the blood flow into the liver and its detoxification function,
leading to an accumulation of toxin compounds that can cause a brain dysfunction
known as hepatic encephalopathy (Chan, 2012).

Beside the blood vasculature, another “vessel” system is present in the liver, and
is formed by bile ducts, which are a series of tubular structures composed by
cholangiocytes that collect bile produced in the liver parenchyma and carry it outside
the liver, through the common bile duct, to the duodenum, where it is involved in
digestion.

Liver tissue is divided in functional units called lobules defined by the vascular
systems. Lobules have a hexagonal shape, with a portal triad at every corner and a
central vein in the center of the hexagon. Portal triads are composed of a portal vein,
that is a venule branch of the portal vein that collects blood in the abdomen, an
arteriole branch of the hepatic artery and a bile ductule. Sinusoids depart from portal
vein and hepatic artery and reach the central vein, and blood rich of toxins and
nutrients mix with the blood rich of oxygen. Blood runs in the sinusoids through the
hepatocyte layers, that filter it, and finally reach the central vein, that carries it out
of the liver. The exchange of compounds between blood and hepatocytes is facilitated
by the presence of gaps called fenestrae between the endothelial cells forming the
sinusoids. Hepatocytes form also small channels (canals of Hering) where bile is
secreted and flows toward the bile ductule. Being the first organ encountered by

pathogens that enters through the digestive system, liver presents the largest
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Figure II. Liver structure. Liver is made of repeated hexagonal structures called lobules.
The lobule has a central vein in the center of the structure and a portal triad at each corner,
in which there are a bile duct, a portal vein and a hepatic artery. Blood coming from the
abdomen flows into the portal vein, then is mixed with oxygenated blood coming from the
hepatic artery and is finally drained by the central vein. The vessels that run from portal to
central veins are called sinusoids and are formed by a type of endothelial cells called liver
sinusoidal endothelial cells (LSEC). Sinusoids are flanked by hepatocyte layers, but between
hepatocytes and LSECs there is a space called space of Disse, in which stellate cells reside.
Kupffer cells (KC) are located inside sinusoids and are liver tissue resident macrophages.
Hepatocytes are polarized cells, one side overlook the space of Disse, while the other form
the canal of Hering, in which bile is secreted and is drained into the bile duct. Abbreviations:
CV=central vein; PV=portal vein, HA=hepatic artery; BD=bile duct; KC=Kupffer cell;
LSEC=liver sinusoidal endothelial cell.

population of tissue-resident macrophages, which are called Kupffer cells, and are
located inside the sinusoids. Moreover, hepatocytes are separated from LSEC by the
space of Disse, in which stretch out hepatocytes’ microvilli and reside hepatic stellate
cells. These cells are quiescent in the normal liver, they constitute the major storage
of vitamin A in the organism and in case of damage can turn into activated
myofibroblast-like cells, and therefore play an important role in fibrosis (Yin et al,
2013).

1.4.1. Hepatocytes metabolic functions

Hepatocytes are the most abundant cells in the liver, comprising 80% of its volume
and 60% of total cell humber (Vekemans & Braet, 2005), and are responsible for
almost all of the liver function. Hepatocytes are a secretory workhouse, as it is

demonstrated by the extensive network of endoplasmic reticulum and Golgi. They
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produce a variety of proteins, such as albumin, that is the most abundant protein in
the blood, transferrin, an iron transporter, a-1-antitrypsin (AAT), a protease inhibitor,
and various coagulation factors, such as FIX. But hepatocytes also produce and
secrete the bile, which is made mainly of fats (cholesterol and phospholipids), bile
salts, bilirubin and inorganic salts dissolved in water (Schulze et al, 2019). The
secretion of bile and blood protein occurs on different sides of the hepatocyte. Indeed,
hepatocytes are highly polarized cells, with a basolateral plasma membrane domain
that faces the space of Disse and an apical domain that constitute the bile canaliculi,
each displaying a specific group of receptors, channels and surface proteins.
Hepatocyte polarization is maintained also through intercellular tight junctions, that
seal the space between hepatocytes (Kojima et al, 2003), but they are also rich of
gap-junctions, that allows exchange of compounds between adjacent cells and have
been demonstrated to be fundamental for multiple hepatocyte functions (Willebrords
et al, 2015). On the apical plasma membrane are displayed ATP binding cassette
(ABC) transporter and other bile salt efflux transporters, while the basolateral plasma
membrane is rich of iron- and lipid-scavenger receptors such as LDL-R as well as
other tyrosine kinase receptor (Schulze et al, 2019). The basolateral membrane is
involved indeed in endocytosis of compounds arriving through the bloodstream,
among which there are nutrients whose storage and metabolism is controlled by
hepatocytes, such as glucose, lipids and iron (Wasserman, 2009; Rishi &
Subramaniam, 2017; Alves-Bezerra & Cohen, 2017). Among the compounds that
enter through the basolateral membrane there are also toxins and drugs, which are
mostly lipid soluble. These compounds can be eliminated by a 2-stage processes of
biotransformation that is accomplished by more than 50 proteins of the cytochrome
P450 families (Zanger & Schwab, 2013). The first stage is the inactivation of the
compound, that can also be exploited to transform a prodrug into its active form,
while the second is the conversion of the metabolite into a hydrophilic agent that can
be excreted more easily (Sikka, 2005).

Because of the peculiar structure of the liver lobule, microenvironment to which
hepatocytes are exposed is different according to their position in the lobule. As an
example, oxygenated blood enters in the lobule through the hepatic artery and flows
in the sinusoid exchanging oxygen with hepatocytes until arriving at the central vein.
Therefore, the concentration of oxygen in the blood goes from 60-65 mm Hg in the
peri-portal area to 30-35 mm Hg when it arrives to the central vein, remarkably
reducing its availability for hepatocytes in that area (Kietzmann, 2017). This
difference in oxygenation leads to a differential expression of hypoxia-inducible factor

(HIF), that regulates some metabolic liver functions (Kietzmann et al/, 2001).
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Differences in microenvironment in the liver lobule identify metabolically distinct
hepatocytes in peri-portal and peri-central area, and this phenomenon has been
termed liver zonation (Gebhardt, 1992). As for oxygen, also other nutrients and
metabolites have the same portal-to-central gradient, but one of the signals that has
been identified as a major regulator of liver zonation is B-catenin, which has been
shown to be necessary for its establishment and maintenance. B-catenin is a
transcription factor that in absence of signaling is targeted for ubiquitination and
therefore degradation by phosphorylation from a complex formed by Axin, APC, GSK3
and CK1 proteins. The interaction of Wnt signaling protein to a receptor of the Frizzled
(Fz) or LDL receptor-related proteins (LRP) families segregate Axin to the plasma
membrane, disrupting the destruction complex and allowing B-catenin translocation
into the nucleus (MacDonald et al, 2009). Benhamouche et al. demonstrated that
non-phosphorylated (active) B-catenin is present in peri-central area while APC in
peri-portal, and that conditional knock-out of APC induces activation of B-catenin in
central area with consequently loss of differential expression of zonation markers in
the lobule (Benhamouche et al, 2006). R-spondin (RSPO) ligands potentiate Wnt
signaling by interacting with LGR4/5 receptors, which sequester Wnt/B-catenin
pathway inhibitors RNF43 and ZNRF3, and therefore have been shown to be
fundamental for liver zonation induction (Planas-Paz et al, 2016). It was also shown
that pericentral LSEC express both WNT ligands and RSPO3, thus are considered
responsible for the induction of liver zonation (Planas-Paz et al/, 2016; Halpern et al,
2017).

Metabolic functions of hepatocytes are zonated according to the microenvironment
in which cells reside. For example, the peri-portal area is more oxygenated thanks to
the blood flowing from the hepatic artery, as mentioned above, therefore energy-
demanding tasks such as protein secretion (including for example albumin and FIX),
gluconeogenesis and cholesterol biosynthesis, are carried out by portal hepatocytes
(Ben-Moshe & Itzkovitz, 2019). The opposite functions are inversely zonated,
therefore peri-central hepatocytes are responsible for glycolysis and cholesterol
consumption for bile acid synthesis. Metabolic zonation also allows spatial recycling
of metabolites produced in peri-portal area by central hepatocytes. Enzymes
contributing to a metabolic pathway can be expressed in sequential lobule layers,
and utilize metabolites produced by the neighboring hepatocytes and transported
through bloodstream or gap junctions. An interesting example is the neutral pathway
of bile acid biosynthesis, that start with CYP7A1 and HSD3B7, abundant in pericentral
layer, the following enzymes are CYP8B1 and CYP27A1, expressed in the sequential

zone of liver, and ends with BAAT, which is found higher levels in portal area (Halpern
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et al, 2017). Interestingly, cytochrome P450 enzymes are expressed by central
hepatocytes, thus there is a zonation of damage caused by toxic intermediates in
case of overdose of xenobiotics such as acetaminophen (Anundi et al, 1993).

Recently, a remarkable work by Halpern et al., extended the concept of liver
zonation further from the classical 3 zones (peri-portal or zone 1, mid-lobular or zone
2 and peri-central or zone 3), to identify up to 9 layers in the mouse lobule. This
work was possible thanks to the combination of single-cell RNA sequencing
(scRNAseq) and fluorescence in situ hybridization (FISH) analysis, that led to the
identification of 6 markers whose expression has a gradient in the lobule. The authors
propose that by the level of expression of each of these 6 markers it is possible to
identify 9 layers with specific transcriptomic features (Halpern et al, 2017). A
subsequent scRNAseq analysis performed on human liver proposed 6 hepatocyte
layers, which showed similar functions to the 9 murine layers (MacParland et al,
2018). It is also interesting to notice that not only hepatocytes, but also LSEC have
a different transcriptomic profile according to the lobule zone in which they are
located (MacParland et al, 2018; Strauss et al, 2017).

Another peculiar feature of hepatocytes is their ploidy. Unlike most other cell types
in humans, which have a single nucleus with 2 sets of chromosomes, hepatocytes
can present multiple sets of chromosomes, and are therefore prevalently polyploid.
Despite polyploidy is a common feature in other eukaryotes, such as plants, it is
rarely encountered in the human body, being present only in a few cell types such as
cardiomyocytes in the heart, megakaryocytes in the bone marrow, osteoclast in
bones and hepatocytes in the liver (Sladky et al, 2021). Adult hepatocytes can have
1 or 2 nuclei, each of which can have 1 or 2 diploid genomes, therefore they can be
mononucleated diploid cells (2n), mono or binucleated tetraploid cells (4n) or
binucleated octoploid cells (8n). Polyploid hepatocytes have been shown to represent
90% of hepatocytes in the liver of adult rodent, of which 70% are tetraploid and 20%
are octoploid, with about 20-30% of binucleated hepatocytes (either 2 x 2n or 2 x
4n) (Guidotti et al, 2003), while for human liver the percentage of total polyploid
hepatocytes may be less than 30%, with 55% of them presenting 2 nuclei (Bou-
Nader et al, 2020). The most well described mechanism for hepatocytes
polyploidization is failure of cytokinesis. Post-natal mouse hepatocytes are almost all
diploid, but at the age of weaning (2-3 weeks of age) most of them start mitosis
without completing the last step that consists in the division of the cytoplasm of the
2 daughter cells (cytokinesis). Lack of cytokinesis leads to a single binucleated
hepatocyte (Margall-Ducos et al, 2007) and to an increase in cell size proportional to

the number of set of chromosomes (Martin et al/, 2002). Other mechanisms lead to
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the formation of polyploid mononucleated hepatocytes, such as endoreplication, that
consist in duplication of cell DNA without entering mitosis (Zhang et al, 2019). By the
combination of the 2 mechanisms binucleated octoploid cells are obtained. Whether
polyploid hepatocytes have different functions or transcriptional features (Miettinen
et al, 2014; Lu et al, 2007) or even distribution in the lobule compared to diploid
(Tanami et al, 2017; Bou-Nader et al, 2020), remains debated, despite several
different studies addressed these questions (Donne et al, 2020). Polyploid
hepatocytes may also undergo to a process of ploidy reduction that has been
observed both in vitro and in vivo (Miyaoka et al, 2012), that also generates
chromosome abnormalities and uniparental chromosome sets, leading to a vast
genetic heterogeneity. This dynamic model has been named "“ploidy conveyor”
(Duncan et al, 2010).

1.4.2 Tissue dynamics

Unique proliferative features of livers have long been known, as it is demonstrated
by the ancient Greek myth of Prometheus, who was chained to a rock while an eagle
ate his liver, which grew back during night so that the eagle could eat it again every
day. Indeed, it is well known that liver has a remarkable regenerative potential in
pathological conditions, while it seems otherwise quiescent. Nevertheless,
proliferation of hepatocytes is not understood completely.

Liver parenchymal cells (hepatocytes and cholangiocytes) derives from a common
progenitor present during embryonic development called hepatoblast, which
originates from the foregut endoderm and can be found already at embryonic day
8.5 (E8.5) in mice. Hepatoblasts commitment is driven by fibroblast growth factor
(FGF) and bone morphogenetic protein (BMP) signaling, and they start to express
liver-specific markers such as hepatocyte nuclear factor 4a (HNF4a), albumin and a-
fetoprotein (AFP) (Ober & Lemaigre, 2018). At this stage hepatoblasts proliferate,
and in the budding organ differentiation markers have been observed in the center,
while the periphery presents higher proliferation rate, pushed by B-catenin
(Suksaweang et al, 2004). The concept of reduced proliferation associated with
maturation is often referred also to adult hepatocytes. Liver is also where
hematopoiesis resides during fetal life, it contributes to hepatocytes maturation by
induction of metabolic enzymes and therefore the shift of hematopoiesis to the bone
marrow at the age of birth induce an important change also in liver (Kamiya et al,
1999). On the other hand, bile ducts specification from hepatoblasts is observed from

hepatoblast only around the portal vein (Antoniou et al, 2009).
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If hepatoblasts can be considered liver stem/progenitor cells in the fetal life, the
existence of a similar population in the adult liver is controversial, despite multiple
studies tried to address its existence and proposed several candidates. Indeed, it is
not clear either if specific hepatocyte or cholangiocyte subsets sustain the tissue
during homeostasis, or if all of them contribute equally to its maintenance, or if
quiescent cells are reactivated in case of damage to replenish the parenchyma. It is
known that hepatocytes are able to renew themselves in the adult liver, and therefore
homeostasis is not driven by a different population such as cholangiocytes (Malato et
al, 2011), but the characterization of lobule zones raised the question of whether the
metabolic differences that we mentioned before apply also to proliferative potential.
One of the first study that tried to address this question identified Axin2* pericentral
hepatocytes has the major source of new hepatocytes during homeostasis, being able
to regenerate more than 30% of liver area in 1 year, and expand toward periportal
area acquiring specific features of the new zone (Wang et al, 2015). This work also
identified Wnt signaling coming from central vein endothelial cells as the driver of
Axin2* hepatocytes proliferation. These findings have been more recently challenged
by evidence that attributed the higher proliferation of pericentral hepatocytes to the
experimental model, given that different mouse strains for lineage tracing of Axin2*
hepatocytes did not show the same proliferation rate (Wei et al, 2021; Sun et al,
2020). Similar results have been described by another group, that identified TERThigh
hepatocytes distributed in the lobule as responsible for the renewal of 30% of the
tissue (Lin et al, 2018). Spread distribution of proliferating hepatocytes during
homeostasis has been confirmed by marking hepatocytes randomly, with a slight
predominance of mid-lobular zone, with 10% of hepatocytes that were able to
duplicate in 1 year and 1% only that generate clusters with more than 2 cells (Chen
et al, 2020). Lately, 2 interesting studies exploiting multiple lineage-tracing mouse
models identified mid-lobular hepatocytes as the most active during homeostasis
(Wei et al, 2021; He et al, 2021). In summary, the idea of spread or mid-lobular
hepatocytes playing a major role in liver homeostasis seems the most prevalent at
this time, but it is not clear yet whether there is a specific subpopulation among them
that can be further characterized, and which is the contribution of these cells in tissue
renewal over time.

If liver fetal development is well characterized and some knowledge is emerging
on how homeostasis works in the adult liver, hepatocyte proliferation during post-
natal growth has not been yet investigated deeply, and no clear description of tissue
dynamics in the young liver is available to our knowledge. Nevertheless, some

indications of proliferation of 1/3 of hepatocytes have been described in rats (Post &
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1964).

hepatocytes short after birth with a rapid decline during growth accompanied by a

Hoffman, Later on, evidence that DNA synthesis occurred in 18% of
much lower mitotic activity, (Viola-Magni, 1972), led to the attribution of the increase
in liver mass mostly to hypertrophy of hepatocytes (Sanjeev Gupta, 2000). Later
studies confirmed that proliferation rate of mouse hepatocytes drops form the 2
week of age or even before (Chang et al, 2008), and downregulation of a specific
genetic program involving mainly cell cycle genes, driven also by miRNA-29
expression and accompanied by epigenetic changes, has been considered to
determine the post-natal growth deceleration in multiple organs (Lui et al, 2014;
Kamran et al, 2015; Lui et al, 2010).

Cell type Origin Characteristics Reference
Embryonic development
Hepatoblasts Derived from Bipotent precursors, generate Ober &

Post-natal growth

endoderm

both hepatocytes and
cholangiocytes

Lemaigre, 2018

Hepatocytes Drop in proliferation rate short Chang et al,
after birth 2008

Homeostasis

Axin2* hep. Central area Repopulate 30% of liver tissue in  Wang et al,
1 year 2015

Terthioh hep. Spread Repopulate 30% of liver tissue in  Lin et al/, 2018
1 year
Mid-lobular hep. Mid-lobular 10% of hepatocytes proliferate in  Chen et al,
1 year 2020
Wei et al, 2021
He et al, 2021
Damage response
Hepatocytes All areas Hypertrophy in case of Michalopoulos &
hepatectomy <1/3 of the liver Bhushan, 2020
Proliferation in case of moderate  Schaub et al,
or acute damage, or 2/3 liver 2018
hepatectomy
Can transdifferentiate into
cholangiocytes in case of
cholestatic injury
Hybrid hep. Portal area Mild chronic damage Font-Burgada et
Sox9* al, 2015
Oval cells (Rats) Progenitor cells that give rise to Farber, 1956
LPC Portal area both hepatocytes and Miyajima et al,
cholangiocytes 2014
Activated in case of impairment
of hep. proliferation
Cholangiocytes Portal area Transdifferentiate into Choi et al,

hepatocytes in case of severe
damage

2014; He et al,
2014

Table 1. Liver tissue dynamics in different stages of life. Liver cells proliferating
during embryonic development, post-natal growth, homeostasis or in response to damage.
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Despite the decrease in proliferation rate during growth and the quiescent state of
the majority of hepatocytes in adults, the liver has a surprising ability to regenerate
in case of damage. It is well known that most of the mass can be restored in around
7 days after hepatectomy of up to 2/3 of the total liver, with each of the liver
subpopulation (hepatocytes, cholangiocytes, stellate cells, etc.) that are able to
proliferate and originate daughter cells, while resections smaller than 1/3 of the liver
leads to restoration of the mass only by hypertrophy of hepatocytes (Michalopoulos
& Bhushan, 2020). But in response to other types of damage multiple mechanisms
can be activated, that involve different hepatocyte or cholangiocyte subpopulations.

In case of moderate or acute damage hepatocytes can proliferate and regenerate
the lost tissue, but in case of impairment of hepatocytes proliferation bipotent
progenitors can be activated. A population of cells with bipotential differentiation
capability has been first identified in rat, and has been shown to emerge in case of
damage and generate both hepatocytes and cholangiocytes, and have been termed
“oval cells” (Farber, 1956), and a similar population of liver progenitor cells (LPC) is
present also in mouse liver in the canal of Hering in proximity of the portal vein
(Miyajima et al, 2014). Similarly, Lgr5* cells, which are small cells that emerge near
bile ducts in injured livers, have been described to contribute to regeneration of tissue
in response to damage, and are also able to proliferate in vitro, originating organoids
(Huch et al, 2013). On the other hand, periportal hybrid hepatocytes (HybHP), a
specialized subtype of hepatocytes characterized by the expression of the ductal
marker Sox9, have been shown to restore liver mass after chronic injury (Font-
Burgada et al, 2015). The most updated model proposes that, while terminally
differentiated hepatocytes can replenish the parenchyma in case of acute damage,
specific hepatocytes subpopulations (such as HybHP) are recruited in case of a mild
chronic damage, but can no longer contribute to regeneration if the injury is more
severe and sustained, in which case bipotent cells (LPC) or bile duct cells can
intervene (Gao & Peng, 2021). The capability of ductal cells to transdifferentiate into
hepatocytes has been extensively described not only in mice but also in zebrafish, in
which it is possible to ablate almost all of the hepatocytes by expressing the E. coli
enzyme nitroreductase (NTR), that can convert Mtz (1-(2-hydroxyethyl)- 2-methyl-
5-nitroimidazo) into a cytotoxic agent. In these fish, the liver is regenerated by
transdifferentiation of biliary epithelial cells (BEC) into mature hepatocytes (Choi et
al, 2014; He et al, 2014), providing one of the first solid evidence of this phenomenon
in vivo. It has been shown that also hepatocytes can transdifferentiate into mature
cholangiocytes and form a functional biliary system in case of a strong cholestatic

injury (Schaub et al, 2018). These findings indicate that, despite the quiescent state
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of liver parenchymal cells, both cholangiocytes and hepatocytes have shown
remarkable proliferative capability and plasticity, as a sign of their common
embryonal origin.

Interestingly, despite polyploidy is generally considered as a hallmark of terminally
differentiated hepatocytes, polyploid hepatocytes maintain proliferation potential. In
case of partial hepatectomy binuclear hepatocytes undergo cell division to produce 2
mononuclear cells (Miyaoka et al, 2012), and polyploid cells can be transplanted into
a chronically injured liver and are able to expand, reduce their ploidy and re-
polyploidize, also in presence of competing diploid hepatocytes (Matsumoto et al,
2020). Polyploid hepatocytes may even undergo multiple rounds of mitosis in injured

liver without reducing their ploidy.

1.4.3 Liver immunological functions

Because of its peculiar vascular system and its capacity to secrete proteins, the
liver also plays an important immunological function. Indeed, hepatocytes are
responsible for the production of 80-90% of the innate immune protein circulating in
the bloodstream (Gao et al/, 2008), but in the liver reside also a large number of
immune cells that represent the first sentinels for pathogens, toxins and food
antigens that enter the circulation through the digestive system. KC, which represent
the vastest population of tissue resident macrophages in the body, are central for
this role, but also other cell types, such as hepatocytes and LSEC, contribute to liver
immune functions.

The liver is generally considered as a tolerogenic organ, mainly because the first
liver transplantation experiments in pigs showed that it was better tolerated than
other allogenic organs transplantations (Calne et al, 1969). Tolerance is maintained
through the secretion of anti-inflammatory cytokines such as IL-10 and
prostaglandins by KC and plasmacytoid dendritic cells (pDC) (Robinson et al/, 2016),
which downregulate expression of costimulatory molecules on antigen-presenting
cells (APC), thus preventing the activation of T cells and the adaptive immune
response (Groux et al, 1996). KC and DC are the main APC in the liver, but also LSEC
and hepatocytes can present antigens directly to T cells. Presentation of antigens by
these cells push T cells toward tolerance and induce the expansion of regulatory T
cells (Luth et al, 2008), thanks to the low expression of co-stimulatory molecules
(Knolle et al, 1998). KC scavenge pathogens and pathogen-derived molecules
present in circulation, but do not induce an inflammatory response, and have rather
been shown to secrete IL-10 when exposed to lipopolysaccharides (LPS) (Knoll et al,

1995). LPS sensing is important also during liver growth to remodel KC distribution
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in the liver lobule. Multiple studies have shown that KC are more concentrated in the
peri-portal area (Bouwens et al, 1986; Sleyster & Knook, 1982), but recently it has
been observed that this is not the case in newborn mice, and it is rather a mechanism
developed at the age of weaning, when the switch in diet from mother milk to solid
food induce also an increase in LPS in bloodstream coming from the gut, that leads
to a shift of KC toward periportal area (Gola et al, 2021). In the same work it has
been shown that higher concentration of KC in peri-portal area increases their overall
phagocytic ability, reducing the probability for pathogens to reach peri-central area
and reach the central vein, therefore gaining access to the systemic circulation. KC
are an important barrier also for viral infections, indeed multiple viruses have been
shown to be cleared from blood by KC (Zhang et al, 2002; Brunner et al/, 1960).
Phagocytosis by KC resulted in a half-life of 2 minutes of adenovirus in circulation in
mice, while blockage of phagocytosis with gadolinium chloride (GdCl3) increases
viremia (Alemany et al, 2000). This KC function is particularly important for in vivo
gene therapy approaches, since clearance of viral vectors from blood reduces the
efficiency of gene transfer to hepatocytes (van Til et al, 2005; Lieber et al, 1997).
Uptake of viral particles by KC, and APC in general, induces the production of pro-
inflammatory cytokines, such as tumor necrosis factor (TNF), interferon (IFN) and
interleukin 6 (IL-6). TNF peak correlates with increase alanine transaminase (ALT)
and aspartate transaminase (AST) blood levels, that reveal liver damage, while IL-6
can activate cytotoxic T cells. This mechanism is induced by sensing of viral genome
by pattern recognition receptors (PRR) members such as TLR9, that through MyD88
induce Nf-kB activation, which results in expression of pro-inflammatory cytokines
(Martino et al, 2011). Presentation of antigens by APCs on MHC class I and II in a
pro-inflammatory environment induces an adaptive immune response through
activation of CD8* and CD4* T cells respectively (Annoni et al/, 2013). Pro-
inflammatory conditions can also induce expression of MHC class II molecules on

hepatocytes and induction of CD4* T cells activation (Herkel, 2003).

1.5. Liver gene therapy

The liver has always been considered one of the most favorable organs for in vivo
gene therapy for multiple reasons. As mentioned above, the liver has a peculiar and
extensive blood supply that determines a high inflow of blood-borne particles such
as gene therapy vectors. Moreover, fenestration on endothelial cells of liver sinusoids
facilitate extravasation of viral particles, thus favoring transduction of hepatocytes.
This is made evident by the high efficiency of liver transduction by multiple AAV

serotypes (Zincarelli et al, 2008), LV (Follenzi et al, 2002), but also non-viral particles
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such as LNPs (Shi et al, 2011). Moreover, liver cells, and in particular hepatocytes,
are involved in multiple functions, which can be impaired by genetic mutations,
leading to inherited genetic diseases, among which there are metabolic and
coagulation disorders. For many of these diseases there is an unmet clinical need,
with therapeutic strategies mostly based on treatment rather than curative
approaches, therefore alleviating symptoms without intervening on the cause of the
disease. Most of the treatments available for these diseases are based on enzyme
replacement therapies or, in case of inborn error of metabolism, on dietary restriction
or supplementation (Gambello & Li, 2018).

Liver is characterized by a tolerogenic environment. One of the main obstacles to
an efficient application of gene therapy is the development of anti-transgene immune
response, that is particularly relevant for patients that have never been exposed to
the therapeutic protein and/or with mutations causing large losses of coding regions.
By expressing the transgene in the tolerogenic environment of the liver, the induction
of a transgene-specific adaptive immune response may be avoided, and an active
immune tolerance may be induced (Matrai et al, 2011; Mingozzi et a/, 2003a). Lastly,
the low proliferation rate of hepatocytes in the adult liver also facilitates the use of
non-integrating platforms such as AdV and AAV vectors, that may still allow long-
term expression of the therapeutic transgene.

Taken together, these unique features favored application of liver-directed in vivo
gene therapy for multiple therapeutic purposes, and many clinical trials have been
already carried on. After an initial phase in which AdV have been exploited for gene
transfer, in the last decades there has been an intensive study of AAV vectors for
liver-directed gene therapy, but studies exploiting LV and non-viral vectors are

undergoing too.

1.5.1. Hemophilia gene therapy

The first disease that has been studied in the context of liver-directed gene therapy
has been hemophilia, that is an X-linked coagulation disorder caused by mutations
in factor VIII (FVIII, hemophilia A) or FIX (hemophilia B) genes. Both FVIII and FIX
are physiologically expressed in the liver, but while FIX is normally synthesized by
hepatocytes, FVIII is mostly secreted by endothelial cells including LSEC. Hemophilia
patients have recurrent bleeding events, especially in joints, and their frequency and
spontaneity correlate with the residual blood level of coagulation factor, that is <1%
of normal levels in severe cases, between 1% and 5% in moderate and between 5%
and 40% in mild cases of hemophilia (Mannucci & Tuddenham, 2001). The fact that

an improvement of the pathological phenotype can be reached also with a partial
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reconstitution of the clotting factor activity made hemophilia a favorable disease to
start to explore liver gene therapy. Moreover, despite in western countries the
improvement of standard of care and the introduction of ERT led to a constant
increase of life expectancy of hemophilic patients from 10-15 years to almost the
levels of the general population (Mannucci, 2020; Hassan et al, 2021), the health-
related quality of life remains lower (WALSH et al, 2008), and accessibility to
treatments might be limited by multiple factors, such has development of inhibitors
against the coagulation factor. In the late 90’s the first promising preclinical results
have been achieved in the context of hemophilia B, with stable FIX activity for more
than 1 year after a single intravenous administration of AAV vector expressing FIX in
canine and murine models (Mount et al, 2002; Snyder et al, 1999). Unfortunately,
the first clinical trial did not achieve the same result, and FIX expression lasted only
for a few weeks (Manno et al, 2006). After a peak of clotting factor activity detected
in the patients, the decrease was accompanied by a transient elevation of ALT and
AST, later found to be caused by the reactivation of pre-existing CD8* T cells
responding to AAV2 capsid, that attacked transduced hepatocytes (Mingozzi et al,
2007). Despite the ultimately negative outcome, still this trial represented the first
demonstration of efficient in vivo gene transfer into human hepatocytes, and opened
the way to the following clinical trials, that exploited improved vectors and transient
immunosuppression regimen to inhibit anti-capsid immune response (Nathwani et al,
2011). In this case the vector used was an AAV8, and 3 doses were administered in
different group of patients, from 2x10'! to 2x10'? vector genomes (vg)/Kg. In the
high-dose group 4 of 6 patients showed increase in ALT levels, that was resolved by
immunosuppression with prednisolone. A 4-year follow up showed a stable dose-
dependent reconstitution of clotting factor, with 5% of activity observed in the high-
dose group (Nathwani et al, 2014). The increase in circulating liver transaminases
resulted to be dose-dependent, therefore improvements in safety of this liver gene
therapy may involve the reduction of the effective vector dose. A significant
improvement from this point of view came with the discovery of the Padua variant of
FIX. A case of thrombophilia in a patient from the city of Padua has been described
to be caused by the substitution of the arginine in position 338 of FIX with a leucine
(R338L) (Simioni et al, 2009). This variant has been shown to increase FIX activity
by 8- to 12-fold in hemophilic dogs, inducing immune tolerance, and achieving
therapeutic levels with a significant lower dose of AAV vector (Crudele et al, 2015).
Padua FIX was promptly tested in a clinical trial that exploited also an engineered
AAV capsid (Spark100) by Spark Therapeutics at a dose of 5x10'! vg/Kg (George et

al, 2017). The administration resulted to be safe, and patients showed a mean of FIX
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activity of 33%, with therapeutic effects observed in all treated patients,
demonstrating that improvement in vector and transgene design are crucial to reduce
the administered dose without affecting the therapeutic outcome of the treatment.
Hemophilia A gene therapy is more appealing from a commercial perspective
because of higher prevalence of cases, that is 17 cases every 100 000 male birth,
4.5-fold higher than hemophilia B (Iorio et a/, 2019). But at the same time, it is also
more challenging. First, FVIII is a bigger protein compared to FIX, it is encoded by a
cDNA longer than 7kb, therefore exceeding the cargo capacity of AAV vectors. This
problem has been circumvented by engineering a shorter but still active form of
FVIII, B-domain-deleted (BDD) FVIII (Pittman et a/, 1993). BDD-FVIII put the basis
for most of the hemophilia A gene therapy trials, but its cDNA is still close to the
maximum size of the transgene that can be inserted into the AAV vector genome,
being 4.7kb long. FVIII is also more immunogenic, indeed 25-35% of severe patients
under ERT develop antibodies against the exogenous coagulation factor (Patel et al,
2020). Lastly, FVIII expression resulted not to be stable over time in multiple gene
therapy trials. The first clinical trial for hemophilia A started in 2017 and achieved
physiological levels of FVIII activity in the high dose cohort (6x10'3 vg/Kg)
(Rangarajan et al, 2017), but then decreased by 43% in the 2" year and 10% in the
3 year of follow-up (Pasi et a/, 2020). Many other clinical trials are undergoing, but
variability in transgene levels and short-term follow-up place hemophilia A gene

therapy still in a stage of clinical development (Leebeek & Miesbach, 2021).

1.5.2. Gene therapy for inborn errors of metabolism

Following the enthusiasm for the promising results achieved with AAV vectors for
liver-directed gene therapy in the context of hemophilia, many groups started to
explore other therapeutic applications for which transgene expression by hepatocytes
could be helpful. The attention has been focused in particular on inborn errors of
metabolism, a group of more than 1000 inherited genetic diseases (Ferreira et al,
2018) caused by the impairment of a biochemical pathway that affects 1 person every
2000 birth (Waters et al, 2018). One of the first metabolic diseases that have been
studied for in vivo gene therapy was OTC deficiency, an X-linked metabolic disease
that involves urea cycle and leads to blood hyperammonemia, whose severity
depends on the level of residual activity of the enzyme and also determine the age
of onset (early in severe cases, late in milder cases) (Caldovic et al, 2015). The
interest on this disease started already in the 90’s, and a clinical approach was tried

using AdV, but was scarred by the first death of a patient directly caused by the gene
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therapy (Raper et al, 2003). The attention was then moved to AAV vectors, leading
recently to a clinical trial for adult patients with late onset (NCT02991144). Similarly,
a clinical trial is currently ongoing for Grigler-Najjar syndrome (NCT03466463), in
which a defect in UDP-glucuronosyltransferases gene (UGT1Al) leads to
hyperbilirubinemia that can cause irreversible brain damage. Also in this case severity
of the disease correlates with residual UGT1A1 enzymatic activity, and can be divided
in type I (more severe) and type II (less severe). Other examples for gene therapy
trials for correction of hepatocyte function are Wilson disease (NCT04537377) and
glycogen storage disease type Ia (GSD1a, NCT03517085).

The liver can also be exploited to produce and secrete a therapeutic protein in the
circulation to cross-correct other organs, and also for this strategy multiple clinical
trials are ongoing. Mucopolysaccharidosis (MPS) type VI is caused by deficiency in
arylsulfatase B (ARSB) enzyme, which is involved in glycosaminoglycans (GAG)
degradation, that in affected patients accumulate in lysosomes, therefore it belongs
to the group of lysosomal storage disorders (Harmatz, 2017). In physiological
conditions lysosomal enzymes, besides being directed into lysosomes, are in part
secreted and can be uptake by other cells that express mannose-6-phosphate (M6P)
receptor, allowing therefore correction of cells by ERT (Sands & Davidson, 2006).
Feasibility of cross-correction by expressing ARSB in hepatocytes transduced with
AAV vector has been proved in mice and cats (Ferla et al, 2013), and is now under
evaluation in a clinical trial (NCT03173521). In the same way, gene therapy-based
cross-correction is possible in Pompe disease, in which glycogen is accumulated in
lysosomes due to deficiency of the lysosomal acid a-glucosidase (GAA) and leads to
defects in cardiac and skeletal muscles, obtaining phenotypical amelioration of
skeletal muscles and also inducing an active tolerance to GAA, whose immunogenicity
could induce production of NAB in case of ERT (Han et al, 2017). A clinical trial is
ongoing in late-onset patients (NCT03533673).

1.5.3. Current challenges and limitations of in vivo liver gene therapy

The growing number of clinical trials of liver directed AAV-based in vivo gene
therapy witnesses the huge potential of this platform and the vast expectations on
its development. However, all these examples that we mentioned are also linked by
common limitations, that are reflected in the inclusion criteria of clinical trials. Most
patients have undergone ERT before being enrolled in the gene therapy trial,
therefore some of them could have developed inhibitors to the protein encoded by
the transgene, thus have to be excluded from the trial. Despite preclinical studies

with AAV vectors and LV showed that gene transfer into hepatocytes can induce
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immune tolerance toward the transgene product (Mingozzi et al, 2003b; Brown et al,
2007a) and also revert pre-existing immunity (Crudele et al, 2015), this effect has
not been translated into the clinic yet, therefore presence of inhibitors remains an
exclusion criterion (Samelson-Jones & Arruda, 2020).

As mentioned above, NAB against AAV capsid can be present in patients before
treatment and represent a second important exclusion criterion from clinical trials,
while not being an issue for potential use of LV. However, a recent hemophilia B
clinical trial showed successful expression of FIX in 23 patients pre-immunized
against AAV capsid, with only 1 that did not respond to therapy (Leebeek et a/, 2021).
Multiple strategies are under investigation to inhibit neutralization of the vector upon
administration. Engineering new viral capsids can reduce the risk of encountering
NAB in patient populations, but is not always effective due to the cross-reactivity of
anti-AAV capsid antibodies (Pei et al, 2020). Transient immunosuppression or
plasmapheresis can be exploited to reduce the amount of NAB in the circulation and
allow efficient gene transfer into hepatocytes (Stone et al, 2021; Monteilhet et al,
2011). Another possible strategy that has been explored is the cleavage of IgG by
the endopeptidase Imlifidase (IdeS), which enabled efficient gene transfer in mice
with NAB against AAV capsid (Leborgne et al, 2020).

A third major exclusion criterion is the age of the patient. Being AAV a mostly non-
integrating vector, exclusion of young pediatric patients is necessary to avoid
transgene dilution over time caused by liver growth (Wang et al, 2011). For some
metabolic diseases, the time of diagnosis and intervention is crucial to avoid
progression of the disease and complications (Dietzen et a/, 2009), but the episomal
nature of AAV vectors challenges treatment in pediatric patients. Thus, most of the
liver-directed AAV trials have to focus on late-onset diseases, such as mild forms of
OTC deficiency and Pompe disease, which are generally less severe compared to
early-onset diseases. Despite preclinical data have shown increased survival of
Crigler-Najjar mouse model treated with AAV vector as newborn, bilirubin levels rose
during growth, and in adult mice only a small fraction of hepatocytes still expressed
the transgene (Greig et al, 2018), indicating dilution of AAV genome caused by liver
growth.

This aspect deprives young patients of the possibility of being treated, forcing
them to a lower quality of life associated with the currently available treatments for
years before having access to a potentially curative gene therapy treatment. The
same problem might be encountered also in presence of liver damage, in which case
tissue regeneration may lead to a dilution of the transgene. The possible solutions to

this problem can be narrowed to 2: re-administration of the drug product or stable
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genetic correction. The induction of NAB upon administration of AAV vector limits the
possibility of repeating the treatment, even if recently it has been shown that co-
administration of tolerogenic rapamycin nanoparticles together with the vector
prevents formation of AAV-specific antibodies, allowing successful vector re-dosing
in preclinical models (Meliani et al, 2018; Ilyinskii et al, 2021).

Stable correction can be achieved by using integrating vectors, such as LV, or by
exploiting novel strategies of targeted integration or in locus correction of the
mutation. Therefore, these strategies are currently being investigated to extend

clinical application of liver gene therapy to pediatric patients.

1.5.4. LV-based liver gene therapy

Despite there has not been any clinical application yet, the use of integrating
vectors for in vivo transduction has been studied for multiple therapeutic purposes.
Intravenous administration of LV has been shown to lead to efficient and quite
selective transduction of the liver both in mice and NHP, despite the wide tropism of
VSV-G envelope protein (Follenzi et al, 2002; Milani et al, 2019), therefore the liver
is considered a good target for in vivo LV administration.

Initial experiments of i.v. LV delivery in mice showed efficient transduction of
hepatocytes, together with LSEC and KC. Expression of hFIX was observed in adult
immunodeficient mice, but not in immunocompetent mice (Tsui et al, 2002). This
outcome was caused by transgene expression in APC due to the use of a ubiquitous
CMV promoter, triggering therefore an adaptive immune response against the
transgene, with production of anti-FIX antibodies and cytotoxic CD8* T cells that
cleared transduced cells (Follenzi et al, 2002). Sustained transgene expression in
immunocompetent mice was then achieved by narrowing transgene expression
specifically in hepatocytes by using a hepatocyte-specific albumin promoter, but with
a low expression level (Follenzi et al, 2002). Higher transgene levels were achieved
by engineering new tissue-specific promoters, such as enhanced transthyretin (ET),
that sustained hFIX expression at a therapeutic level (15% of normal), and
detargeting from APC was improved by addition of multiple sites complementary to
miRNA 142-3p in the 3’ untranslated region of the transgene transcript (Brown et al,
2007b). This miRNA is selectively expressed in hematopoietic cells, and therefore
also in APC, and binds to complementary target sites present on the transgene
transcript to inhibit its expression, limiting antigen presentation and immune
response against the transgene (Brown et al, 2006). Detargeting of transgene
expression from APC resulted in stable transgene expression in a hemophilia B dog

model with a significant improvement of clinical phenotype (Cantore et al., 2015). A
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further improvement of LV has been obtained by increasing the amounts of “don’t-
eat-me” signal on the vector surface to reduce phagocytosis from KC. CD47 has been
described to act as a marker of self and inhibit phagocytosis by binding Signal
Regulatory Protein a (SIRPa) receptor on macrophages (Oldenborg et a/, 2000) and
can be overexpressed in producer cells to increase its display on vector surface and
generate CD47"9" LV. These LV have been shown to increase hepatocytes
transduction and reduce phagocytosis in mice sensing human CD47, and increase
transgene output also in NHP (Milani et al, 2019). This improved version of LV
sustained expression human FIX in NHP (Milani et a/, 2019; Cantore et al, 2015),
paving the way for a possible clinical trial in the near future. Notably, integration site
(IS) analysis and tumor-prone mouse model experiments showed that the
therapeutic LV does not induce any clonal selection in vivo and does not increase the
spontaneous incidence of hepatocellular carcinoma (HCC) (Cantore et al/, 2015),
highlighting the low risk of genotoxicity by LV.

Compared to other integrating viral vectors, such as y-retrovirus, LV have been
shown to efficiently integrate in both dividing and non-dividing cells. Initial reports
on hepatocytes transduction observed that LV required cell cycling for in vivo
transduction of hepatocytes (Park et al, 2000), but addition of cPPT and CTS in the
transfer construct allowed nuclear translocation and resulted in efficient transduction
of non-proliferating hepatocytes in vivo (Follenzi et al, 2000; VandenDriessche et al,
2002), therefore is suitable for a quiescent organ such as adult liver.

But because LV actively integrate its genome into the host DNA, it bears the
potential to be maintained long-term, even life-long, following administration to
newborn individuals. Despite most studies have involved adult animals until now, it
has been previously shown that mice administered with LV expressing luciferase as
newborns maintain high levels of transgene expression when reaching adult age
(Yoshimitsu et al, 2004). A few studies also reported prolonged therapeutic effect of
LV-mediated gene transfer in hepatocytes of neonatal animal models of Crigler-Najjar
and Fabry disease (Yoshimitsu et al, 2004; Nguyen et al, 2005). Nevertheless, in-
depth analysis of maintenance of LV-transduced hepatocytes following post-natal

liver growth and homeostasis in adulthood is still lacking.

1.5.5. In vivo genome editing
In the last years novel strategies to achieve stable transgene integration or gene
correction have been studied as an alternative to integrating vectors and to overcome

the problem of transgene dilution of non-integrating vectors.
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The development of genome editing platforms, and in particular CRISPR/Cas9
system, represented a revolution for the field and opened the way to new therapeutic
opportunities. CRISPR/Cas9-based genome editing can be exploited either to
introduce a mutation in the target gene through NHEJ], therefore disrupting its
sequence and blocking its function, or to replace the mutated allele with a correct
version of the gene exploiting HDR. Despite targeted correction of the gene through
HDR is the most appealing strategy because it could be exploited for a wide range of
diseases, it presents some issues. In addition to the CRISPR system, composed by
Cas9 protein and a gRNA, it is necessary also to deliver the donor DNA, therefore 2
platform may be needed. One way to achieve this goal is a 2-AAV system, in which
one brings Cas9 and gRNA, and the other carries the donor DNA (Richards et al,
2020; Ohmori et al, 2017). This system requires co-transduction of hepatocytes by
both vectors, which may be challenging to achieve in humans, but the high
transduction efficiency of AAV vectors facilitates this task in animal models.
Alternatively, Cas9/gRNA can be delivered in form of mRNA exploiting LNPs, which
also guarantee a transient expression that reduces the risk of off-target activity by
the nuclease (Yin et al, 2016). The generation of DNA double-strand breaks can be
deleterious, being able to induce DNA damage response (Schiroli et al, 2019) but can
also induce integration of AAV vector genome in off-target loci. Therefore, targeted
integration exploiting homology recombination has been studied also in the absence
of nucleases. GeneRide system is based on homology arms flanking a promoterless
donor DNA on AAV vector genome that direct its insertion in frame with albumin
coding sequence, to produce a fusion protein that is cleaved thanks to the presence
of 2A peptide (Barzel et al, 2014). Therapeutic application of homology recombination
can be limited by the fact that it requires cell cycling (Scully et al, 2019). Therefore,
HDR can be inefficient in a quiescent organ such as liver, but has been shown to be
more active in newborn hepatocytes (de Caneva et a/, 2019). Moreover, application
of this strategy in a context where correction of cells induces a selective advantage
can lead to a progressive increase in number of corrected hepatocytes over time,
reaching a therapeutic benefit also starting from a low number of integration events
(Chandler & Venditti, 2019). In some cases, a therapeutic benefit can be achieved
by silencing of a mutated gene, therefore delivery of the Cas9/gRNA is sufficient to
induce knock-down though NHEJ. Transient expression by mRNA delivered by LNP is
the most advantageous solution, and after proving its efficacy in preclinical studies
(Finn et al, 2018) has already reached the clinics to treat transthyretin amyloidosis
(NCT04601051). In this disease, a mutation in the transthyretin (TTR) gene cause

misfolding of the protein, with consequent accumulation in tissues. A single
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intravenous administration of LNP carrying mRNA coding for Cas9 and the TTR-
specific gRNA led to a dose-dependent reduction of TTR protein production, up to
96% in adult patients (Gillmore et al, 2021). In alternative to NHEJ-mediated knock-
down, a single-base mutation can be induced by base editors to disrupt gene
expression. Therapeutic potential of this strategy has been shown in NHP by
introducing a mutation to knock-down proprotein convertase subtilisin/kexin type 9
(PCSK9) gene (an inhibitor of LDL-R) to treat familiar hypercholesterolemia,
obtaining 90% reduction in blood level of PCSK9 protein (Musunuru et a/, 2021; Finn
et al, 2018). These new genome editing strategies are extremely promising for the
future of the field, to potentially overcome some of the long-lasting issues in gene
therapy, however they generally are at an early stage of development and remain
affected by some limitations, including off-target activity, off-target donor DNA

integrations and incompletely predictable effects on target cells.

1.6. Liver gene therapy during liver growth

Recently we have administered LV expressing canine FIX (cFIX) in dog puppies of
2-4 months of age and observed a 4-fold decrease of cFIX protein in circulation in
the first months after treatment, followed by a stabilization of the output that

remained detectable for more than 3 years of follow-up (Figure III A). The decrease
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Figure III: Decrease of cFIX during growth in young-treated dogs. A)
Concentration of cFIX expressed as percentage on normal level in blood of dogs treated as
pups (2-4 months of age) with 2.5x101% TU/Kg (S22) or 5x101° TU/Kg (U29 and U15) of
LV. B) Weight of dogs over time. C) Total amount of cFIX calculated using the estimated
total blood volume based on dogs weight. Cantore, Milani, unpublished data.
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of transgene output during liver growth could be explained either by the loss of a
fraction of transduced hepatocytes or by the dilution of transduced hepatocytes due
to a higher proliferation rate of untransduced hepatocytes. We determined the total
amount of cFIX present in blood of treated dogs calculated from the estimated total
blood volume based on their weight (Fig. III B). From this analysis the output of cFIX
resulted to be stable during growth (Fig. III C), supporting the hypothesis of dilution
rather than loss of transduced hepatocytes.

Starting from this observation we hypothesized that not all hepatocytes proliferate
during post-natal liver growth to contribute to the generation of the adult liver. In
the experiment described above, we might have transduced preferentially those
hepatocytes that did not proliferate during growth, but are maintained anyway.

Overall, as mentioned above, how hepatocytes support post-natal liver growth
remains largely unexplored, despite having important implications for liver-directed
gene therapy strategies. Moreover, understanding the dynamic changes of the liver
during growth and homeostasis is relevant to clarify the mechanism of maintenance
of the therapeutic transgene and to establish the optimal time of treatment to
maximize therapeutic benefit and ensure safety and durability towards application of

liver gene therapy to pediatric patients.
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2. Aim of the work

The overall scope of this work is to study liver-directed in vivo gene therapy with
LV in newborn and juvenile mice and the impact of post-natal liver growth on

transgene maintenance. In particular, the specific aims of the project are:

1. To understand whether all hepatocytes in newborn mice proliferate and
generate the adult liver or there are subpopulations preferentially

supporting post-natal liver growth;

2. To compare the proliferation rate of LV transduced and untransduced

hepatocytes at different ages;
3. To evaluate whether the efficiency of gene therapy is affected by the age
of administration, specifically in terms of transduction of hepatocytes and

transgene output;

4. To characterize the distribution of transduced hepatocytes in the liver

lobule.
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3. Results

3.1 Hepatocytes proliferation during growth and homeostasis

We firs set out to assess local proliferation of hepatocytes in mice and formation
of clonal clusters during liver growth in physiological conditions. To do so, we took
advantage of R26-Confetti mouse strain (Snippert et a/, 2010), which allows clonal
tracking of cells over time. These mice bear a construct in the Rosa26 locus that is
composed of 4 cassettes coding for different fluorescent proteins: nuclear green
fluorescent protein (nGFP), cytosolic yellow fluorescent protein (YFP) and red
fluorescent protein (RFP) or membrane cyan fluorescent protein (mCFP) (fig. 1A).
These coding sequences are spaced out by loxP sites, moreover between the CAG
promoter and the coding sequences there is a floxed neomycin-resistance cassette
with a stop codon that abrogates expression unless recombination by Cre
recombinase occurs. Upon recombination by Cre, cells can be marked randomly by
one of the four fluorescent proteins, maintaining its expression upon cell division. We
crossed homozygous Confetti mice with AlbCreERT2*/* mice, which express the
tamoxifen-inducible CreERT2 recombinase under the control of Albumin promoter
(fig.1B). The resulting mouse progeny allowed time-controlled recombination of
Confetti locus by a single intraperitoneal or subcutaneous tamoxifen administration
with fluorescent protein expression restricted to hepatocytes. We observed that by
administering a single dose of tamoxifen (0.1 mg/g) subcutaneously (s.c.) in newborn
AlbCreERT2*/- Confetti*/- (AlbCre/Confetti) mice, on average 13% of liver tissue
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Fig.1: Confetti mice to lineage trace marked hepatocytes. A) Scheme of Confetti
construct. Integrated in the Rosa26 locus, it is composed of a CAG promoter, followed by a
loxP site, a neomycin resistance cassette and a second loxP site. Downstream, there is
nuclear-GFP gene in forward orientation and YFP gene in reverse orientation, followed by a
loxP site in reverse orientation and a second one in forward orientation. Finally, there is
RFP gene in forward orientation and membrane-CFP in reverse orientation, followed by a
loxP site in reverse orientation. Below, possible combinations of recombination of Confetti
locus by Cre recombinase with their respective outcome of fluorescent protein expression.
B) Crossing scheme of Confetti homozygous mice and AIbCreERT2 homozygous mice to
obtain Confetti*/- AIbCreERT2*/- mice to be used for experiments. C) Median, interquartile
range and range of percentage of total liver area that express one of the Confetti fluorescent
reporters in AIbCreERT2/Confetti mice treated with a single dose of tamoxifen (0.1mg/g)
in mice at D1, W2 or W8, or in untreated AIbCreERT2/Confetti (D1 n=16;, W2 n=11; W8
n=10; no tam. n=3).

resulted to be positive for one of the four fluorescent proteins. Recombination
efficiency was around 5% in 2-week old and 8-week old mice, in which tamoxifen is
administered intraperitoneally (i.p.). No relevant marking of hepatocytes was
observed in AlbCreERT2/Confetti mice not treated with tamoxifen. (fig. 1C). Since we
aimed to track hepatocytes local expansion by evaluating the formation of single-
color clusters at different time points after recombination induction, we preferred to
have a partial activation of liver parenchyma, to reduce the probability of having close

hepatocytes independently recombined but expressing the same fluorescent marker.

3.1.1 A fraction of proliferating hepatocytes in newborn mice gives rise
to most of the adult liver

To evaluate hepatocytes proliferation following post-natal liver growth and
homeostasis in mice, we activated Confetti locus recombination in newborn mice at
post-natal day 1 (D1) and analyzed livers at different time points (fig. 2A) to evaluate
the percentage of expanded clusters and their dimension (fig. 2B). In our analysis,
we did not include nGFP-expressing clusters, because the lack of a contiguous signal
does not allow the identification of two adjacent cells as part of the same cluster. We
observed an increase of cluster average size over time up to 1 year (Y1) of age, with
a 4-fold increase already in the first 4 weeks of life and 17-fold at Y1 (fig. 2C),
indicating local expansion of marked hepatocytes both during liver growth in the first
phase of life and homeostasis in adult mice. Interestingly, we noticed that in the first
6 weeks of life there was an 8-fold increase in cluster average size, but between week
6 (W6) and Y1 the increase was less than 2-fold, indicating a decrease in proliferation
rate in adult life. To determine which percentage of hepatocytes generates clusters,
we calculated the number of hepatocytes composing each cluster based on cluster
dimension and the average size of hepatocyte at each age (fig. 2D). At 3 days after
activation of CreERT2 we observed almost exclusively clusters composed of 1 or 2

cells. At 1 week of age (W1) this group still represents around 80% of all the clusters,
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with only 20% of clusters that are made of more than 2 hepatocytes. Interestingly,
the percentage of 1-2 cell clusters, which we consider quiescent or slowly proliferating
clusters, remains stable at 75% in all the others time points, suggesting that most of
the hepatocytes in the newborn liver do not contribute to liver growth and remain
quiescent also later in life. The remaining 25% of clusters increase their dimension

over time, as we can observe by the progressive appearance of clusters with 6-10
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Fig.2.: Monitoring clonal proliferation of hepatocytes following marking in
newborn Confetti mice. A) Scheme of the experiment: administration of 0.1mg/g of
tamoxifen s.c. in AlbCre/Confetti mice at D1, liver collection and confocal microscopy
analysis at different time points. B) Representative images of livers of AlbCre/Confetti mice
treated with tamoxifen at D1 and analyzed 1 (left panel) or 4 (right panel) weeks post
treatment. Nuclei are marked in blue by Hoechst. Scale bar=100um. C) Single values and
median of the average size of hepatocytes clusters in livers of mice treated with a single
subcutaneous dose of tamoxifen (0.1mg/g) at D1, analyzed at D3 (n=6), W1 (n=20), W2
(n=4), W3 (n=11), W4 (n=10), W6 (n=22) or Y1 (n=14) of life from 6 independent
experiments. For every mouse 2 images of 9 fields (3mm2) each has been acquired by
confocal microscopy at 20X magnification. Kruskal-Wallis test with Dunn’s multiple
comparisons test vs. D3. D) Mean and standard error of the mean (SEM) of the percentage
of clusters made of 1-2, 3-5, 6-10 or >10 cells. Number of cells per clusters have been
calculated by measuring dimension of each cluster and dividing by the average size of
hepatocytes at that age (D3=200 /sz, Wi1i=250 /sz, w2=300 /sz, Ww3=350 pmz, w4,
W6, Y1=450 ,umz). E) Single values and median of the percentage of area marked by
Confetti colors that is made by clusters composed of more than 2 cells. Kruskal-Wallis test
with Dunn’s multiple comparisons test vs. D3. F) Single values and median of the
percentage of clusters that are made of more than 50 cells. Kruskal-Wallis test with Dunn’s
multiple comparisons test vs. D3.

and then >10 cells, and are responsible for the observed increase in clusters average
size. Moreover, the percentage of area occupied by clusters of more than 2 cells
increases over time, going from 40% of the total marked liver area at W1 to more
than 80% already at W6 and around 90% at Y1 (fig.2E). These data suggest that a
relatively small percentage of hepatocytes proliferates during growth and generates
the vast majority of the liver tissue of the adult mouse, thus resulting in a progressive
reduction of clonality of the adult parenchyma. Furthermore, we observed some
clusters that exceeded 50 cells already at week 4 (W4), and their percentage

increased at W6 and represented 4% of the total number of clusters at Y1 (fig. 2F).

3.1.2 Reduced proliferation rate of hepatocytes from the second week of
age

We performed the experiment as above but activating recombination of the
Confetti locus in 2-week-old AlbCre/Confetti mice (fig. 3A) to evaluate clonal
expansion of hepatocytes during liver growth. Differently from what we observed in
newborn mice, by marking hepatocytes in 2-week-old mice we observed a mild
increase in cluster average size over time, that was lower than 2-fold at week 8 (W8)
compared to week 3 (W3), and lower than 4-fold at Y1 (fig.3B). The percentage of
quiescent clusters remained 80-85% throughout the follow up, and the expanding
clusters were made mainly of 3-5 cells, with a few bigger clusters appearing only at
W6 (fig. 3C). The percentage of marked area composed of expanding clusters (>2
cells) ranged from less than 20% at W3 to 40% at W8, confirming slower proliferation
of hepatocytes in this phase of liver growth, and reaching 60% only at Y1 (fig. 3D).

This last time point was also the only one in which we could observe clusters made
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Fig.3: Monitoring clonal proliferation of marked hepatocytes in juvenile
Confetti mice. A) Scheme of the experiment: administration of 0.1mg/g of tamoxifen i.p.
in AlbCre/Confetti mice at W2, liver collection and confocal microscopy analysis at different
time points. B) Single values and median of the average size of hepatocyte clusters in livers
of mice treated with a single intraperitoneal dose of tamoxifen (0.1mg/g) at W2, analyzed
at W3 (n=12), W4 (n=6), W6 (n=6), W8 (n=11) or Y1 (n=11) of life from 4 independent
experiments. For every mouse 2 images of 9 fields (3mm2) each has been acquired by
confocal microscopy at 20X magnification. Kruskal-Wallis test with Dunn’s multiple
comparisons test vs. W3. C) Mean and SEM of the percentage of clusters made of 1-2, 3-
5, 6-10 or >10 cells. Number of cells per clusters have been calculated by measuring
dimension of each cluster and dividing by the average size of hepatocytes at that age

(W3=350 umz, w4, We, W8, Y1=450 ,um2 ). D) Single values and median of the percentage
of area marked by Confetti colors that is made by clusters composed of more than 2 cells.
Kruskal-Wallis test with Dunn’s multiple comparisons test vs. W3. E) Single values and
median of the percentage of clusters that are made of more than 50 cells. Kruskal-Wallis
test with Dunn’s multiple comparisons test vs. W3.

of more than 50 cells, which anyway represented less than 1% of total clusters
(fig.3E). Taken together these data show that, despite the expansion of a minority of
hepatocytes originates the adult liver, the proliferation rate of hepatocytes is reduced
already from week 2 (W2). We then repeated the analysis by marking hepatocytes
in 8-week-old AlbCreERT2/Confetti mice, to evaluate clonal expansion of hepatocytes

during homeostasis. In this case we only observe a very mild increase in cluster
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average size over time and at Y1 (fig. 4B). At week 14 (W14) (6 weeks post tamoxifen
administration) the percentage of clusters with more than 2 cells was only 4%, and
reached 10% at Y1 (fig. 4C), but with less than 2% of clusters made of more than 6
cells. The percentage of marked area made of expanding clusters was 10% at W14,
and reached 30% at Y1 (fig. 4D), but we did not observe any cluster made of more
than 50 cells at any time point (fig. 4E). Thus, we confirmed a reduction in hepatocyte
proliferation rate over time that can be observed already at 2 weeks of age (Chang
et al., 2008), and these data support previous evidence of very slow turnover of

hepatocytes during homeostasis in the adult mouse liver (Chen et al, 2020).
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Fig.4: Monitoring clonal proliferation of hepatocytes following marking in adult
Confetti mice. A) Scheme of the experiment: administration of 0.1mg/g of tamoxifen i.p.
in AlbCre/Confetti mice at W8, liver collection and confocal microscopy analysis at different
time points. B) Single values and median of the average size of hepatocytes clusters in
livers of mice treated with a single intraperitoneal dose of tamoxifen (0.1mg/g) at W8,
analyzed at W9 (n=2), W14 (n=9) or Y1 (n=9) of life from 2 independent experiments.

For every mouse 2 images of 9 fields (3mm2) each has been acquired by confocal
microscopy at 20X magnification. Kruskal-Wallis test with Dunn’s multiple comparisons test
vs. W3. C) Mean and SEM of the percentage of clusters made of 1-2, 3-5, 6-10 or >10
cells. Number of cells per clusters have been calculated by measuring dimension of each
cluster and dividing by the average size of hepatocytes (W9, W14, Y1=450 pmz). Kruskal-
Wallis test with Dunn’s multiple comparisons test. D) Single values and median of the
percentage of area marked by Confetti colors that is made by clusters composed of more
than 2 cells. E) Single values and median of the percentage of clusters that are made of
more than 50 cells. Kruskal-Wallis test with Dunn’s multiple comparisons test vs. W3.
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3.2 Proliferation of LV-transduced and untransduced hepatocytes

3.2.1 LV-transduced and untransduced hepatocytes proliferate at a

similar rate

In order to understand if LV transduction of hepatocytes has an impact on their

proliferation potential in vivo, we administered intravenously 2.5x10%° TU/Kg of LV

expressing blue fluorescent protein (BFP) under the control of the hepatocyte-specific

cassette comprising the ET promoter and miR142T (LV.BFP,

see 1.5.4), to

AlbCre/Confetti mice at D1, W2 or W8. We then activated CreERT2 with a single dose
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Fig.5: Evaluation of proliferation of LV-transduced and untransduced
hepatocytes. A) Scheme of the experiment: administration of 2.5x101° TU/Kg of LV.BFP
in AlbCre/Confetti mice at different ages followed by administration of 0.1mg/g of
tamoxifen the day after, liver collection and confocal microscopy analysis at different time
points. B) Representative image of AlbCre/Confetti mouse treated at D1 and collected 3
weeks post treatment. Scale bar=100um. C-D) Hepatocytes proliferation in newborn
AIbCreERT2/Confetti mice treated with 2.5x101° TU/Kg LV.BFP at D 1 and 0.1 mg/g of
tamoxifen the day after. C) Single value and median of cluster average size formed from
non-transduced (Confetti mice, same as fig.2) and transduced hepatocytes (W1 n=7, W3
n=4, W6 n=11, Y1 n=8). Two-way Anova with Sidak’s multiple comparisons test. D) Mean
and SEM of the percentage of LV* clusters made of 1-2, 3-5, 6-10 or >10 cells. E-F)
Hepatocytes proliferation in AlIbCreERT2/Confetti mice treated with 2.5x101° TU/Kg LV.BFP
at W2 of age and 0.1 mg/g of tamoxifen the day after. E) Single value and median of
cluster average size formed from non-transduced (Confetti mice, same as fig.3) and
transduced hepatocytes (W3 n=9, W8 n=6, Y1 n=4). Two-way Anova analysis with Sidak’s
multiple comparisons test. F) Mean and SEM of the percentage of LV* clusters made of 1-
2, 3-5, 6-10 or >10 cells. G-H) Hepatocyte proliferation in AlIbCreERT2/Confetti mice
treated with 2.5x10%° TU/Kg LV.BFP at W8 of age and 0.1 mg/g of tamoxifen the day after.
G) Single value and median of cluster average size formed from non-transduced (Confetti
mice, same as fig.4) and transduced hepatocytes (W9 n=2, W14n=8, Y1 n=3). H) Mean
and SEM of the percentage of clusters made of 1-2, 3-5, 6-10 or >10 cells.

of tamoxifen the day after, and monitored cluster formation from untransduced
(marked by RFP, YFP, or mCFP) or transduced (marked by BFP) hepatocytes (fig. 5A-
B). Newborn-treated mice showed a gradual increase in the average size of BFP*
clusters, which became higher than non-transduced clusters at W6 and Y1 post
treatment (fig. 5C). Moreover, we observed that clusters of non-proliferating
transduced hepatocytes decreased from 81% of total clusters at W1 to 60% at W6
and Y1, with a percentage of clusters with more than 10 cells reaching 9% at W6 and
16% at Y1 (fig. 5D). For mice treated at 2 weeks of age we did not observe any
differences in average size of transduced clusters compared to non-transduced ones,
confirming a lower proliferation rate from this age (fig. 5E). Quiescent clusters
resulted to be 85% at 8 weeks of age and 60% at 1 year, but most of the expanding
clusters displayed a reduced number of cells compared to mice treated as newborns,
with very few clusters with more than 10 cells at W8 (fig. 5F). Mice treated at 8
weeks of age did not show any increase in average size of transduced clusters
between W9 and W14, and only a mild increase at Y1 that was higher compared to
what has been observed for non-transduced clusters (fig. 5G). In terms of cluster
composition, adult-treated mice showed 95% of quiescent clusters at W14, and 81%
at Y1, with most of the proliferating clusters that remained small in dimension (fig.
5H). These data indicate that transduced hepatocytes are able to proliferate locally
maintaining the transgene and its expression. The differences observed between
cluster size and composition of transduced and non-transduced hepatocytes can be
considered minor, given that transduced hepatocytes are marked with only one
fluorescent protein (BFP), while non-transduced hepatocytes are marked with 3

different colors. This difference results in a lower probability of having fusion of two
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independent clusters expressing the same fluorescent reporter for untransduced
hepatocytes, while fusion of independently marked clusters may be more common
for LV* clusters, thus overestimating the proliferation of transduced hepatocytes by

this analysis.

3.2.2 3D analysis show local proliferation and expansion of transduced
and untransduced hepatocytes

To confirm that only a portion of hepatocytes proliferate in the first week of life of
mice, we marked cells in active proliferation using EdU (5-ethynyl-2’-deoxyuridine),
an analog of thymidine that is incorporated into the chromatin during DNA synthesis
(S phase of cell cycle). We administered LV.GFP in mice at D1, followed by
administration of 3 doses of EdAU (50ug/g each) at day 3, 4 and 5, and livers were
collected at day 6 to evaluate the percentage of proliferating hepatocytes in the first
week of life (fig. 6A-B). We counted that 28% of total hepatocyte nuclei (HNF4at)
and 33% of GFP* cells were also EdU* (fig. 6C), confirming the previous observation
that about 25-30% of hepatocytes generate clusters. We set to evaluate local
proliferation of transduced hepatocytes also by 3-dimensional (3D) imaging of livers
of newborn mice treated by intravenous administration of 2.5x10%° TU/Kg or 5x10°
TU/Kg of LV expressing GFP under the control of the same hepatocyte-specific
expression cassette described above (LV.GFP). We exploited X-clarity technology to
clear fixed livers and acquired 3D images by 2-photon microscopy (fig. 6F). By
measuring volume of GFP* clusters in livers collected at different time points after
treatment (up to 1 year) in multiple experiments, we observed that the percentage
of GFP* tissue is maintained stably over time, at both LV doses (fig. 6D). Moreover,
we measured the dimension of each GFP* cluster and arbitrarily defined small,
middle, and high-volume clusters to evaluate their increase in dimension over time.
We observed mainly small-volume clusters at W1, corresponding to 80% of the total,
followed by an increase in middle and high-volume clusters over time, that together
represent more than 90% of the clusters (fig. 6E). The same pattern was observed
also in mice treated with the lower dose of LV, with only a slightly lower percentage
of high-volume clusters measured at Y1. 3D analysis confirmed that transduced
hepatocytes are maintained in liver during growth and homeostasis, and proliferate
locally maintaining transgene expression. Despite both Confetti and 3D imaging
experiments showed local expansion of transduced hepatocytes, the fraction of
clusters that increase their dimension over time was different, being the vast majority
in the former experiment and a minority in the latter. This apparent discrepancy

between the results obtained by 3D and 2-dimensional (2D) imaging analysis may
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be due to the arbitrarily defined volume threshold set for the classification of small,
middle, and high-volume clusters in 3D images, which does not take into
consideration the increase in size of hepatocyte during growth. To assess whether
we might be underestimating the percentage of proliferating hepatocytes, by missing
3-dimensional clusters growth (on the Z axis) by the 2D analysis, we acquired 3D
images of livers of AlbCre/Confetti mice 6 weeks after the administration of a single
dose of tamoxifen as newborn. Quantification of dimension and number of clusters

was not possible due to technical reasons, but we could still perform a qualitative
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Fig.6: 3D imaging of proliferating transduced and non-transduced
hepatocytes. A) Scheme of the experiment: newborn wt mice were treated i.v. with
LV.GFP at D1 and subcutaneously with EdU 50ug/g at D3, D4 and D5, livers were collected
and analyzed at D6. B) Representative image. From left to right: HNF4a (red), GFP (green),
EdU (white), nuclei (blue), merged. Red arrow: GFP* HNF4a* EdU* cells. Yellow arrow:
GFP* HNF4a* EdU- cells. Scale bar= 50 um. C) Single values and median of percentage of
total hepatoytes (n=8 mice) or transduced hepatocytes (n=4 mice) positive for EdU
staining. D) Single values and mean of quantification of percentage of GFP* area in 3D
images of cleared livers of mice treated with 2.5x10° TU/Kg or 5x10° TU/Kg of LV.GFP at
D1 and analyzed 1 (low dose n=16, high dose n=14), 3 (low dose n=15, high dose n=15),
6 (low dose n=19, high dose n=12), 12 (low dose n=7, high dose n=9) or 52 (low dose
n=4, high dose n=6) weeks post LV administration. Kruskal-Wallis test with Dunnett’s
multiple comparisons test vs. week 1. E) Mean and SEM of percentage of clusters identified
as small (white bar), middle (grey) or high (black) volume in mice in C treated with
2.5x1019 TU/Kg (left panel) or 5x10° TU/Kg (right panel) of LV.GFP. F) Representative
image of cleared liver of a mouse treated with 2.5x10° TU/Kg of LV.GFP at D1 acquired
with 2-photon microscope at W3. Scale bar=150 um. G) Representative 3D image of
cleared liver of AlbCre/Confetti mice treated with tamoxifen (0.1 mg/g) at post-natal day
1 and analyzed after 6 weeks by Lightsheet microscope. Scale bar=300 um.

analysis. In the representative image in fig. 6G we could clearly observe the presence
of several single-cell clusters, in addition to high-volume clusters, suggesting

appropriate identification of the small clusters by the 2D analysis.

3.2.3. Reduction of proliferation rate of hepatocytes inside single-cell
derived cluster

The similar proliferation rate between transduced and untransduced hepatocytes
observed in previous experiments reassured over the use of LV as a tool to study
liver tissue dynamics in vivo. We set out to investigate proliferation of hepatocytes
in two windows of time by first administering LV expressing CreERT2 in newborn
heterozygous Confetti mice and then activating recombination of Confetti locus at W2
by tamoxifen administration and subsequently analyzing livers at W6. In this way we
could expect to see multi-color clusters, each of which has been generated by the
proliferation of a single transduced hepatocytes, and composed of multiple single-
color clusters, originated by hepatocytes activated with tamoxifen administration at
W2. The dimension of the multi-color clusters depends on the proliferation occurred
between D1 and W6, while dimension of single-color clusters depends on the
proliferation occurred between W2 and W6 (fig. 7A). Unfortunately, the low
recombination rate of transduced hepatocytes did not allow us to have reliable
quantitative data form this experiment, but we can still draw a qualitative picture
from it. In figure 7B we can observe the liver of a Confetti mouse treated with
LV.CreERT2 at D1 and with 3 doses of tamoxifen at 2 weeks of age, then analyzed at

W3. We can see a low number of cells expressing Confetti colors, with very few
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clusters made of cells expressing different colors. Instead, livers collected at W6 show
some multi-color clusters made of multiple cells, while single-color clusters are small
and made mainly of 1 or 2 cells, indicating that growth from the 2™ to the 6™ week
of age was characterized by a low number of replication cycles per cell, thus

confirming the reduction in proliferation rate of hepatocytes over time.
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Fig.7: Evaluation of hepatocytes proliferation in two windows of time in
Confetti mice. A) Experimental scheme exploiting LV expressing CreERT2 recombinase
under the control of ET hepatocyte-specific promoter to study in vivo hepatocytes
proliferation in two windows of time. LV.CreERTZ2 is administered i.v. in Confetti*/- newborn
mice. Between time point 1 and 2 hepatocytes proliferate and generate clusters, then
tamoxifen is administered to activate recombination of Confetti locus only in hepatocytes
carrying the Cre transgene. Inside a cluster, each hepatocyte will be marked with a
different fluorescent reporter. Between time point 2 and time point 3 expansion of clusters
continues. At the moment of analysis, we will observe single-color clusters formed between
time point 2 and 3, and multi-color clusters formed between time point 1 and 3. B, C, D)
Representative images from the experiment described in A) from 2 independent
experiments. Newborn Confetti*/- mice were treated with 2.5x101° TU/Kg LV.CreERT2 and
2 weeks later with 3 doses of tamoxifen (0.1mg/g each). Images have been acquired 1
week (B) or 4 weeks (C, D) post tamoxifen administration. Scale bar =100 um.
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3.3. Age-dependent differences in liver-directed LV gene therapy

3.3.1. Administration of LV to newborn and juvenile mice improves
hepatocyte transduction efficiency and transgene output

Considering the different proliferation rate between hepatocytes in newborn vs. 2-
week- or 8-week-old mice, we wondered whether this difference has an impact on
the efficiency of gene therapy in mice of different ages. We hypothesized that higher
proliferation rate of transduced hepatocytes in newborn mice may result in an
increased transduction, resulting also in a higher output of a therapeutic transgene
product, such as hFIX. Moreover, we asked if proliferation of transduced hepatocytes
led to an increase of transgene output over time. To evaluate efficiency of gene
therapy at different ages, we administered LV.hFIX i.v. to wild-type (wt) mice at D1,
W2, W3, W4 or W8, at 2.5x10° TU/Kg dose, collected plasma samples over time and
measured the concentration of hFIX (fig. 8A). At the end of the experimental follow
up the group with the highest transgene output was 2-week-old treated mice, with a
total output 2-fold higher compared to mice treated at D1 and 6-fold higher compared
to adult-treated mice (week 8). Interestingly, we noticed that 3-week-old treated
mice have a high output of hFIX, close to 2-week-old treated mice, while
administration of LV already at 4 weeks of age resulted in a strong reduction in
transgene output, similarly to adult-treated mice. Moreover, by plotting hFIX levels
as a fold on the value at the first time point analyzed (W2 post treatment), we noticed
that all the treated groups have a stable transgene output over time, except for mice
treated as newborn. In this group we observed a 4-fold increase in hFIX levels at W6
compared to W2, followed by a slight decrease and a stabilization of the output at a
3-fold higher level compared to W2 (fig. 8B). In order to understand the
biodistribution of LV in liver subpopulation of mice treated at different ages, we
isolated hepatocytes, KC, LSEC and pDC, and a pool of all nPC by FACS sorting at the
end of the experiments (12-33 weeks post LV administration). Despite the differences
in transgene output, vector copy number (VCN) per diploid genome in sorted
hepatocytes was similar among groups, but newborn-treated mice have a reduced
LV VCN in nPC, and in particular in KC and pDC (fig. 8C). Moreover, we performed
gene expression analysis to evaluate transgene expression in sorted hepatocytes,
and we observed higher transgene mRNA levels in young compared to adult-treated
mice (fig. 8D), in accordance with the higher transgene protein output. To assess LV
transduction of liver subpopulations short after transduction, we isolated by FACS
sorting hepatocytes, nPC, KC, LSEC and pDC 3 days post LV administration, to avoid

confounding factors due to cells turn-over, proliferation and polyploidization over
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Fig.8: Evaluation of LV-based gene therapy efficiency at different age of
treatment. A) Mean and SEM of hFIX plasma concentration in mice treated with i.v.
administration of 2.5x101° TU/Kg LV.ET.hFIX at D1, W2, W3, W4 or W8 and B) fold of hFIX
concentration on the value measured 2 weeks post-LV administration. Pool of 3
independent experiments. D1 n=22, W2 n=19, W3 n=5, W4 n=5, W8 n=15. In A Mixed
effect analysis with Bonferroni’s correction: D1-W2 p=0.0020; D1-W8 p=0.0022; W2-W4
p<0.0001; W2-W8 p<0.0001; W3-W4 p=0.0111; W3-W8 p=0.0012. C) Median and
interquartile range of VCN of srted hepatocytes, LSEC, KC and pDC measured at the end
of the experiments shown in A and B 12 to 33 weeks post LV administration. Kruskal-Wallis
test with Dunn’s multiple comparisons test. D) Single values and median of transgene
mRNA level measured as a fold on HPRT housekeeping gene expression of some of the
mice shown in A-B-C. D1 n=12, W2 n=13, W3 n=5, W4 n=5, W8 n=9 Kruskal-Wallis test
with Dunn’s multiple comparisons test. E) Single values and median of VCN of sorted
hepatocytes, total nPC, sorted LSEC, KC and pDC 3-day post i.v. administration of 2.5x10%°
TU/Kg LV in mice at D1 (n=5), W2 (n=5) or W8 (n=5). Kruskal-Wallis test with Dunn’s
multiple comparisons test. F) Single values and median of percentage of liver area
expressing mCherry by immunofluorescence analysis 3 days post administration of
2.5x1019 TU/Kg LV.ET.mCherry in mice at D1 (n=5), W2 (n=5), W4 (n=5) or W10 (n=5).
Kruskal-Wallis test with Dunn’s multiple comparisons test.
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time (fig. 8E). We focused our attention on newborn, 2-week-old and 8-week-old
treated mice. These data showed a higher VCN in sorted hepatocytes in young
(newborns and 2-week-old) compared to adult (8-week-old) mice, indicating a more
efficient transduction of parenchymal cells that may explain the higher transgene
output observed in these mice. Moreover, total nPC in adult-treated mice showed a
significantly higher VCN compared to young mice, and in particular pDC, KC and
LSEC, indicating that the age of administration of LV impacts on its biodistribution
among liver cell types. To confirm the higher level of transduction of hepatocytes in
young-treated mice, we administered 2.5x10'° TU/Kg of LV expressing mCherry
fluorescent reporter in wt mice at D1, W2, W4 or W8, and analyzed 2D images of
livers to measure the percentage of mCherryt area 3 days post treatment. We
confirmed that transgene-positive liver parenchyma was higher in newborn and 2-
week-old mice compared to adult-treated mice (4.5 and 3.4-fold respectively), while
4-week-old treated mice showed an intermediate level of liver transduction despite

the lower transgene output at this age (fig. 8F).

3.3.2. Mono- and bi-nucleated hepatocytes are transduced with the
same efficiency at all ages

Differences in transgene expression and protein output between mice treated at
different ages with LV.hFIX may also be due to physiological changes of hepatocytes
that occur during mouse growth. Indeed, at around 3 weeks of age important
metabolic changes occur in hepatocytes, caused mainly by the change in diet
following weaning, but one of the most significant alteration is the polyploidization of
the majority of hepatocytes. We hypothesized that transduction occurring before or
after this important phase of liver life can determine a difference in transgene output:
indeed hepatocytes targeted before polyploidization will duplicate the number of
transgenes present per cell (without altering the number of LV copies per genome or
the percentage of LV* area), while those that are transduced after polyploidization
may have a lower amount of LV genetic material. If LV preferentially transduces
hepatocytes during polyploidization when administered at W2 or W3, then there will
be a duplication of the total number of transgenes in parallel to duplication of all the
genetic material, without modifying the VCN, thus possibly increasing transgene
output. To test this hypothesis, we produced an LV expressing both hFIX and GFP,
separated by and internal ribosome entry site (IRES), and administered 2.5x10%°
TU/Kg in mice at D1, W2, W3 and W8 in order to monitor transgene output over time

for 12 weeks and then acquire IF images at the end of the experiment to correlate
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FIX output with the percentage of GFP* area and the count of mono- and bi-nucleated
hepatocytes, as a surrogate for diploid and polyploid cells. We observed a strong
correlation between the percentage of GFP* area and the total output of FIX
measured at the end of the experiment, which was true for age groups analyzed
independently or all together (fig. 9A). Interestingly, the relation between transduced
area and transgene output appeared to be linear, but we could not detect major
differences in the slope of linear regression for mice treated at different ages,
suggesting no differences in transgene output per cell in mice treated at different
ages. Moreover, we found that among GFP* hepatocytes, about 75% have a single
nucleus and 25% have two nuclei, independently on the age of treatment, and that
the same percentages were observed also among non-transduced hepatocytes (fig.
9B). These data indicate that LV transduces with the same efficiency mono- and bi-
nucleated hepatocytes in adult mice, while in the growing liver there is no preference
for transduction of hepatocytes that are about to become bi-nucleated. Therefore,
transgene output correlated with the transgene-positive tissue, but it did not seem

to depend on the number of polyploid transduced cells
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Fig.9: Evaluation of transduction of mono- and bi-nucleate hepatocytes. A)
Single values of total hFIX bloodstream concentration and percentage of GFP* area at W12
post treatment in mice treated with 2.5x101° TU/Kg of LV.hFIX.IRES.GFP at D1 (n=8), W2
(n=10), W3 (n=10) or W8 (n=10). Spearman’s correlation: pool r=0.8873 p<0.0001; D1
r=0.9524 p=0.0011; W2 r=0.8182 p=0.0058; W3 r=0.8909 p=0.0011; W8 r=0.6848
p=0.0347. Pearson’s correlation pool: r=0.8837 p<0.0001; D1: r=0.9612 p=0.0001; W2:
r=0.7512 p=0.0123; W3: r=0.7482 p=0.0168; W8: r=0.7482 p=0.0128. Linear
regression slopes: D1=543.6: W2=392.8; W3=990.1; W8=254.4; pool=480.3. B) Single
values and median of percentage of GFP* (left panel) or total hepatocytes (right panel)
with 1 or 2 nuclei in mice of experiment shown in A. Two-way Anova with Tukey’s multiple
comparisons test.

3.4. Analysis of the distribution of LV transduction in the liver
lobule at different ages of treatment

3.4.1 The LV transduction preference switches from peri-central to peri-
portal during growth

It is known that position of hepatocytes in the liver lobule plays a major role in
the determination of their metabolic functions (see 1.4.1). Therefore, we evaluated
the distribution of LV-transduced hepatocytes in the liver lobule of mice treated at
D1, W2 or W8 with LV.GFP at a dose of 2.5x10'° TU/kg. We annotated portal veins
by identification of bile ducts next to them, while central veins by the lack of bile
ducts in ITHC images of livers. We identified peri-portal and peri-central areas by
drawing a circle around portal and central veins (fig. 10A), with a radius that varied
according to the dimension of the liver lobule at each age of analysis (r=187um for
mice analyzed at W1, r=200um for mice analyzed at W3, r=225um for mice analyzed
at W9 or later). We measured the percentage of GFP™ tissue in peri-central and peri-
portal area and calculated the fold between these two values (fig. 10B). Mice treated
as adults, showed a 1.8-fold higher percentage of GFP* tissue in peri-portal compared
to peri-central area 1 week post treatment, while mice treated at D1 or W2 showed
a more homogeneous distribution of GFP* area across the lobule. The higher
percentage of LV* area in peri-portal compared to peri-central area in adult-treated
mice may be due to either a transduction bias or to silencing of the transgene only
in peri-central area. To test this hypothesis, we repeated this zonation analysis on
mice treated with LV.GFP at 2.5x10'° TU/Kg by collecting livers at different time
points over time. Lobules of newborn and 2-week-old treated mice showed a
homogeneous distribution of GFP* area up to 12 weeks post treatment, indicating
that the transgene was not silenced in peri-central area of adult mice. The peri-portal
bias of GFP* tissue was observed in adult treated mice up to 1 year post treatment.
To confirm this transduction bias, we also used immunofluorescence (IF) to analyze

liver sections. We evaluated LV distribution in liver lobules of mice treated at D1, W2,
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W3, W4 or W8, 3 to 7 days post-treatment at a dose of 2.5x10'° TU/Kg. Periportal
and pericentral areas were identified by performing IF staining for glutamine
synthetase (GS, marks peri-central hepatocytes) and cytokeratin-7 (CK7, marks bile
ducts) and drawing an area around the marked cells with the same dimension used
in IHC analysis (fig. 10 C). We measured the percentage of transduced tissue
exploiting fluorescent reporters and calculated the fold between the peri-portal and
peri-central areas (fig. 10D). We observed that this fold was below 1 (peri-central
bias) for newborn and 2-week-old treated mice (median 0.72 and 0.67 respectively),
and above 1 (peri-portal bias) for mice treated at 4 or 8 weeks of age (median 1.45
and 2.23 respectively), in multiple experiments, indicating a mild pericentral
transduction bias for young-treated mice, and confirming peri-portal transduction

bias previously observed for adult-treated mice. To further characterize position of
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Fig.10: Zonation of LV* hepatocytes in mice treated at different ages. A)
Representative images of immunohistochemistry analysis of LV transduction bias
performed on mice treated with 2.5x101% TU/Kg of LV.GFP at 8 weeks of age. After
immunostaining with anti-GFP antibody (brown), portal veins are identified by the presence
of bile ducts (black circle) next to them, while central veins are identified by absence of
bile ducts next to them. Peri-portal (light blue circle) and peri-central (pink circle) areas
are considered as the areas in a radius around portal and central veins respectively, whose
dimensions depends on the age (r=187um at W1, r=200um at W3, r=225um at W4 or
later). B) Single values and median of fold between percentage of GFP” tissue in peri-portal
(PP) vs. peri-central (PC) areas in mice treated with 2.5x10° TU/Kg LV.GFP at D1, W2 or
W8 and analyzed at different time points post-LV administration. For mice treated at D1:
W1 n=5, W3 n=, W6 n=4, W12 n=3; for mice treated at W2: W1 n=4, W4 n=3; for mice
treated at W8: W1 n=5, W12 n=5, W26 n=2, W52 n=2). C) Representative images of
immunofluorescence analysis of LV transduction bias performed on mice treated with
2.5x10%9 TU/Kg of LV.mCherry at 8 weeks of age. Immunostaining with anti-mCherry (red),
anti-cytokeratin 7 (CK7, in green in the left image) and anti-glutamine synthetase (GS, in
green in right image) has been performed to mark respectively transduced hepatocytes,
bile ducts and central hepatocytes. Nuclei are marked in blue by Hoechst staining. Peri-

portal areas have been identified in a radius around CK7" bile ducts, while central areas
have been identified in a radius around GS* central hepatocytes. Dimension of radius is
the same used in IHC analysis. Scale bar=100 um. D) Single values and median of fold of
percentage of transgene positive area between peri-portal (PP) and peri-central (PC) areas
in mice treated with 2.5x10%% of LV at D1 (n=15), W2 (n=10), W4 (n=4) or W8 (n=11).
Red dashed line = 1. Pool of 3 independent experiments. One sample Wilcoxon test vs. 1
with Bonferroni’s correction D1 p=0.0104, W2 p=0.008, W8 p=0.004. E-F) Mean of

percentage of transduced tissue as a function of the distance from GS" area (E) or CK7"
area (F) in mice treated with 2.5x101° of LV.mCherry at D1 (n=5), W2 (n=5), W4 (n=5)
or W10 (n=5) and analyzed 3 days post LV administration.

transduced hepatocytes in liver lobule, we measured the percentage of LV* tissue at
every point of liver lobule, according to the distance from CK7* or GS* area.
Transgene-positive hepatocytes showed a peak in an area of 150 um around the GS*
pericentral hepatocytes, in mice treated at D1 or W2, while they were few in close
proximity to CK7* bile ducts and increased until reaching a plateau at a distance of
150 pm. On the other hand, for older-treated mice there was a peak of LV* area in
the first 150 um around bile ducts, followed by a decrease, while it increased moving

away from GS* area for older treated mice (fig. 10E-F).

3.4.2 KC distribution in the liver lobule follows LV transduction bias

We have shown that the lower transduction of hepatocytes obtained by treating
mice as adults is due at least partially to an increased uptake by non-parenchymal
cells, and mostly tissue-resident macrophages (see 3.3.1). Moreover, it has been
recently published that distribution of KC across liver lobule changes during mouse
growth, with a shift towards peri-portal area in adult mice that occurs around the age
of weaning, and this zonation increase the ability of KC to capture pathogens that
enters through the portal vein (Gola et al, 2021). For these reasons, we decided to
investigate the possible role of KC in determining the transduction bias in LV-treated

mice. First, we investigated KC distribution in liver lobule. We measured the
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Fig.11: KC distribution in the liver lobule. A) Single values and median of
percentage of liver tissue marked by F4/80 immunostaining in mice of 1 (n=10), 2 (n=11),
4 (n=4) or 8 (n=10) weeks of age. Pool of 2 independent experiments. Kruskal-Wallis test
with Dunn’s multiple comparisons tests vs. W1. B) Single values and median of fold
between percentage of transduced tissue in peri-portal (PP) vs. peri-central area identified
as in fig. 11, in mice of 1, 2, 4 or 8 weeks of age (same as A). Kruskal-Wallis test with
Dunn’s multiple comparisons tests vs. W1. One sample Wilcoxon test vs. 1 with Bonferroni’s
correction D1 p=0.008, W2 p=0.004. C) Correlation between fold of percentage of marked
tissue in peri-portal (PP) vs. peri-central (PC) area by immunostaining for mCherry
transgene (LV) or F4/80 (KC) in mice treated with 2.5x10° TU/Kg LV.mCherry at D1 (n=5),
W2 (n=5), W4 (n=4) or W10 (n=5). Spearman’s correlation test r:0.7561; p=0.0002.

percentage of F4/80* tissue in per-central and peri-portal area, identified as
previously described by IF. We observed a similar amount of KC in mice at all ages,
expressed as percentage of area marked by F4/80 immunostaining (fig. 11A). Our
data suggest that mice in the first week of life have a higher concentration of KC in
peri-central compared to peri-portal area, that persist also in the 2" week of life, but
later on (4" and 8% week of life) there is a shift towards the peri-portal area that
leads to a more homogenous distribution of KC (fig. 11B). Interestingly, the change
in KC distribution parallels the observed switch of transduction bias from the peri-
central area in young mice to the peri-portal area into adult mice. Indeed, performing
the zonation analysis of transduced hepatocytes and KC distribution in the lobule in
mice treated with 2.5x10'° TU/Kg of LV.mCherry at different ages, we can notice a

strong correlation between LV transduction bias and KC zonation (fig 11C).

70



3.4.3. Peri-portal transduction bias in adult mice is independent from
phagocytosis of LV by KC

To understand if KC play a direct role in the determination of peri-portal
transduction bias in adult mice, we depleted KC from livers of adult mice with two
doses (50ug/g) of clodronate-filled liposomes, or PBS-filled liposomes as control,
administered 24 and 48 hours before LV.GFP i.v. administration at 2.5x10° TU/Kg
dose. To evaluate the effectiveness of clodronate treatment, we collected livers from
mice treated with clodronate liposomes, PBS liposomes or no liposomes 24 hours
after the administration of the second dose. We could not detect any F4/80* KC in
clodronate-treated mice, while PBS-liposome mice presented a slight increase in KC
number compared to untreated group, indicating that liposomes treatment could
mobilize F4/80" cells into the liver (fig. 12A-B). LV-treated mice were euthanized 1
week post treatment and percentage of GFP* tissue was measured in peri-portal and
peri-central area, identified as previously described by IF analysis (fig. 12C). As
expected, depletion of KC caused an increase in total transduction of livers compared
to both PBS (8-fold increase) and LV-only group (2.4-fold increase), while PBS group

A F4/80 Nuclei F4/80 Nuclei B F4/80* area
154
3 104 .
[¢v] ——
Y
o
X 5
L] —ﬂa—
O -A-'r T T
Clod. PBS Unt
C
-48h -24h 0 7 days
| | | | >
| I | I v
Clodronate liposomes LV.GFP Liver
PBS liposomes 2.5x1019TU/Kg analysis
Unt
LV* area LV+ area
D p=0.0005 p=0.0004 E p=0.0059
159 . p=0.1032
_— e Clod.+LV 304  Poo0ss
10+ ‘f' . o PBS+LV 20 °
© ® e O
&) o LV o 2.0
G — = 104 "¢
s o
5 4+ ° o o - °
o o© . o 31
© 24 ° o2 o 24 o
° o o L . o
Lo a® e R
T T I O T T T
PP PC Total Clod. PBS LV
+LV +LV

71



Fig.12: LV transduction bias in KC-depleted adult livers. A) Representative images
of liver of adult mouse treated with 2 doses of clodronate liposomes (left) or PBS liposomes
(right) 48 and 24 hours before IF analysis. In red F4/80 immunostaining to identify KC, in
blue nuclei stained with Hoechst. Scale bar =100um. B) Single values and median of
guantification of percentage of F4/80+ area in liver of adult mice treated with two doses
(48 and 24 hours before analysis) of clodronate liposomes (n=6), PBS liposomes (n=3) or
untreated (n=3). C) Scheme of the experiment: adult wt mice treated with 2.5x101%9 TU/Kg
LV.GFP after 2 doses (48 and 24 hours before LV administration) of clodronate liposomes
(n=6), PBS liposomes (n=6) or no pre-treatment (n=6), and analyzed 7 days post LV.D)
Single values and median of percentage of transduced peri-portal (PP), peri-central (PC)
or total liver area. Kruskal-Wallis test with Dunn’s multiple comparisons test vs. clodronate
liposomes group. E) Single values and median of fold of percentage of transduced area
between PP and PC area. Kruskal-Wallis test with Dunn’s multiple comparisons test vs.
Clodronate liposomes group.

showed a lower percentage (3.2-fold) of GFP* tissue compared to LV-only group,
probably determined by the increase in macrophages concentration (fig. 12D).
Surprisingly, we observed no increase in percentage of GFP* tissue in peri-central
area in KC-depleted mice compared to control groups, but a 4.9-fold increase in peri-
portal area compared to LV-only group and 15.4-fold increase compared to PBS-
liposomes group. This increase also determined a stronger peri-portal transduction
bias that in KC-depleted mice was 8.9-fold higher compared to LV-only group and
10.5-fold higher compared to PBS-liposomes group (fig.12E). These data suggest
that LV phagocytosis by tissue resident macrophages is not the cause of the
preferential transduction of peri-portal hepatocytes in adult mice, and that their

depletion does not improve transduction of the peri-central area.

3.5. Multiple transduction of hepatocytes

3.5.1 The frequency of multiple-transduction events is lower in adult-
treated than young-treated mice

We have shown that administration of LV in young mice leads to a higher
percentage of transduced liver parenchyma compared to adult-treated mice, but the
percentage of transgene-positive area observed is still a minor part of the total tissue
(about 10%). We therefore expect to have a single LV for each transduced
hepatocyte, and for this reason the observation of hepatocytes transduced at multiple
copies might be an indication of a subset of hepatocytes that are more prone to be
transduced. Furthermore, differences in percentage of multiple-transduced
hepatocytes between mice treated at different ages might contribute to explain
differences in transgene output. To evaluate the presence of hepatocytes transduced
independently by multiple LV we administered a mix of 3 LV expressing different

fluorescent reporters (GFP, mCherry or BFP) in newborn, 2-week-old or 8-week-old
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Fig.13: Evaluaiton of multiple transductions of hepatocytes. A) Mean of
percentage of each LV in the mix of LV.GFP, LV.mCherry and LV.BFP. Percentage,
calculated based on results of FACS analysis of 293T cells transduced with LV mix at MOI
0.1, 0.05 or 0.01. B) Single values and median of percentage of tissue area marked in
green (G), red (R), blue (B) and the combination of 2 or 3 fluorescent protein, or by any
color (Pool) in mice treated with 2.5x10'° TU/Kg of the mix of LV.GFP, LV.mCherry and
LV.BFP (same as A) at D1 (n=6), W2 (n=5) or W8 (n=6). Kruskal-Wallis test with Dunn’s
multiple comparisons test for pool group. C) Single values and median of percentage of
transduced area marked by 1 (single), 2 (double) or 3 (triple) fluorescent reporters (same
experiment as B). Kruskal-Wallis test with Dunn’s multiple comparisons test on single-
positive area. D) Single values and median of fold of percentage of single, double, or triple-
positive area in peri-portal (PP) vs. peri-central (PC) area (same experiment as B and C).
One sample Wilcoxon test vs. 1 with Bonferroni’s correction. E) Mean and standard
deviation (SD) of percentage of cells positive for GFP (G), mCherry (R) or BFP (B) or
combination of 2 or 3 fluorescent reporter in mice treated with 2.5x10%° TU/Kg of the mix
of 3 LV, or by the mix of 2 LV and the 3™ injected independently, at D1 and analyzed 1
week post LV administration. GRB n=4, RB+G n=3, RG+B n=1, BG+R n=3.
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mice to determine the presence of hepatocytes expressing 1, 2 or 3 fluorescent
markers. LV were mixed before injection, thus we controlled the composition of the
mix by transducing 293T cells in vitro at multiplicity of infection (MOI) 0.1, 0.05 or
0.01 and analyzed them at FACS. We confirmed that the mix between the 3 LV was
acceptably balanced, with 40% of LV.GFP, 33% of LV.mCherry and 27% of LV.BFP
(fig. 13A). We collected livers 1 week post LV administration and measured the
percentage of green, red, and blue area, and the percentage of area positive for the
combination of 2 or 3 colors. We observed that the percentage of transduced area
was higher in mice treated at D1 and W2 (13% of total liver area), while 9-fold lower
in adult-treated mice (fig. 13B) as expected from the data shown above (see fig. 8F).
Moreover, we observed a good balance between the percentages of area positive for
each color, which was around 4% for each of them, confirming the balanced
composition of the LV mix. By measuring the percentage of transduced area that
expresses one, two or three fluorescent proteins, we observed that mice treated at
D1 or W2 had 89% of the transduced area marked by a single color, 10% marked by
two colors and 1% marked by three colors. Adult-treated mice, on the other hand,
had on average 98% of transduced area positive for one color, 1.9% positive for two
and only 0.1% positive for three colors (fig. 13C). These data show that
administration of LV in young mice leads to a higher percentage of hepatocytes with
multiple copies of vector compared to adult-treated mice. We then evaluated the
distribution of single and multiple-transduced hepatocytes in the liver lobule.
Newborn and 2-week-old treated mice showed a ratio of percentage of transduced
tissue between peri-portal and peri-central area lower than 1, for single-, double-
and triple-transduced area. In adult mice the ratio peri-portal to peri-central was on
average higher than 1 for single, double, and triple-transduced hepatocytes, thus
confirming the transduction bias described before also for multiple-transduced
hepatocytes (fig. 13D). To exclude that pre-mixing of LV before injection can create
aggregates between viral particles that increases the probability of entry of more
than 1 LV in a single hepatocyte, we injected in newborn mice either the mix of 3 LV
or a mix of 2 LVs and immediately after the 3™ was administered separately. If pre-
mixing creates aggregates of the different LVs, increasing the probability of having
multiple transduction events, we would find reduced percentage of triple-transduced
hepatocytes in those groups in which one vector was missing from the mix and, by
contrast, these groups would show a higher number of hepatocytes transduced by
the two pre-mixed LV compared to the combination with the LV injected separately.
By analyzing livers one week post administration of the various combination of the 3

LV, we observed that in all the groups the percentages of double-positive hepatocytes
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transduced with one vector present in the mix and the one administered separately
were similar to the percentage of the hepatocytes transduced by the two vectors pre-
the percentages of double and triple transduced

mixed together. Moreover,

hepatocytes were similar in mice injected with mix of 2+1 LV or mix of 3 LV, indicating

that pre-mixing the LV did not impact on the percentage of observed multiple-

transduced hepatocytes (fig. 13E).

3.5.2. LV transduction does not induce a proliferative advantage in
hepatocytes

To evaluate proliferation potential of hepatocytes transduced by one or multiple
LV, we administered the mix of 3 LV in newborn mice, and then collected livers 1-,
3- or 6-weeks post-treatment to measure cluster dimension and composition over
time. We observed an increase in the percentage of transduced area between W1,

W3 and W6, suggesting a mild proliferative advantage of transduced hepatocytes
transduction of those

compared to non-transduced ones, or a preferential
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Fig.14: Analysis of the proliferation of multiple transduced hepatocytes. A-B)
Single values and median of percentage of total liver tissue (A) positive for one, two or
three fluorescent reporters and cluster average size (B) in mice treated with 2.5x1019
TU/Kg of a mix of 3 LV (LV.GFP, LV.mCherry, LV.BFP) at D1 and analyzed 1 (n=5), 3 (n=5)
or 6 (n=5) weeks after treatment. Kruskal-Wallis test with Dunn’s multiple comparison test
in A. Friedman’s test with Dunn’s multiple comparison’s test in B. C-D-E) Mean and SEM of
the percentage of clusters positive for 1 (C), 2 (D) or 3 (E) fluorescent reporters and made
of 1-2, 3-5, 6-10 or >10 cells. Number of cells per clusters have been calculated by
measuring dimension of each cluster and dividing by the average size of hepatocytes at
that age (W1=250 um2, W3=350 um2, W6=450 um?2).

hepatocytes that are proliferating (fig. 14A). We also observed an increase of cluster
average size, indicating proliferation of transduced hepatocytes, as expected, but this
increase resulted to be less evident for hepatocytes expressing two or three
transgenes (fig. 14B). Indeed, by looking at cluster composition we counted that
25% of single-color cluster are generated by proliferating hepatocytes, also showing
clusters with more than 10 cells at week 6, while the percentage of proliferating
multi-color clusters was lower, and clusters appeared to be smaller, both for double-
and triple-transduced hepatocytes (fig. 14C). These observations suggest that
transduction did not induce a proliferative advantage per se. Moreover, proliferation
of transduced hepatocytes was confirmed to be similar to that observed in non-
transduced Confetti hepatocytes.

3.6. Role of pseudotype, promoter and integration on gene
therapy efficiency at different ages of treatment

In the experiments described above we used an integration-competent VSV-G
pseudotyped LV, with transgene expression controlled by the hepatocyte-specific
promoter ET. In this setting, we observed differences in transduction efficiency of
liver parenchyma among mice treated at different ages, paralleled also by different
level of transgene output when using LV expressing hFIX. Moreover, we observed a
mild peri-central transduction bias in young-treated mice and a peri-portal
transduction bias in adult-treated mice. Transduction properties and transgene
expression are also known to be dependent on the pseudotype of LV or its promoter,
thus we repeated the experiments using LV expressing hFIX or mCherry under the
control of ET promoter and pseudotyped with Baculovirus-derived GP64 glycoprotein,
or VSV-G pseudotyped LV expressing hFIX or GFP under the control of the human
alpha 1-antitrypsin (hAAT) hepatocyte-specific promoter, coupled with hepatocyte
control region (HCR) enhancer. We observed that transduction with both GP64-
pseudotyped LV (fig. 15A) and LV with HCR/hAAT promoter (fig.15B) resulted in
similar age-related differences to those we observed for VSV.G pseudotyped LV with
the ET promoter, i.e. similar percentage of transgene-positive area for mice treated

at D1 and W2, and a lower transduction efficiency in adult-treated mice. These data

76



A GP64 LV B HCR/hAAT LV C IDLV

p=0.0119 p=0.0089

10- p=0.004 104 — 20-

pP=0.0205 S D1
8 i
© - - 8 < 15- W2
o} ) U] A W8
© 6 - E 6 © 104 -~—
= 44 5 4 u G .—"
X o i.I S s*s al X
2- 2- - 57
0 T T T 0——|—|—*— 0 T T e
D1 W2 W8 D1 W2 W8 D1 W2 W8
D GP64 LV E HCR/hAATLV
800+ D1
— —_ - W2
jEJ_ E 600+ & W8
2 2 4004
>
x - /\i’&_*\é
0{.}. —— e W .
0 5 10 15 0 5 10 15
Weeks post LV Weeks post LV
F GP64 LV G HCR/hAATLV
2.59 3
A N )]
O 2.0 O 4 W2
& 154 A % 24 A A W8
% ] L:_ o A
R R - Sl - O
(g n ] & o L Bl
0.5 &= o g %
00 1 T 1 1 0 T T 1 1
D1 W2 W8 W8 D1 w2 W8 W8
2.5e10 5e10 2.5e10 5e10

Fig.15: Efficiency of gene therapy by LV containing different envelope proteins
or promoters. A-B-C) Single values and median of percentage of transgene-positive area
in mice treated with 2.5x1019 TU/Kg of GP64-pseudotyped LV.ET.mCherry (A), VSV-G-
pseudotyped LV.HCR/hAAT.GFP (B) or VSV-G-pseudotyped IDLV.ET.mCherry (C) at D1
(n=5 for GP64 LV, n=5 for LV.HCR/hAAT, n=5 for IDLV), W2 (n=6 for GP64 LV, n=7 for
LV.HCR/hAAT, n=5 for IDLV), or W8 (n=5 for GP64 LV, n=5 for LV.HCR/hAAT, n=5 for
IDLV) and analyzed 3 days post-LV administration. Kruskal-Wallis test with Dunn’s multiple
comparisons test. D-E) Mean and SEM of hFIX plasma concentration in mice treated with
i.v. administration of 2.5x10%° TU/Kg LV.ET.hFIX pseudotyped with GP64 (D) or
LV.HCR/hAAT.hFIX pseudotyped with VSV-G (E) at D1 (n=4 for GP64 LV, n=10 for
LV.HCR/hAAT), W2 (n=7 for GP64 LV, n=12 for LV.HCR/hAAT), or W8 (n=5 for GP64 LV,
n=10 for LV.HCR/hAAT). In B) pool of 2 independent experiments. F-G) Single values and
median of fold of percentage of transgene positive area between peri-portal (PP) and peri-
central (PC) areas in mice treated with 2.5x10° TU/Kg or 5x10'° TU/Kg of GP64-
psudotyped LV.ET.mCherry (F) or VSV-G-pseudotyped LV.HCR/hAAT.GFP (G) at D1 (n=5
for GP64 LV, n=5 for LV.HCR/hAAT), W2 (n=6 for GP64 LV, n=7 for LV.HCR/hAAT) or W8
(n=5 for GP64 LV, n=5 for LV.HCR/hAAT, at each dose). Red dashed line = 1. One sample
Wilcoxon test vs. 1 with Bonferroni’s correction.
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indicate that the lower percentage of transgene-positive tissue area observed in
adult-treated mice is not dependent on LV pseudotype or promoter. Moreover, the
same pattern was observed using a VSV-G pseudotyped integrase-defective LV
(IDLV) expressing the fluorescent reporter mCherry under the control of ET promoter,
suggesting that integration of the viral genome is not a limiting step in transduction
of hepatocytes in adult mice (fig. 15C). GP64-pseudotyped LV.ET.hFIX also showed
a pattern of expression of the transgene in mice treated at different ages very similar
to the one observed using a VSV-G pseudotyped LV, with the highest levels of hFIX
observed by administering LV at W2, intermediate levels at D1 and the lowest at W8
(fig. 15D). On the other end, by changing the promoter from ET to HCR/hAAT, we
observed that newborn-treated mice reached a higher level of transgene output
compared to 2-week-old treated mice, while adult-treated mice showed one more
time the lowest levels of hFIX (fig. 15E). These data indicate that the choice of
promoter has an impact on the transgene output that can be obtained by treating
mice at different ages of life. Lastly, we observed a slight peri-central transduction
bias in young-treated mice by administering both GP64-pseudotyped LV.ET.mCherry
and VSV.G pseudotyped LV.HCR/hAAT.GFP, while the peri-portal bias became
apparent in adult-treated mice only by increasing the dose of LV administered (fig.
15F-G), suggesting that when transgene-positive hepatocytes are few, it is more

difficult to properly identify their distribution in the lobule.

3.7. LV transduce the same hepatocyte subset in newborn and 2-
week-old mice

The differences in transgene output observed in young-treated mice by using
different promoters might suggest that different hepatocyte subpopulations are
targeted by administering LV at D1 or W2. These two hepatocyte subpopulations
could have different metabolism and thus promoter activity. To test this hypothesis,
we set out to evaluate if, by administering two LV expressing different fluorescent
reporters in the same mouse at D1 and W2, we detect multiple-transduced
hepatocytes. If so, it would mean that the hepatocytes targeted at these time points
are similar, otherwise the absence of double-positive hepatocytes might indicate that
we reached different subpopulations. To this end, we analyzed the presence of anti
VSV-G immunoglobulin M (IgM) and G (IgG) from blood samples of mice treated at
D1 or W6 (as positive control), to determine if it was induced an immune response
against the administered LV that would prevent effective LV re-administration. We

detected a transient IgM response in mice treated as adults, as expected, while levels
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of IgM 2- and 9-weeks post LV administration in newborn-treated mice were
comparable to untreated mice (fig. 16A). IgG were present at low level in serum of
adult-treated mice already 3 days post-treatment, and increased 2 and 9 weeks after,

as expected while they were absent in newborn-treated mice at all time point
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Fig.16: Sequential administration of different LV at two different ages during
growth. A-B) Single values and mean of IgM (A) and IgG (B) antibodies detected in plasma
of mice treated with LV at D1 or W6 and analyzed 3 (D1 n=0; W6 n=3), 14 (D1 n=3; W6
n=3) and 64 (D1 n=3;, W6 IgM n=4 IgG n=2) days after treatment by ELISA. Red dashed
line represents UT value (n=1). C) Scheme of the experiment: mice treated with
LV.mCherry and LV.GFP (2.5x101° TU/Kg each) administered together at D1 (D1+D1) or
administered separately at D1 and W2 (D1+W2), analyzed at W3 (D1+D1 n=7, D1+W2
n=7) or W6 (D1+W2 n=2). D) Single values and median of percentage of mCherry* area
marked also by GFP in livers analyzed at W3. Mann-Whitney test. E) Single values and
median of average size of clusters generated by LV administered at D1 (LV D1) or W2 (LV
W2) or both (double positive, DP). F) Mean and SEM of the percentage of clusters positive
for the fluorescent reporter expressed by the vector administered at D1, W2 or both, and
made of 1-2, 3-5, 6-10 or >10 cells.

analyzed (fig. 16B). These data indicate that newborn mice do not develop a humoral
immune response against LV particles, thus allowing administration a second dose of
LV. Therefore, to evaluate if by administering LV at day 1 or week 2 we reach different
hepatocyte subpopulations, we administered in the same mice LV expressing GFP or
mCherry at D1 and W2, switching vectors in different experiments, and used newborn
mice administered with both vectors at the same time as controls. We collected livers
at W3 and W6 of age to evaluate multiple transductions and monitor proliferation of
single and multiple transduced hepatocytes (fig. 16C). We measured the percentage
of clusters mCherry* that were positive also for GFP 1 week after the administration
of the last dose of LV, and observed about 15% of double-positive clusters, with no
differences between mice treated with the two LVs at the same time or at D1 and W2
(fig. 16D), indicating that the targeted hepatocytes are likely the same at the two
ages. We then measured average size of clusters formed by hepatocytes transduced
at D1, W2 or double-transduced hepatocytes. We noticed that at W3 the clusters
generated by hepatocytes transduced at D1 are already larger than those generated
by hepatocytes transduced at W2, as also shown above (see fig. 5). Moreover, only
in the former group there was an increase of cluster average size between W3 and
W6 (fig. 16E). By looking at cluster composition, we observed the presence of clusters
with >5 cells at W3 for LV administered at D1, and a further expansion at W6 with
generation of clusters made of more than 10 cells. Instead, clusters from hepatocytes
transduced at W2 were mainly made of 1-2 cells, with only a small percentage with
more than 2 cells both at W3 and W6 (fig. 16F). Double-positive clusters showed the
lower rate of proliferation, with no increase in cluster average size and a very small
percentage of clusters with more than 2 cells at W3 and W6. These data suggest that
upon administration at D1 or W2 LV transduces the same hepatocyte subset, as also
supported by the observation that at these time points of treatment we observe the
same peri-central transduction bias. Moreover, we confirmed also in this setting that

hepatocytes marked in the newborn liver generate larger clusters compared to those
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marked at W2, and that this pattern is similar for LV-transduced and non-transduced

hepatocytes as shown in the Confetti mouse strain.

3.8. Physiological protein expression in the growing liver

As mentioned above, the transgene output in mice transduced as newborns with
LV.hFIX has a different pattern compared to mice treated at an older age. While mice
treated at W2 or older show a stable concentration of hFIX in plasma over time, in
newborn-treated mice we observed a 4-fold increase between W2 and W6, followed
by a slight decrease and stabilization of the output (see fig. 8B). Given the important
physiological changes that happen in the liver during growth, we wondered whether
transgene output pattern reflect these changes, and therefore can be considered as
physiological, or it is an effect specific of the transgene. Thus, we investigated mRNA
and protein levels of 3 genes normally expressed by hepatocytes in mice at different
ages. In particular, we measured LDL-R, albumin and PCSK9 mRNA and protein
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Fig.17: Physiological expression of endogenous proteins by hepatocytes
during growth. A) Mean and SEM of LDL-R protein levels in total liver of mice collected
as newborns (n=5) or at 2 (n=5), 3 (n=4) or 8 (n=4) weeks of life, quantified by Western
blot. B-D) Mean and SEM of LDL-R and Albumin mRNA levels in total livers of mice in A and
expressed as fold on HPRT mRNA levels. C-E-F) Mean and SEM of concentration of albumin
(C-F), PCSK9 (E-F) and FIX (F) in plasma samples of mice treated at D1 with 2.5x10%°
TU/Kg LV.hFIX and collected at 2, 4, 5, 9 or 14 weeks of life (n=8).

expression in the liver or in the blood over time. For all these 3 analyzed proteins we
observed changes in both mRNA and protein levels over time, indicating metabolic
changes in hepatocytes during growth. In particular, LDL-R show a pattern of protein
expression that resemble what we observed for the hFIX transgene, with an initial
increase in the first 2 weeks, followed by a slight drop and a stabilization of the total
amount of protein (fig. 17A). On the other hand, mRNA levels showed a different
pattern, with low expression in the first 2 weeks of life, followed by an increase
between W2 and W3 (fig. 17B). Also albumin concentration in blood showed a
decrease greater than 2-fold between W2 and W5, followed by a stabilization of the
amount of protein (fig. 17C). But also for albumin we observed a different pattern
for mRNA in total liver, with a 4-fold increase between birth and W3, followed by mild
drop (fig. 17D). PCSK9 protein plasma levels resulted to be low in 2-week-old mice,
then increase of 6-fold at W4, and then decrease slightly, similarly to what has been
observed for hFIX (fig.17E). Taken together, this data suggest that the pattern of
transgene output observed in LV.hFIX-treated newborn mice may be due to general
metabolic changes occurring in hepatocytes during growth that influence expression
and production of hFIX transgene resulting in the observed pattern over time
(fig.17F).
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4. Discussion

4.1 Hepatocyte proliferation rate during growth and homeostasis

Despite multiple studies have investigated proliferation of hepatocytes in adult
liver during homeostasis or in response to damage, to our knowledge little is known
about tissue dynamics in newborn mice. Here, we report a model of proliferation of
hepatocytes during post-natal liver growth exploiting the Confetti mouse strain, in
which we mark hepatocytes by activating the recombination of the Confetti locus in
newborn (1-day old), juvenile (2-week-old) or adult (8-week-old) mice and then
monitor the number and dimension of clusters generated by marked hepatocytes.
We observed that the increase in cluster average size is higher in newborn-activated
mice (8-fold in the first 6 weeks of life and 17-fold in 1 year) compared to mice
activated at 2 weeks of age (2- and 4- fold at 6 weeks and 1 year post treatment
respectively) and 8 weeks of age (1.5-fold between W14 and Y1), indicating a
progressive reduction in the proliferation rate of hepatocytes over time. This
reduction is also confirmed by the observation that in newborn-activated mice the
increase observed during growth (first 6 weeks of life) is much higher than the one
observed in the homeostatic phase. Moreover, in mice activated at all ages we
observed only a minority of clusters that were made of more than 2 cells, thus
deriving from proliferating hepatocytes. We can therefore speculate that proliferating
hepatocytes in the newborn liver generate clusters of cells, some of which are able
to duplicate themselves, but at a progressively slower rate. The low percentage of
proliferating clusters in juvenile-activated mice suggests that a fraction of the
daughter cells generated by a single proliferating hepatocyte in the newborn liver is
then able to duplicate themselves, and these cells will do a low number of cycles in
the rest of the mouse life, as it is suggested by the small dimension of the clusters
generated from that time onwards. Interestingly, in newborn-activated mice the
fraction of expanding clusters (25%) is stable over time, indicating that quiescent
hepatocytes do not start to proliferate later in time, but that at the end of the growth
phase the proliferating clusters may occupy 90% of the liver tissue. The active
proliferation of only a fraction of hepatocytes in the first week of life has been
confirmed also exploiting EdU incorporation, which marked 28% of hepatocytes
between post-natal day 3 and day 5. Our work provides the first, to our knowledge,
description of a relatively oligoclonal composition of the adult mouse liver originating

from a small subset of proliferating hepatocytes. These observations are of particular
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interest for the application of liver directed in vivo gene therapy. Indeed, the
therapeutic genetic modification, whether obtained by gene transfer or gene editing,
needs to be maintained over physiological post-natal growth. Thus, it is necessary to
target the specific hepatocytes subset responsible for these processes, to ensure
durability of the gene therapy. Otherwise, inefficient modification of this crucial
subpopulation of hepatocytes may lead to progressive reduction or loss of the

therapeutic effect.

4.2. Proliferation of transduced hepatocytes

One of the aims of our study was the investigation of the consequences of liver
growth on maintenance of LV-transduced hepatocytes and its effect on transgene
output over time. We showed in multiple settings that hepatocytes transduced in
newborn mice proliferate locally and generate clusters of cells expressing the
transgene. This evidence has been also obtained at different ages. More importantly,
proliferation of transduced hepatocytes did not substantially differ to that of
untransduced mice, with the generation of large clusters over time from a fraction of
proliferating hepatocytes in newborn-treated mice, and the formation of smaller
clusters in mice treated at 2 or 8 weeks of age. Therefore, we consider that
transduction does not induce an overall proliferative advantage to hepatocytes, even
in long-term follow up (up to 1 year). This observation is reassuring, considering the
potential concern of insertional mutagenesis in gene therapy based on integrating
vectors. Moreover, we showed that hepatocytes transduced by multiple vector
particles proliferate less compared to single-transduced hepatocytes, further
confirming that LV transduction does not stimulate proliferation per se. This reduced
proliferation of multiple transduced cells might be a consequence of multiple factors:
on one hand, being multiple-transduction a rare event, it is very unlikely that two
clusters expressing the same couple of fluorescent reporters are close to each other
and merge after proliferation, which could be a more common event for single-
transduced clusters and might increase the percentage and dimension of proliferating
clusters; another explanation could be that the subset of hepatocytes that are more
prone to be transduced are not those that generate the biggest clusters over time;
lastly, multiple-transduction events might actually impair proliferation. This last
hypothesis might be tested by exploiting models of liver damage, to assess whether
this subset of hepatocytes can be recruited to repair liver parenchyma in a different
experimental setting. However, we consider unlikely that LV transduction, at the
tested doses, induce a permanent impairment in proliferation, given the formation of

large clusters that we observed in multiple experiments. Indeed, in
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AlbCreERT2/Confetti mice treated with LV.BFP we observed a modest increase in the
percentage of transduced proliferating clusters and their dimension compared to non-
transduced ones. Since, however, transduction does not seem to induce a
proliferative advantage as highlighted by the lower proliferation of multiple
transduced hepatocytes, we may then explain this discrepancy either by a
preferential transduction of proliferating hepatocytes by LV or by a consequence of
fusion of clusters. The former hypothesis seems to be supported by the observation
that the percentage of transduced area increases over time (fig.14 A) and by the
slightly higher percentage of EAU™* transduced hepatocytes (33%) compared to non-
transduced, while the latter is supported by the lower percentage of proliferating
clusters observed by administering a mix of 3 LV expressing for different fluorescent
reporters (fig.14 B). Overall, our interpretation is that LV transduction is generally
neutral for hepatocytes proliferation rates and that differences in hepatocyte clusters
size and growth are likely due to the different experimental settings used.

Our work suggests that LV transduction of hepatocytes can also be exploited as a
tool to study liver tissue dynamics. We took advantage of this tool by administering
two LV expressing for different fluorescent reporters at different stages of growth, to
monitor proliferation of hepatocytes in different windows of time in the same mice,
and we confirmed the reduction in proliferation rate over time. For a similar purpose,
we also administered a CreERT2-expressing LV in newborn Confetti mice and then
treated them with tamoxifen 2 weeks later. By this experimental design, we may be
able to establish if the proliferating capacity is maintained by all or only some of the
daughter cells derived from proliferating hepatocytes.

We have shown that transduced hepatocytes can proliferate locally and are
maintained during growth and homeostasis. It has been previously shown that LV-
transduced hepatocytes are maintained following partial hepatectomy (Matrai et al,
2011). However, the effect of different types of liver damage on maintenance of the
transgene remains to be evaluated. Different liver cells have been identified to be
responsible for the regeneration of liver after damage, among which both
hepatocytes and cholangiocytes (Miyajima et al, 2014). We have observed that i.v.
administration of LV also allows transduction of ductal cells that maintain their
capacity to generate organoids in vitro and engraft in mice (unpublished data),
suggesting the potential maintenance of the transgene in case of transdifferentiation
of ductal cells into hepatocytes and regeneration of liver parenchyma, but this

evidence has still to be obtained in vivo.
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4.3. Effect of age at treatment on liver transduction

In this work we provided for the first time a comprehensive analysis of LV-based
liver-directed gene therapy efficiency in mice treated at different ages, both in terms
of transduction and transgene output. We show here that the age of administration
of LV impacts its biodistribution to liver cell types and lobule zones. Based on our
results, we can distinguish between transduction in young (first 2-3 weeks of life) vs.
adult mice. In the first group we observed a high transduction of hepatocytes
accompanied by low VCN in non-parenchymal cells, in particular KC, LSEC and pDC.
In adult mice we confirmed our previously reported data that there is a higher uptake
by non-parenchymal cells (mainly KC) that leads to a reduced transduction of
hepatocytes (Milani et al, 2019). This observation has been confirmed also in terms
of percentage of transgene positive area by IF analysis in mice treated at different
ages with LV expressing a fluorescent reporter.

Higher transduction of liver parenchyma in young mice is confirmed also by the
higher frequency of multiple-transduction events, that represent more than 10%
within transduced hepatocytes in young mice compared to 2% in adult mice at the
tested LV dose. This higher percentage might also indicate the presence of a subset
of hepatocytes that is more prone to be transduced, otherwise we should not observe
a higher percentage of multiple transduced hepatocytes within transduced
hepatocytes in the group treated at young age. Moreover, considering that the
probability of a cell to be transduced by 3 LV expressing for 3 different fluorescent
reporter is the same to be transduced 3 times by LV expressing the same reporter,
we can expect the percentage of multiple-transduced hepatocytes to be higher than
the observed one. It might be interesting to study the characteristics of hepatocytes
that make them more prone to be transduced compared to the others.

Here we also describe a non-homogenous transduction of liver lobule by LV, with
a zonation of transduced hepatocytes that varies according to the age of LV
administration, a finding with important implications for gene therapy. Young-treated
mice show a higher percentage of transduced cells in peri-central area, contrary to
adult-treated mice which show a peri-portal transduction bias. Likely the zonation of
transduced hepatocytes is due to a transduction bias rather than silencing of the
transgene expression specifically in a lobule zone, because we did not observe the
appearance of peri-portal bias in young-treated mice analyzed up to 12 weeks post
treatment. Interestingly, we observed that KC are not responsible for the
determination of transduction bias, particularly in adult mice, and that their depletion

actually increases the transduction in peri-portal but not in peri-central area.
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Transduction biases have also been described for AAV vectors using AAV7 or AAVS
serotypes and multiple promoters and transgenes, with adult mice showing peri-
central bias, while no bias detected in newborn mice (Bell et a/, 2011). In adult-
treated NHP, on the other hand, has been observed a peri-portal bias, by AAV vectors,
while newborn NHP instead have a homogeneous transduction of liver lobule. The
causes of these differences have not been fully elucidated, but we speculate that
transduction bias of AAV vectors and LV might be determined by the same factor or
set of factors. In this case, having already excluded the involvement of KC, we might
consider the role of fenestrae, which have been described to vary in number and
dimension according to the age and the position in the liver lobule. In particular,
fenestrae in peri-portal sinusoids of adult rats have been described to be larger than
peri-central ones, but lower in total number (Wisse et al, 1983). Therefore, LV
particles might be limited in transduction of peri-central hepatocytes by the small
dimension of fenestrae, while AAV vectors, being smaller, could transduce them more
easily thanks to the higher porosity of sinusoids. Moreover, fenestrae in young mice
are bigger in peri-central area (Barbera-Guillem et al, 1986), thus allowing a higher
transduction by LV in young mice. We will investigate the role of fenestrae dimension
and distribution in young and adult mice to determine their role in transduction
efficiency and bias, in order to then translate this information possibly to the human
liver.

It has long been debated the existence of a subset of proliferating hepatocytes in
the adult liver that play a major role in renewal of liver parenchyma. Wang et al
proposed that Axin2* hepatocytes located around the central vein are predominant
in liver turnover (Wang et al, 2015). Other groups could not confirm these data later
on (Wei et al, 2021; Sun et al, 2020). Our finding of a preferential transduction of
peri-portal hepatocytes in adult mice may support the cause against the role of
Axin2* peri-central hepatocytes in liver homeostasis. If those cells replace 35% of
liver parenchyma in 1 year, starting from central area and expanding toward portal
area, we will probably lose the peri-portal transduced hepatocytes. Conversely, we
showed that they are maintained long term and they are able to proliferate and
generate small clusters. We have also shown in this and previous works that also
transgene output is stably maintained up to 1 year post LV administration in adult
mice (Brown et al, 2007a; Cantore et al, 2015).

4.4. Effect of age at treatment on transgene output
The therapeutic potential of gene transfer for non-cell autonomous diseases

depends on the amount of transgene that is produced by transduced cells. We
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focused our attention on hFIX, a transgene with which our group has previous
experience (Cantore et al, 2015; Milani et al, 2019). As mentioned above, hemophilia
is a good candidate for gene therapy (see 1.5.1). The goal of gene therapy is to reach
the therapeutic threshold of FVIII or FIX activity with the lowest possible vector dose.
We show here that administration of LV.hFIX in young mice allows reaching a level
of transgene output up to 6-fold higher compared to adult-treated mice with the
same LV dose on a per weight basis. In our experiments, we administered 2.5x101°
TU/kg dose, that has been shown to provide 30% of normal clotting factor activity in
adult-treated mice. Given the huge increase in transgene output observed in young-
treated mice, administration of LV in this phase of life can substantially reduce the
dose of LV needed to reach a therapeutic level of transgene activity. Reduced
effective doses would also mean reduced risks of possible acute toxicity, which
represents a concern for in vivo gene therapy. We have previously shown that
therapeutic levels of clotting factors activity can be reached with a lower dose of LV
in NHP than in mice (3-fold lower), further reduced by exploiting CD47high LV (Milani
et al, 2019). Thus, if our data are translatable also to NHP and to human, treatment
at a young age would lead to a further decrease of the therapeutic LV dose, that
constitutes an advantage also for manufacturing and cost of the final drug product.
We show that one of the major causes of the higher efficiency of liver-directed gene
therapy in young mice is the reduced uptake of LV particles by non-parenchymal
cells, and in particular KC, that allow a higher transduction of transgene-expressing
hepatocytes. Indeed, we have found a strong linear correlation between the
percentage of transduced area and the output of hFIX in mice at all ages. A possible
explanation for the differences observed in transgene output between newborn and
2- or 3-week-old treated mice could be attributed to the promoter used. By
substituting the ET with the HCR/hAAT promoter we detected the highest FIX
concentration in bloodstream in newborn treated mice. We hypothesized that
targeting of different hepatocyte subpopulations occurs by administering LV to mice
at post-natal day 1 or week 2, that might differently express the promoters. However,
serial administration of different LV in the same mouse at D1 and W2 did not result
in reduction of double-positive hepatocytes compared to co-administration at D1.
Thus, the cause(s) of the differences in transgene output within young mice of
different ages still remain be elucidated. They may be related to differential pattern
of LV genomic integration sites, chromatin states and secretory activity of different
hepatocyte subsets transduced at the different ages, overall suggesting a high degree
of hepatocyte heterogeneity and dynamic changes during liver growth. We also

hypothesized that polyploidization of transduced hepatocytes in mice treated at 2
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weeks contribute to the higher transgene output by amplifying transgene content.
However, our preliminary experimental evidence does not support this hypothesis,
because we could not observe any difference in percentage of mono- and bi-
nucleated transduced hepatocytes in mice treated at different ages.

Interestingly, we have also described a pattern of transgene output in newborn-
treated mice that is not present in older-treated mice, with an increase between W2
and W4 and a stabilization from W6 at an intermediate level. As anticipated above,
these variations have been observed also for endogenous proteins expressed by
hepatocytes and are probably not specific of the transgene and may be related to

general metabolic changes occurring in hepatocytes during liver growth.

4.5. Role of KC on gene therapy efficiency

Phagocytosis of LV particles from tissue resident macrophages represent a major
obstacle to transduction of liver parenchyma. To circumvent this obstacle, our lab
developed phagocytosis-shielded LV by increasing display of CD47 molecules on
vector surface and reported a reduced uptake of LV by KC and 3-fold increase in hFIX
output in NHP (Milani et al, 2019). Here, we confirm that phagocytosis of LV particles
represents a major limitation for liver-directed gene therapy in adult mice, however
we show that it is less impactful in young-treated mice. Indeed, by administering LV
in adult mice, we observed high VCN in nPC and in particular in KC (VCN=49), while
in mice treated at D1 or W2 there is an almost 6-fold reduction in VCN in nPC, and
KC have a VNC of 1.8 in newborn mice and 5 in 2-week-old mice. This reduction is
paralleled by an increased transduction of liver parenchyma, that is observed both in
terms of VCN in sorted hepatocytes 3 days after treatment and percentage of
transgene positive area. Thus, we propose that the higher efficiency of liver-directed
LV-based gene therapy in young compared to adult mice is determined at least in
part by the lower uptake of LV particles by non-parenchymal cells. The reason
underlying this outcome remains to be elucidated. Considering the impact of
phagocytosis on hepatocyte transduction, we also investigated the role of KC in the
determination of transduction bias, in particular in portal area in adult-treated mice.
It has been recently shown that KC are homogeneously distributed in the liver lobule
before weaning, but they move towards the peri-portal area in adult mice, increasing
their overall capacity to phagocyte pathogens (Gola et a/, 2021). We thus wondered
if this zonation of KC increases the uptake of LV particle in adult mice, determining a
lower availability for hepatocytes, and also reduce the probability for them to reach
the central area, thus also explaining the peri-portal transduction bias. Unexpectedly,

we observed an increased peri-portal transduction bias in KC depleted mice.
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Conversely to Gola et al., we observed higher concentration of KC in central area of
newborn mice and a more homogenous distribution in adult mice, however we
observed the same shift towards portal area during growth. Our results show that LV
phagocytosis by KC does not determine the peri-portal transduction bias observed in
adult mice, indicating the existence of other factors that control LV transduction, such
as size and distribution of LSEC fenestrae dimension or receptors availability.
Nonetheless, it emerged that zonation of KC correlate with distribution of transduced
hepatocytes in the liver lobule, and the switch in transduction bias from peri-central
in young mice to peri-portal in adult mice seems to coincide with the shift of KC from

central to portal area, and the drop in overall gene therapy efficiency.

4.6. Limitations of the work

Our study presents some limitations. In IF cluster analysis, the number of cells
present in each cluster is calculated based on the average size of hepatocytes at each
age. To reduce the error on this calculation we decided not to distinguish between
clusters made of one or two cells. Therefore, we are considering as quiescent also
those hepatocytes that might have done a single replication step. Second, in this
model we have not taken into accounts death of hepatocytes, which could contribute
to reduce the dimension of some clusters. Moreover, the use of the Confetti mouse
strain limits clonal analysis of hepatocytes to only 3 markers, thus retaining the
possibility to mark two or more hepatocytes independently with the same color and
wrongly consider them belonging to the same cluster. To strengthen our clonal
analysis, we are planning to use a barcoded LV to increase the number of unique
markers for hepatocytes and then monitor their proliferation by evaluating the
abundance of each barcode after liver growth and measuring the enrichment of a
fraction of barcodes.

To confirm local proliferation of transduced hepatocytes, we also performed 3D
analysis to evaluate percentage and dimension of expanding clusters. However, the
data that we obtain from 2D and 3D imaging analysis are partially inconsistent. In
3D imaging analysis we measured a majority of expanding clusters, with the increase
of the percentage of middle and high-volume clusters over time, while from 2D
imaging we concluded that around 75% of clusters are quiescent or slowly
proliferating. It is worth noting, however, that in the two sets of experiments, we
used different criteria to identify proliferating and quiescent clusters. In 3D imaging
small-volume clusters are defined on the basis of the dimension of the majority of
clusters at the first time point of analysis (1 week of age), that are single-cell clusters,

and is maintained fixed for all the other ages. Therefore, it does not consider the
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increase in the size of hepatocytes during growth. Moreover, it is based on the
dimension of one hepatocyte, thus also a single cycle of proliferation would classify
the cluster as middle-volume, while in 2D imaging analysis we defined as quiescent
clusters composed of 1 or 2 cells.

Moreover, it is not clear why we observed a linear correlation between transgene
output and percentage of transduced area by administering LV.FIX.IRES.GFP in mice
at different ages, while in multiple previous experiments we could measure higher
transgene output in mice treated at W2 compared to newborn-treated mice, despite
the percentage of transduced area was always similar among these groups. Further
analyses are needed to better understand the correlation between percentage of
transduced hepatocytes and transgene output.

Most of the experiments described in this work have been performed using a dose
of LV of 2.5x10%% TU/Kg, that we showed in the past to guarantee a therapeutic level
of FIX expression in hemophilia mouse model. We did not perform yet a dose-
response study to identify the lowest amount of LV that is necessary to administer in
newborn mice to correct a pathologic phenotype, in particular in the context of
hemophilia. This analysis will inform about the doses to be tested in future pre-clinical
and potentially clinical work.

Lastly, our candidate LV to be eventually carried into clinical trials is shielded from
phagocytosis by high human CD47 surface content, however our studies of
hepatocytes transduction have been performed in wild-type immunocompetent C57
mice, which do not sense the human CD47 signaling. Despite these mice have been
shown to be a reliable model for liver gene therapy studies, and we have investigated
the role of KC in hepatocyte transduction, it might be relevant to evaluate also
whether the presence of anti-phagocytic signals can influence zonation or efficiency

of hepatocytes transduction.

4.7. Future directions

Our observation of a reduced clonality in the adult liver caused by proliferation of
25-30% of hepatocytes in the newborn liver suggests that it may be possible to reach
a high degree of genetic correction also by targeting a small fraction of hepatocytes,
if we are able to target specifically those that proliferate. Specific targeting of
proliferating hepatocytes may also be relevant for the application of those techniques
that so far showed a low efficiency of correction, such as genome editing or GeneRide
(see 1.4.5), which exploit HDR, that is known to preferentially occur in cycling cells

(Scully et al, 2019). We will attempt to characterize this subpopulation of proliferating
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hepatocytes exploiting spatial transcriptomic analysis (Stahl et a/, 2016), and then
we could explore strategies to specifically target them in the future.

The age-related differences in liver transduction have been observed also for IDLV.
This non-integrating platform may be exploited for genome editing strategies
(Lombardo et al, 2007b), and since HDR is more efficient in cycling cells, the higher
transduction efficiency of hepatocytes in newborn mice, in which hepatocytes are
actively proliferating, may give a rational to implement this therapeutic strategy in
young mice.

Furthermore, the evidence of a reduced proliferation rate of hepatocytes already
at the 2" week of age might be helpful also for the application of non-integrating
vectors, such as AAV vectors, in which dilution of the transgene caused by
proliferation of targeted cells over time is of concern. Considering the low proliferation
of hepatocytes in the liver of mice that are still very young (before weaning), we
might expect that transduction with AAV vector would lead to a reduced dilution of
the vector genome from this age. Direct conversion of ages in mice and humans is
challenging. The life-span of mice is much shorter than human life, thus the low
hepatocytes proliferation rate observed in juvenile and adult mice might still be
converted in a relevant number of cell divisions in the human liver. It may be difficult
to extrapolate our findings in mice to larger species or humans, however we may
attempt to assess proliferation of hepatocytes from liver sections collected from NHP
or humans at different ages, if available.

Further investigation is needed to establish the cause(s) of LV transduction bias
and to predict on the possible outcome in human patients. We are exploiting spatial
transcriptomic analysis of liver of transduced and non-transduced mice of different
ages to investigate differential expression of genes involved in LV transduction. The
identification of different transduction bias in mice treated at different ages is
particularly relevant to choose the right promoter for gene therapy, to avoid those
that are not expressed in the transduced zone, but also to target cell-autonomous

metabolic diseases, that might involve a specific lobule zone.

4.8. Conclusions

Overall, we show here that the age of LV administration strongly influences the
outcome of liver-directed gene therapy. We found that administration of LV in young
mice results in higher transduction of hepatocytes and higher transgene output, likely
caused by reduced uptake of vector particles by non-parenchymal cells. Moreover,
the age of treatment also impacts on the distribution of LV in the liver lobule,

switching from peri-central in young-treated mice to peri-portal in adult-treated mice,
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independently by KC phagocytosis. These results suggest that major changes occur
in the liver upon weaning that impact on LV-mediated gene therapy. We also showed
that LV-transduced hepatocytes propagate the transgene upon cell proliferation, and
that transduction does not induce major alterations in hepatocyte proliferation. We
propose here a model of post-natal liver growth, in which only a fraction of
hepatocytes proliferates, originating the vast majority of the adult liver tissue. Our
results may strengthen the rationale for application of in vivo liver-directed LV gene
therapy to pediatric patients, but have implications also for other strategies based on

integrating technologies.
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5. Material and methods

5.1. Plasmid construction

Plasmid containing transfer construct were generated by standard cloning
techniques starting from already available plasmids, by substituting the transgene
between the ET promoter sequence and WPRE sequence. LV.ET.mCherry was
generated starting from LV.ET.GFP plasmid (Brown et al, 2007a), digesting it with
Nhel-HF and BamHI-HF restriction enzymes (New England Biolabs) and inserting
mCherry sequence obtained from a previously described plasmid (Zonari et al, 2017).
Similarly, LV.ET.BFP was cloned by digesting LV.ET.GFP with Sall-HF and Pmel
enzymes (New England Biolabs) and inserting BFP sequence obtained from a
previously described plasmid (Zonari et al, 2017). LV.ET.CreERT2 was cloned by
digestion of LV.ET.GFP plasmid using Sall-HF and Nhel-HF enzymes and inserting
CreERT2 sequences obtained by digestion of pMuLE ENTR SV40 CreERT2 L3-L2
plasmid (Addgene #62174) with Spel and PspXI enzymes (New England Biolabs).
LV.ET.FIX.IRES.GFP was generated starting from LV.ET.FIXR338L (Cantore et al,
2012) by digesting it with Sall-HF enzyme and inserting IRES.GFP sequence obtained

by gene synthesis.

5.2. Plasmid DNA preparation

Large-scale quantity of plasmid DNA was prepared using Macherey-Nagel
endotoxin-free high purity plasmid maxi prep system according to manufacturer’s
protocol. Plasmid DNA is resuspended in TE (10 mM TrisHcl pH 8.0, 1 mM EDTA).

Large-scale packaging and envelope plasmids were produced by Nature
Technology Corp.

For small-scale preparation, following cloning, Wizard® Plus SV Minipreps DNA
Purification System (Promega) was used. Colonies were screened by enzymatic

digestion and sequencing.

5.3. Cell culture
Human embryonic kidney (HEK) 293T cells were used for vector production and
titration, and for analysis of LV mix composition of the experiment in figure 13 A.

Cells were maintained in culture with Iscove’s modified Dulbecco’s medium (IMDM,
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Corning) supplemented with 10% fetal bovine serum (FBS, Euroclone) and
penicillin/streptomycin 100 international units (IU)/ml (Lonza). Adherent cells were
detached using PBS 0.05% trypsin 4mM EDTA solution. Cells were kept in a
humidified incubator at 37°C 5% CO:..

5.4. LV production

Third-generation SIN LV were produced by transient transfection of HEK 293T
cells. 8-10x10° 293T cells were plated 24 hours before transfection in a 15cm dish,
and medium was changed 2 hours before transfection with 22.5 ml of fresh medium
per plate. Transfection mix is prepared with the packaging plasmids pMDLg/pRRE
(12.5 pg/dish) and pCMV.REV (6.25 ug/dish), envelope plasmids PMD2-VSV.G (9
pg/dish) or pBA-AcMNPV-gp64 (Schauber et al, 2004) (9 ug/dish), transfer plasmid
(35 pg/dish) and pAdVantage plasmids (15 pg/dish) in 0.1X TE-supplemented cell-
culture grade water (Sigma) to a final volume of 1.25 ml per plate. Plasmid mix was
aliquoted in 15ml tube (one for each plate) and 125 pl of CaClz 2.5 M were added to
each tube. Finally, 1.25ml of 2X HBS (281 mM NaCl, 100 mM HEPES, 1.5 mM
Na2HPO4, pH 7.12, prepared in house) were added dropwise to the mix in each tube
while kept in agitation, and the mix is transferred into the culture medium. Culture
medium was changed 14-16 hours after transfection and then collected after
additional 30 hours. Supernatant was filtered with a 0.22 pm filter (Millipore) and
ultracentrifuged in polyallomer tubes (Beckman) at 20.000 g for 120 min at 20°C
(Beckman Optima XL-100K Ultracentrifuge). LV-containing pellet was resuspended
in the appropriate amount of phosphate saline buffer (PBS, Corning) to reach a 500X
concentration, aliquoted and stored at -80°C.

For IDLV production the same procedure was followed, but pMDLg/pRRE plasmid
is substitute with pMDLg/p.RRE.D64Vint plasmid (Lombardo et a/, 2007a).

5.5. LV titration

LV titer was calculated by in vitro transduction of 293T cells and quantitative
polymerase chain reaction (qPCR). 75.000 293T cells were plated in each well of a 6-
well plate the day before the titration (or in alternative 100.000 the same day) to
reach 100.000 cells at the moment of transduction. Cells are transduced with 10-fold
serial dilutions (from 10-3 to 1077) of LV prepared in fresh medium in presence of
polybrene (final concentration 8 pg/ml). 10 days after transduction cells were

collected for VCN determination.

95



5.6. ddPCR for LV titration and VCN determination

Genomic DNA (gDNA) was extracted from transduced cells or organ sample using
Maxwell 16 DNA purification Kit (Promega) following manufacturer’s instructions.
gDNA from primary sorted cells was extracted using QIAamp DNA mini kit or QIAamp
DNA micro kit (Qiagen), following manufacturer’s protocol.

VCN per diploid genome was determined by analyzing 15-20 ng of gDNA through
digital droplet PCR (ddPCR) with QX200 Droplet Digital PCR System (Biorad),
according to manufacturer’s recommendations (each primer 900nM, probe 250nM).
For quantification of LV genome copies the following primers and a probe were used:

- HIV Fw: 5-TACTGACGCTCTCGCACC-3’

- HIV Rv: 5'- TCTCGACGCAGGACTCG-3’

- HIV Pr 5'-(FAM)-ATCTCTCTCCTTCTAGCCTC-(MGBNFQ)-3").

For quantification of human gDNA were used primers and probe designed on
GAPDH gene (Applied Biosystems Hs00483111_cn). For quantification of mouse
gDNA were used primers and probe designed on Sema3a gene:

- Sema Fw: 5’- ACCGATTCCAGATGATTGGC-3’

- Sema Rv: 5'- TCCATATTAATGCAGTGCTTGC-3’

- Sema Pr: 5'-(HEX)-AGAGGCCTGTCCTGCAGCTCATGG-(BHQ1)-3").

ng Lv
g gDNA

x 2. Infectious titer is

To calculate VCN, was used the formula VCN=n

VCNx100.000
1/dilution factor"

calculated with the formula TU/ = LV physical particles were

measured by p24 ELISA assay (Perkin Elmer). Infectivity was calculated as the ratio

between infectious titer and physical particles.

5.7. Flow cytometry

Flow cytometry analysis was performed using CytoFLEX S analyzer (Beckman
Coulter) equipped with 405, 488, 561 and 638 lasers. Approximately 500.000 cells
were harvested in MACS buffer (PBS pH 7.2 0.5% bovine serum albumin, 2Mm EDTA,
Miltenyi Biotec) and analyzed without antibody staining, because cells expressed
endogenous fluorescent proteins. Data analysis was performed with FCS Express 6

software.

5.8. Mice experiments
Mice were housed in specific pathogen-free conditions. C57BL/6 mice were

purchased from Charles River. Rosa26-Confetti and AlbCreERT2 mice were kindly
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provided by Dr. Iannacone’s lab and bred in house. For experiments in Confetti mice
or AlbCreERT2-Confetti mice, male and female were both used randomly, according
to availability. For experiments in newborns and 2-weeks old C56BL/6 wild-type mice,
male and female were used according to availability at birth, while for adult C57BL/6
mice only females were used. Blood samples were collected with capillary tubes from
the retro-orbital plexus and supplemented with 0.38% sodium citrate buffer pH7.4
to avoid coagulation. LV administration in adult mice (8-10 weeks old) was carried
out by tail-vein injection, in 2-weeks old mice by tail-vein or retro-orbital injection,
in newborn mice (1-2 days old) by temporal vein injection. Tamoxifen was dissolved
in corn oil 10 mg/ml, stored at -20°C and administered subcutaneously in newborn
mice and intraperitoneally in older mice at the dose of 0.1 mg/g. Clodronate
liposomes or PBS liposomes were administered by tail-vein injection 10 ul/g as
recommended by manufacturers. EdU was suspended in PBS at the final
concentration of 10mM, stored at -20°C and administered intraperitoneally. Mice
were euthanized by cervical dislocation or CO:z inhalation. All protocols were approved

by the Institutional Animal Care and Use Committee.

5.9. Sorting of liver cell subpopulations

Fractionation of liver cell subpopulation was performed has previously described
(Milani et al, 2019). Liver was digested by perfusion via the inferior vena cava first
with PBS 0.5 mM EDTA (~10 ml), then HBSS (Hank’s balanced salt solution, Gibco)
1% HEPES ((4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (~10 ml) and
finally HBSS 1% HEPES 0.03% collagenase IV (Sigma) (~16.5 ml). Liver was then
collected and passed through a 100 um cell strainer (BD Biosciences). Cell suspension
was centrifuged three times at 30, 25 and 20 g for 3 minutes to separate non-
parenchymal cells (in the supernatant) from hepatocytes (in the pellet). Supernatant
was centrifuged 7 min 650g and cells were loaded onto a 30%-60% Percoll (Sigma)
gradient and centrifuged 1800g for 15 min. nPC interface was collected and washed
twice with HBSS 1% HEPES. Hepatocyte fraction was stained with the following mix

of antibodies, in 200 pl of volume:

Antigen Fluorochrome | Clone Company (code) Volume
CD31 APC MEC 13.3 BD Biosciences (551262) | 3 ul
CD45 APC 30-F11 BD Biosciences (559864) | 3 ul
FC Block 2.4G2 BD Biosciences (553142) | 5 ul
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Hepatocyte fraction was sorted to remove contaminants using FACSAria Fusion
(BD Biosciences). nPC fraction was first incubated with FC Block and then stained

with the following mix of antibodies in 200 ul of volume:

Antigen Fluorochrome | Clone Company (code) Volume
CD31 FITC MEC 13.3 BD Biosciences (551262) | 7 pl
CD45 e-fluor 450 30-F11 Invitrogen (48-0451-82) 7 ul
F4/80 PE CI:A3-1 BD Biosciences (553142) | 7 pl
CD45R/B220 | PE-Cy5 RA3-6B2 BD Biosciences (553091) | 7 ul
CD11c PE-Cy7 N418 Invitrogen (25-0114-82) 7 ul

5.10. Gene expression analysis

Organ samples and primary sorted cells were stored at -80°C in RLT plus buffer
(Qiagen) solution for RNA extraction. Organs were mechanically homogenized using
gentleMACS™ Octo Dissociator (Miltenyi Biotec) in 700 pl of RLT plus buffer. RNA
from homogenized organs and cells was extracted using RNeasy Plus mini kit
(Qiagen) following manufacturer’s protocol. DNA was digested on columns using
RNase-Free DNase Set (Qiagen), according to manufacturer’s recommendations. RNA
was retrotranscribed using SuperScript IV VILO Master Mix with exDNase Enzyme
(Thermo Fisher) according to manufacturer’s protocol. cDNA was analyzed by ddPCR
as described above using probe systems. For albumin (Mm00802090, Applied
Biosystems) and LDLR (dMmu CPE5122114, Biorad) were used commercially
available primers and probes, while for WPRE custom primers and probe (WPRE Fw:
5'-GGCTGTTGGGCACTGACAAT-3’; WPRE Rv: 5- ACGTCCCGCGCAGAATC-3’; WPRE
Pr: 5- (FAM)-TTTCCATGGCTGCTCGCCTGTGT-(MGB)-3") were used. As normalizer
commercial Hprt primers and probe (dMmu CPE5095493, Biorad) were used. Gene

expression levels were calculated with the formula ng cDNA gene/ng cDNA normalizer

5.11. ELISA assays

Mouse blood was centrifuged 6500 rpm for 6 min 30 sec to collect plasma, which
was stored at -80°C. Samples were diluted according to necessity. ELISA assay
specific for human FIX antigen was used to determine its concentration in mouse
plasma samples (Asserachrom IX:Ag, Stago), following manufacturer’s protocol.

Mouse PCSK9 plasma concentration was determined by ELISA assay (Mouse
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Proprotein Convertase 9/PCSK9 Quantikine ELISA Kit, R&D Systems), according to
manufacturer’'s protocol. Mouse albumin concentration was determined by ELISA
assay (Mouse Albumin Matched Antibody Pair Kit, Abcam) according to
manufacturer’s protocol.

For IgG and IgM ELISA assay, plates were coated plates with 100ng of VSV.G
(Vinci-Biochem V3-VSIG15-R-10) protein and of IgG and IgM antibodies for the
standard curve and incubated 16 hours at 4°C. Plates were washed 3 times with PBS
0.05% Tween 20 and incubated for 2 hours at room temperature with 200ul of
blocking solution (PBS 0.05% Tween-20 1% Chicken Ova). Plates were washed again
3 times and the incubated with 100 pl of diluted samples and incubated 2 hours at
37°C. Plates were washed 4 times and anti-IgG (1:10000; Sigma A2554-1ML) or
anti-IgM (1:5000, Southern Biotech 1140-05), HRP conjugated detection antibodies
were added and incubated 1 hour at 37°C. Plates were washed 4 times and incubated
with 100 pl of TMB for 10 minutes and stopped with 50 pl of HCI. Plates were red at

450nm using a Multiskan GO microplate reader (Thermo Fisher Scientific).

5.12. Immunofluorescence imaging

Livers were harvested from mice, washed briefly in PBS and fixed 4 hours in PBS
4% paraformaldehyde (PFA), then washed again briefly in PBS before being stored
at least 24 hours in 30% sucrose 0.02% sodium azide in H20. Livers were the frozen
in OCT (optimal cutting temperature) compound (Killik, Bio Optica) and slices 5 to 20
pum thick were cut at cryostat (Histo-line MC5050), placed on Superfrost® Plus
microscope slides (Thermo Scientific) and stored at -80°C. All the staining steps were
performed protected from lights to preserve endogenous fluorescence. Slides were
thawed at room temperature for at least 2 hours, then washed 3 times 5 minutes in
PBS 0.1% X-Triton. Edges were drawn around the tissue using immunostaining pap
pen (Sigma-Aldrich) to contain staining solutions. Blocking step was performed using
PBS 0.1% X-Triton 1% bovine serum albumin (BSA) 5% FBS for 1 hour at room
temperature in a humid chamber. Blocking solution was the substitute with mix
containing primary antibodies in blocking solution and incubation was carried on for
12-16 hours at 4°C in a humid chamber. Primary antibodies mix solution was
removed and slides were washed 3 times 5 minutes in PBS 0.1% X-Triton. Secondary
antibodies were diluted in blocking solution together with Hoechst and incubated for
1 hour at room temperature in a humid chamber. Slides were then washed in PBS
and coverslip was added using Fluoromount-G (Invitrogen) as mounting medium.

Slides were dried for 16 hours at room temperature or for longer at 4°C, and stored
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at 4°C before acquisition. EdU staining was performed using Click-iT™ EdU Cell
Proliferation Kit with AlexaFluor 488 dye (Invitrogen C10337) according to
manufacturer’s protocol. Antigen unmasking was performed by incubating slides 20
min in citrate buffer (10mM Citric Acid, pH 6.0) at 98°C. For nuclear staining
concentration of X-Triton has been raised to 0.5% for blocking buffer and washing

solution. The following antibodies were used for immunofluorescence staining:

Antigen Species | Fluorochrome | Clone Company (code) Dilution
GFP Rabbit | - Polyclonal | Invitrogen (A11122) | 1:1000
GFP Chicken | - Polyclonal | Invitrogen (A10262) | 1:250
GFP Chicken | - Polyclonal | Abcam (ab13970) 1:500
mCherry Rabbit | - Polyclonal | Abcam (ab167453) 1:200
mCherry Chicken | - Polyclonal | Abcam (ab205402) 1:1000
CK7 Rabbit | - EPR17078 | Abcam (ab181598) 1:250
GS Rabbit | - Polyclonal | Novus Bio. (NB110- | 1:5000
4104)
F4/80 Rat - CI:A3-1 Abcam (ab6640) 1:200
HNF4a Rabbit | - C11F12 Cell Sig. (3113S) 1:50
Rabbit IgG | Goat AF488 Polyclonal | Invitrogen (A11034) | 1:1000
Rabbit IgG | Goat AF546 Polyclonal | Invitrogen (A11010) | 1:1000
Rabbit IgG | Donkey | AF647 Polyclonal | Invitrogen (A31573) | 1:1000
Chicken IgY | Goat AF488 Polyclonal | Invitrogen (A11039) | 1:1000
Chicken IgY | Goat AF561 Polyclonal | Invitrogen (A11040) | 1:1000
Rat IgG Goat AF561 Polyclonal | Invitrogen (A11081) | 1:1000
Rat IgG Goat AF647 Polyclonal | Invitrogen (A21247) | 1:1000
Hoechst - - - Invitrogen (H3570) 1:20000

Images were acquired using confocal microscope Leica TCS SP5, Leica TCS SP8 or
Mavig Rs-G4 at 20X or 40X magnification. Images were analyzed using Image J or
MATLAB software. Identification of stained cells was performed by manually selecting
a threshold and counting objects bigger than 10 uym? for nuclei, 20 pm? for KC and
100 um? for hepatocytes. Total liver area was measured by saturating signal from
the whole tissue. Cells positive for two or more colors were identified by calculating
pixels positive in two or more channels using Image J. Cluster dimension was
measured using Image J, number of cells per cluster was calculated by dividing
dimension of each cluster by the average size of a hepatocyte at each age, that was

calculated by segmenting clusters in representative images and measuring average
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cell dimension. Peri-portal and peri-central areas were identified by marking tissue
area within a fixed distance from CK7* or GS* area using MATLAB. Mono- and bi-
nucleated cells in figure 9B were measured by performing segmentation and then
counting Hoechst* objects with dimension between 100 and 700 pixels and sphericity
higher than 0.8. Nuclei closer than 6 pixels were considered belonging to the same

cell.

5.13. Immunohistochemistry imaging

Livers were perfused from the inferior vena cava with PBS EDTA 5mM to remove
blood, then harvested and fixed at least 24h in zinc-formalin. Embedding and cutting
of livers and slides preparation, staining and acquisition were performed by Centro
di Imaging Sperimentale facility in San Raffaele hospital. Images were acquired using

Aperio Image Scope software.

5.14. Liver clearing and 3D imaging

Livers were perfused with PBS 5mM EDTA (~10 ml) and PBS 4% PFA (150 ml),
were then harvested and incubate in PBS 4% PFA for 30 min and then moved in PBS
and stored at room temperature protected from light. X- CLARITY™ system (Logos
Biosystems) was used for liver clarification (Chung et al, 2013). Liver lobes were
separated and incubated in X-CLARITY™ Hydrogel Solution supplemented with X-
CLARITY™ Polymerization Initiator for 24 hours at 4°C protected from light in a 6-
weel plate. The plate was then moved into the X-CLARITY™ Polymerization System
and incubated for 3 hours at 37°C in vacuum conditions (-90kPa). Liver lobes were
stored into Electrophoretic Tissue Clearing Solution until the next step was
performed. Liver lobes were then cut into smaller pieces, placed in holder chamber
and moved into X-CLARITY™ Tissue Clearing System II for electrophoresis (4.5h, 1.4
A, 37°C). Samples were stored in PBS at room temperature protected from light. 2
hours before acquisition samples were moved into X-CLARITY™ Mounting Solution.
Acquisition was performed using Nikon Al MP 2-photon microscope or Zeiss
Lightsheet Z.1.
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5.15. Western blot

For protein extraction, liver samples were lysed using RIPA lysis buffer (Millipore)
supplemented with one tablet of cOmplete™, mini, EDTA-free Protease Inhibitor
Cocktail (Sigma). Ice cold lysis buffer was added to the tissue 1:5 weight/volume,
tissue was homogenized with an electric homogenizer and stored 30 min at 4°C, then
centrifuged 20 min 4°C 12000rpm and surnatant was collected. Protein concentration
in the lysate was quantified using DC Protein Assay (Biorad, 5000111) according to
manufacturer’s protocol.

For western blot, 40 pg of total proteins were denatured with NuPAGE™ LDS
Sample Loading Buffer (Invitrogen) and NuPAGE™ Sample Reducing Agent
(Invitrogen) in 15 ul of final volume 70°C 10 minutes. Samples were run on a
NUuPAGE™ 4-12% Bis-Tris Midi Gel (Invitrogen) in NUPAGE™ MOPS (Invitrogen) for
1.5 hours at 150V. Transfer to the membrane has been performed using iBlot™ 2 Gel
Transfer Device (Invitrogen). Membrane was stained with Ponceau (Biorad) to check
presence of proteins and then washed in H20. Staining was performed with iBind™
Flex Solution Kit (Invitrogen) according to manufacturer’s protocol, using Goat anti-
LDLR (1:2000, R&D AF2255) and Mouse anti-Bactin (1:5000, Sigma A2228) primary
antibodies and anti-goat (1:200, Jackson ImmunoResearch Laboratories 111-035-
144) and anti-mouse (1:4000, Jackson ImmunoResearch Laboratories 115-035-003)
HRP-conjugated secondary antibodies.

Images were acquired at Chemidoc and analyzed using Image J.
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