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ABSTRACT

In the last years the use of Adeno-Associated Viruses (AAVs) as carriers for gene transfer became
increasingly popular for both research and clinical applications. Besides their excellent safety profile,
the existence of various AAV serotypes characterized by different proprieties is exploited in the
context of gene therapy to target a broad range of diseases. However, currently used techniques to
re-direct AAV tropism still present many drawbacks. With this project, we have developed a tool that
could enable cell-type specific reprogramming of viral tropism based of post-production chemical
modifications of the vectors. By using AAV2 as representative serotype, we patented a method to
chemically coupling targeting ligands by exploiting naturally occurring functional groups present on
viral capsid. In particular, we have employed different heterobifunctional crosslinker molecules to
couple the lectins Wheat Germ Agglutinin (WGA) and Griffonia Simplicifolia Isolectin B4 (I1B4), the
protein Nerve Growth Factor (NGF) and the Protease-Activated Receptor 1 (PAR1) agonist peptide
SFLLRN directly with the amine groups (-NH) present on lysine residues that compose AAV viral
proteins (VPs). After in vitro validation and optimization of modified vectors, their efficiency and
acquired specificity were assessed in a mouse model, where we were able to confirm correct re-
targeting of viral tropism and acquired accurate cell-type specificity. Moreover, we have explored
other possible applications of our tool, including boosting transduction efficiency of different AAV
serotypes and conferring particular proprieties such as increased permeability for cellular barriers.
Due to its versatility, the technology we have developed could be exploited in different fields of basic
and applied research and could have a major impact on gene therapy approaches. Furthermore,
being it based on simple click chemistry reactions, it could allow for streamlined modification of
different class of viruses, thus offering a valid and more flexible alternative to currently used methods
to re-direct viral tropism based on genetic modifications.
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1 INTRODUCTION

1.1 THE PERIPHERAL NERVOUS SYSTEM

To be able to perceive and to react to different stimuli coming from the outside or from the inside

of our body is the basis of our ability to adapt and to survive. To date, the first neuronal cells have
appeared more than 600 million years ago in the cnidaria phylum, and probably there was an initial
outline of nervous system even before, in demosponges (Sakarya et al., 2007).

The peripheral nervous system (PNS) is the division of the nervous system that encompasses all the

nervous tissues which lie outside of the central nervous system (CNS). Its main role is to connect the
peripheral tissues and organs directly to the brain and the spinal cord, which compose the CNS. The
PNS relays sensory information to the CNS and transmits all the impulses which are generated at



central level directly to the organs involved in different tasks, including voluntary movements and
autonomic functions. Of note, even the easier task requires the integration of a lot of different
sensory, motor and motivational stimuli, reason why all these functional pathways are organized in
different and well-defined structures, called generically “nuclei”.

The study of the nervous system has its roots in a very old time, the ancient Greek: the word “nerve”,
indeed, comes from Greek and means “tendon”. In the past, many people have tried to understand
how the stimuli are transmitted through the body. The first theory comes from a roman physician,
Galen, who believed that the nerves controlled the actions of muscles, and that the two main
functions of the nervous system, sensation and motion, were governed by different fibers. Still, we
need to wait until the Renaissance to have a better understanding of the nervous system, and the
1681 for the word “neurology” to appear in the English dictionary.

1.1.1 Organization of the peripheral nervous system

The PNS is made of two main components, which are the autonomic nervous system and the
somatic nervous system.

The autonomic nervous system (ANS) — known also as vegetative nervous system, is the part of the
nervous system that primarily controls and modulates the functions of the visceral organs. It
innervates smooth muscle and glands, thereby regulating the functions of internal organs. The main
functions of the ANS include the control of internal temperature, hearth and respiratory rate,
digestion and sexual behaviour, plus eventually some reflex actions as vomit and sneezing
(Principles of Neural Science. E. Kandel 2016). Even if the ANS is mainly involuntary, it is closely
integrated with all the behaviors which are controlled by the voluntary somatic nervous system:
every physical action we perform, such as running, expect complex metabolic needs and cause
thermoregulatory modifications which are operated by the ANS through variation of the blood flow,
cardiac output, ventilation and so on.

The ANS is, in turn, divided into three parts: sympathetic (“fight or flight”), parasympathetic (“rest
and digest”) and enteric (gastrointestinal functions) nervous system.

The somatic Nervous System (SNS) — known also as voluntary nervous system or somatosensory
system, it acts on skeletal muscles to drive voluntary control of body movements. It is composed of
afferent sensory nerves which bring stimuli from the environment to the CNS and by efferent motor
nerves which relay the commands from the CNS to the body, typically ending in muscular
contraction.

The first step of sensory transduction, which is the transformation of the sensory stimulus into an
action potential, is operated by sensory neurons, cells that are activated by sensory input from the
environment. When we talk about somatosensation we usually think about the touch. However,
this word is used to indicate a group of senses, which include temperature, itch, proprioception and,
finally, pain. The first big difference between the somatosensory system and the other sensory
pathways is at the level of the receptors. While for the other sensations the receptors are located
in specific organs, the primary sensory neurons involved in somatosensation are distributed all over



the skin and inside the body (muscle and joint). Most of these receptors are specialized nerve
endings, which are incapsulated in the cells of surrounding tissues and optimized for the different
kind of stimuli. Moreover, all the different sensory modalities are perceived and processed by
different pathways and specific cells. For example, talking about the touch, Merkel cells respond to
sustained touch and pressure, Ruffini’s end sense stretch, Pacini corpuscles sense fast vibration and
deep pressure, Meissner’s corpuscles are involved in slow vibration and hair follicles are triggered
by light touch and air currents (Sadler & Stucky, 2019).

The typical somatosensory pathway is composed by three orders of neurons. Sensory neurons (first-
order) are pseudounipolar neurons which have their cell body in the dorsal root ganglia (DRG) of
the spinal nerve. Their peripheral axon innervates or directly form the peripheral sensory receptor,
while the central axon reaches the spinal cord where synapses on the second-order neuron. The
only exception is for the nerves innervating the parts of the head and neck not covered by cervical
nerves, in which case they have their body in the trigeminal ganglia and not in the DRG. Second-
order neurons lie in the spinal cord or in the brainstem, and they contact third-order neurons in
different nuclei of the brain, depending on the particular stimulus.

As we have already mentioned, pain is one of the somatosensory modalities. Although pain is
typically an effect of a physical extreme, such as temperature, it is not perceived by the normal
receptors designed for that sensation, but by specialized nociceptors. These are bare free nerve
endings which are placed all over the body, from the skin to the deeper internal organs. Although
all cutaneous free nerve endings appear very similar morphologically, they are actually well
specialized, responding to different kind of tissue injury, and classified according to their
electrophysiological proprieties, structural features and markers expression. Ab-nociceptor are, for
example, myelinated neurons that express the tyrosine receptor kinase A (trkA) marker,
neurofilament200 (NF200) and calcitonin gene-related peptide (CGRP). Unmyelinated C-fibres are
small nociceptors which are typically divided in three populations, all expressing TrkA: peptidergic
nociceptors (expressing peptides like CGRP and Substance P), non-peptidergic nociceptor (marked
by the isolectin IB4) and silent nociceptors (Le Pichon & Chesler, 2014). These neurons control
different modalities of pain, and they follow even separate pathways. For example, peptidergic
nociceptors project to the first lamina of the dorsal horn in the spinal cord, while non-peptidergic
nociceptors go directly to the second lamina.

1.1.2 Peripheral Nervous System disorders

As any other system in our body, the PNS can be subjected to a broad variety of disorders, which
can be broadly divided into sensory or motor dysfunctions. Sensory neuron dysfunction results in
abnormal or lost sensation, while motor neuron dysfunction leads to muscle weakness or
paralysis. A typical symptom usually associated with PNS disorders is chronic pain, which can be
labelled as “nociceptive” (caused by ongoing stimulation of pain receptors) and “neuropathic” (NP).
Neuropathic pain is a chronic secondary condition caused by a lesion or disease of the
somatosensory nervous system, which about the 10% of the global population (Jensen et al., 2011).



It is a really invalidating condition which unfortunately is still extremely complicated to treat,
considering that most of the currently employed strategies target predominantly the clinical
symptoms instead of the causes.

At the moment, physicians are treating chronic pain patients with both pharmacological and
nonpharmacological approaches. First-line drugs include tricyclic antidepressants and serotonin-
reuptake inhibitors, which are often not sufficient, thereby requiring the use of most effective
opioids, like morphine and oxycodone (Szok et al., 2019). Even if these strong opioids are effective
in a short-term scale, they present major side effects when administrated for a longer period. It is
well known that analgesic tolerance, dependence and addiction are limiting the use of opioid in
chronic pain patients. Tolerance causes the decrease of subjective and objective effect of the same
dose of opioids over time, thereby requiring an increase of the amount of the drug to obtain the
same effect (Szok et al., 2019). Other major and life-threatening side effects include gastrointestinal
and nervous-system related disorders.

Seen the poor efficacy of the current treatments, new therapeutic strategies are explored
constantly. In particular, in the last decade a new approach has been obtaining good outcomes.
Gene therapy has already been validated as a powerful tool to treat a great number of diseases,
including nervous system disorders and, potentially, chronic pain patients as well.

1.2 FROM GENETIC MANIPULATION TO GENE THERAPY

Genetic manipulation aims to introduce, replace or remove a particular genetic information to
improve or to generate new feature in the cells and in the organism. Specifically, it is possible to
deliver RNA or DNA into cells to generate a specific characteristic (transgenesis) or use the genetic
material as a drug to treat a specific disease (gene therapy). In general, the gene delivery system is
composed of two components which are a plasmid-based gene expression system that controls the
function of a gene within the targeting cell and a gene delivery system that controls the delivery of
the gene expression plasmid, which acts as a shuttle. Indeed, foreign genetic material must remain
stable until it reaches the nucleus of the cell, in order to achieve efficient gene expression (Han et
al., 2000). Genetic manipulation sees a large number of possible applications, not necessary clinic-
related. Indeed, it is commonly used in industries for the production of biological molecules, from
protein to vaccines (Rosano & Ceccarelli, 2014), but also in agriculture to ameliorate plants and
vegetables, acting on their growth and survival potential (Singh et al., 2014).

Genetic manipulation has also had a huge impact on scientific research, thereby opening a whole
new world of research opportunities. Genetic manipulation is a powerful tool to simply re-program
cells to express the transgene of interest or to generate genetically modified animals and develop
transgenic models. It is possible to exploit this technology to perform loss/gain of function
experiments directly in animal models in order to study the function of a particular gene, to create
specific pathologies models or simply to track and label the cells of interest (Boyle, 2008).

Anyhow, probably the most impactful outcomes based on genetic manipulation are found in
medicine. Laboratories and companies commonly use genetic approaches to produce hybridomas
to obtain, for example, monoclonal antibodies (Roque et al., 2004), but also for drug manufacturing,



including the production of recombinant hormones (Goeddel et al., 1979) and, obviously, to develop
new therapies.

1.3 GENETHERAPY

1.3.1 An overview

Genetic material can be directly used as a drug to regulate, repair or replace dysfunctional genes
therefore preventing or treating various diseases. Gene therapy can be performed either by direct
in vivo administration of the therapeutic gene into the living organism (direct gene transfer) or by
using ex vivo modified (stem) cells as vehicles for gene delivery, as reported in figure 1 (Melim et
al., 2020).

- “invivo” delivery

With this method the genetic material is administrated directly into the patient’s organism.
The main advantage are the simplicity and quickness (compared to the ex vivo delivery), due
to the absence of cell handling procedures such as isolation, culturing, genetic manipulation
and transplantation. On the other hand, it is impossible to have the total spatial control of
the administrated genetic material, thereby the risk to hit unintended structures rises. This,
in turn, could lead to off target effects and less available genetic material for the actual
target. In the case of viruses as delivery vectors, other drawbacks are the occurrence of host
immune reactions or the possible presence of pre-existing immunity against the vector used.

- “exvivo” delivery

This technique is based on the genetic modification of cells outside of the body to produce
therapeutic factors and subsequent transplantation back into patients. In this case the main
advantage it is precise control and accuracy from both spatial and biological point of views.
Indeed, in vitro culturing allows a strict control of the number of cells required but also of
the genetical modification procedures applied. It is possible to act at every level of the
procedure and to select only for the successfully modified cells. Drawbacks include the
complexity of isolation, culturing, correction, expansion and transplantation of the cells.
Theoretically, all cell types could be genetically modified, but in most of the case neural/stem
progenitor cells and mesenchymal stem cells are used for gene therapy. Another thing that
must be ensured is that after the modification the cells are not reprogramming and
differentiating before the transplantation, nor developing deleterious mutations.
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Figure 1) Gene therapy approaches. In the “in vivo” system the genetic material is directly transferred to the patient
through specific chemical/physical or biological vectors. The “ex vivo” system consists in the collection and
subsequent genetical modification of patient’s cell and their transplantation back into the body. Both approaches can
rely on viral or non-viral carriers. (Melim et al., 2020).

1.3.2 History of Gene Therapy

This branch of modern medicine has its roots in the 1970s, when a novel paper titled “Gene therapy
for human genetic disease?” firstly outlined the immense potential of incorporating genetic material
into patient’s cells affected by genetic disorders (Friedmann & Roblin, 1972). At that time this new
approach has been criticized because of the lack of information on gene regulation and genetic
recombination in humans, as well as the possible short and long-term side effects of the gene
therapy approaches.

Finally, after 18 years of research, the first approved gene therapy trial on humans has been
launched. 1990 was an historically important day for gene therapy as a 4-year-old girl affected by a
rare genetic disease termed severe combined immune deficiency (SCID) became the first human
ever treated with gene therapy. Her pathology was caused by a lack of the enzyme adenosine
deaminase (ADA), which left her immune system severely compromised. A functional copy of the
ADA gene was delivered through a retrovirus into her T-cells, which were then infused back into her
bloodstream. Surprisingly, her immune system managed to recover in the next weeks (Flanary,
2005).

This success strongly encouraged the launch of new trials during the 1990s: dozens of new gene
therapy studies were approved and tested, until in 1999 a catastrophic event unfortunately
happened. A 18 year-old boy affected by a genetic liver disease termed Ornithine
Transcarbamoylase (OTC) deficiency and treated with a novel gene therapy trial based on the



infusion of corrective OTC gene died due to a massive immune reaction elicited by the adenovirus
used as delivery vector (Sibbald, 2001). This event shook the scientific community and since then
gene therapy came under an even higher level of scrutiny in order to guarantee the safety of the
viral delivery systems, of the molecular events that were occurring in the organism after the gene
expression and of the immune response to the treatment.

Still, the potential and the efficiency of this new approach was undeniable, and it took only a few
years before all nations gradually started to invest into gene therapy and to launch new trials. China
has been the first nation to approve a gene therapy for cancer in 2003, followed by Russia and
Europe, in 2012 (D. Wang et al., 2020). The main reason of the great success of the recent gene
therapy are to be found in the considerable advances in the viral vector technologies that are used
to deliver the genetic material. Indeed, already in 2017 more than 3000 clinical trials were ongoing
worldwide (Ginn et al., 2018), and 19 gene therapy products have been approved by the Food
&Drugs Administration.

1.4 GENE DELIVERY SYSTEMS

One of the main challenged of gene therapy is to develop safe and effective delivery vectors. There
are different strategies employed to achieve efficient genetic material delivery into cells, which can
be generally divided into physical, chemical and biological methods.

Although the mechanisms are different, the common underlying principle of all gene delivery
systems is that the genetic material need to overcome a great number of physical and biological
barriers, and thereby requires an “external help”. This help can come from a physical force, a
chemical compound or from a biological shuttle vector (viruses).

Generally, we refer to physical and chemical gene delivery methods as non-viral vector systems and
to biological methods as viral vector systems (Nayerossadat et al., 2012). Viral vectors are usually
the system of choice due to their ability to infect cells and to provide robust gene expression,
although they can potentially provoke immune reaction or integrate into the host genome. Non-
viral vector are safer alternatives which, on the other hand, are not as efficient as viral systems.



1.5 NON-VIRALVECTORS

We refer to non-viral delivery systems when the genetic material is delivered to cells through its
complexation with chemical molecules of any type or thanks to a physical or mechanical force.

Because of the significant safety concerns associated with viral vectors, new non-viral alternative
methods have been studies in the past decades. Non-viral vectors offer the advantages of a lower
induction of immune system and reduced immunotoxicity compared to the viral vectors, thereby
resulting in a safer option (Liu et al., 1997). They are also easy to produce and much less expensive
on a large scale. Moreover, they display no limitation in the size of the transgene, which allows the
incorporation of regulatory elements to increase the transduction efficiency, the stability of the
transgene and to confer specificity (Tolmachov, 2009). Indeed, the choice of enhancer-promoter
combination has a great impact on both the level and the duration of transgene expression (Yin et
al., 2014). High level of expression in mammal cells is, for example, ensured by the use of viral
enhancer and promoters such as cytomegalovirus (CMV) or simian virus (SV40) (Pringle et al., 2009).
A longer transgene expression can be obtained thanks to constitutive promoters such as the
constitutive mammalian human ubiquitin C promoter. Finally, it is possible to obtain specificity by
using a tissue-specific promoter such as the liver-specific alphafetoprotein enhancer—albumin
promoter (Wooddell et al., 2008). Moreover, different cis-acting sequences, like polyadenylation
sequences and introns can be used to further increase transgene stability and expression level (Miao
et al., 2001). Although all the expression and regulation elements discussed above could be included
in viral vectors as well, having no size restrictions represents an enormous advantage in the design
of particularly efficient constructs, where different elements could be combined to achieve a better
efficiency and safety profile.

However, at the moment, non-viral systems are not the first delivery choice for gene therapy,
representing only around 20% of the total gene therapy clinical trials carried out until 2017 (john
wiley & sons Ltd, 2017). This is due to their poor delivery efficiency compared to the viral vectors.
Indeed, to achieve efficient gene expression, the genetic material must overcome multiple barriers
to enter in the cells, and the non-viral vectors often are not able to provide enough support. The
cellular and physical barriers that must be overcame by non-viral vectors are summarized in figure
2. The first step is to resist to degradation mediated by serum endonucleases present in
physiological fluids and in extracellular spaces. Indeed, it has been proven that the half-life of
plasmid DNA into mice bloodstream is about 10 minutes only (Kawabata et al., 1995). A second
checkpoint is represented by macrophages and other immune system cells, which must be avoided
by the non-viral vector. Moreover, carriers must avoid renal clearance from the blood and prevent
nonspecific interaction, such as aggregation with erythrocytes and serum protein. Furthermore,
vectors need to extravasate from blood vessels to reach specifically their target tissue, mediate
cellular entry (usually through endocytosis) and eventually evade proteasome degradation. In the
cytosol, the RNA can bind to his complementary machine (for example, mRNA must bind to
translational complex), while DNA needs to reach the nucleus by passing the double nuclear
membrane. This is usually achieved by using a nuclear localization signal (NLS), mostly a peptide,
which can be attached to the surface of the carrier or fused to the transgene (Barraud et al., 2014)



Figure 2) Barriers to successful in vivo delivery using non-viral vectors. (Chen et al., 2017).

Extracellular barriers

Intracellular barriers

As previously discussed, one of the main reasons why non-viral vectors alternatives exist is their
presumed safety. Nevertheless, a certain level of cytotoxicity, which depends on the specific vector
used, still remains. Indeed, toxic effect of non-viral vectors are mainly caused by their cationic
nature, since the interaction of cationic polymers of lipids with cell membranes may lead to an
alteration of these membranes (Juliano, 2016). Another frequently occurring problem is the large
molecular weight (MW) of the vector, combined with its chemical nature. For example, it has been
shown that when the MW of PEI polymers is greater than 25 kDA, it could elicit a toxic effect on
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As already mentioned above, the non-viral delivery systems can be divided into physical and
chemical based methods. Furthermore, in the last years there have been tested also some non-viral
biologically-responsive methods (Nayerossadat et al., 2012)

In the case of the physical delivery of genetic material, a physical or mechanical force is used to
create pores into the cell membrane, allowing the passage of the DNA/RNA. Pores are then rapidly
closed by cell’s membrane repair systems. These systems are among the easier to perform, and they
guarantee effective, specific and efficient transfection of the cells. They are also effective both in
vitro and in vivo. However, the main drawback is their relatively high cytotoxicity caused by the
physical damaged imparted to target cells.

The most used physical delivery system is the electroporation, which uses an electric field in the
range of 10-20 Kv/cm to create pores in the cell membrane (Potter & Heller, 2018). Other systems
include microinjection (direct injection into the nucleus), sonoporation (using sound waves) or gene
gun (DNA coated metal particles are fired into the cells using a particular machine) (Mashel et al.,
2020). Magnetofection is another physical method of great efficiency, given its very low cytotoxicity
and high transfection rate. In this technique particles containing genetic material are delivered to
cells using magnetic fields as driving force, allowing a rapid and almost saturating concentration of
all the particles in target cells (Plank et al., 2003). However, all the systems here discussed are mainly
used in vitro.

Chemical gene delivery systems rely on the cationic nature of particular chemical substances to
create complexes with negatively charged target nucleic acids. Chemical carries can be divided in
four groups: lipid-based vectors, polymer-based vectors, peptides and nanoparticles. In general, the
roles of the carriers are to protect genetic material from degradation, conferring tissue specificity,
enhancing carrier safety profile and sustaining transgene expression (Ramamoorth & Narvekar,
2015).

1.5.1 Lipid based carriers

Lipid-based vectors are divided into nanoplexes (cationic lipids complexed with DNA), liposomes
(either complexed with DNA or with DNA encapsulated into liposomes) and lipid-based nano
emulsions (Xue, 2015). Liposome are the most diffused non-viral carriers. They are self-assembling
systems in which the lipidic molecules conceal their hydrophobic tails internally and expose their
hydrophilic heads in the aqueous compartment. Negative charged DNA can easily interact with
these structures to form lipoplexes. DNA can bind directly on the surface of the liposomes or can be
internalized into the core of the complex. In case of encapsulated DNA, anionic, cationic, and non-
ionic lipids can be used in the formulation of the liposomal structures. Finally, in the case of too high
positive surface charge density, cationic liposomes can be conjugated with neutral liposomes, which
has been demonstrated also to enhance endolysosomal escape (Balazs & Godbey, 2011).

The first monovalent cationic lipid that has been synthesized was DOTMA (Weiss et al., 1989),
characterized by its ability to bind both RNA and DNA and its low toxicity. DOTMA has been modified
during the years to improve its efficiency, even in combination with other molecules. Indeed, in
1993 a new derivate of DOTMA has been commercialized, which is still now one of the most



effective transfection reagents commonly used in every chemical biology laboratory: lipofectamine
(FELGNER et al., 1995).

1.5.2 Polymer based carriers

Polymer-based carriers can be classified into natural based polymers, such as chitosan (Agnihotri et
al., 2004) and synthetic, such as polyethylenimine (PEI) and poly-L-lysine (PLL). PLL is the simpler
synthetic polymer, composed only by I-lysine repeated residues (Hartono et al.,, 2012). It is
considered as the safer option for transfection, at the expense of its low efficiency. Indeed, the
interaction with the DNA is quite unstable, and its safety profile limits its use in vivo. Anyway, to
overcome PLL weak transfection efficiency, this polymer is usually modified with other molecules
such as imidazole groups, polyhetylene glycol (PEG) or chitosan (Luo et al., 2011).

PEl is considered the efficiency gold standard for transfection. It has been characterized in 1995
(Boussif et al., 1995), and considered at the time the only non-viral alternative which was able to
obtain a comparable level of efficiency to the viral options. It is composed by repeated units of
amine groups separated by two carbon aliphatic spacers. It can be linear, composed only by
secondary amines, or branched. The high positive charge content is responsible for its high
efficiency, but, on the other hand, leads to a highly toxic profile, which is related to the MW of the
compound. To improve the toxicity profile, PEl is often modified using biodegradable disulfate
linkages and ester groups, coupled with PLL or PEGylated (Florea et al., 2002).

1.6 VIRALVECTORS

Despite the advantages of the non-viral vectors, more than 70% of the total gene therapy trials
carried out since 2018 were based on viral vectors (Ginn et al., 2018). This is due to the fact that
viruses have evolved to deliver their genes to target cells: it is expectable that their efficiency is then
higher compared to a synthetic vector. In general, to achieve successful gene delivery, viral vectors
have to overcome the same barriers discussed for the non-viral vectors. However, the two main
barriers for the non-viral vectors are represented by the plasmatic and nuclear membranes, while
cell entry is it not a rate-limiting step of viral infection process. Moreover, viral vectors provide a
better protection of the transgene against the extracellular endonuclease activity, since the
transgene is encapsulated into the viral particle and is not only complexed with it.

On the other hand, even if viruses used in research are engineered into a replicative-deficient form,
immune system activation following viral vector administration must be taken into consideration.
Immune response can be innate, humoral or cell mediated and can be directed against both the
vector and the transgene. The cell-mediated response again the vector/transgene can lead to the
elimination of the interested cells, whereas an innate response can lead to local/systemic toxicity
which can trigger a secondary antigen-mediated immune reaction. Humoral immunity can be
directed against the transgene, something that is related to the amount of the gene product and



whether the target cell is a natural site for synthesis. For example, if the vector is taken by an antigen
presenting cell, it is possible that an immune response will follow. A solution for this problem would
be to design cell-specific vectors.

Moreover, since viral vectors used in clinic are recombinant version of wild type viruses, it is possible
that the organism already has developed specific antibody during previous infections. For example,
most humans have detectable level of neutralizing antibodies directed versus adenovirus serotype
5 or adeno-associated virus-2 (Rogers et al., 2011). The presence of already existing specific
antibodies might significantly reduce the efficiency of the gene therapy treatment by neutralizing
the recombinant viral particles before they can reach and transduce the cells of interest, something
especially relevant in the case of cancer therapies in which multiple doses of vector are
administrated.

Another problem concerns the persistence of the transgene, which can integrate into the host cell
genome or persist as extrachromosomal entities, typically in the form of episomes. In the case of
integrative viral vectors, the problem of insertional mutagenesis is a major issue, since it can lead to
cellular/organ disfunctions and cancer. On the other hand, in case of non-integrative viruses, the
expression of the transgene, which persists in an extrachromosomal form, is limited in time,
decreasing at every cell division (Nayerossadat et al., 2012). Because of this, subsequent
administrations are required in order to achieve the therapeutic effect (Mashel et al., 2020).Finally,
the size of the transgene is a major limitation when viruses are used as vectors for gene delivery. In
general, when a viral vector is reprogrammed for gene therapy purposes, the genome of the wild
type virus is modified and all the genes required for the replication and the regulation are removed,
leaving only those elements required for the viral assembly. The space that becomes available in
the genome is used for the insertion of the transgene of interest. Depending on the class of viruses,
the range of the transgene spaces from few kilobases (4.7Kb in the case of adeno associated viruses)
to hundreds of Kb (150Kb in the case of herpes viruses), which is, however, less than the transgene
capacity offered by synthetic solutions. (Nayerossadat et al., 2012)

At the moment there are around a dozen types of viruses used as delivery vectors both for research
and clinic, which can be divided into the two families of integrative and non-integrative viruses,
depending on their ability to integrate their genes into the host genome. Integrative viruses are
represented by the retroviruses, and specifically by the lentivirus subclass. All the other viruses used
in research and in clinic are typically non-integrative, and they include Adenoviruses (AV), Adeno-
Associated viruses (AAVs), Sendai Virus, Herpes Virus, Poxvirus, Alphavirus and Epstein-Barr Virus.

Every class of virus exhibits typical characteristics, such as tropism, immunogenicity, efficiency and
stability, thereby the choice of the appropriate viral vector must be taken in consideration of the
final goal of the therapy or experiment. For example, the overwhelming majority of “in vivo” clinical
trial utilize AAVs, while for the “ex vivo” approaches integrative viruses are the vectors of choice
(figure 3). This is consistent with global data.
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1.6.1 RETROVIRUS

Retroviruses are one of the most efficient class of viruses in term of transduction efficiency, but
their use raises safety concerns due to the fact that they integrate their genetic material into host
cells genome, thus possibly leading to malicious mutations and oncogenesis (Anson, 2004).

The retrovirus family comprise six different genera which can be divided into simple retroviruses,
also called oncoretroviruses, and complex retroviruses, which include the lentiviruses genera,
widely used in clinic and research. Retroviruses are enveloped single-strand RNA (ssRNA) viruses
whose genome is composed of the minimal essential genes env, pol and gag. The env gene codes
for viral envelope glycoproteins, which form the core of the virus and interact with the two copies
of the ssRNA genome, while pol and gag code respectively for reverse transcriptase, integrase,
proteases and gag-derived structural proteins (Giacca, 2011). The viral genome is flanked by two
long terminal repeats (LTR) sequences, which are the only “in cis” element required for viral
production. Indeed, transgene capacity of oncoretroviruses is about 8Kb, while the one of
lentiviruses reaches 9Kb, LTRs included.



The infection cycle is very similar for all the subclasses of retroviruses and it comprises cell
attachment and entry, reverse transcription of the viral RNA into a complementary (c)DNA and
integration into the genome. Cell entry can happen both for direct membrane fusion or receptor-
mediated endocytosis, mediated by the interaction between capsid glycoproteins and their
receptors on target cells. As soon as the mature virus enters into the cell it starts the uncoating
process: structural and regulatory proteins dissociate from the viral core and complex with the viral
RNA to form the reverse transcription complex (RTC). This RTC is actively transported into the
nucleus, where the integration may occur (Bukrinsky et al., 1993). It ss during this migration that
viral RNA is converted into proviral double-stranded DNA through reverse transcription, even if is
still unclear if the reverse transcription is completed in the nucleus or in the cytosol. Here we can
find the main difference between lentiviruses and general retroviruses: only lentiviruses RTC can
cross the nuclear membrane through nuclear pores without relying on transitory membrane
disruption. Indeed, retroviruses can only get access to the nucleus when the cell is under mitosis,
the reason why they can only infect diving cells. In the nucleus, the proviral DNA can integrate into
the host cell genome. This process is, for the majority of retroviruses, finely tuned. Indeed,
gammaretroviruses prefer insertion near transcriptional start sites, while lentiviruses mainly
integrate into transcriptional units (Milone & O’Doherty, 2018).

Despite their efficiency, safety of retroviruses has been object of discussion after the first
oncoretroviral gene therapy launched in 2000. Indeed, 25% of treated patients of severe combined
immune deficiency developed leukemia (Cavazzana-Calvo et al., 2000). To increase their safety
profile, second-generation oncoretroviruses, called self-inactivating oncoretroviruses, has been
developed in the following years. They harbor two modified LTR: the promoter region of the 5’'LTR
is replaced with a strong promotes (such as CMV promoter which provide a strong and sustained
transgene expression) and a deletion is inserted in the 3’LTR. After viral infection, reverse
transcription and second-strand DNA synthesis normally leads to the copy of the mutated region of
the 3’LTR in the 5’LTR, thereby removing the custom promoter and resulting in the formation of a
transcriptionally inactive 5’LTR (Shaw & Kohn, 2011).

1.6.2 LENTIVIRUS

Lentiviruses are a subclass of retroviruses characterized by their long incubation time (“lente”
means “slow” in latin). The best know lentivirus is Human Immunodeficiency Virus (HIV), which
usually requires years after the infection to cause serious damages to the organism. Lentiviruses
exist in five serogroups (a serogroup is a variation within a species of bacteria/viruses that differ
from the other due to the expression of specific antigens) which can infect specific taxonomic
orders. Primate lentiviruses are characterized by their binding specificity toward the CD4 receptor
(Agopian et al., 2006). The main difference between lentiviruses and retroviruses is that lentiviruses
can infect both dividing and non-dividing cells, a reason why they are the integrative viral vector of
choice at the moment (Cooray et al., 2012). The ability of the lentiviruses to infect also non-dividing
cells and permanently modify the genome makes them the ideal vector for particular gene therapies
which aim to target quiescent cells, such as hematopoietic stem cells (HSCs). Moreover, targeting
non-dividing cells might reduce the oncogenic potential. As discussed, lentiviruses usually integrate
into transcriptional units, and the chance to interfere with a transcriptional unit involved in cell



replication is higher when transducing highly dividing cell. A further step forward in term of safety
is the use of self-inactivating lentiviruses, designed in the same way as self-inactivating
oncoretroviruses (Modlich et al., 2009).

Currently, the mostly used lentiviruses are all derived from HIV, which is able to infect cells that are
in both GO and G1 phase (Tang et al., 1999). Lentiviral design and production is schematized in figure
4,
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As anticipated in figure 3, lentiviruses are mainly used for “ex vivo” therapies, with main targets
being HSCs and T-cells (Milone & O’Doherty, 2018). Lentivirus-mediated transfection of HSCs have
been used to treat a broad list of genetic diseases, including X-linked adrenoleukodystrophy,
metachromatic leukodystrophy and Wiskott-Aldrich Syndrome (Aiuti et al., 2013). Another good
example is given by the work of Cavazzana-Calvo et al (Cavazzana-Calvo et al., 2010), in which a
lentiviral vector has been successfully used to treat B-thalassaemia, a rare genetic blood disease
which causes a major decrease of haemoglobin production.

Even if ex vivo gene transfer into HSCs has a lot of potential, more efforts have been carried out to
study the possible application of modified T-cells in different medicine fields, including cancer
immunotherapy. One of the most used approaches consist in infecting patient’s T cells with a
lentivirus carrying a specific receptor that aims to recognize tumor cells and subsequent infusion of
the reprogrammed cytotoxic T cells back into the patient. Several phase 1/ 2 clinical trials have been
carried out so far, in which tumor antigens have been expressed into T cells, including NY-ESO-1,
MART-1, WT-1 (Liechtenstein et al., 2013). In a trial performed in 2009, lentiviral vectors have shown
higher transgene expression efficiency of the Melan-A/MART-1 antigen compared to
gammaretroviruses (Bobisse et al., 2009), and clinical responses have been obtained in 80% of
patients with multiple myeloma treated with autologous T-cell modified to express a peptide that



recognizes myeloma cells (Milone & O’Doherty, 2018). Chimeric antigen receptors (CARs) are also a
very powerful tool for immunotherapy. These custom receptors can be expressed into T-cell to
target specific malignant cells, as in the case of patients with B-cells disfunctions. Notably, clinical
trials using CD19-targeted CAR T cell therapy for B-cell acute lymphoblastic leukemia have
demonstrated high efficacy (Maude et al., 2014) as well as trials on patients affected by non-Hodgkin
lymphoma (Davila et al., 2015).

1.6.3 ADENOVIRUSES

Unlike retroviruses, DNA viruses contain single-or double-stranded DNA as the viral genome.
Furthermore, as already mentioned, DNA viruses are typically non-integrating vectors. The main
advantage that this brings with is about the safety profile. Indeed, non-integrating vectors
specifically share reduced risk of genotoxicity, due to the lower chance of possible oncogenic
integration into the host genome. On the other hand, unless they have been specifically genetically
engineered for replication and segregation, non-integrating vectors will dilute progressively in
proliferating cells. This means that in order to obtain a stable expression of the transgene,
subsequent administrations are required.

Adenoviruses (AD) belong to the family adenoviridae, a name that derives from their first isolation
from human adenoid tissue in 1953 (Rowe et al., 1953). They are double-stranded DNA noneveloped
viruses with a diameter around 90/100nm and a weight of 150 MDa. The structure of the capsid is
shown in figure 5. They can infect a broad range of species and more than 55 serotypes of AD have
been discovered in humans, in which they are responsible of 5-10% of child acute respiratory
diseases. The different serotypes are classified into 6 subgroups, from A to F, with the group C
containing the AD2 and AD5 which are the most studied and used for gene therapy (Wold & Toth,
2014).

AD genome is linear, between 26 to 48 Kb, depending on the serotype. The genome contains five
transcription units which are activated immediately after the infection (E1A, E1B, E2, E3 and E4),
two intermediate transcription units (IX and Iva2) and a late transcription unit (major late, ML),
which generates five populations of late mRNA (L1/L5). The entire genome is flanked by two ITR
which act as DNA replication origins. The replication cycle is divided into two phases. The early phase
happens in the first 5/6 hours after infection, and it includes the binding of the virus on target cell,
internalization, endosomal escape, viral DNA nuclear translocation and expression of the early
genes. During the DNA replication, the late transcription phase begins, characterized by the
production of structural protein required for capsid formation and genome packaging (Giacca,
2011).
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Due to their ability to infect both dividing and non-dividing cells without integrating into the host
cell genome, AD are popular tools currently used in more than 400 gene therapy trials (Wold & Toth,
2014). Most of the AD vectors used in gene therapy are modified version of the adenovirus-5, and
are mainly divided into two classes: replication-defective (RD) and replication-competent (RC). In
the replication-defective AD, the early genes E1A and E1B are removed and replaced by the
transgene, up to a maximum size of 35Kb. According to the need, different genome elements could
be kept, as in the case of replication-competent AD in which the genes involved in viral replication
are maintained. RD vectors are mainly used for vaccines due to their strong humoral and T cell
response elicited on the transgene that they express. Indeed, many of the covid-19 vaccines are
based on recombinant RD vectors, in which the goal is to express the covid-19 spike glycoprotein in
order to develop specific immunity. For example, AstraZeneca vaccine is based on a chimpanzee
adenovirus vector (ChAdOx1) (Folegatti et al., 2020), the Johnson & Johnson COVID-19 vaccine uses
modified recombinant adenovirus type-26 (Logunov et al., 2021), and Convidecia’s vaccine is based
on AD5 (Zhu et al., 2020).

Both RD and RC AD are also used for cancer treatment. In the first case, RD vector express a
transgene which is involved in the regulation of tumor cell cycle, immune system recognition or cell
apoptosis. Gendicine has been the first cancer gene therapy ever approved for commercial use,
available in China from 2003 for the treatment of head and neck squamous cell carcinoma (Tian et
al., 2009). In contrast, RC vectors rely on their natural occurring lytic cycle to destroy infected cells,
hence the name oncolytic vectors. Although there is evidence supporting the fact that cancer cells
are generally more permissive for AD replication than quiescent or non-cancerous cells (Vaillancourt
et al., 2005), essentially all oncolytic Ad vectors have genetic cell targeting features that permit
efficient replication in cancer cells and that limit off target effects. ONYX-015 was the first oncolytic
vector ever tested in clinical trials: it lacks a gene which is needed for viral replication but that is
present in most of cancer cells, thereby allowing the vector to replicate only in tumor cells (O’Shea
et al., 2004).



1.7 ADENO ASSOCIATED VIRUSES

Adeno-associated viruses (AAV) are small non-enveloped viruses which belong to the family
Parvoviridae and genus Dependovirus. Their size is around 25nm, which classifies them as some of
the smallest viruses known. As their genus suggest, they rely on other viruses help to complete their
life cycle and replication.

They have been discovered in 1965 as a contaminant of adenoviral stocks, and one year after their
discovery, Hoggan et al demonstrated their non-pathological nature (Hoggan et al., 1966). Their
genome, that at the beginning was believed to be double strand, has been later identified to be
single strand DNA (Rose et al., 1969).

The immense therapeutical potential of the AAVs was already clear at that point: a non-pathological
and low immunogenic tool for the delivery of target DNA was definitely something that could have
paved the way for new approaches to cure many genetic disorders. The first step in this direction
was taken by Muzyczka in 1984, when the authors replaced the capsid genes of an AAV with the
neomycin resistance gene and subsequently successfully transduced human and murine primary
cells, thereby demonstrating for the first time the therapeutical potential of AAVs (Hermonat &
Muzyczka, 1984) . Since then, various pre-clinical and clinical studies using AAV vectors have been
carried out with the first approved human gene therapy product, Glybera, approved in Europe in
2012 (Gaudet et al., 2013). Even if Glybera has been withdrawn from the market only a few years
after its approval due its high price and the low market request, it lay the foundation for a great
number of constantly improving AAV based therapies.
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Figure 6) Milestones in AAV discovery and first applications. (Wang, 2019)



1.7.1 GENOME AND STRUCTURE

Currently, twelve human and non-human AAV serotypes have been characterized, which are divided
in eight clades (A-F) according to sequence homology and antigen reactivity (Gao et al., 2004). The
representative members of this groups are AAV1-AAV9, with AAV4 and AAVS5 being the most
different from each other and from the other members, but still sharing at least 60% of the genome.

Wild type AAV genome consists of a linear single stranded DNA which is ~4.7Kb in length (figure 7).
It encompasses two open reading frames (ORF) flanked by an inverted terminal repeat (ITR)
sequence that is 145bp in length (Bohenzky et al., 1988). Relying on different promoters and splicing
mechanisms, the Rep gene codes for the replication proteins (Rep) 78/68/52/40, while the cap gene
codes for the structural viral protein (VP) 1/2/3 and the assembly activating protein (AAP).
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Figure 7) Wild-type AAV genome. (Wang & McKenna, 2013)

The main feature of the ITR, due to their symmetry, is the ability to form a hairpin structure which
allows the typical “self-priming” mechanism that leads to a primase-independent replication of the
second DNA strand. Indeed, the ITR is composed by a 125 base palindromic sequence that forms
the T-shaped hairpin structure by complementary base pairing of three specific regions (AA’ BB’
CC’). The ITR can exist in two conformations named flip and flop, according to the orientation of the
BB’ CC’ fragments (figure 8). The remaining 20 bases remain unpaired and are referred as the D-
sequence, and they don’t participate to the formation of the hairpin (Wilmott et al., 2019). However,
D region is crucial for the encapsidation process due to the presence of a signal sequence that drives
the 3’ genomic transport into preassembled capsids (Myers & Carter, 1980)
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Figure 8) Secondary structure of AAV2 ITRs (Wilmott, 2019).

The tertiary structure of the ITR and recognition sequences are critical for the replication and
encapsidation of the viral genome into empty capsids. In particular, the Rep-binding element (RBE),
which is composed by five tetranucleotide repeat motifs containing the consensus sequence 5’-
GAGY-3’, plays a key role in the binding of the Rep 68/78 proteins coded by the rep ORF of the AAV
(Ryan et al., 1996) . Once bound, Rep68/78 unwinds and nicks the terminal resolution site (TRS) in
a sequence and strand-specific manner permitting both genome replication by host cell DNA
polymerases and subsequent genome encapsidation (Brister & Muzyczka, 2000). Rep 68/78 can
bind to the ITR of other AAVs serotypes, even if they are not always able to carry out terminal
resolution, thereby not allowing the complete genome replication, as happens for example in the
case of AAV2 rep 68/78 and AAV5 ITR.

AAV ITRs have been the target of different manipulations in order to obtain modified vectors with
different proprieties. The self-complementary AAV (scAAV) consist in a virus with a modified ITR in
which the TRS is removed. This prevents the Rep 68/78 nicking of the vector genome, thus resulting
in duplicated vector genomes covalently joined by the internal TRS-deficient ITR (D. M. McCarty et
al., 2003). Since the non-nicked genome self-anneal to form a double-strand DNA genome, there is



no need of the complementary strand synthesis or annealing of the positive and negative strand
inside the target cell during the virus infection, resulting in a faster transgene expression. However,
the main drawback of this system is that the packaging capacity of the vector is halved, making this
option particularly useful only if the transgene to be expressed is shorter thank 2.2Kb. On the
opposite hand, the split vector system is also used to deliver transgenes that exceed the 4.7Kb limit,
thus being too large to be accommodated in a single AAV vector. This is possible due to ITR’s ability
to concatemerize in order to reconstitute full-length genomes. The transgene is divided into two
halves: a splicing donor site is inserted at the 3’ end of the first half, while a splicing acceptor signal
is inserted at the 5’ end of the second half. This allows splicing of the concatemerized ITR structure
that forms in the middle of the therapeutic coding sequence following tail-to-head
concatemerization of the two AAV genomes to obtain a single large mMRNA molecule (Trapani, 2019).
The major limitation of this platform, however, is that concatemerization can occur between any of
the ITR of the two vectors, thus resulting in self-concatemerized vector, or vectors with wrong
orientation. However, this problem could be addressed by using ITRs coming from different AAV
serotypes, in order to promote specific head-to-tail junction and functional transgene formation
(Yan et al., 2007).

In the WT AAYV, the ITRs flank two open reading frames, called rep and cap. The rep ORF encodes
four overlapping proteins: Rep78, Rep68, Rep52 and Rep40, fundamental for AAV replication and
packaging. Expression of these four proteins is initiated from the p5 and p19 promoters, as shown
in figure 7. P5 and p19 promoters initiate transcription of two different mRNAs, each containing an
intron that can be either spiced out or not, forming the four rep proteins. DNA replication relies on
the two larger proteins (Rep78 and Rep68), which have single-strand endonuclease, DNA helicase
and ATPase activity, while the two smaller proteins (Rep52 and Rep40) are required for AAV
packaging and only have helicase activity.

As previously discussed, ITRs form a hairpin structure that drives the AAV DNA replication. During
infection, replication of the AAV genome is initiated by the host DNA polymerase using the 3'-
hydroxyl primer of the hairpin ITR, which allows the replication of internal genes. However, in order
to be able to replicate the ITRs, a site-specific, single-stranded nick into the ITR themselves and
subsequent rep-dependent unwinding are required to generate a 3’-hydroxyl primer for repair
synthesis of the ITR (Musatov et al., 2002). This nick is operated by Rep78 and Rep68 and it happens
at the terminal resolution site of the ITR, but in order to be effectively operated it requires the
previous binding of the Rep proteins on ITR’s RBE and on a small palindrome sequence that
comprises a single tip of an internal hairpin within the ITR, called RBE’ (Brister & Muzyczka, 1999).
The nicking process is divided in two steps: firstly, Rep DNA helicase activity unwinds the ITR,
thereby extruding a stem-loop structure at the TRS, then, Rep endonucleases activity cleaves the
TRS. At this point, a free 3’-hydroxyl is created and used as primer for the host DNA polymerase.
Within the RBE, Rep proteins bind to a specific and conserved 22-bp sequence which includes the
tetrameric GAGC repeat which is necessary for stable Rep binding to both linear and hairpinned TR
substrates (Brister & Muzyczka, 1999). However, it has been proven that the position and the
orientation of the Rep on the RBE is crucial for efficient cleavage of the TRS: modification of the
space between the RBE and the TRS, the polarity of the RBE and changes in the RBE’ sequence result
in dramatic reduction of in vitro/in vivo replication of the AAV (J. Wu et al., 1999).



Rep78 and rep68 are not only involved in the AAV genome replication, but they also act as both a
repressor and activator of AAV transcription during infection, and they are crucial for AAV targeted
integration into host genome. AAV can not replicate without the presence of a helper virus such as
adenovirus or herpesvirus. Indeed, in the absence of helper virus, the activity of the p5 promoter is
silenced. This is mainly due to the activity of the cellular YY1 protein, a ubiquitously distributed
transcriptional repressor protein (Laughlin et al., 1982). However, p5 activity is also heavily
regulated by the p5 rep protein themselves. Indeed, the 22-bp sequence within the RBE is not only
present in the ITR, but also in the p5 promoter. Thus, in presence of helper virus, rep78 and rep68
can bind and repress p5 transcription, while they transactivate the p19 and p40 promoters (Pereira
et al., 1997). This leads to the production of the small rep proteins (rep52 and rep40) and of the
structural capsid proteins required for the AAV expansion. The p19 rep proteins, that are now
strongly expressed, can interact with rep78 and rep68 to form multicomplex, thereby eliminating
the p5 repression. This creates a feedback loop that aims to control the level of expression of the
different rep proteins. If the ratio of p19 to p5 transcripts increases, Rep52 and rep40 attenuates
repression at p5 to raise the level of Rep78 and rep68. The net effect is a control loop which
maintains a constant ratio of the p5 and p19 transcripts.

A 22-bp RBE sequence, composed by three CAGC repetitions, is also found in the large arm of the
human chromosome 19, in the so-called AAVS1 site. Large rep proteins can simultaneously bind to
this region and to the viral ITR, and due to their DNA helicase activity they can mediate site-specific
integration of the viral genome into the human chromosome 19 (Deyle & Russell, 2009). However,
large rep proteins are somewhat permissive in their binding specificity, and substitutions within the
core sequence are tolerated. For example, the p5 RBE has only one CAGC repetition and one CAGT
sequence, but rep78/68 are still able to bind. It has been estimated that in the human genome there
may be 2 x 10° rep binding sites, but the AAVS1 site remains the main integration site. This is
probably due to the presence of elements of chromosomal context such as nearby GpC sequences
and transcription factor binding sites, which could explain why AAV integration into chromosome
19 has only been observed in higher primates (Douglas M. McCarty et al., 2004). In general, site-
specific integration is not an efficient process, and only 0.1% of infecting wild type AAV genome
integrates at AAVS1. Indeed, when AAV infect cells, the most common molecular state in which the
genome can persist is in the form of double-strand molecular episomes. The episomes can be
converted to high-molecular-weight concatamers that are observed as tandem repeats obtained by
recombination of monomer genomes and they can provide stable and long-term gene expression,
particularly on non-dividing cells (Rutledge & Russell, 1997).

The second ORF, called cap, encodes three capsid viral proteins, VP1, VP2 and VP3, which start from
the same p40 promoter. VP3 is a 61-kDa protein that constitutes 90% of the capsid’s protein
content. The less abundant capsid proteins, VP1 (87 kDa) and VP2 (73 kDa), share the same C
terminal amino acid sequence with VP3 but have additional N terminal sequences. VPs are
assembled in a ratio of 1:1:10 for a total of 60 monomers that form a complete capsid with
icosahedral symmetry (figure 9). VPs are translated from the same mRNA. After this mRNA is
synthesized, it can be alternatively spliced to form two pools of mRNAs: a 2.3 kb- and a 2.6 kb-long
MRNA pool. In the presence of adenovirus, the 2.3 kb mRNA form is mainly produced, which
originates VP2 from an alternate start codon (ACG), and VP3 from a conventional downstream ATG.



VP1 is encoded by the 2.6 kb mRNA, which contains the entire cap ORF. VP1 contains a unique
fragment at the N terminus, which possess a nuclear localization signal (NLS) and phospholipase A2
activity (PLA2), required for endosomal escape during the infection cycle (Girod et al., 2002).
Moreover, cap gene encodes the assembly-activating protein (AAP) from the same p40 promoter,
which has been shown to be crucial for capsid formation by interacting with the C terminus of VPs
and facilitating their association into the final capsid structure (F. Sonntag et al., 2011). The topology
of the structurally ordered common VP region (VP3) is highly conserved between the AAV serotypes
and is made of a core of eight antiparallel beta-barrel motif (beta-B/beta-1) which forms the shell of
the capsid plus an alpha-helix (alpha-A) and an extra beta-A strand at the N terminus of the VP3.
Different beta-barrel strands are connected by insertional loop which form the majority of the VP3
and viral topology. These loops are named with the name of the strands they connect, for example
loop GH between beta-G and beta-H encompasses 230 aa in AAV2 and forms most of its variable
regions (Agbandje-McKenna & Kleinschmidt, 2011).

VP3 proteins interact to create the characteristic features of the AAV capsids, depressions at the
twofold axes, protrusions surrounding a depression at the threefold axes, and cylindrical channels
at the fivefold axes surrounded by a depression (figure 9). The twofold interactions are the least
extensive between the VP monomers, being only one polypeptide chain thick, and are created by a
conserved small loop at the C terminus (after beta-l) and alpha-A of the neighbor VP. Threefold
protrusions are the biggest type of VP interaction and are formed by loop BC, EF and GH, while the
depression at the fivefold axis of symmetry is made by HI loop and beta-BIDG sheet. Finally, the
channel at the fivefold axis is formed by the DE loop, and due to the conformation of the capsid, it
is close to the N terminus of the VP1, which can be exposed to elicit its PLA2 and nuclear signaling
activity during the infection cycle (Bleker et al., 2005).

cylinder O » -fold axis

Figure 9. Radially-colored 3D structure of
AAV?2 capsid. Two, three and five-fold
symmetry axis are shown along with the
main surface features. (Tseng & McKenna,
2014).




The N-terminal residues, beta-A strand, and beta-BIDG sheet form the interior surface of the capsid,
while the loops inserted between the beta-strands form the capsid surface. The AAV surface loop
differences, formed by different amino acid, were designated I-IX based on the comparison of AAV2
and AAV4, and are responsible for the variability among the different serotypes, conferring different
tropism, immunogenicity and infectivity to the vectors. One interesting feature of the surface loops
is that according to their structure it is possible to divide AAV serotypes into two general topologies
with respect to the protrusions that surround the icosahedral threefold axes: AAV1- AAV3b, AAV6—
AAV8, AAV10 and AAV12 have pointed “finger-like” protrusions, while AAV4, AAV5, and AAV9 have
“rounder” protrusions. However, the topology itself is not determinant for the viral tropism and
infectivity, but is the amino acid composition of the variable region that confers the receptor binding
activity, transduction efficiency and antigenic response (Drouin & Agbandje-Mckenna, 2013).

As already discussed, a new serotype, by definition, is a newly isolated virus that does not efficiently
cross-react with neutralizing sera specific for all other existing and characterized serotypes. In other
words, AAV whose epitopes are recognized by different types of antibodies are considered different
serotypes. In general, the efficiency of a given AAV serotype is often unaffected by the presence of
pre-existing neutralizing antibodies to another AAV serotype, but is not always the case, since a
certain extent of cross-reactivity is sometimes present (W. Xiao et al., 1999). According to tissue
specificity, specific serotypes are used for different therapeutic approaches. Tissue specificity of the
main AAV serotypes is reported in table 1.

AAV serotype Retina CNS Heart Lung Liver Muscle
AAV1 X X X X X
AAV2 X X X X
AAV3 X X X X
AAV4 X X X
AAVS5 X X
AAV6 X X X X
AAV7 X X X X
AAV8 X X X X
AAV9 X X X X X X

AAV-DJ X X X X X X

Table 1. Tissue specificity of the most commonly used AAV serotypes.




1.7.2 CELL CYCLE

Although AAV technologies are well advanced, our understanding of how the virus interacts with its
host at the cellular level remains incomplete. Still, as summarized in figure 10, the main steps
required by AAV for succesfull transduction are conserved through all serotypes.

The first step for an efficient cellular transduction sees the AAV capsid binding to glycans or
glycoconjugates at the cell surface. This first interaction is crucial for the subsequent binding of the
co-receptors for the stabilization of the binding and the internalization. As summarized in table 2,
primary and secondary receptor are specific for the different serotypes, which further makes AAV
an incredibly powerful tool to targer a broad range of diseases. AAV2, which has mainly been used
for this thesis, binds to heparan sulfate proteoglycan (HSPG) as a primary receptor and uses
integrins, laminin receptor and growth factor receptors as co-receptors for cell entry (Huang et al.,
2014). Precisely, HSPG binding relies mainly on the electrostatic charge interaction between basic
amino acids (R, H and K) and negatively charged sulfate residues (Hileman et al., 1998). A conserved
cluster of basic residues at the threefold axis of symmetry is present in all the sulfate binding AAV
serotypes, and particulary, R585 and R588 has been identified as the main residues involved in HSPG
binding of wt AAV2. These arginines has been mutated into increasingly acid residues, and
eventually the double mutant R585/588A has been proven to have approximately 2,000-fold-
lower infectivety than wt AAV2 (Opie et al., 2003). Since the aim of this thesis project is to develop
a tool for cell-type specific gene delivery based on chemical modifications of AAV capsids designed
to change the normal AAV tropism, most of the AAV2 vectors | have been using carried the
R585/588A mutations. However, this well characterized double mutant is not completely silent,
since when used at high MOI, robust transduction of cells has been seen both in vitro and in vivo
(Gorbatyuk et al., 2019).

Following the initial binding on the cell surface, some host factors responsible for post-attachment
cell entry of AAV have been identified. KIAAO319L is a type | transmembrane protein, which has
been recently indicated as an essential host factor required for internalization of most AAV
serotypes, and thereby called universal AAV receptor (AAVR) (Pillay et al., 2016). It comprises five
polycystic kidney domains (PKD1-5) on the ectodomain, which are short modules originally found
in the extracellular segment of the glycoprotein polycystin-1 and involved in protein-
protein/carbohydrate interactions. Only AAV5, the most divergent of the commonly studied
serotypes, required PKD1 for transduction, while others interacted with PKD2, and among all
serotypes, only AAV4-derived vectors seem not to require the AAVR for internalization (Dudek et
al., 2018). AAV2 interaction with AAVR has been delineated by cryogenic electron microscopy at
resolutions of 2.8 A, and shown that PKD2 binds directly to the spike region of the AAV2 capsid
adjacent to the icosahedral three-fold axis, precisely to the strands B, E and the BC loop (R. Zhang
et al., 2019). A second recently identified host factor for AAV entry has been found as the G-protein
coupled receptor GPR108 (Dudek et al., 2020). This protein acts independently from the AAVR, since
AAVS5 (but not AAV4) is the only serotype which seems not to rely on GPR108 for the cellular entry.
As both KIAA0319L and GPR108 are mainly localized in the Trans-Golgi network (TGN) they are likely
to be involved in the Golgi trafficking of AAV. The mechanism and the interaction between these
two host factors is still to be investigated, but it has been proposed that AAVR binds the intact capsid



and traffics to the TGN, at which point endosomal acidification triggers a conformational change in
capsid and extrusion of the VP1/2 unique region of capsid, then allowing engagement of GPR108
via the VP1 unique region (Dudek et al., 2020). Given the phospholipase activity of the VP1, is
possible that GPR108 may facilitate endosomal escape, possibly by stabilizing the extruded VP1

unique domain or by generating a pore in the endosomal membrane.

Serotype Glycan Receptor Co-receptor
AAV1 2,3N/2,6N-Sialic Acid Unknown
AAV2 HSPG FGFR1, HGFR, LamR, Integrin
AAV3 HSPG FGFR1, HGFR, LamR
AAV4 O-Sialic Acid Unknown
AAV5 N-Sialic Acid PDGFR
AAV6 N-Sialic Acid EGFR
AAV7 Unknown Unknown
AAV8 Unknown LamR
AAV9 N-galactose LamR

Table 2. Main AAV natural serotypes and their receptor and co-receptor(s). HSPG, heparan sulfate proteoglycan, EGFR,
epidermal growth factor receptor, FGFR1, fibroblast growth factor receptor 1, HGFR, hepatocyte growth factor receptor,
PDGFR, platelet derived growth factor receptor, LamR, laminin receptor, Integrin, Integrin a5b1/aVb5.
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Figure 10. Overview of intracellular transport of AAV. A) Cell attachment is mediated by surface glycan proteins and
stabilized by secondary receptors. B) Internalization can happen though different mechanisms, which include
caveolin/clathrin coated vescicles, micropinocytosis and clathrin-independent endocytosis. C) Endosomal trafficking is
required to expose VP1 PLA2 domain to escape endosomes and prime the viral vector for nuclear transport and DNA
release. D) Intact viral particles are transported into the nucleus where DNA is released and transgene is expressed.

(Dhungel, 2021).



Following cell attachment, AAV are internalized through different endocytosis mechanisms. Despite
different pathways have different timing, the internalization process is very fast: it has been shown
that after AAV2 infection of Hela cells, 13% of the viral particles have already been internalized
within 1.2 seconds, and that after 15 minutes, at least one VG has been detected in the nucleus of
half of the cells (Seisenberger et al., 2001). Studies on Dynamin, a GTPase protein involved in the
internalization of receptors and their ligands from the cellular membrane through clathrin-coated
pits, indicated clathrin-dependent endocytosis as one of the main internalization mechanism taken
by AAV2 (Duan et al., 1999). Similarly, caveolin-mediated endocytosis have been proposed to be an
alternative and co-existing mechanism (B. P. Dhungel et al., 2021). Another study showed that the
binding of AAV2 to the aVB5 integrin and the activation of Racl, a GTP binding protein not involved
in clathrin/caveolin pathways, was necessary to initiate intracellular movement of AAV-2 to the
nucleus via both microfilaments and microtubules through a mechanism called macropinocytosis
(Sanlioglu et al., 2000). Finally, an alternative endocytosis mechanism has been proposed, in which
AAV2 is transported directly to the Golgi via clathrin-independent carriers (CLICs) in
glycosylphosphatidylinositol (GPI)-anchored protein-enriched endosomal compartments (GEECs)
(Mathieu Nonnenmacher & Weber, 2011). Even if all the four endocytosis mechanisms have been
reported, is still unclear which are the main routes taken by the different serotypes. Probably all the
mechanisms coexist and contribute at different levels, depending on the cell type, the presence of
receptors/co-receptors and the internal status of the cell. However, early internalization processes
are crucial for efficient transduction, since direct injection of AAV2 in the cytosol or in the nucleus
highly impairs transduction rates (Florian Sonntag et al., 2006). Indeed, cellular trafficking via early
endosomes, late endosomes and Golgi are required for transduction. In this respect, Rab proteins,
involved in many steps of membrane trafficking, play a central role in the sorting of viral particles
after their internalization. Although the detailed molecular mechanism underlying the differential
endosomal sorting processes remains unclear, studies have demonstrated that the distinct
endosomal trafficking could be the result of viruses binding to different attachment receptors (Ding
et al., 2006). Retrograde transport of AAV2 to Golgi has been observed, and in particular, AAV2
particles sorted toward late endosomes from early endosomes rely on a Rab9-facilitated pathway,
while virions destined to perinuclear recycling endosomes are transported to the Golgi through a
Rab11-dependent mechanism. It is believed that retrograde transport and accumulation in the Golgi
induces profound changes in capsid conformation that are required for efficient transduction.
Moreover, within the cytosol, only a small percentage of the viral particles can actually reach the
nucleus: in the case of AAV2 infection, it is believed that 80% of the viral particles fail to escape the
endosomes (Hansen et al., 2000). Indeed, degradation of AAV particles via ubiquitin-protease
system results in unproductive transduction. First and second generation proteasome inhibitors
have been used to enhance AAV infectivity, including MG132, a potent protease inhibitor, which
has been shown to drastically increase AAV2 infectivity in vitro (Douar et al., 2001). Another strategy
to avoid proteasome-dependent degradation is to mutate single or multiple surface-exposed
tyrosine residues, which are involved in the ubiquitination. Epidermal growth factor receptor
protein tyrosine kinase (EGFR-PTK) has been proved to phosphorylate exposed tyrosine residues on
AAV2 capsids, which promotes ubiquitination and degradation of the vector. After exploring
different mutant combinations, the triple mutant Y444+500+730F have been shown to be around
30-fold more efficient than wt AAV2 in mouse, and has also shown efficacy in phase | and Il clinical
trials of Leber hereditary optic neuropathy (Guy et al., 2017). However, since phosphorylation can
also occur on serine and threonine residues, site-directed mutagenesis into valine of all these



residues have been explored, and different AAV2 variants with enhanced efficiency have been
discovered (Aslanidi et al., 2013). Then, the most efficient Y, S, and T mutations were subsequently
combined into one capsid, and the quadruple mutant (Y444+500+730F+T491V) AAV2 vector has
been identified as the most efficient, with a 24-fold increased efficiency of transduction of murine
hepatocytes both in vitro and in vivo (Aslanidi et al., 2013). Even if the exact molecular mechanism
has still to be explored, modulation of the ubiquitin-protease system, autophagy, and endoplasmic
reticulum-associated protein degradation pathways affects AAV transduction.

Prior to enter into the nucleus, AAV particles need to escape the endosomes, and for this step a
conformational change induced by the endosomal trafficking is essential. The unique N-terminal
domains of VP1, which is buried inside the capsid in intact virions and is not targetable by
neutralizing antibodies, contains a phospholipase A2 (PLA2) domain that has been shown to be
necessary for endosomal escape as well as three basic clusters (BC1, 2 and 3) that act as nuclear
localization signals for the viral capsid (M. Nonnenmacher & Weber, 2012). As has been observed
for other non-enveloped viruses, such as adenoviruses, the conformation change that happens
within the endosomal compartment allows the externalization of the VP1 N-termini through the
pore present at the five-fold axis of symmetry of the viral capsid, so that the PLA2 can elicit its
function (K. Wang et al., 2000). Once in the cytosol, the basic residue clusters of VP1 would then
mediate the nuclear import of full virions. What triggers the capsids conformation change within
the endosomes is still to be fully understood, but endosomal acidification is required. Moreover,
endosomal cathepsins B and L are required for transduction by “priming” the capsids by partial
proteolysis, even if is not clear whether they act directly on the endosomal escape or on a later step
of the transduction process (Akache et al., 2007). It is interesting to note however that different
serotypes show different uncoating patterns and rely on different mechanisms: for example, AAV5
is not sensitive to cathepsin proteolysis, and AAV8 shows different kinetics (M. Nonnenmacher &
Weber, 2012).

Following endosomal escape, AAV particles accumulate around the perinuclear space and are ready
to be transported into the nucleus. Different evidence suggest that intact particles are translocated
into the nucleus before DNA release, as it is possible to extract intact vectors from nuclei of infected
cells, or intact particles could be directly detected by immunofluorescent microscopy (McGhee et
al., 2016). Basic clusters BC1 and BC2, which are present in the VP1 and VP2 N-termini, form a
bipartite nuclear localization signal which is required for the transport into the nucleus through the
nuclear pore complex (NPC). Importin-B, a major constituent of the NPC, colocalizes and interacts
with AAV, and knockdown of importin-B, as well as blockage of the NPC with wheat germ agglutinin
(WGA), severely inhibits AAV2 nuclear entry and transduction (Nicolson & Samulski, 2014). When in
the nucleus, intact viral particles are transported into the nucleolus, where AAV2 interacts directly
with nucleolin and B23/nucleophosmin (M. Nonnenmacher & Weber, 2012). The exact role of this
step in the transduction process is still unknown, and it actually seems to be detrimental, as
nucleolin or nucleophosmin knock-down results in enhanced transduction (Johnson & Samulski,
2009). Probably, accumulation of intact viral particles into the nucleolus serves as a temporary
storage for secondary transduction of the cell.

Genome release does not require a complete disassembly of the capsid, but the kinetics appear to
be cell- and serotype-dependent. For example, although AAV2, 6 and 8 have similar uptake and



nuclear import rates during murine liver infection, AAV6 and 8 seems to release their genome earlier
than AAV2 (Thomas et al., 2004).

Within the nucleoplasm, for transgene transcription to occur, the single-strand DNA molecule of
AAV must be converted into double-strand. This is a time-limiting step for the transduction process
that can be sped up by using self-complementary vectors, in which second-strand synthesis is not
required at the expense of a reduced transgene capacity of the vector. Interestingly, the presence
of some adenoviral genes can dramatically enhance this process. Expression of early region 1 and
4 (E1 and E4) genes of adenovirus seems to be directly proportional to the appearance of double-
stranded replicative forms of the AAV genome (Fisher et al., 1996). In case of a normal AAV infection,
double-strand DNA deposits have been observed into infected cells nuclei as soon as 3h post
infection, associated with the MRE11-RAD50-NBS1 (MRN) complex. MRN, which is involved in DNA
repair, seems to downregulate transgene expression: downregulation of MRN by RNA interference
increases both the formation of dsDNA deposits and the level of AAV transduction (Cervelli et al.,
2008). As already discussed, AAV genomes persist in postmitotic cells predominantly as episomes
which could be converted into extrachromosomal concatemers, while only a small percentage of
genomes (0.1%) integrate into host genome. Despite this, the issue of AAV-related genotoxicity is
essential in the context of clinical gene therapy, with regards for liver-directed therapy, in which a
higher insertional mutagenesis rate and tumorigenic potential have been observed in mouse models
(Chandler et al., 2015). However, long-term studies on larger animal models, including non-human
primates, raised no concerns over the genotoxicity risk of AAV vectors in liver, unless high doses of
virus are delivered (Gil-Farina et al., 2016).

1.8 ENSTABLISHING CELL-TYPE SPECIFICITY WITH VECTOR ENGINEERING

In the last years, many efforts have been made to improve AAV technologies, in particular in terms
of efficiency and specificity of the vectors. Indeed, for clinical applications, the minimal effective
dose of virus delivered is always the best choice in order to avoid off-target effects and minimize
the costs of the therapy. In this regard, capsid engineering aims to reach the full potential of AAV
based gene therapies by acting on two main strategies: increasing the efficiency of transduction and
conferring cell-type specificity to the vectors. Boosting the efficiency means to obtain the same level
of transduction with a lower viral dose delivered, but still infecting cells that are not the target of
the therapy. Despite a lower dose would be related to the reduction of off-target effects, the
infection of unwanted cells would decrease the amount of virus available for the actual therapy and
could lead to side effects such as hepatotoxicity, which is one of the main adverse effect of gene
therapy. On the other hand, working on viral tropism in order to re-direct it toward the cell
population of interest has an immense therapeutic potential. The main advantage of this strategy is
the possibility to transduce directly the cells that carry genetical disfunctions and correct their
functionality minimizing, at the same time, the loss of vector particles to irrelevant cells. It would
then be possible to reduce off-targeting and side effect, thereby decreasing the amount of virus
required to get the therapeutic effect as well.

To simplify, strategies employed to achieve cell-type specificity and increased transduction
efficiency of AAV could be divided into two categories: genome engineering and capsid engineering.



AAV genome modifications are based on cell type-specific gene regulatory elements like
enhancers/promoters for transcriptional targeting and cell/tissue-specific miRNAs for post-
transcriptional targeting.

Capsid engineering strategies can be broadly divided into two main categories: directed evolution
and rational design. Directed evolution consists in multiple rounds of infection of a target cell type
with artificially created libraries of mutant capsids and the selection of the most efficient and/or
tissue-specific. In the rational design strategy, target cell-specific proteins/peptides are included in
different capsid sites that allow insertion without affecting packaging or transduction efficiency.
Moreover, cell-type specificity is achieved by single/multiple amino acid mutagenesis or by the use
of hybrid capsids.

1.9 AAV GENOME ENGINEERING

Transcriptional and post-transcriptional targeting strategies do not alter the biodistribution of a
vector, but restrict the expression of the transgene product to the desired target cells. Tissue-
specific promoters, which activation and regulation relies on different and specific regulatory
elements and cellular factor present in the different cell populations, are often used to achieve
specificity and avoid off-target effects. At the moment, many tissue-specific promoters are
available, with proved efficacy in many clinical trials targeting different organs. In the case of
hepatocellular carcinoma (HCC), for example, the Glypican 3 (GPC3) promoter has been used as a
targeting strategy (B. Dhungel et al., 2018). Since GPC3 is expressed mainly in HCC and not in normal
liver cells, vector carrying the GPC3 promoter succeeded in killing a significantly higher number of
HCC cells than normal liver cells, suggesting that this targeting strategy could limit hepatotoxicity in
case of liver-targeted gene therapy. Moreover, tissue-specific promoters are currently used to
deliver AAV to the nervous system, with the possibility to discriminate between neuronal subtypes.
For example, in the context of spinal cord injury, the mouse phosphoglycerate kinase (mPGK)
promoter has been used to drive strong expression in cortical neurons and oligodendrocytes, while
using the human synapsin (hSYN) promoter resulted in neuron-specific expression, including
perineuronal net expressing interneurons (Nieuwenhuis et al., 2021).

In the same way, transcriptional regulatory elements such as enhancer can be inserted into vectors
genome to modulate transgene expression. The human cytomegalovirus (CMV) immediate-early
enhancer is one of the most commonly used regulatory elements to boost transduction levels.
However, when combined with cell-specific promoters, CMV enhancer activity could lead to
significant increase of transgene expression at the expenses of promoter leakiness and off-target
infection (Gruh et al., 2008).

Finally, posttranscriptional targeting strategies that function at the mRNA level are also commonly
used to restrict transgene expression only in cell types on interest, and could be used also in
combination with specific promoters. This strategy exploits a class of physiologically expressed small
noncoding RNAs (miRNAs), which bind to complementary RNA sequences in the 3-UTR region of
MRNAs, thereby either inducing their degradation or preventing their translation, according to the
level of complementarity. These miRNAs could be expressed ubiquitously or just in particular stages



of development in specific cell types. The strategy relies on the insertion of miRNAs binding sites in
the transgene of interest, thereby preventing transgene production in unwanted cells, which are
the ones that express high levels of target miRNA. This technology has been used to prevent antigen-
presenting cells to express transgene, thereby activating an immune system response, or to
segregate transgene production between different cell types of the same tissue (Hacker & Blining,
2011).

To conclude, is worth to note that specific promoters are usually large in size, and the AAV packaging
capacity is limited. For this reason, is often impossible to insert the desired transgene into one single
vector, thereby requiring the use of alternative strategies such as split-system vectors, which are in
general less efficient than normal recombinant AAVs. Moreover, as already discussed, using a
specific promoter does not prevent the infection of non-desired cells, which means a loss of virus
that will not contribute to the therapeutic effect, and an increased risk of genotoxicity and immune
system activation.

1.10 AAV CAPSID ENGINEERING

As previously discussed, the first step for AAV infection is the attachment on the cell surface though
AAV receptors and co-receptors. This process could be rationally engineered by mutating the
contact residues on the AAV capsid and attaching targeting ligands to the capsid surface that display
high affinity for a cell surface protein/receptor of choice. In this way, it is possible to selectively
deliver genetic material to target-receptor positive cell types. Typically, these strategies require the
disruption of the AAV main receptor, so that is possible to replace the vector binding ability by
inserting the desired targeting ligand. In general, two main strategies for coupling targeting ligands
to the AAV capsid can be distinguished. Genetic coupling consists in the expression of fusion
proteins inserted in specific locations of the Cap ORF of the AAV, which will lead to the formation of
a complex in which the ligand is directly fused to the viral vector. On the other hand, biochemical
coupling strategies consist of the covalent conjugation of targeting ligands by biochemical reactions,
typically exploiting natural occurring functional groups on the AAV capsid and/or on the target
ligand. The main difference between these two strategies is that in the case of biochemical coupling,
all the modification are performed post-translationally, which means the virus is already functional
and there is no need of genetic modification of the vector or ne-novo production of new virus for
every modification.



1.10.1 Genetic Modification

In the case of genetic coupling, the main challenge is to find the optimal place in which to insert the
ligand, without affecting AAV packaging, binding ability or general functionality. Because of their
exposed positions and their function in receptor binding, VRs forming loops of the protrusions are
ideal positions for capsid modifications aiming to re-direct AAV tropism. Indeed, one of the first
successful capsid modification for re-targeting of AAV2 has been performed at the insertion site I-
587 (which is between the amino acid residue asparagine 587 and arginine 588) of the common VP3
region (Girod et al., 1999). The authors inserted a 14 amino acid long peptide which exhibited high
affinity for the B1 integrin, whose expression is upregulated in some types of cancer cells. The
resulting virus was able to transduce target cells, even in the presence of heparin, an analog of
AAV2’s main receptor, which indicated successful re-targeting of the vector. At the time, no crystal
structure of AAV capsid was available, but in the next years it has been shown that insertion of
peptides at I-587 changes the spacing between R585 and R588 and thereby destroys the AAV2 HSPG
binding motif. Moreover, this region is known to be part of one of the most external loops at the 3-
fold axis of symmetry (Xie et al., 2002). Subsequent studies confirmed the great potential of this
insertion site (Blining & Srivastava, 2019). Indeed, the AAV2 I-587 insertion site allows insertions of
small peptides (up to 34 amino acid) without interfering with capsid assembly or genome packaging,
displays the foreign sequence in a position in which the peptides can interact with target cell surface
receptors and eventually allows AAV2 re-targeting in a single step because the AAV2 primary
receptor is destroyed upon insertion of the novel targeting ligand.

Exploiting the same principle, VR-IV, which forms the highest protrusion of the AAV2 capsid, have
been the target for peptide insertion. The peptide RGD-4C, a high-affinity ligand of avB3 integrin,
which is highly expressed in cancer cells and angiogenic vessels, has been inserted between glycine
453 and threonine 454 (1-453), together with arginine 585/588 to alanine substitution to destroy
AAV2’s natural HSPG binding ability. Successful surface cell targeting and transduction has been
observed, even when simultaneous insertion of the same peptide in the position [-587 was
performed, showing that AAV2 capsid could tolerate simultaneous peptide insertions (Boucas et al.,
2009).

Rational design could be also combined with direct evolution in order to obtain cell-type specific
vectors. As discussed, directed evolution involves the artificial generation of large mutant capsids
libraries and high-throughput selection of vectors with enhanced proprieties after many rounds of
infections of the desired cell-types. Typically, such approaches have been used to study the effects
of random mutations of AAV capsids on gene delivery efficiency or vector’s ability to evade
antibodies neutralization (Maheshri et al., 2006). However, it is possible to apply the same principle
to select for cell-type specific vectors after the insertion of random peptides libraries.

Indeed, positions 1-587, 1-588 and 1-453 have been chosen as insertion sites to display library of
peptides in order to identify possible ligands suited for targeted cellular transduction. Therefore, in
order to be able to transduce desired cell types, not only an insertional strategy is required, but also
the insert itself. In the first studies, new peptides have been classically identified through phage
display technique, in which libraries of polypeptides are presented on the surface of lysogenic
filamentous bacteriophages. These phage libraries can then be screened against other proteins,
peptides or DNA sequences, in order to detect interaction between the displayed protein and those



other molecules, and therefore select binding phages and identify the targeting polypeptide
(Ledsgaard et al., 2018). However efficient, this technique can’t tell if the chosen peptide would still
be functional after its coupling with the viral vector. Thereby, the AAV peptide display technique
has been implemented. Using this technology is possible to directly select AAV variants with
enhanced specificity or efficiency toward particular cell types, including cancer models
(Michelfelder et al., 2011). In this case, oligonucleotides of random sequence are inserted into the
CAP ORF typically at the insertions sites I-587, I-588, 1-453, thereby generating a library plasmid pool
that is subsequently used to produce the AAV peptide display library (Mdller et al., 2003) (Perabo
et al., 2003). The peptide library, in which all the vectors are identical except for the peptide
displayed on the capsids, is used to transduce target cell population (usually AAV resistant, or in
particularly stringent experimental conditions), typically in the presence of adenovirus to provide
the helper functions required for the replication of the vectors that successfully infected target cells.
Only infective AAV can thereby replicate, and multiple rounds of selections are made in order to
eventually select the most efficient/specific variant of the library. An alternative to the use of
adenovirus is the PCR-based amplification approach, in which infected cells are isolated, viral DNA
extracted, amplified by PCR and cloned as a sublibrary plasmid pool. The new vectors produced with
the selected DNA are then used for the subsequent rounds of amplification. One of the most famous
application of this system lead to the identification of the AAV9 variant AAV-PHP.B, that exhibits
enhanced transduction of mouse central nervous system by crossing the blood-brain-barrier (BBB)
(Deverman et al., 2016). In this work, the authors devised a Cre recombination-dependent approach
to selectively recover capsids that transduce predefined Cre expressing target cell populations. Since
with standard PCR-based amplification approaches, it is impossible to discriminate between capsid
variants that only enter into target cells and the ones that actually release their genome, a
transgenic mice line expressing Cre recombinase specifically in astrocytes through the use of a cell-
specific promoter has been used. In this way, by using specific PCR primer designed to amplify only
the viral genome that underwent Cre-mediated recombination, it has been possible to select only
infecting vectors. A library of AAV9 variants expressing random 7 amino acid-long (7-mer) peptides
inserted at the 1-588 position of VP1 have been systemically injected into Cre-mice, and the AAV-
PHP.B variant, expressing the 7-mer TLAVPFK peptide, has been identified as able to successfully
crossing the BBB and infect CNS with a 40-fold increased efficiency compared to wild type AAV9
(Deverman et al., 2016). Unfortunately, however, subsequent studies indicated that the enhanced
CNS tropism of AAV-PHP.B is restricted only in the C57BL/6J mouse model, and not in other mice
strains (such as BALB/cJ) or in non-human primates, due to the restricted expression pattern of the
TLAVPFK peptide receptor L6YA (Hordeaux et al., 2018).

As we saw, even if capsid modification on the VP3 can be implemented, VP1 but mainly VP2 are
mostly used as insertion sites, due to the fact that VP2 capsid protein is not essential for the
assembly, packaging and functionality of AAV (Warrington et al., 2004). The first attempt to modify
N-termini of VP2, and actually the first cell surface targeting approach for AAV in general, aimed to
attach a single-chain antibody directed against human CD34, a cell surface marker on hematopoietic
cells. Even if very low titre of virus was produced, the chimeric vectors were able to transduce a
CD34 positive human cell line, thereby establishing the N-termini of VP2 as a valid position for



protein insertion (Q. Yang et al., 1998). Moreover, it is interesting to note that the N-termini of VP2
is buried inside the capsid in wt AAV2, but surface exposure on vector capsid following genetic
modification is required for efficient binding on target cell. To address this gap, it has been actually
shown that insertion of target sequences interferes with the natural folding and thus prevents
masking of the N termini of VP1 and VP2 within the capsid, which can however retain its
functionality (P. Wu et al., 2000).

Successive studies shown that genetic insertion of small peptides one or two residues after N-
terminal methionine of the VP2 start codon were also tolerated (P. Wu et al., 2000). However, since
VP1 is an N-terminal extension of VP2, insertions are not only displayed at the N -termini of VP2,
but also at the amino acid position 138 or 139 of VP1. For this reason, since VP1 is important for
capsid assembly, the presence of large foreign inserts could prevent AAV formation. Indeed, only
peptides up to 32 amino acids have been successfully inserted in this position so far, without
providing additional VP in trans during vector production to compensate the dysfunctional VP1 (P.
Wau et al., 2000). As proof of concept, the authors have shown that insertion of the serpin receptor
ligand in the N-terminal regions of VP1 or VP2 can re-target AAV tropism. However, insertion of
larger proteins in the same 1-138 position results in a reduced production of VP3, which inhibits
capsid assembly. To overcome this issue, expression of one capsid protein is isolated and combined
with the remaining two capsid proteins expressed separately. Typically, VP2 fused with insertional
protein is expressed via a non-AAV promoter from a different plasmid, and genome-containing
capsid are formed regardless of which capsid proteins were supplied separately. Using this strategy,
different proteinaceous ligands have been fused at the 1-138 position, but viral functionality has
been maintained only when exclusively VP2 and not VP1 was modified (Warrington et al., 2004).

An interesting application of the technology discussed above is to fuse fluorescent protein to AAV’s
VP2 in order to quantify dynamics of viral vector uptake in cells. Current strategies for visualizing
infectious pathways of viruses rely on fluorescent labelling of capsid proteins, such as luciferase
enzyme or GFP. By fusing the gene coding for the luciferase enzyme on the N-termini of VP2 and
simultaneously providing wt VP1 and VP3 in trans, chimeric AAVs have been obtained and have
been used for studying cellular uptake kinetics of serotype 1, 2 and 8 (Asokan et al., 2008).

Moreover, the possibility to accomodate big inserts in the VP2 have been exploited to develop AAV-
based single-shot prime-boost vaccines (Rybniker et al., 2012). Specifically, this approach is based
on antigen-VP2 fusion proteins that are incorporated into the AAV capsid to prime the antigen-
specific humoral immune response, which can be coupled with the insertion of the same antigen
into the vector genome to boost the immunogenic effect. For example, a modified version of Ag85A,
a well-described target antigen of Mycobacterium tuberculosis vaccines, have been inserted into
AAV2 VP2, and the immunogenic potential of the resulting vector has been tested in mice (Rybniker
et al., 2012). Results showed a faster onset of antigen-specific antibodies, which exhibited a
significantly higher avidity compared with the ones originated by the injection of AAV2 coding for
the same Ag85A, but without any capsid modification. Moreover, a single injection of the modified
vector was sufficient to induce a memory recall response.

Another interesting application of the insertion of a large protein on AAV surface is the development
of switchable AAV vectors, which are modified vectors whose infectivity can be controlled by small
chemical molecules. The first work aimed to re-target AAV2 in order to specifically infect epidermal
growth factor receptor (EGFR) positive cells required the insertion of the FK-binding protein (FKBP)



as targeting ligand and the presence of an adapter protein composed by a modified FKBP-rapamycin
binding domain (FRB) connected to a fluorescent protein and to a EGFR-specific DARPin (Horner et
al.,, 2014). Upon addition of the rapamycin analog AP21967, binding of FKBP to FRB is induced
leading to recruitment of the AAV-2 particle to the EGFR-positive cells and subsequent infection.
Likewise, without any addition of AP21967, modified AAV2 were not infective.

In the attempt of exploiting the great viability and specificity of single-chain antibodies to re-direct
AAV tropism, efforts have been made to fuse this class of protein to the VP2, but in all the cases the
vectors obtained were not functional, probably due to the conditions in the cell nucleus that
interfere with correct folding due to inhibition of cysteine bridge formation (Blining & Srivastava,
2019). Designed ankyrin repeat proteins (DARPin) offer a powerful alternative to antibodies: they
are small antibodies-mimic proteins with high affinity and specificity, and they do not contain
cysteine bridges in their structure, thereby being easier to produce by cells. In one of the main
studies in which DARPins have been used to modify AAV tropism, the authors demonstrated that
AAV2 made specific for Her2/neu, EpCAM or CD4-positive cells through the use of specific DARPins
fused to the VP2 N-termini were able to selectively infect only the cells of interest, with no
detectable off-targeting, both in vitro and in rodents models (Miinch et al., 2015).

1.10.2 Chemical Modification

Beside genetic manipulations, ligand coupling on AAV capsids can also be achieved by chemical
modifications. The principle remains the same: exploiting the specificity of the chosen ligand to
direct the modified vector on the cell types to which the coupled ligand binds. In this case,
macromolecules of different nature are coupled to the virus though chemical reactions which rely
on chemically active groups present of both the components of the system. These reactive groups
can be naturally present or can be artificially inserted.

As previously discussed, the main advantage of this approach is that since the chemical
modifications are made directly on a virus which is fully formed there is no need to produce new
vectors for every single modification protocol. By skipping the production part, it follows that the
modifications can be done in a time and money-saving manner. In general, chemical modification
protocols are thereby more versatile than the respective genetic modification, since they are easier
to be done and they usually do not require particular equipment or material. Moreover, since no
genetic manipulation is performed, there is no risk of affecting viral assembly or packaging by
inserting a ligand. On the other hand, it is possible however that during the modification both the
insert and the vector could lose their functionality. For example, if the insert is modified on a site
crucial for its binding ability, after the conjugation with the vector it will not be able to bind to target
cells anymore. In the same way, by coating too much the vector with the ligands one could prevent
the virus interacting with the cellular structures required for its internalization, thereby neutralizing
the infectivity. Keeping this in mind, it is expected however that chemical coupling could allow for
the insertion of bigger ligands compared to genetic modifications. Indeed, by chemically coupling a
ligand on the vector, it will remain attached directly on the capsid surface, and not into it. This means
that the viral structure itself will not be impacted by the size of the ligand, that is instead one of the
problems of genetic insertion of proteins.



Moreover, if the aim is to re-direct viral tropism, natural binding site of the original AAV must be
destroyed beforehand. In the case of AAV2 manipulation, for example, it means that chemical
modification must be performed on vectors which carry the R585/588A substitution to destroy the
HSPG binding domain. This is not relevant in the case of tropism expansion experiments (in which
the aim is to confer a broader tropism to the vector) or efficiency boosting approaches (by coupling
a ligand with the same cellular specificity of the chosen AAV serotype).

As discussed, chemical modifications rely on specific reactive groups that can be naturally present
in the molecule structure or directly inserted. In the case of artificial insertion, one of the most
popular strategy relies on unnatural amino acids (UAAs). In this case, genetic modification of the
capsid is paired with a subsequent chemical modification. One of the best example of this strategy
consist in the insertion of an azide moiety into the AAV2 capsid by mutating the VP3 (C. Zhang et al.,
2016). Specifically, an amber codon (TAG) has been inserted in different position of the VP3
(including 1-588 to disrupt natural HSPG binding ability), following incorporation of the UAA Ne-2-
azidoethyloxycarbonyl-I-lysine (NAEK) via co-expression of the NAEK-specific orthogonal
tRNA/aminoacyl-tRNA synthetase pair. This led to the creation of modified AAV2 particles carrying
an exposed azide moiety directly on the protrusions of the capsid. A modified version of the RGD
motif has been chosen as the guiding ligand, consisting in the RGD peptide directly connected with
a dibenzocyclooctyne (DBCO) molecule, which specifically reacts with the azide group. The RGD
motif is well known to be highly specific for a subset of integrin avf3 molecules that are highly
expressed in a wide variety of tumors. When tested on U87 cells, which expressed high levels of
integrins, the modified vectors shown an enhanced tropism and transduction compared to
unmodified AAV2, thereby indicating successful re-targeting of the vectors(C. Zhang et al., 2016).
However efficient, this approach still implies a genetic modification step, thereby remaining very
demanding because it requires optimization of each step of production and modification, followed
by functional and structural characterization of the vectors.

On the other hand, an easier approach to chemically attach ligands on the AAV surface is by
exploiting reactive groups that are naturally present in the amino acid sequence that composes the
capsid. In chemical bioconjugation protocols, the most relevant amino acid that are modified are
the lysins residues. Lysine residues present a primary amine group (-NH2) on their side chain, the
so-called e-amine (which is the amine functional group directly connected to the fifth carbon atom
of the lysine backbone). These primary amines are positively charged groups and therefore they
tend to take place on the outside surfaces of proteins where they are readily accessible to
conjugation reagents.
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Figure 11. NHS-ester reaction scheme. R represent a general compound, while P represent a protein carrying a primary
amine. Source, Thermo Scientific -Crosslinking Technical Handbook, 2012.

Furthermore, primary amines are especially nucleophilic, which makes them suitable for reaction
with a wide range of synthetic chemical groups, including isocyanates, n-hydroxysuccinimide (NHS)
esters, sulfonyl chlorides, aldehydes, glyoxals, epoxides, oxiranes, carbonates, aryl halides,
imidoesters and carbodiimides (Thermo Scientific -Crosslinking Technical Handbook, 2012). For
example, the reaction of -NH2 with an aldehyde is used in the fixation of biological tissues, though
the reaction with formaldehyde and glutaraldehyde. However, NHS esters and imidoesters are the
most popular amine-specific functional groups that are used for bioconjugation with primary
amines. NHS is an organic compound used as a reagent for the preparation of active esters, which
are functional groups that, being highly susceptible toward nucleophilic attack, present a strong
reactivity towards primary amines to give amides. Specifically, NHS esters are made
by carbodiimide-activation of carboxylate molecules. The most common carbodiimide compound,
1-Ethyl-3-(3-dimethylaminopropy) (EDC) reacts and activate carboxyl groups by forming an active O-
acylisourea intermediate which reacts with primary amines through an amide bond. However, EDC
is mainly used for NHS activation: EDC couples NHS to carboxyls, forming an NHS ester that is
considerably more stable than the O-acylisourea intermediate, thereby making NHS-esters a more
attractive option for amine coupling rather than just using EDC to activate carboxyl groups. NHS-
ester-activated crosslinkers react with primary amines to form stable amine bonds, releasing NHS,
as shown in figure 11. Even if NHS esters are more stable than O-acylsourea intermediates in
aqueous solutions, hydrolysis of the NHS ester competes with the primary amine reaction. Indeed,
the rate of hydrolysis increases with buffer pH and contributes to less-efficient conjugation with
amine-containing ligands. The half-life of hydrolysis for NHS-ester compounds is 4 hours at pH 7.0
and 0°C, decreasing to 10 mins at pH 8.6 and 4°C, the reason why is important to use fresh-prepared
NHS ester solutions prior of every conjugation process. Phosphate, carbonate-bicarbonate, HEPES
or borate buffers can be used for the conjugation reaction, while amine-containing buffers such as
Tris (TBS) should be avoided because they compete for reaction (Thermo Scientific -Crosslinking
Technical Handbook, 2012).

According to the AAV2 sequence, every VP3 contains 34 lysine residues, 10 of which are exposed on
the capsid external surface. This means that there are around 550 lysine residues potentially
accessible for chemical coupling.



One of the first attempt to chemically modify AAV2 capsid by acting on lysine residues aimed to
conjugate polyethylene glycol (PEG) molecules to the virus in order to cover the antibodies binding
sites and help the virus avoid the immune system (Lee et al., 2005). Indeed, since most of the
population present pre-existing immunity against AAV vectors, dramatic inhibition of AAV vector
gene delivery by neutralizing antibodies highly impairs the effects of vectors, even in immune
privileged organs (Sanftner et al.,, 2005). One strategy to overcome this problem is to prevent
antibody binding and subsequent neutralization by masking the antigenic regions of the vector. This
can be achieved by coating the capsid with biologically inactive polymers, such as PEG, in a process
called PEGylation, which has been proved to highly enhance circulatory half-life of many therapeutic
proteins like IFN and TNFa (Edwards et al., 2003). Different PEG-NHS chains with increasing sizes
have been tested, to see whether an excessive level of coating would impair viral infectivity. Results
shown that in a certain range of PEGylation, which is dependent of PEG chain length, antibody
neutralization is inhibited to a greater extent than transduction efficiency, thus conferring enhanced
infectivity to the modified vectors (Lee et al., 2005).

Lysine residues have also been the target of chemical modifications aimed to conjugate
chemotherapeutic drugs to AAV. This is the case of Taxol, a drug used to treat many types of cancer,
including ovarian, breast and lung tumors. A Taxol-NHS ester derivate have been conjugated to
AAV2 capsid, with the idea to exploit the viral delivery platform to increase the solubility and
biodistribution of the drug. Despite successful conjugation having been achieved and viral infectivity
preserved, the complex did not succeed in decreasing cancer cell viability in vitro, probably due to
a limited delivery of drug, below the LD50 of taxol (Wei et al., 2012).

At the moment, not many attempts to chemically conjugate ligands to AAV’s capsid in order to re-
target the vectors have been carried out, while more effort has been put on genetic modification
strategies. However, some promising studies have been published in the last years. In the context
of liver-targeted therapies, for example, chemically modified hepatocyte-targeting vectors have
been developed (Mével et al., 2020). Since hepatocytes are known to express high levels of the
asialoglycoprotein receptor (ASGP-R), the strategy consisted in using N-acetylgalactosamine
(GalNAc) as a targeted ligand for the chemical modification of the vectors. Different GalNAc
derivated ligands have been produced, carrying a terminal isothiocyanate functional group, which
would form a covalent thiourea bond with the amino groups of the lysine on the AAV surface.
Modified vectors shown receptor mediated transduction of primary mouse hepatocytes with
significantly higher efficiency and specificity compared to wild type AAV2. Interestingly, by
measuring total and neutralizing antibodies against AAV2 in the serum of mice injected systemically,
a drastic inhibition of antibody formation has been observed in animals injected with GalNAc-
modified vectors compared to the ones treated with wt AAV2. This effect could be explained by the
fact that the chemical modifications can actually coat the capsid and elicit an epitope shielding
effect. Indeed, differently from genetic modification approaches, in which a ligand is inserted only
in few specific positions of the capsid, in chemical conjugation approaches the viral particles become
mostly coated with the ligand, which thereby can physically cover neutralizing antibodies binding
sites on the vector. This is actually similar to what happens in the case of PEGylation of the virus,
and thereby could be considered an ulterior advantage of re-targeting strategies based on chemical
modifications.



1.11 AIM OF THE PROJECT: ANOVEL WAY TO RE-TARGET VIRAL TROPISM THROUGH POST-
PRODUCTIONAL CHEMICAL MODIFICATIONS

The aim of this project is to develop a technology that would allow for easy, fast, reproducible and
tunable chemical modification of AAV vectors in order to obtain a reliable cell-type specific gene
delivery system. As previously discussed, such a technology would provide many advantages for
AAV applications. In the context of gene therapy, being able to selectively target the cell population
of interest would lead to the reduction of the amount of virus needed to obtain a desired
therapeutic effect, thereby reducing the dose of vector required. In turn, a lower dose would be
beneficial on different aspects, including the mitigation of the side effects of the therapy, the risk of
insertional mutagenesis and immune system activation, and eventually the cost of the therapy.
Moreover, obtaining specificity by chemically modifying AAV capsids would mean that genomic
modifications such as insertion of cell type specific promoters or regulatory elements would not be
needed. It is true that AAVs with specific promoters can express their transgene only in the cell types
of interest, but with this strategy the virus still infects non-specifically different cell populations,
thereby increasing the risk of side effects and subtracting therapeutic potential.

As discussed, at the moment there are not many established approaches for AAV re-targeting,
despite the huge need for more specificity in AAV based applications. The most reliable systems rely
on genetic modifications, although these approaches are often time consuming and difficult to
implement. In the case of rational insertion of a ligand as a fusion protein into the cap ORF, there
are no guarantees that the insertion will not prevent capsid assembly or vector infectivity, and
unfortunately the only way to ensure this is to test the recombinant AAV, thereby requiring many
steps of manufacture, including plasmids manipulations, production and purification. Moreover,
this system is not customizable, unless all the procedure is repeated from the beginning, even for
small modifications of the strategy. On the other hand, using AAV display libraries and directed
evolution is often possible to obtain modified AAV with enhanced proprieties, including accurate
specificity for the cell type on which the vectors have been amplified in. However, this system
requires advanced technical skills and a long time to be implemented.

The strategy that | have developed would allow for AAV re-targeting in an extremely versatile and
easy way, without requiring expensive reagents or skill intensive procedures. Moreover, the
chemical modification itself can be performed in only two days of work, thereby being very fast and
easy to reproduce or optimize according to the needs. Moreover, even if the work has been carried
out on the AAV2 serotype, the protocol is theoretically applicable on all AAV serotypes, and possibly
on different classes of virus, since is based on lysine residues modification which are present on all
viral capsids.

The strategy consists of chemically coupling a ligand to the AAV2 capsid by using heterobifunctional
crosslinker molecules. The general structure of the crosslinker is preserved and consists of two
different chemically reactive groups separated by a variable spacer chain composed by polyethylene



glycol (PEG) polymers. A schematic representation of the strategy is outlined at the end of this
paragraph.

Since we want to modify lysine residues on AAV capsid, one of the two functional groups of the
crosslinker is always an NHS ester group. Reactivity and properties of NHS ester have been already
discussed. The reason why we decided to select NHS ester as amine-reactive group is because the
reaction itself is very fast and easy to perform, it does not require particular buffers or conditions,
nor the presence of specific catalysts or chemical carriers. It is also simple and stable to store and
can be readily prepared in solution prior to the use. Moreover, there is a vast choice of NHS
containing crosslinker molecules already in the market, and many studies supporting their
functionality and reliability.

In order to connect and distance the NHS ester molecule to the second reactive group of the
crosslinker we used PEG chains of different length composed of repeating ethylene glycol units.
PEGs are synthesized using a ring-opening polymerization of ethylene oxide to produce a broad
range of geometries (linear, branched, Y-shaped, or multi-arm) and molecular weights, as shown in
figure 12. What makes PEGs really useful in bioconjugation is that they can be activated by the
replacement of the terminal hydroxyl end group with a broad range of reactive functional terminal
groups enabling crosslinking and conjugation chemistries. PEG chains are mostly available as
mixtures of different oligomer sizes, obtained by polymerization of single PEG units, which range
from an average molecular weight of 40 g/mol for each single PEG. Otherwise, dPEG (discrete PEG)
crosslinkers are also available, in which all the PEG units have the exact same molecular weight and
length, to provide a more accurate and less variable composition of the crosslinker. Due to their
hydrophilic nature, attachment to proteins and other biomolecules decreases aggregation and
increases their water solubility. Finally, PEGylation of therapeutic molecules have been proven to
reduce renal clearance and enhance biodistribution and half-life of the molecule (Benincasa et al.,
2015). Moreover, PEGs are biocompatible, non-toxic and poorly immunogenic; indeed, as we
discussed, PEGylation has been used as a strategy to shield viral (and other molecules) epitopes and
prevent immune system activation in vivo. However, recent studies shown the presence of anti-PEG
antibodies in patients treated with PEGylated drugs and even in subjects who have consumed PEG
containing products. The presence of anti-PEG antibodies has been related to an increased
clearance of PEGylated drugs and thereby a minor therapeutic effect caused by subsequent
administrations, along with potential side effects elicited by the immune system activation (Thi et
al., 2020). However, despite this drawback, currently no valid alternatives to PEG have been
proposed in order to improve blood circulation time and drug efficiency, thus making PEG the gold
standard for drug delivery.

In the context of bioconjugation, choosing the right molecular weight and polymer architecture of
the crosslinker is important. For bioconjugation procedures and crosslinks, linear PEGs are usually
used, but also Y-shaped polymers could be considered, since the branched structure can support
two functional groups and it might improve stability in vivo. Moreover, in order to prevent steric
hindrance in bioconjugates which could impair the functionality of the molecules, different chain
lengths and weights must be tested for each protocol. For this reason, in this thesis we have been
using various crosslinkers with the same reactive end groups but different length PEGs spacers,
according to the particular experiment.
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Figure 12. Synthesis of PEG4

The choice of the other functional group of the heterobifunctional crosslinkers relied on the
particular chemistry or coupling mechanism used to covalently bind ligands to the viral capsid.

Particularly, the first experiments have been done using the self-labelling protein SNAP-tag. This
technology has been implemented in 2003, and is currently one of the most used methods for
covalent labelling of fusion proteins (Keppler et al., 2003). The SNAP-tag is a modified version of the
human DNA repair protein O6-alkylguanine-DNA alkyltransferase (hAGT), a small enzyme (19.4 kDa)
which role is to transfer the alkyl group from 06-alkylguanine-DNA to one of its cysteine residues.
However, this enzyme is not totally specific toward its substrate, but it reacts also with the
nucleobase O6-benzylguanine (BG). For this reason, substrates containing derivatives of O6-
benzylguanosine with substituted benzyl rings can also be accepted as substrates of hAGT, therefore
becoming covalently attached to the hAGT though the reaction between the -SH group of a cysteine
residue of the enzyme and the benzyl ring of the substrate, as shown in figure 13. Guanine is
released during the process and can be removed from the reaction. In order to increase the affinity
of hAGT for BG-labelled substates, a mutated version of the enzyme, carrying the G160W
substitution, has been developed with the name of SNAP-tag (Keppler et al., 2003).
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Figure 13. SNAP-tag reaction mechanism. Source, NEB.com

This technology offers many advantages for selective covalent labelling of proteins. In particular,
SNAP-tag substrates are chemically inert towards other proteins, thus ensuring accuracy and



specificity. Moreover, the reaction itself is independent on the nature of the substrates, and finally,
many BG-substrates are cell permeable, thus allowing intracellular labelling of proteins of interest.

The use of SNAP-tag is very simple, and it requires only some basic knowledge of molecular biology
for the synthesis of the SNAP-tagged ligand. Usually the SNAP-tag coding sequence is cloned in
specific sites of the protein of interest, which is then expressed as a SNAP-tag fusion. The SNAP-tag
should be inserted in a position which would not affect the functionality of the original protein,
which is usually the trickiest step of the procedure. The SNAP-tagged fusion protein can then be
reacted with a broad range of commercially available BG-substrates, including fluorophores, dyes,
biotin, or beads, and custom-made BG-substrates can be synthetized according to the needs as well.

The reaction itself can be performed in PBS, at room temperature for a few hours or over-night at
4°C, and it does not require any particular reagent or catalyst to be performed, while particular
conditions could improve the reaction. For example, since stability of the SNAP-tag is improved in
the presence of reducing agents, addition of 1ImM dithiothreitol (DTT) is suggested. pH can range
from 5.0 to 10.0, and salt concentration from 150mM to 1M, but direct testing of different
conditions is suggested to optimize the reaction. Free guanine and excess of BG-substrates can be
removed from the reaction with different methods, typically by dialysis or filtration, and since
labelled protein is linked to the SNAP-tag label by a covalent bond, it remains stable for several
months (New England BiolLabs Inc. Technical protocols).

The second functional group | have been using for this project is dibenzocyclooctyne (DBCO) alkyne,
a reactive group involved in some particular reactions which are generally denoted under the name
of “click chemistry” reactions. The term click chemistry was introduced by K. B. Sharpless in 2001,
to describe those reactions that must be “modular, wide in scope, give very high yields, generate
only inoffensive byproducts that can be removed by nonchromatographic methods, and
be stereospecific” (Kolb et al., 2001). In other words, click chemistry reactions are easy to perform,
occur in one pot, are not disturbed by water or oxygen, and are characterized by a high
thermodynamic driving force that drives it quickly and irreversibly to high yield of a single reaction
product. There are several reactions that are included in the click chemistry term, but the main
example, which is actually the original version of the reaction | have used in this project, is the 1,3-
dipolar cycloaddition, sometimes referred as Huisgen cycloaddition, from the chemist who firstly
described this reaction in 1963 (Huisgen, 1963). In general, the 1,3-dipolar cycloaddition is
a chemical reaction between a 1,3-dipole (which is a dipolar compound carrying a separation of
charge over three atoms — good examples are azides molecules RN3 ) and a dipolarophile (any
compound that reacts with 1,3-dipoles) to form a five-membered ring. Huisgen cycloaddition is an
example of this kind of reaction in which an azide reacts with an alkyne to generate a 1,2,3-triazole
(chemical compounds which contain a five-membered ring of three nitrogen atoms in position 1,2,3
and two carbon atoms in position 4 and 5). Historically, the copper-catalyzed azide-alkyne
cycloaddition have been widely used due to its fast kinetics, but the cytotoxic effects of copper in
living systems largely impaired its use in biology. Indeed, both metal or high temperature are
required to overcome the activation barrier of deforming the alkyne’s bond angle to form the
triazole. However, in the last 15 years, a subclass of click reactions termed biorthogonal click
reactions have allowed scientists to couple azide-tagged ligands in a biocompatible way without
relying on high temperature or on the presence of any metal to catalyze the reaction. These
reactions are based on a class of molecules called cyclooctyne, cyclic analog of alkynes with an eight-
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carbon ring, whose bond angle of carbons, which is ~160°, is distorted toward the transition state
of the cycloaddition reaction, resulting in a drastic rate acceleration. By using cyclooctyne molecules
is possible to selectively couple azide-labelled protein with alkyne-decorated ligands via copper free
azide-alkyne cycloaddition. One of the most broadly used cyclooctynes is dibenzocyclooctyne
(DBCO), firstly used to label azide-modified sugars on living cells in 2008 (Ning et al., 2008).

A schematic representation of a copper free azide-alkyne cycloaddition between DBCO and the
azide group is reported in figure 14a.

DBCO and azides are not present in biological systems, thus they efficiently react with each other
while remaining inert to naturally occurring functional groups, ensuring an efficient, selective and
specific conjugation. Specifically, DBCO possess a good stability in aqueous buffers, and within
physiological temperature and pH ranges it does not react with other groups such as amines and
sulfhydryls. Moreover, DBCO reagents possess an embedded chromophore that can be used for
spectroscopic analysis, that can be useful to evaluate the yield of the reaction. The reaction itself is
easy to perform, is compatible with phosphate buffers in a broad pH range and can be completed
in 2 hours at room temperature or over-night at 4°C.

The structure of NHS-peg4-DBCO heterobifunctional crosslinker used for this project is shown in
figure 14b. The NHS group is used to attach the linker to -NH2 groups present on exposed lysine
residues of the viral capsid, while DBCO reacts with azide-labelled ligands.
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Figure 14. a) Cu-free azide-alkyne cycloaddition reaction scheme. b) DBCO-peg4-NHS linker structure. Source,
clickchemistrytools.com

Another reactive group that has been used in this project as an alternative to the NHS is the
maleimide, a chemical compound with the formula H,C(CO)2NH. This compound is particularly
popular in bioconjugation thanks to its reactivity toward sulfhydryl groups (-SH), which can be
naturally found on the side chains of cysteine residues. The maleimide group reacts specifically with
sulfhydryl groups when the pH of the reaction mixture is between pH 6.5 and 7.5, resulting in the
formation of a stable and non-reversible thioether linkage. In more alkaline conditions (pH >8.5),
the reaction favors primary amines and also increases the rate of hydrolysis of the maleimide group
to a non-reactive maleamic acid. Another thing to be considered is the state of the -SH group before
the reaction with the maleimide. Indeed, in biological systems cysteines are often joined together
between their side chains via disulfide bonds, which therefore must be reduced to free thiol before
the reaction. Common reducing agents such as dithiothreitol (DTT) and betamercaptoethanol
(BME), however, must be removed before the maleimide reaction because they contain thiols which
would compete with the reaction. An efficient alternative is the thiol-free reducing agent TCEP (tris
(2-carboxyethyl) phosphine). Maleimide are often used together with NHS esters to form
heterobifunctional crosslinkers employed in the preparation of targeted therapeutics (mainly
antibodies-drug complexes due to the high presence of Cys residues in the Ab structure), protein
conjugates, protein-based microarrays, or proteins immobilization essays (Thermo Scientific -
Crosslinking Technical Handbook, 2012).

As proof of concept to test our conjugation system we firstly decided to use lectins as potential
ligands, in particular the Wheat Germ Agglutinin (WGA) and the Griffonia Simplicifolia Lectin |
isolectin B4 (I1B4). Lectins are small oligomeric carbohydrate-binding proteins characterized by the
presence of a carbohydrate recognition domain that is highly specific for sugar moieties, in a way
that is comparable to the binding of antigen to an antibody. In general, a protein, to be classified as
a lectin must possess the ability to weakly and reversibly bind to glycans with high specificity, must
have nonimmune origin (immunoglobulins are not lectins) and should not change the structure of
the glycan it binds to. They are ubiquitous and can be classified in five different specificity groups
according to the sugar they bind to: mannose, galactose/N-acetylgalactosamine, N-
acetylglucosamine, fucose and N-acetylneuraminic acid. It is important to note, however, that
lectins bind not only to oligosaccharides on cells, but also to free-floating glycans, even if in a weaker
way (Gajbhiye & Gong, 2013).

Lectins play a role in many different biological functions, including regulation of cell adhesion,
agglutination or precipitation of polysaccharides, regulation of solubility and blood protein levels,
glycoprotein synthesis and many more. Their function is mainly dependent on their locations: lectins
that are located intracellularly are involved in trafficking, sorting, and targeting of glycoprotein to
various pathways, while lectins secreted or expressed on cell surface are involved in cellular
adhesions and recognition. In particular, surface lectins offer an attractive opportunity for many
clinical applications, including drug delivery, gene delivery, vaccine delivery, imaging and anti-
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microbial actions(Gajbhiye & Gong, 2013). Indeed, specificity of lectins toward glycans has been
exploited in nanobiotechnologies to create lectin functionalized nanoparticles able to target drugs
to various tissues with minimized systemic side effects (Devi & Basil-Rose, 2018). When coupled
with a lectin, the complex of interest can bind to specific glycans on target cells and can be
internalized through lectin-mediated endocytosis, thereby leading to an efficient cellular uptake of
the ligand. In the context of gene delivery for example, nucleic acid complexed with liposomes and
functionalized with liver-specific lectins successfully increased plasmid delivery rate in vitro (Letrou-
Bonneval et al., 2008).

WGA is a lectin composed by two identical subunits of 18 kDa and 171 amino acids which dissociate
into monomers at acid pH. Each protomeric unit of WGA consists of four structurally homologous
domains, called A, B, Cand D, connected by disulfide bonds, for a total of eight sugar binding sites of
the WGA dimer, which are all simultaneously functional. In particular, affinity studies shown that
WGA affinity to oligosaccharides is higher than affinity to monosaccharides, and that A, B and C
domains bind to GLcNAc while D domain interacts with glycosides (Bal¢iGnaité-Murziené & Dzikaras,
2021). WGA carbohydrate-binding modules, called CBM18, recognize N-acetyl-D-glucosamine
(GLcNACc) and sialic acid residues, which are commonly present in many glycoproteins expressed on
membranes of different cell types, including neurons (Goldstein et al., 1997). Moreover, since most
cancer cell lines express high levels of sialic acid, WGA is an attractive candidate for selective
targeting strategies and cancer therapy, as in the case of pancreatic carcinoma, wherein WGA shows
a marked cytotoxic effect (Schwarz et al., 1999).

WGA has been widely used as a neuronal circuit tracer molecule to study cellular connections and
neuronal projections. One of the first studies has been carried out in 1988 (Broadwell et al., 1988),
where the authors shown how WGA could enable delivery of macromolecules through the blood-
brain-barrier (BBB). WGA has been conjugated with the enzymatic tracer horseradish peroxidase
(HRP) and injected intravenously in mice. After only five minutes, the entire cerebrovascular tree
from the luminal side was labelled. Pericytes, located on the abluminal surface of cerebral
endothelia were positive after six hours, and signal was detected in the pituitary lobe and
hypophysis within one day. It has been shown that WGA binds to cell surfaces and is internalized by
adsorptive endocytosis. Adsorptive endocytosis is a type of pinocytosis, an internalization
mechanism that requires a ligand-cell surface interaction and is triggered by an electrostatic
interaction between the positively charged proteins and negatively charged plasma membrane
surface (G. Xiao & Gan, 2013). WGA-HRP has been shown to be uptaken by adsorptive endocytosis
by cerebral nonfenestrated endothelia and conveyed to the Golgi complex where is processed for
eventual exocytosis from the cerebral endothelium to the abluminal surface. Moreover, when HRP
is uptaken by bulk-phase endocytosis, no signal is detected in the abluminal side, thereby
demonstrating that adsorptive endocytosis is required for transcytosis through the blood-brain
barrier without compromising the integrity of the BBB (Broadwell et al., 1988).

WGA, alone or conjugated with markers including fluorophores, has not only been used to trace
neuronal circuits in the brain, but also in the spinal cord and in the peripheral nervous system,
exploiting the fact that it can be transported in both in the anterograde and retrograde directions
(Van Der Want et al., 1997). Interestingly, after being taken up by neurons, it seems that WGA can
even jump transganglionically (in peripheral circuits) or transsynaptically (in central circuits)
(Schwab et al., 1978) (Sillitoe, 2016). Transsynaptic transport can also be bidirectional, as it has been



reported in many different works, supporting the originally assumed adsorptive endocytosis-
dependent mechanism (Yoshihara, 2010).

However, WGA has also therapeutic potential. Indeed, WGA ability to cross the BBB has been
exploited to transport different drugs to the CNS. For example, intranasal administration of WGA
functionalized nanoparticles loaded with miR132 micro-RNA, which is involved in neuronal survival,
significantly improved learning and memory function of a murine model of Alzheimer’s disease (Su
et al.,, 2020). Moreover, WGA-incorporated nanoparticles have been used to target drugs to
different types of cancer, including ovarian carcinoma (Plattner et al., 2008).

The widespread tropism of this lectin and the fact that multiple binding sites are present are the
reason why we have decided to use WGA as testing ligand to validate our AAV chemical
conjugation system. Indeed, sialic acid and GLcNAc are generally expressed on cell membrane of
different cell types, including most of the tumor-derived cell lines commonly used for in vitro
testing, thus making WGA a very versatile tool to test and refine our conjugation protocol.
Moreover, the high stability and the particular conformation of WGA is a point in favor in the
choice of this ligand. WGA has been functionalized by adding an azide group directly on its lysine
residues, using an NHS-peg4-Azide crosslinker. However, since we could not predict exactly how
this would affect the structure and functionality of the lectin, having multiple binding sites which
are independent from each other could increase the chance that WGA would remain functional
after the azide insertion.

The second lectin used in this project is Griffonia Simplicifolia Lectin | (GSL I) isolectin B4. Lectins
from Griffonia simplicifolia are made by two different subunits (A and B), and, according to their
composition it is possible to distinguish five tetrameric isolectins: BSI-B4 (I1B4), BSI-AB3, BSI-A,B;, BSI-
AsB and BSI-As. The A subunit recognizes N-acetyl-a-D-galactosaminyl residues, while the B subunit
is specific for a-D-galactosyl residues. Thereby, IB4, which only contains four B subunits, can only
bind to a-D-galactosyl residues. Historically, GLS | have been used to study blood groups, since
subunit A and B respectively agglutinates human blood group A and B cells.

More relevant for this project, IB4 has been shown to mark endothelial cells and neovascular
structures, also in the context of cancer therapy (Niethammer et al., 2002). Since surface
glycoconjugate expression pattern seems to be similar in different endothelial tissues, IB4 can be
effectively used to study endothelial plasticity during development, chronic inflammation and
tumor neovascularization in different models (Benton et al., 2008).

Concerning specifically the nervous system, IB4 can be used as a marker for glia and activated
microglia during inflammation and pathologic conditions (Morioka et al., 1993). Moreover, IB4 is
commonly used to distinguish peptidergic and non-peptidergic nociceptors, since IB4 binds to non-
peptidergic unmyelinated primary afferent neurons (Von Banchet & Schaible, 1999). Indeed
nociceptors can be broadly divided in two categories, peptidergic nociceptors contain different
neuropeptides, including substance P and Calcitonin Gene Related Peptide (CGRP), and their
regulation relies on Nerve Grown Factor (NGF) signaling, while non-peptidergic nociceptors express
the ATP-gated ion channel P2Xs, they bind to IB4 and they are regulated by Glial cell-derived
neurotrophic factor (GDNF) signaling (Zylka, 2005). The peptidergic population terminates almost
exclusively in the outer laminae of the superficial dorsal horn (laminae | and outer Il), where they



make contact with neurons projecting to the CNS, while non-peptidergic nociceptors mainly project
into the inner part of lamina Il, contacting local interneurons (Malmberg et al., 1997).

As for WGA, IB4 has been functionalized with an azide group by modifying it with an NHS-peg4-
Azide crosslinker, thus attaching the -N3 group directly on its lysine residues. This modified version
of IB4 has been used as a ligand to re-direct AAV2 tropism. Again, the stability and the presence of
four binding domains on IB4 contributed to the efficient modification of the lectin without
interfering with its functionality.

Since the interest of our group in pain and nociception, the third ligand we have used is the well-
known protein Nerve Growth Factor (NGF), which would allow us to re-direct AAV2 tropism toward
nociceptors and potentially propose new strategies for chronic pain therapies. NGF has been
discovered nearly 60 years ago as a protein which induces nerves growth (Liuzzi et al., 1965).
Initially, it is a complex of three proteins (alpha/beta/gamma NGF) termed proNGF, but after
gamma-NGF mediated cleavage, the beta subunit is activated into functional NGF, a 26 kDa protein
which forms biologically active homodimers (Wiesmann & De Vos, 2001). NGF binds with high
affinity to the tropomyosin receptor kinase A (TrkA) and with lower affinity to the p75 neurotrophin
receptor (p75NTR) (Hutton et al., 1992). Three specificity sites are involved in receptor binding. The
N-termini NGF residues 6—9 form a helix which participates in the hydrophobic interaction with
TrkA, residues protruding from the two central sheets of both subunits of the NGF homodimer
(including W21, 131, F54, and F86) form the second binding site, while two connecting loops located
on the opposite side of the -N and -C termini act as third binding site (McDonald et al., 1991). The
NGF main receptor, TrkA, is expressed in many tissues, including immune cells, digestive tract,
uterus, skin, kidney, CNS and PNS, where it is a marker of peptidergic nociceptors. TrkA exists in an
inactive form, but binding to NGF promotes TrkA dimerization and trans-autophosphorylation of
tyrosine residues 676/680/681 of the contralateral monomer, which leads to the phosphorylation
of other proteins (including PI3K/Akt and Ras/Raf/MEK1/2/ ERK1/2 Map kinases) and the activation
of different signaling cascade. NGF also binds to the p75 receptor, which has been shown to directly
interact with TrkA and to facilitate high affinity binding of NGF and activation of cell survival
pathways, while when only p75 is involved it activates cell death pathways, particularly relevant in
some nervous system pathologies such as Alzheimer’s Disease (Kumar et al., 2020).

NGF signaling regulates the survival and activity of neurons both in embryonal and adult life. It Is
involved in axon growth and synapse formation, influences neurotransmitter and neuropeptide
synthesis and the expression of ion channels, as well as neuronal plasticity in pathological
conditions. Beside this main function, NGF is involved in many different pathways, including
ovulation and proliferation of pancreatic cells. Moreover, NGF contributes to regulate immune
system: during inflammation NGF is released by different immune cells and promotes axonal growth
in nearby nociceptors and maturation of T-cells (Lambiase et al., 1997). Finally, NGF plays a crucial
role in pain signaling. In fact, NGF levels are high in a variety of acute and chronic pain states, and
local NGF administration causes persistent hypersensitivity, allodynia and hyperalgesia (McKelvey
et al., 2013). By binding to its TrkA receptor on nociceptors, NGF directly facilitates the activation of
these neurons, while by binding to immune cells, including mast cells, it induces the release of pain
mediators such as histamine, prostaglandins and NGF itself (McKelvey et al., 2013). Given NGF’s role
in pain, many different strategies to treat chronic pain have been developed based on modulation



of NGF signaling, including genetic modification of NGF/TrkA genes (Sarasola et al., 2011), blocking
antibodies (Ugolini et al., 2007) or antagonist drugs (Abdiche et al., 2008). However, most of the
therapies for chronic pain currently available have serious downsides, including side effects,
difficulty of administration and poor long-term efficiency, mainly due to the insurgence of tolerance
and dependence.

For this reason, we think that being able to re-direct an AAV vector specifically to nociceptors would
have an immense therapeutic potential in the context of chronic pain treatment. For example, one
could use the delivery system to selectively deliver gene editing tools such as CRISPR/cas effectors,
ionic channels, different class of drugs or effector proteins to modulate neuronal activity.

In this case, NGF has not been functionalized with an azide group, but rather we have decided to
use a previously characterized NGF-SNAP fusion protein already used in our lab (Nocchi et al., 2019).
This protein is based on a mutated version of NGF, carrying the point substitution R121W, which
leads to the formation of a protein which still binds to TrkA/p75 but it loses its phosphorylation
activity, thus preventing the activation of pain cascade signaling. This painless version of NGF,
named NGFR'?!W has been then fused to a SNAP-tag, and produced as a fusion protein. NGFR?2IW.
SNAP has been then conjugated to AAV2 by using two different crosslinkers (termed long linker and
short linker), both carrying an NHS and a BG functional group on the ends, separated by a spacer
structure of two different lengths. Since the relatively large size of NGF, this has been done to test
whether steric hindrance would have been a major impairment for the functionality of the system.

Finally, as a last ligand, we have decided to use a synthetic peptide that acts as full agonist for a
member of the protease-activated receptor (PAR), named PAR1. PAR1 is the prototypical
representative of a set of protease-activated G-protein coupled receptors (CGRP), a group of seven-
transmembrane domain receptors that rely on the activation of G-protein to trigger specific
transduction pathways. PAR1 receptor is highly expressed in endothelial cells and platelets, as well
as in astrocytes and in different neuronal populations (Vance et al., 2015). When PAR1 is recognized
by its natural ligand, the serine protease thrombin, it cleaves the LDPR/SFLL site in the N-terminal
exodomain of PAR1, generating a new N-terminus which acts as a tethered peptide agonist and
binds to the extracellular loop 2 of PAR1, triggering a conformation switch and the activation of G-
protein cascade, followed by the internalization and degradation of the activated receptor.
However, many different classes of protease can bind and activate PAR1, including matrix
metalloproteases (MMP1/2/9/13), cathepsin C and activated protein C (Flaumenhaft & De
Ceunynck, 2017). Moreover, many synthetic agonists can be used to mimic the tethered N-termini
of PAR1, including the well characterized small peptide SFLLRN (Q. Zhang et al., 2018). All these
different ligands activate PAR1 in specific ways, which leads to entirely different and even opposing
cellular responses. For example, in platelets, thrombin-dependent activation of PAR1 results in
aggregation and activation of adhesion proteins, while in neurons it triggers cytoprotective signaling
and regulates neuronal functionality. Moreover, it has been shown that in endothelium PAR1
activation stimulates exocytosis, expression of adhesion proteins, loss of barrier function,
transcriptional activation and angiogenesis (Flaumenhaft & De Ceunynck, 2017). Different studies
demonstrated how thrombin activation of PAR1 increases permeability in various vascular beds
such as pulmonary microvascular endothelial cells (Arce et al., 2008). In this context, particularly
interesting is the involvement of PAR1 in brain microvascular endothelial cells (BMECs), pericyte



regulation and BBB dysfunction. It has been shown that upon thrombin stimulation, BMECs and
pericytes, which are the main component of the BBB, can release high levels of the matrix
metalloprotease 9 (MMP9), which leads to BBB dysfunctions and increased brain endothelial
permeability by inducing temporary barrier breakdown (Machida et al., 2017). In a separate study,
authors demonstrated that after thrombin activation of PAR1, BMECs highly increase the release of
nitric oxide and different reactive oxygen species, which contributes to the disruption of the tight
junctions and to the permeabilization of the BBB, indicating multiple mechanisms by which PAR1
activation leads to BBB disfunctions (Brailoiu et al., 2017). Finally, a recent study showed how PAR1
is required for lymphocyte transmigration across MBECs through the activation of specific signaling
pathways, including cascade events that lead to the modulation of vascular-endothelial cadherins,
a group of adhesion molecule located at junctions between endothelial cells and crucial for
transendothelial migration (Dragoni et al., 2020).

It is interesting to note that depending on the specific PAR1 activator ligand, subsequent cellular
signaling can lead to different cellular responses. For example, as stated above, thrombin activation
of PAR1 leads to BBB dysfunction, but if the same PAR1 receptor is activated by the activate protein
C, the result would be the trigger of barrier protective signaling (Feistritzer & Riewald, 2005).
However, since SFLLRN-dependent PAR1 activation mimics thrombin-dependent activation, we can
expect that the effects of thrombin on BBB functionality (increased permeability) will be similar to
the ones elicited by our SFLLRN-AAV2 complex. According to this, it is possible that our SFLLRN-N3
could promote AAV transendothelial migration trough the BBB, thus allowing efficient infection of
the nervous system.

The most widespread route of gene delivery to the CNS is cerebrospinal fluid (CSF) administration,
which is typically achieved through injection into the cisterna magna or with intrathecal injection.
Pia mater, the innermost layer of the meninges, is a highly vascular layer that directly invests the
brain and spinal cord, and is separated from the overlying arachnoid by the subarachnoid space. CSF
fills the subarachnoid space and ventricular system around the brain and spinal cord, and due to the
close contact with the CNS it represents a valid way for CNS targeting. Moreover, by delivering viral
vectors directly into the CSF is possible to overcome the challenges presented by the BBB and to
avoid circulating neutralizing antibodies, thus increasing transduction of CNS (Taghian et al., 2020).
Lumbar intrathecal injection is commonly used to delivery AAVs to the spinal cord, but transduction
of the spinal cord in mice is mostly limited to the lower thoracic and lumbar areas, together with
only minimal brain transduction, probably due to the distance to intracranial structures (Gray et al.,
2013). Considering the anatomy of pia mater, composed by a one- to two-cell-thick layer of
leptomeningeal cells (or meningeal fibroblasts), which is richly vascularized, it is possible to
speculate that PAR1 agonist SFLLRN-N3 could facilitate AAV transmigration directly into CNS
parenchyma by binding to vascular cells or directly to meningeal fibroblasts and mediating
transmigration. If this is the case, strong transduction of the whole spinal cord could be achieved
following intrathecal injection, with possible infection of the brain as well.



1.12 SCHEMATIC REPRESENTATION OF THE COUPLING STRATEGY
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Schematic representation of the chemical modification strategy. a) wild type AAV2 is genetically modified to
disrupt HSPG binding site by arginine585/588-to-alanine substitutions. b) AHSPG vectors obtained are
functionalized with different heterobifunctional crosslinkers carrying an NHS molecule on one end and a
specific reactive group on the other (BG/DBCO). c) Primed AHSPG are then reacted with appropriately
modified ligands carrying a SNAP/N3 tag in order to obtain stable AHSPG-ligand conjugates.



2 RESULTS

2.1 BEST MODIFICATION RATIO

As discussed above, most of the experiments have been carried out using a mutant rAAV2 carrying
specific point mutations to either disrupt HSPG binding site or to enhance transduction efficiency.
Firstly, | have inserted the well-known R585/588A substitutions in the VP3 coding region to generate
vectors (AHSPG vector) not able to bind to HSPG residues, thus being a good model to ensure the
efficiency of our modification strategy to re-direct viral tropism in a specific and background-free
manner. Next, Y444+500+730F+T491V substitutions have been added to the already modified
AHSPG VP3 coding region. These modifications aim to replace some key residues which are
phosphorylated following viral infection, and prime subsequent ubiquitination and proteasome —
mediated degradation of the vectors. This has been suggested to significantly enhance AAV2
infectivity both in vitro and in vivo, thus permitting to reduce the amount of virus used for the
experiments while still obtaining high levels of transduction.

Plasmid coding for the modified AAV2 capsid has been used to produce vectors carrying the
tdTomato fluorescent protein gene driven by the synthetic CAG promoter, followed by the
Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element (WPRE) and the Simian Virus 40
Poly-adenylation (SV40 Poly-a) sequence (figure 15a). The strong and bright red fluorescent signal
of tdTomato (emission wavelength = 581 nm), as well as its photostability make it an excellent
fluorophore for in vivo studies. The choice of a strong mammalian promoter and of regulatory
elements to enhance mRNA stability aim to obtain high level of protein expression, displayed as a
bright red fluorescent signal in infected cells.
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Figure 15. a) Schematic representation of AHSPG vector expression cassette. b) Workflow of the procedure to find the
optimal viral titre::moles of linker ratio. AHSPG vectors are modified with increasing amount of linker, then WGA-N3s is
added. Fluorescence is analyzed on freshly prepared DRG cultures 3/5 days post-infection.



Despite different vectors, ligands and linkers having been used throughout this project, the first step
of all modification processes relied on the functionalization of viral capsids with a reactive group
that could be used to further attach the ligand to the complex. As previously discussed, this has
been achieved by using different types of heterobifunctional crosslinker molecules, which all share
a common NHS-ester group. The NHS-ester group has been exploited to modify the capsid’s lysine
residues, but since an AAV2 capsid carries around 550 lysine residues, we firstly sought which was
the best viral titre::moles of linker ratio (or in other words, the best number of lysine to modify in
each viral particle) to obtain the optimal modification yield. Obviously, being volume the same, a
more concentrated viral batch requires higher amount of linker to be used to maintain the best
molar ratio. Despite all viral batches produced during this project having a yield of around 3x10'?
VG/ml, the ratio of empty:full capsids may vary within different preps as well as other changeable
factors (glycosylation, prep purity, ...). For this reason, for every new batch of virus produced, the
best viral titre::moles of linker ratio has always been evaluated separately. AHSPG vectors are
modified with increasing virus::linker ratios and then the functionalized viruses are coupled with the
proper ligand. Modified vectors are then tested on different cell lines (Hek293, PC12) or primary
dorsal root ganglia (DRG) cultures, and fluorescence intensity is evaluated 3 to 5 days post-infection.
The workflow to find the best viral titre::moles of linker ratio is schematized in figure 15b.

To find the optimal viral titre::moles of linker ratio for every new batch of AHSPG produced, 3x10°
VG for each condition are reacted with increasing concentrations of NHS-peg4-DBCO linker
(0,17/0,85/1,7/3,4/5,1 picomoles (pmol)) in PBS for 2 hours. Unmodified AHSPG vectors (no linker)
were used as control. 5uM WGA-N3 is then added to the reaction, which continues over night. All
conditions plus the negative control (unmodified AHSPG) are then applied on freshly prepared DRG
cultures obtained from C57BL/6J wild-type mice. Red fluorescence is evaluated 3-5 days post
infection by fluorescence microscopy. Results can be seen in figure 16.

The first clear thing we can see is that unmodified AHSPG still retains some of its ability to infect
cells, even if at a much lower level compared to wt AAV2, as we will discussed later. On the other
hand, the addition of WGA is effectively able to restore viral infectivity by reinstating initial binding
of the vectors to GLcNAc and sialic acid residues, highly expressed on neuronal membranes, and
facilitating subsequent internalization. However, as we speculated, the number of lysines actually
modified make a difference in the efficiency of the system. Including data from different
experiments it was clear that if a certain threshold is exceeded, the virus starts losing infectivity,
probably because an excess of lysine modification results in the overcoating of the vectors which
than fail to enter the cell after the initial attachment. On the contrary, if not enough linker is used,
then a lower percentage of lysines will be modified, resulting in vectors which are infective but not
up to their maximum potential. This is particularly evident in figure 16¢c, where the strongest signal
is registered in the 0,85 pmol condition. Despite in all conditions the signal is much stronger
compared to the negative control, proving that our modification system can actually restore and re-
direct viral tropism, it is possible to see that the fluorescence starts at 0,17 pmol of linker used,
reaches its maximum at 0,85pmol and then begins to decrease to the minimum level at 5,1 pmol
(fig 16g). Continuing this experiment to even higher ratios would eventually bring to a total
impairment of viral infectivity.
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Fig 16. Finding the optimal concentration of linker using NHS-peg4-DBCO + WGA-Ns. The strongest signal is evident in
the 0,85 pmol group (c), despite it being drastically higher than the control in all the conditions tested (g).



2.2 BEST LIGAND CONCENTRATION

The next step was to investigate whether the concentration of the ligand used to actually replace
viral binding ability could influence its efficiency. Indeed, we thought that an excess of ligand
attached to the viral surface could resemble the effect of the overcoating obtained when too much
linker was added to the reaction. In a similar way, it is reasonable to think that if the viral particle is
completely covered by proteins, steric hindrance problems could arise, which could lead to
impairments in the functionality of the protein itself or in viral ability to enter the cells after
attachment. This is largely depending of the nature of the ligand, particularly from its biochemical
proprieties, size, amino acid composition, structure and interaction patterns. For example, smaller
or particularly stable ligands should be impacted to a lesser extent by steric hindrance constrains,
but given the difficulty to predict the final outcome, the best strategy it is to directly test the effect
of different concentrations of ligands on our chemical modification protocol. To test the best ligand
concentration to use in order to obtain the maximum efficiency of our modified vectors, 3x10° VG
of AHSPG-tdTomato per condition have been modified at their respective optimal linker
concentration, previously found with other experiments as shown above. NHS-PEG4-DBCO linker
has been used. After 2 hours of incubation, IB4-N3 and WGA-N3 have been added at the
concentrations of 1, 2, 5 and 10 uM. Modified AHSPG vectors have been tested directly on PC12
cells, plated at 70% density in a 96well culture dish. Fluorescence has been monitored 3 days post
infection by fluorescence microscopy. Workflow and results can be viewed in figure 17.
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Figure 17. a) Schematic representation of the workflow to find the optimal ligand concentration. tdTomato expressing
AHSPG vectors are modified at their best virus::linker molar ratio with NHS-peg4-DBCO, then 1, 2, 5 and 10uM of WGA-
Ns or IB4-N3 are added. Modified vectors are used to infect PC12 cells. b) best ligand concentration depends on the
ligand itself. With WGA, the highest fluorescence is registered when a concentration of 5uM is used, while for I1B4 it
increases to 10uM. c) Quantification of total fluorescence of positive cells in each condition.

In the case of WGA, signal starts at 1JuM and reaches its maximum peak at 5uM, decaying at higher
concentration (10uM). On the other hand, IB4-modified AHSPG show best efficiency at 10uM. Based
on this result, it seems that ligand concentration can affect the functionality of the modified vectors.
Efficiency has been evaluated by calculating the total fluorescence of all the positive cells in each
condition (figure 17c).

However, it is interesting to note that there is not an absolute optimal ligand concentration that
could be used, since it seems to rely on the biological and biochemical proprieties of the specific
ligand. For example, in the case shown in figure 17b, IB4 needs to be used at double concentration
compared to WGA to reach its best efficiency. However, it is important to note that since we directly
produce our IB4/WGA-azide tagged molecules, the yield and the purity of the reaction may vary,
thus it is hard to give an accurate and absolute value for the best ligand concentration. However,
what seems to be clear is that for all ligands used in this project a concentration of 5uM has been
always related to a good fluorescent signal both in vitro and in vivo. For this reason we have decided
to adopt 5uM as our reference condition for further experiments.



2.3 BEST CHEMICAL REACTION: SNAP-TAG VS AZIDE

Another variable that could affect the functionality of the technology is the choice of the chemical
reaction used to covalently attach ligands on viral capsid. Two different strategies have been used
in this project, both having advantages and disadvantages, which rely on the SNAP-TAG or on the
azide-DBCO reaction.

The SNAP-TAG is a self-labelling enzyme that can be inserted as a fusion protein directly into well-
defined regions of a target ligand, thus ensuring great spatial control of the modification site, and
1:1 molar labelling. Of course, given its size of 19.4 kDA, it is possible that the insertion would
negatively influence the functionality of the modified ligand in different ways, including protein
structure, stability or binding ability. For these reasons it is necessary to carefully plan the synthesis
of a SNAP-tagged ligand considering that the insertion must be well tolerated.

On the other hand, an azide (N3) is a chemical group composed by only 3 atoms of nitrogen, thus
its size should not represent an issue when the azide is inserted into a ligand because it would not
cause any steric hindrance issue or mask any functional site of the modified protein. An azide motif
can be inserted in a ligand in different ways, both pre and post translationally. One of the most
commonly used pre-translational system relies on unnatural amino acids carrying an azide group
which can be inserted in a specific site of the gene coding target ligand. By contrast, azide insertion
by post translational modification can be achieved using specific crosslinker molecules, such as NHS-
pegx-Azide. While this way is considerably easier and faster than pre translational modifications, it
is hard to predict exactly how many and where the azide motifs would bind on target ligand, thus
conferring much more variability at the system.

To explore how the choice of the chemical reaction used to covalently bind target ligand on AHSPG
capsid would influence the efficiency of the system, | have compared the transduction levels of
AHSPG vectors modified respectively with WGA-SNAP or WGA-N3.

WGA-SNAP has been synthetized as SNAP-tag fusion protein by the Protein Core Facility, EMBL,
Heidelberg. WGA-azide has been produced in our laboratory by modifying the lectin with a NHS-
pegd-Azide linker, as discussed in the Material & Methods section.

Increasing amount of AHSPG vectors (7,5x108, 1,5x10° and 3x10° VG) were modified with NHS-
pegd-DBCO or NHS-peg13-BG linkers at their optimal linker concentrations. 5uM WGA- N3 or
WGA-SNAP were added on vectors respectively modified with DBCO or BG linker. Modified vectors
were then applied on freshly prepared wild type DRG cultures. Fluorescence has been monitored 3
days post infection by fluorescence microscopy. Workflow and results can be viewed in figure 18.
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Figure 18. a) Schematic representation of the workflow to find the best chemical modification strategy. tdTomato
expressing AHSPG vectors are modified at their optimal linker concentration with NHS-peg4-DBCO or NHS-pegl3-BG,



then 5uM of WGA-Ns or WGA-SNAP are respectively added. b) Different doses of modified vectors are used to infect
DRG cultures. c) Quantification of total fluorescence shows that transduction efficiency, along with being dose
dependent, relies on the particular chemistry used.

Red fluorescent signal, as indicator of viral transduction, is evident in all conditions, and regardless
of the chemistry used, it is dependent on viral dose. When the azide-based reaction is chosen,
AHSPG-WGA displays high level of fluorescence already at 1,5x10° VG dose, reaching its maximum
level of transduction at 3x10° VG. On the other hand, when WGA-SNAP is used, the overall efficiency
of AHSPG-WGA is drastically reduced. Only a few cells are infected at 7,5x108 and 1,5x10° VG doses,
increasing when the higher 3x10° VG dose is used, but still being markedly lower than its
corresponding condition with WGA- N3 Total fluorescence of positive cells in each conditions have
been measured as an indicator of viral efficiency (figure 18c).

This experiment proves that WGA can be effectively conjugated to viral capsid using both SNAP-TAG
or azide-based chemical reactions in order to efficiently re-target viral tropism. However, WGA-N3
exhibit drastically higher efficiency when compared with WGA-SNAP. Presumably, in terms of
efficiency, the choice of the optimal chemical reaction to covalently bind ligands to viral capsid
depends on different factors, including the particular system used to introduce functional groups
required for the specific chemistry, proprieties of the ligand itself and reaction conditions. Since it
is difficult to predict the exact functionality of a particular ligand after a specific chemical
modification, the most efficient strategy is to empirically find which are the best condition for each
ligand used, including the choice of the chemical reaction to be used.



2.4 POTENTIAL INTERNALIZATION MECHANISM

AAV2’s cell cycle begins with its access into target cell. The mechanism of internalization consists of
two steps, the first of which is cell attachment. This first interaction sees the recognition of HSPG
residues on cell membrane by a cluster of basic amino acid present on the virus that act as primary
receptor, followed by the stabilization of the linkage due to the engagement of co-receptors such
as integrins, laminin receptor and growth factor receptors. When the virus is firmly attached to the
cell, the internalization occurs. The exact internalization mechanisms adopted by AAVs to effectively
enter in the cells are still a matter of discussion, but what is known is that after attachment, AAVs
interact with the so-called universal AAV receptor (AAVR), which has been proved to be crucial for
internalization of AAV2 (Pillay et al., 2016). AAVR is a type | transmembrane protein which directly
interacts with AAV2 and is responsible for subsequent endocytosis from the plasma membrane and
trafficking to the trans-Golgi network. As previously discussed, it has been shown that anti-AAVR
antibodies efficiently block AAV2 infection, and that in vivo gene delivery is highly impaired in Aavr(-
/-) transgenic mice (Pillay et al., 2016).

Since our modification system consists in replacing the ability of AAV2 to bind to target cells, we are
actually modifying the first step of cell entry, which is the cell attachment, theoretically without
interferring with the latter internalization. However, it is also possible that the conjugation of a
ligand on the viral capsid could somehow modify the normal pathway that leads to cell entry. For
this reason, | have decided to check whether the AAVR was still needed by the virus to get
internalized, or if the foreign ligand would impair the interaction between AAV2 and AAVR and/or
possibly mediate an alternative internalization pathway.

To test this possibility, | generated a transgenic cell line by using CRISPR/Cas9 in combination with
the piggyBac™ transposon system to knock-out the AAVR gene, KIAA0319L, from a Hek 293-T cell
line. The resulting AAVR-KO HEK 283-T cell line has been used to test the infectivity of our modified
AAV2s. PiggyBac™ transposon system is a technology commonly used in genetic enegineering that
facilitates the integration of specific DNA sequences (transposons) into the genome of target cells.
The system is composed by two effectors: a transposon, in which the cargo of interest is inserted
between two piggyBac™ ITRs, and a transposase, wich facilitates direct integration of the donor-
transposon into random ‘TTAA’ sites throughout the genome. It is possible to combine piggyBac™
system with gene editing tools such as CRISPR/Cas9 to generate stable transgenic cell lines. In our
case, piggyBac™ transposon has been used to insert Streptococcus pyogenes Cas9 (spyCAas9) and
gRNA plasmids, carrying a selection marker, into Hek 293-T genome in order to obtain stable and
precise knockout of the KIAA0O319L gene (enconding for AAVR). Succesfully transfected cells have
been selected with specific antibiotics, and correctly edited clones have been screened by using wt
AAV2 carrying tdTomato as cargo. Indeed, cells which underwent correct knockout of AAVR should
be resistant to wt AAV2, while non edited cells should be permissive and thereby becoming
fluorescent after viral infection. Four rounds of fluorescence-activated cell sorting (FACS) analysis
combined with antibiotic screening allowed for an accurate selection of correctly edited cells.

To investigate whether AAVRKO Hek cell line is resistant to AAV2 infection, unmodified wtAAV2
have been directly applied to AAVRKO cells and normal Hek 293-T cells (as positive control) at a MOI
= 1000 GC/cell. Cells were fixed four days post infection and a DAPI nuclear staining have been
performed to facilitate subsequent quantification of fluorescence. Data are shown in figure 18a/e.



Strong signal has been recorded just one day post infection in normal Hek 293-T cells, reaching its
maximum peak after 3 days. On the other hand, just weak fluorescence has been recorded 3 days
post infection in AAVRKO cells, thus indicating successful knockout of AAVR and its crucial role in
AAV?2 internalization mechanisms. To further validate the knockout cell line, and to ensure at which
extent the AHSPG mutation can actually impair AAV2 transduction, unmodified AHSPG vectors have
been then applied at the same conditions to both the cell lines (figure 18c/g). Notably, data clearly
confirm that the R585/588A substitutions are not completely silent, as high level of fluorescence is
evident when AHSPG vectors are applied on wt Hek 293-T cells (fig. 18c). However, the absence of
AAVR drastically reduced transduction efficiency, as confirmed by the almost total absence of signal
in AAVRKO Hek 293-T cells (fig. 18g).

Having demonstrated the reliability of the AAVRKO model, modified vectors have been used to
investigate if the presence of WGA on viral capsid would interfere with subsequent internalization
and infection. AHSPG and wt AAV2 vectors have been modified, as previously shown, with NHS-
peg4-DBCO linker and WGA-N3, and subsequently used to infect normal Hek 293-T cells and AAVRKO
Hek 293-T cells at a MOI = 1000 GC/cell (figure 18 b/d/f/h). As expected, both wt AAV2 and AHSPG
vectors modified with WGA exhibited high level of transduction of wt Hek 293-T cells, in line with
what previously found. However, when same vectors have been applied on AAVRKO Hek, only few
cells were infected, thus further confirming the crucial role of AAVR in viral internalization and
infection. Nevertheless, when applied on the AAVRKO Hek cell line, WGA-modified vectors exhibited
substantially greater efficiency if compared to their respective unmodified version, an effect which
was not evident in the wt Hek cell line.
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Figure 18. wt AAV2, wt AAV2-WGA, unmodified AHSPG and AHSPG-WGA applied respectively on Hek 293-T cells
(a,b,c,d) and AAVRKO Hek 293-T cells (e, f, g, h). DAPI staining is evident in blue. Viral efficiency expressed as mean
fluorescence of all treated cells of each condition (i), in wt Hek (I) and AAVRKO Hek (m) have been analyzed using a two-
way Anova test (p**<0.01, p****<0.0001). Ensured the requirement of AAVR for AAV2’s cellular entry, data suggest the
presence of a WGA-dependent internalization mechanism.

In order to better study the effects of WGA and AAVR on AAV infectivity, transduction efficiency has
been measured as the mean value of fluorescence intensity of all the treated cells for each condition
(fig. 18 i/I/m). As shown in figure 18i, a statistically significative difference in viral efficiency is
evident when the same virus is applied either on wt Hek or AAVRKO Hek, thus confirming the role
of AAVR in AAV infectivity, in accordance with previously published literature. Moreover,
considering the experiments carried out on wt Hek, the presence of WGA does not statistically affect
viral efficiency, probably due to the high background level caused by the great intrinsic permeability
for AAVs of wt Hek 293-T cells (fig. 18l). However, when the same vectors are applied on the
knockout model, a statistically significative difference in viral efficiency is evident (fig. 18m). As
discussed, when the AAVR is eliminated, AAV infectivity decreases, thus generating the conditions
to better appreciate potential differences in viral efficiency caused by the presence of WGA. In this
context, while it appears that AAVR is still required for efficient transduction even in our modified
AHSPG vectors, WGA could trigger other pathways for viral entry. In this respect, we can assume
that, rather than negatively influencing AAVR-dependent viral internalization, our modification



system could confer novel proprieties to facilitate the internalization of viral particles, which are,
however, derived by the specific ligand used for the modification.

2.5 BOOSTING VIRAL EFFICIENCY WITH CHEMICALLY MODIFIED AHSPG

Beside the main aim of this project, which is to develop a strategy to selectively deliver genetic
material in a cell-type specific way using AAV vectors, we further explored other different
applications of our technology. Indeed, by acting on the very first step of viral infection, which is the
cell attachment, it could be possible to increase the total amount of viral particles that are actually
able to enter into target cell and, therefore, express their transgene. This is basically a direct
consequence of the modification technology that arises when a particularly efficient ligand is used
to modify the vectors. Moreover, by using a ligand whose receptor is widely expressed in different
cells types at high levels, it would be possible to effectively increase the overall efficiency of the
vectors. In this respect, lectins are ideal ligand candidates. Indeed, as discussed, their tropism is
exceptionally broad, they are particularly stable and they present multiple and independent binding
sites. Moreover, they shown great efficiency when coupled with AHSPG vectors in our preliminary
experiments, and their conjugation protocols have been already optimized.

To specifically asses and quantify this lectin-mediated “boosting effect” on viral delivery efficiency,
| firstly produced a wild type (wt) AAV2 designed to express a GFP reported under the control of
CMV promoter. Unmodified wt-AAV2 has been applied to PC12 cells at increasing concentrations,
to asses an efficiency baseline (figure 19a-f). The same wt-AAV2 has been modified with NHS-peg4-
DBCO and IB4-Ns3, and applied to PC12 cells at the same concentrations tested for unmodified AAV2
(figure 19g-1). Cells were fixed four days post infection and a DAPI nuclear staining have been
performed to facilitate subsequent quantification of the green fluorescent signal, expressed as the
average brightness of all cells for each condition, and collected data have been compared (figure
19m).

GFP fluorescence has not been detected at any tested concentration with unmodified wt-AAV2,
while strong signal was evident at all doses above 5x10% VG with AAV2-IB4. Viral efficiency,
expressed as average brightness of cells, was dependent on the viral dose used, and at the maximum
concentration of 5x10° VG, modified AAV2-IB4 shown drastically increased efficiency compared to
the unmodified wt-AAV2.

Thus the presence of IB4 on the AAV2 capsid can effectively boost efficiency and even rescue the
functionality of a poorly infective virus. Indeed, even if no signal has been detected for wt-AAV2 at
all concentrations tested, when the same virus is modified with IB4 it recovers its infectivity. This
offers the opportunity to simply use the modification system to increase the overall efficiency of an
AAV vector. Indeed, a general strategy to increase the efficiency of viral transduction could be to
directly act on the ability of the virus to attach on the surface of target cells. Simply put, the more
viral particles are actually able to firmly bind to target cells, the highest gene transfer rate could be
achieved. In this case, an AAV2 has been used, but it is expectable that any AAV serotype could be
adapted to our approach. In this way, it could be possible to dramatically reduce the viral amount
required to achieve any particular experimental goal, just by optimizing the efficiency of the chosen
vector.
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Figure 19. Increasing concentrations of unmodified wt-AAV2 (a-f) and AAV2-IB4 (g-1) on pcl2 cells. GFP green

fluorescence is evident only at the highest concentrations of AAV2-IB4 applied (j-1). DAPI (blue) has been used to quantify
average brightness as transduction efficiency indicator (m).



However, it is important to keep in mind that in the previous experiment, by adding IB4, the tropism
of wt-AAV2 has been modified, and vectors gained specificity for galactosyl residues as well as for
its own natural receptor HSPG residues. In this way, the virus gained new proprieties, and its tropism
has been extended. If on one side this resulted in a significant boost of efficiency, the specificity
change could lead to different problems when the vector is used in an in vivo model. Indeed, if a
specific AAV serotype is chosen for its own tropism to optimize the effect on a specific tissue,
modifying its tropism could not be the best option, mainly if the virus is delivered systemically. It is
true that the efficiency could be boosted, but high levels of unspecific targeting could be present,
due to the broad tropism of the ligand used. In this respect, the best way to boost a specific AAV
serotype efficiency without acting on its natural tropism would be to use a ligand with the same
specificity of the serotype chosen. In other words, the idea is to use our technology to modify a
specific AAV with a ligand having the same cellular specificity as the chosen AAV serotype in order
to boost its efficiency without re-direct its tropism.

In order to test viral efficiency boosting without modifying the natural tropism of the vectors, we
have selected the AAV9 serotype, which shares the same tropism of IB4 toward N-linked galactose
(Shen et al., 2011). The same experiment shown previously for wt-AAV2 has been repeated using a
wild type AAV9 vector carrying the same GFP reported gene under the control of CMV promoter.
Increasing concentrations of unmodified AAV9 (figure 20a-f) and AAV9-IB4 (figure 20g-1), modified
following the same protocol used for wt-AAV2, have been applied on PC12 cells. Again, four days
post infection, cells have been stained with DAPI, imaged and signal has been analyzed (figure 20m).

Similarly to wt-AAV2, signal from unmodified AAV9 was not evident at most concentrations, but
became visible at the highest dose of 5x10° VG (fig. 20f). However, when the same AAV9 has been
modified with IB4, GFP fluorescence has been registered at 1x10° and 5x10° VG (fig. 20k-1). Once
again, viral efficiency, expressed as average brightness of cells, was dependent on the viral dose
used, and at the maximum concentration of 5x10° VG, modified AAV9-IB4 showed drastically
increased efficiency compared to the unmodified wt-AAV9, which had barely visible signal.

By comparing the average fluorescence of cells in each condition it is clear that the presence of IB4
is effectively able to enhance viral efficiency. Starting from a virus in which efficiency was barely
detectable, it has been possible to obtain a more functional vector while retaining its own original
tropism. In this way it is expectable that AAV9-IB4 would still bind to the same cells when delivered
in vivo but with higher efficacy, resulting in more efficient gene delivery.

Figure 20. Increasing concentrations of unmodified wt-AAV9 (a-f) and AAV9-IB4 (g-1) on pcl2 cells. While GFP green
fluorescence is barely present only in the 5x10° VG condition for the unmodified wt-AAV9 (f), strong signal is registered
in both 1x10° and 5x10° VG when AAV9-IB4 is used (k-1). DAPI (blue) has been used to quantify average brightness as
transduction efficiency indicator (m).
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2.6 INVIVO- AHSPG-I1B4

Given the functionality of the modification system in vitro, we next sought to determine whether
the same modified vectors were also able to retain their enhanced efficiency in vivo. It is important
to mention the fact that in the in vivo model there are a number of obstacles that viral particles
have to overcome to efficiently infect their targets. As previously discussed, the immune system
plays a crucial role in the neutralization of viral particles, thus limiting the effectiveness of gene
delivery. Immune response could be elicited specifically by capsid proteins, the vector DNA
expression cassette or by the product of these genes, and despite many strategies having been
developed to overcome these issues, in vitro models are still more permissive. Moreover, given the
huge variety of cellular types present in vivo, it is expectable to observe some grade of off-targeting,
which results in a loss of potentially functional virus through infection of unwanted cells. This is
particularly true when a serotype with broad tropism is used, or, in our case, when a ligand which
can bind to many different tissues is used to expand or re-direct viral tropism.

In an attempt to reduce as much as possible off-targeting, all in vivo experiments have been
performed using the AHSPG vectors, modified with different classes of ligands. In this way, viral
tropism can be restricted just to the cells expressing the receptor of the ligand used, thus avoiding
detrimental waste of virus and undesirable possible side effects on the animal.

The first ligand that | have been testing in vivo was IB4. Previous experiments have been already
performed in order to optimize AHSPG-IB4 modification protocol, and furthermore shown the
efficiency of the system in vitro.

Different injection routes have been chosen, based on the particular selectivity of IB4. Since IB4 is
commonly used as a marker for nonpeptidergic nociceptors, | firstly checked whether its natural
tropism for neurons was also maintained in vivo after conjugation with AHSPG capsid. Intra sciatic
nerve injection is a technique for intraneural targeting, applicable to mouse peripheral nerves, with
low impact on the nerves and which reduces the variability of label recovery by limiting delivery
specifically to lumbar #3, #4, #5 DRG homolateral to injection site (Heape et al., 1986).

AHSPG AAV2 vectors were modified with NHS-peg4-DBCO linker at the best virus::linker ratio
previously found for the batch used in vitro, then 10uM IB4-N3 was added. Since a small volume is
required for intra sciatic nerve injection (3ul), modified virus was concentrated with 100kDA
molecular weight cut-off column. As negative control, AHSPG coming from the same batch as the
one conjugated with IB4 were concentrated to a final volume of 3ul with the same 100kDA columns,
and no chemical modifications were performed.

C57BL/6J wild-type mice were injected with 9x10° VG for each condition in either right or left sciatic
nerve following nerve identification and exposure. Animal’s health condition and mobility were
monitored after the injection, and tissues were collected 4 weeks post injection.

Mice were sacrificed, lumbar #3, #4, #5 DRG and spinal cords were collected and promptly fixed for
2 hoursin PFA 4%. Samples were then washed three times with PBS, embedded in 2% agarose blocks
and cut with a vibratome to obtain 50uM thick sections. This procedure was used for the preparation
of the histological sections of all the tissues collected in each in vivo experiment.



To ensure selective targeting of nonpeptidergic nociceptors, green fluorescent Alexa Fluor® 488
isolectin GS-IB4 conjugate was used for specific cellular staining. Samples were finally mounted and
imaged at confocal microscope. Results are shown in figure 21 and 22.

AHSPG-1B4 Unmodified AHSPG

Figure 21. Fluorescence detected in lumbar #3 DRG and spinal cord from wild type mice injected respectively with
AHSPG-IB4 (a,c) and unmodified AHSPG (b,d) carrying tdTomato fluorescent reporter.



Figure 22. DRG and spinal cord sections from wild type mouse injected intra sciatic nerve with HSPG-IB4 vector
expressing fluorescent tdTomato reporter. #3 lumbar DRG and spinal cord showing strong red fluorescence (a,d) are
stained with green fluorescent Alexa Fluor® 488 isolectin GS-1B4 (b,e). Merged channels are shown (c,f).

Fluorescent signal has been found in #3, #4, #5 lumbar DRG in mice injected either with AHSPG-IB4
and unmodified AHSPG, with the higher peak in #3 lumbar DRG (figure 21 a,b). However, DRG from
mice injected with modified vectors shown substantially stronger signal when compared with the
control group. To note, some signal in the control animals is perfectly expectable and in line with
previous studies showing that AHSPG AAV?2 still maintain some of its activity, especially when high
doses of virus are used.

On the other hand, while strong red fluorescence can be detected in the dorsal horn of the spinal
cord ipsilaterally to the injection site in experimental mice (figure 21c), no signal at all is detected in
the control animals (figure 21d).

The localization of the signal within the spinal cord matches the expectations, given the connection
of lumbar #3, #4, #5 DRG projection to the second lamina of dorsal horns, where nonpeptidergic
nociceptors are located. Moreover, the absence of signal in control mouse spinal cords indicates a
weaker level of transduction of DRG, due to the limited efficiency of unmodified AHSPG vectors.

In order to assess accurately cell type specificity, samples have been stained with fluorescent Alexa
Fluor® 488 isolectin GS-1B4 (figure 22b, d). A shown in figure 22c,f, substantial colocalization of red



signal (virus) and green signal (dye) is detected. In DRG the efficiency, calculated as percentage of
infected cells among the total of IB4-positive cells, reaches the 69 + 4,9 %. Red fluorescence in the
spinal cord appears to be localized selectively in the second lamina of the dorsal horn on the side of
injection (figure 22d), the termination site of nonpeptidergic nociceptors. IB4-488 staining confirms
correct targeting of modified vectors (figure 22f).

| next investigated whether AHSPG-IB4 was able to target another cellular population which is
known to express high levels of a-galactose residues: vascular cells. Given the high affinity of 1B4 for
vascular cells, | performed subcutaneous injections in the paw of wild type C57BL/6 mice, with the
aim to target both neuronal projections and vascular networks beneath the skin.

AHSPG vectors were modified with IB4-N3 as for intra sciatic nerve injections, and 1,5x10%° VG were
injected subcutaneously along with unmodified vectors as control. Skin of the paw was taken 4
weeks post injection, fixed and imaged (figure 23).

AHSPG-1B4 Unmodified AHSPG

Figure 23. Fluorescence detected in the skin of the paw from wild type mice injected respectively with AHSPG-IB4 (a)
and unmodified AHSPG (b). While no vasculature is evident in the control animals, modified AHSPG-IB4 successfully
mark endothelial cells and vascular smooth-muscle cells.

As shown in figure 23a, blood vessels but no nerves are easily detectable in the whole sample,
while vasculature is not evident in control mice (figure 23b). According to the morphology, AHSPG-
IB4 seems to target specifically endothelial cells and vascular smooth muscle cells which surround
blood vessels. The strong fluorescent signal demonstrates that IB4 is able to mark vascular



elements even if not delivered directly into the blood stream, as it is usually done for this purpose,
and, moreover, is able to selectively drive the conjugated virus to its target enabling specific
infection.

2.7 INVIVO- AHSPG-NGF

We next investigated the conjugation of another ligand, the neurotrophic factor NGF. This ligand
has been selected for multiple reasons. First, being a protein, it represents a different class of ligands
that we have never tried to conjugate to a viral vector capsid in vitro, therefore it was important for
us for to further probe the versatility of the technology. Second, our group has an interest in pain
and nociception, and NGF signaling and proprieties were already familiar to us. Indeed, our lab have
previously worked with a mutated form on NGF, named NGFR'?*W, which retains its ability to bind
to its receptor but does not activate the signaling cascade which leads to pain transmission. Finally,
and most important, NGF tropism for peptidergic nociceptor could have therapeutic potential. Being
able to obtain AAV vectors which can selectively target nociceptors could be a huge boost for the
development of therapies to treat chronic pain.

In contrasts to the experiments with IB4, in this case the ligand was modified with a SNAP-tag and
not with an azide motif. Indeed, the NGFR?!W_-SNAP complex has been previously characterized and
its efficiency and functionality validated directly in our lab (Nocchi et al., 2019), thereby we decided
to test it directly in conjugation with the AHSPG vectors.

Because of the relatively large size of the NGFRZ2IW-SNAP complex, we firstly investigated whether
steric hindrance issues could arise when NGF is coupled to the viral capsid. In order to provide a
certain level of mobility of the protein after the conjugation, two distinct linkers with different
length have been tested. The rational here is that a more flexible linker could allow the ligand to
move with more freedom and to facilitate the binding to its receptor, as well as enabling the
exploration of a wider surface on the target cell surface.

The first administration route chosen was the retro orbital injection, a techniqgue commonly used to
administrate different compounds directly into the retro-orbital sinus of mice as an alternative of
tail vein injection (Yardeni et al., 2011).

For this experiment, | have been using AHSPG vectors carrying the Cre recombinase gene under the
control of the strong mammalian CMV promoter, and vectors have been injected in transgenic Rosa-
CAG-LSL-tdTomato mice (Ail4 RCL-tdT-D). The transgenic mice line is designed to have a loxP-
flanked STOP cassette preventing transcription of a CAG promoter-driven red fluorescent protein
variant (tdTomato) which can be reverted upon Cre-mediated recombination. In this way, cells
infected by AHSPG-Cre can express robust tdTomato fluorescence following Cre expression and
deletion of the STOP cassette.

AHSPG vectors were modified with either the short linker (BG-GLA-NHS) or long linker (BG-pegl3-
NHS) at their best virus::linker molar ratio, and excess of unconjugated linker were filtered through
a 100kDA column. 5uM NGFRIZIW_SNAP was then added, following subsequent concentration with



100kDA columns to the volume required for the injection. Injections were performed in either the
right or left eye of each animal.

Mice were injected retro orbitally with 9x10° VG per animal, and tissues were collected 3 weeks
post injection. Red fluorescent signal was analyzed at the level of the trigeminal ganglion, thoracic
DRG and lumbar DRG, and fluorescence was compared between the two different length linkers to
ensure the most efficient system, as shown in figure 24.

Short Linker Long Linker

Figure 24. Retro orbital injections. Thoracic (a,b), lumbar (c,d) DRG and trigeminal ganglion (e,f) sections from mice
injected respectively with AHSPG modified with NHS-GLA-BG (short linker) and NHS-peg13-BG (long linker) and
NGFR12'W_SNAP. Red fluorescent signal is correlated to the level of viral transduction. Scale bar, 25um.

Regardless of the type of linker used, AHSPG-NGF vectors efficiently infect and express their
transgene in neurons following retro orbital injection. Strong fluorescence has been detected in
trigeminal ganglion, with a maximum level in the one ipsilateral to the injection site (figure 24e,f),
and in DRG located at different levels of the spinal cord, including thoracic and lumbar area (figure



24a-d). Nevertheless, virus modified with long linker shown overall greater efficiency when
compared to the short linker one, as can be seen by the highest number of positive cells in all
samples analyzed.

To ensure accurate and specific transduction of only TrkA expressing neurons (the expected target
of AHSPG-NGF), immunostaining with an anti-TrkA was performed. Fixed sections of trigeminal
ganglion from mouse injected with NGF long linker were permeabilized and incubated with primary
anti-TrkA antibody and subsequently with proper secondary antibody carrying an Alexa-488
fluorophore (figure 25).

Figure 25. Trigeminal ganglion sections from mouse injected retro orbitally with AHSPG-NGF (long linker) (a)
immunostained with an anti-TrkA antibody (in green) (b). Merged channels are shown (c).

Anti-TrkA staining shows almost showed a high degree of colocalization of red (indicator of viral
transduction) and green fluorescence (TrkA staining). AHSPG-NGF (long linker) infects most of the
TrkA expressing cells, with an efficiency of 83 + 3,5 %, expressed as the ratio between infected cells



and total of TrkA* population. This experiment shows that our AHSPG-NGF vectors can effectively
and selectively target TrkA* cells in vivo with high specific activity.

Next, | investigated if the same AHSPG-NGF vectors could retain their infectivity if administrated
systemically. Intraperitoneal injection (IP) is a commonly used technique for systemic delivery of
drugs in rodents which allows quick reabsorption of large volumes of substances which are delivered
in the peritoneal cavity (Baek et al., 2015). However, since administrated substances are absorbed
by surrounding tissues and subsequently carried away by capillary blood or lymph, metabolized by
tissue enzymes or bound to tissue proteins, is hard to predict how much virus can effectively reach
target tissues. Nevertheless, it is a non-invasive and very easy to perform technique, which could be
done without any particular skill or equipment.

Again, for this experiment, Ail4 RCL-tdT-D transgenic mice (Jackson Laboratories, Strain #007914)
have been injected with AHSPG vectors carrying the Cre recombinase gene.

Since AHSPG-NGF modified with the long linker exhibited greater efficiency than the short linker
version, mice were injected IP with AHSPG-NGF (long linker) which was prepared in the same way
as for the retro orbital injection. 3x10%° VG per animal were administrated for both experimental
and control mice (injected with unmodified AHSPG). Trigeminal ganglion, spinal cord and DRG were
collected 3 weeks post injection, sectioned and spinal cord from AHSPG-NGF injected animal was
stained with Alexa Fluor® 647 isolectin GS-IB4.

As shown in figure 26, while unmodified AHSPG displayed just some weak activity in DRG (fig. 26d),
AHSPG-NGF efficiently transduced neurons in different tissues, including trigeminal ganglion (fig.
26a), DRG (fig. 26¢) and DRG neuronal terminals in spinal cord. Specifically, focusing on the dorsal
horn of spinal cord, it is clear that the virus specifically infects only cells situated in the first lamina,
where peptidergic nociceptor are located. This can be seen indirectly by performing an anti-IB4
staining to specifically mark the second lamina: red fluorescence is present above the blue marked
layer (fig. 26e), which constitutes the second lamina of dorsal horns of spinal cord where I1B4*
nonpeptidergic nociceptors are located.

In general, AHSPG-NGF retains its functionality also when delivered intraperitoneally, and is able to
infect neurons in a broad range of tissues. Again, modification of the AHSPG vectors seems to be
necessary to restore viral infectivity, and NGF conjugation can effectively drive specific re-targeting
viral tropism with low background activity.

Figure 26. Intraperitoneal injections. Trigeminal ganglia (a,b), thoracic DRG (c,d) and spinal cord sections (e,f) from mice
injected respectively with AHSPG-NGF (long linker) and unmodified AHSPG. Anti-IB4 staining is shown in blue (e). Red
fluorescent signal is correlated to the level of viral transduction. Scale bar, 50um.
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To further confirm the specificity of the modified AHSPG-NGF vectors for TrkA expressing neurons
and to test another administration route, modified vectors were delivered with intra sciatic nerve
injections. Indeed, this administration route proved to be very selective in terms of accuracy,
because of the lack of variability in the distribution of the vectors, which, following correct injection

into the nerve, can only track the connections of the nerve itself, thereby avoiding off target effects
in non-neuronal tissues.

Moreover, as discussed in the introduction, it has been shown how the same AAV vector, if
administrated in different ways could lead to diverse levels and patterns of transduction. In this
respect, delivering AHSPG-NGF with intra sciatic nerve injection could further confirm its efficiency
regardless of the administration route.

AHSPG-NGF (long linker) carrying a tdTomato reporter was modified as discussed above for retro
orbital injections and concentrated with a 100kDA MWCO filter. C57BL/6) wild-type mice were



injected into either the right or left sciatic nerve with 9x10° VG per animal. Control mice were
injected with the same amount of unmodified AHSPG. 3 weeks post injection the animals were
sacrificed and lumbar #3, #4, #5 DRG, spinal cord and the skin of the paw from the same side of the
injection were collected (figure 27). Skin was taken to examine the peripheral terminal endings of
the sciatic nerve which innervate the paw.

AHSPG - NGF

unmodified
AHSPG

Figure 27. Intra sciatic nerve injections. #3 lumbar DRG sections, (a,d), paw skin (b,e) and spinal cord sections (c,f) from
mice injected respectively with AHSPG-NGF (long linker) and unmodified AHSPG. Red fluorescent signal is correlated to
the level of viral transduction.

Mice injected with unmodified AHSPG show presence of signal in #3 lumbar DRG located at the
same side of the injection, consistent with data found with intra sciatic nerve injection of 1B4
modified AHSPG (fig. 27d). Moreover, it is possible to see some positive fibres in the skin of the paw
(fig. 27e) but no signal at all in spinal cord sections (fig. 27f). This further confirms the weak
background activity in unmodified AHSPG as a normal feature of this AAV2 mutant.

On the other hand, when AHSPG-NGF is injected, red fluorescence is detected at much stronger
level in all the tissues examined. In particular, the signal in the lumbar spinal cord sections
innervated by the sciatic nerve is particularly clean and is limited to the top lamina of the dorsal
horn ipsilateral to the injection site (fig 27c). In the skin of the paw, many nerves are visible,
presumably the terminal endings of nociceptors from the injected sciatic nerve (fig 27b). All #3, #4
and #5 lumbar DRG exhibit strong fluorescence localized in multiple neuronal bodies, with the
brightest being #3 ipsilateral to injection site (fig 27a).



This experiment further confirms that while unmodified AHSPG is only able to infect a reduced
number of cells, when NGF is coupled to AHSPG the modified vectors gain enhanced tropism and
infectivity, which is maintained in vivo.

In order to ensure cellular specificity, DRG and spinal cord from mice injected with AHSPG-NGF were
immunostained with an antri-TrkA antibody, again to investiage whether modified vector tropism
can be re-targeted in a clean and effective way (figure 29).

In both DRG and spinal cord samples a clear co-localization of signals is present. In DRG, AHSPG-NGF
infects around 80 + 5,1% of TrkA positive neurons (fig. 29e). Some unspecific labelling is also
observed, but it could be explained by the fact that, as discussed, the R585/588A substitution does
not completely prevent AAV2 from binding to HSPG residues, thus driving the modified vectors also
to cell which do not express the TrkA receptor.

The signal in the spinal cord appears to be specifically localized in the first lamina of dorsal
hornsipsilateral to injection site. Anti-TrkA staining confirms the specificity of AHSPG-NGF for
peptidergic nociceptors.

This experiment further supports the reliability of the AHSPG-NGF as a tool for selective targeting
of peptidergic nociceptors when delivered in vivo.

Figure 29. #3 lumbar DRG and spinal cord sections from mouse injected intra sciatic nerve with AHSPG-NGF (long
linker) (a,c) immunostained with anti-TrkA antibody (in green) (b,d). Merged channels are shown (e,f).



2.8 INVIVO-AHSPG-PAR1 AGONIST

To expand the range of different classes of ligand that could be used for the technology, we wished
to include peptides as potential candidates. Peptides are short chains of amino acid, typically
comprising 2 to 50 residues. Their functions are countless as well as their receptors distribution,
thus potentially enabling selective targeting of a high number of tissues.

The synthetic oligopeptide SFLLRN is a selective agonist of the PAR1 receptor. It corresponds to the
tethered ligand sequence unmasked by thrombin cleavage of the PAR1 extracellular N-terminus and
it can activate the receptor independently of proteolysis. As discussed, PAR1 is involved in various
signaling pathways that regulate different processes including wound healing, clotting, immune
system regulation but also endothelial transmigration and barrier dysfunctions. The latter are of
particular interest in terms of applications of our system. Indeed, one of the major concerns for
gene therapy and in general for AAV based delivery is the ability of the vectors to cross barriers,
particularly when targeting the CNS. For this reason, obtaining a vector with enhanced permeability
for BBB and meninges could have a massive impact on currently used strategies to efficiently infect
brain and spinal cord following different administration routes.

Since SFLLRN is used in its amidated form (-C terminus is modified with an amine group: SFLLRN-
NH;) to obtain maximum activation of PAR1, the addition of an azide tag using NHS-peg-Ns linker
would likely be detrimental for the peptide functionality, because both -N and amidated -C terminus
would be modified. To test this assumption | firstly modified SFLLRN (100uM) with a NHS-peg4-Ns
linker at increasing peptide::linker molar ratios (1:1, 1:5, 1:10). Resulting azide-tagged peptides were
coupled (5uM) to 3x10° VG per condition of AHSPG vectors previously modified with NHS-peg4-
DBCO, as described above, and used to infect freshly prepared DRG cultures, along with unmodified
vectors as negative control. 5 days post infections DRG were imaged. Results are shown in figure 30.

Control

Figure 30. DRG cultures infected with unmodified AHSPG (a) and AHSPG-SFLLRN. SFLLRN was functionalized with an
azide group through the reaction with NHS-peg4-Ns linker used at 1:1, 1:5, 1:10 peptide::linker molar ratios, respectively
(b,c,d).



No differences in viral efficiency can be seen between the control and the experimental groups, thus
indicating that SFLLRN is not able to restore viral infectivity if modified with NHS-peg4-Ns linker,
probably due to an excessive alteration of SFLLRN structure, as discussed above.

In order to minimize the impact of the modification on SFLLRN, | decide to use an altered version of
the peptide carrying an extra cysteine residue at the -C terminus. The resulting peptide, SFLLRNC,
was then reacted with Maleimide-peg4-Ns. Exploiting the specific reaction between the -SH group
of the extra cysteine with the maleimide functional group, the azide motif was incorporated without
altering the terminal ends of the peptide.

To firstly ensure that the modified PAR1 agonist SFLLRNC-N3 retained its functionality after the
modification, it was tested in vitro as a ligand for AHSPG vectors. In the same experiment | also
wanted to see whether the small size of the ligand would also reduce the effects of steric hindrance
on vectors functionality independently of the length of the linker used. AHSPG vectors have been
modified with various NHS-peg-DBCO linkers in which the two functional groups were separated by
an increasing number of peg monomers (0/4/8/24). DBCO groups, attached on the viral capsid and
spaced by increasing lengths proportional to the number of peg contained in the particular linker
used, were reacted with SFLLRNC-N3. Unmodified AHSPG were used as negative control. Vectors
were used to infect DRG cultures (3x10° VG per condition). Red fluorescence was evaluated 5 days
post infection (figure 31).
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Figure 31. DRG cultures infected with unmodified AHSPG (a) and AHSPG-SFLLRNC respectively modified with NHS-DBCO
(b), NHS-peg4-DBCO (c), NHS-peg8-DBCO (d) and NHS-peg24-DBCO (e). Transduction efficiency was calculated as total
fluorescence of positive cells in each condition (f).

Regardless of linker used, all conditions showed strong signal in different DRG neurons (fig 31 b-e),
while control experiment only displayed a few bright cells (fig 31a), thus showing that SFLLRNC-N3
retains its binding ability even after the insertion of the azide motif on the extra cysteine, and is able
to restore viral infectivity. Transduction efficiency was calculated as total fluorescence of all positive
cells in each condition, as shown in figure 31f.

Next, different doses of AHSPG- SFLLRNC were injected intrathecally. Considering the involvement
of PAR1 in transcytosis, delivering the modified vector directly into the CSF could demonstrate
whether SFLLRNC could facilitate crossing of the pia mater and efficient infection of the parenchyma
of the spinal cord.

AHSPG vectors were modified with NHS-peg4-DBCO linker and SFLLRNC-N3 as previously described
using the NHS-peg4-DBCO linker and subsequent concentration with a 100kDa MWCO filter to reach
a suitable volume for intrathecal injection (10ul). Three different doses (3x10°, 1,5x10%° and 3x10%°
VG/mouse) of AHSPG- SFLLRNC vectors were administrated via lumbar intrathecal injection in wild
type C57BL/6J mice. The higher dose (3x10'° VG) of unmodified AHSPG was used as a negative
control. 3 weeks post injection mice were sacrificed and spinal cord and brain collected. Spinal cords
and brain were then sections and imaged with confocal microscopy (figure 32).
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Figure 32. Spinal cord and brain sections from mice injected intrathecally with increasing doses of AHSPG- SFLLRNC.
While no fluorescence is detected in the negative control and low dose animals (a,b,e,f), strong signal is present in spinal
cords (c,d) and brains (g,h) of middle and high dose animals.

No signal was detected in the spinal cord parenchyma of mice injected with lower dose (fig 32 b,f)
nor in the negative control (fig 32 a,e), while strong fluorescence is present in the other conditions
in both spinal cord and brain sections. In middle and high dose animals, spinal cords showed
fluorescence mainly localized in the deeper grey matter (fig 32 c,d). The signal was maintained
throughout the whole spinal cord, being at its peak close to the injection site in the lumbar area,
and the higher dose of 3x10° VG was selected as the most efficient. Sections of spinal cord from
high dose animals, collected from the lumbar, thoracic and cervical areas, were stained with an anti-
NeuN antibody, a selective nuclear marker of neuronal bodies, to further examine the pattern of
viral transduction (figure 33). Ascending toward the brain, fluorescence seems to be mainly localized
in the internal part of the spinal cord, following the route of the main ascending tracts, and,
eventually, conveying into the brain.
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Figure 33. Spinal cord sections from mouse injected intrathecally with 3x10° VG of AHSPG- SFLLRNC (red) and stained
with an anti-NeuN antibody (green). Lumbar section (a), thoracic section (b), cervical section (c).

Spinocerebellar tracts, spinothalamic tracts, spinoolivary tract and spinotectal tracts were
successfully targeted by the virus. Fasciculus of Lissauer is also evident. In order to reach their
destination, all ascending tracts pass from pons and midbrain, which are the regions of the brain,
together with cerebellum, which exhibit the strongest level of fluorescence. Horizontal sections of
the brain of animals injected with 3x10° VG of AHSPG- SFLLRNC were stained with an anti-NeuN
antibody, and presence of the signal was evaluated in different areas, as shown in figure 34. A dense
network of fibres is evident at the level of the midbrain and the cerebellum (fig. 34a), as well as
neuronal bodies in various cortical sites (fig. 34b), cerebellum (fig. 34c) and midbrain structures (fig.
34d).



Figure 34. a) Brain horizontal section from mouse injected intrathecally with 3x10° VG of AHSPG- SFLLRNC (red) and
stained with an anti-NeuN antibody (green). The high fluorescence intensity of the fibres masks the signal present in
other regions of the brain, which is nevertheless evident when higher magnifications are used. Neurons are visible in
the cortex (b), cerebellum (c) and medial colliculus (c).

Next, with the aim to prove the specificity of AHSPG- SFLLRNC vectors, both L3 DRG of the high dose
animal were sectioned and stained with an anti-Parl antibody, as shown in figure 35. Unfortunately,
despite many attempts have been done in order to optimize the staining protocol, | was not able to
effectively mark the Parl-positive population. Indeed, only few cells seemed to be labeled by the
anti-Parl antibody (green) (fig.35a,b), and transduced cells (red) did not colocalize with the stained
ones (fig. 35¢,d). However, taking into account the dysfunctionality of the anti-Parl antibody used,
this experiment cannot be considered a reliable way to validate the cell-type specificity of AHSPG-
SFLLRNC vectors.



Figure 35. L3 DRG sections from mouse injected intrathecally with 3x10%° VG of AHSPG- SFLLRNC (red) and stained with
an anti-Parl antibody (green). The anti-Parl antibody only marks few DRG cells (a,b), which do not colocalize with
infected cells (c,d).

However, despite the failure of the immunostaining experiments, an effect of SFLLRNC on AHSPG
infectivity, presumably induced by an increased permeability for the pia mater, was clearly evident.
In this context, to further probe the ability of SFLLRNC to promote barriers transmigration, AHSPG-
SFLLRNC vectors were injected intravenously (IV) at the dose of 9x10'° VG/animal. With this
administration route the virus is directly injected in the bloodstream, thus allowing us to evaluate
its ability to permeate the BBB. Animals were sacrificed 3 weeks post injection and presence of signal
was evaluated in brain and spinal cord, as shown in figure 36. While no viral transduction is visible
in the spinal cords of both the control and the experimental mice, various positive neuronal cells
are present in different regions of the brain of the mice injected with AHSPG-SFLLRNC, including
cerebellum, midbrain structures, basal ganglia and different cortical regions.

With this administration route, the viral pattern of transduction appears to be completely different
from the one obtained with IT injections. Indeed, if the virus is delivered through the bloodstream,
its distribution will not be localized in a specific region, but will be uniform throughout the nervous
system. In this respect, the presence of positive neurons in different regions of the brain of the mice



injected with AHSPG-SFLLRNC could indicate the effective ability of the Parl agonist SFLLRNC to
confer enhanced BBB permeability to the AHSPG vectors.

unmodified AHSPG AHSPG-SFLLRNC

Figure 36. Spinal cord and horizontal brain sections of mice injected IV with 9x101° VG/animal of unmodified AHSPG and
AHSPG-SFLLRNC, respectively (a,c) (b,d). 20x magnification on the cortex reveals presence of positive cells in the
experimental condition (f) but not in the control (e).

At this point, the question to be investigated was whether SFLLRNC alone was sufficient to confer
to the vectors their enhanced permeability. Indeed, if the role of SFLLRNC was to activate the Parl
signaling pathway on barrier cells, thus increasing their permeability, SFLLRNC could have exerted
its effects regardless of being linked to the AHSPG vectors. In this way, by delivering intrathecally
unmodified AHSPG vectors together with unbound SFLLRNC agonist, the unmodified virus should



display higher transduction efficiency of the spinal cord due to SFLLRNC-mediated permeabilization
of the meningeal barrier when compared to unmodified AHSPG injected alone.

To test this theory, wild type mice were injected intrathecally either with 3x10%° VG/animal of
unmodified AHSPG, AHSPG-SFLLRNC or unmodified AHSPG together with 5uM of non-conjugated
SFLLRNC. 3 weeks post injection the animals were sacrificed and presence of signal was evaluated
in spinal cord and brain sections (figures 36 and 37, respectively). The infection pattern was
markedly different among the different conditions. Indeed, in the lumbar area of the spinal cord,
close to the injection site, strong fluorescence was noticed in the AHSPG-SFLLRNC and not in the
control animals, in accordance with previous results (fig. 36a,b). However, in the mice injected with
AHSPG + unconjugated SFLLRNC, positive fibres were localized only in specific sites of the spinal
cord, mainly in the medial lemniscus tract and at different levels of the outermost portion of the
white matter (fig. 36¢).

unmodified AHSPG AHSPG-SFLLRNC Unmodified AHSPG + SFLLRNC

Figure 36. Spinal cord sections from mice injected intrathecally with 3x10%*° VG of unmodified AHSPG (a), AHSPG-
SFLLRNC (b) and unmodified AHSPG + 5uM unconjugated SFLLRNC (c).

Proceeding towards the brain and focusing on the pons and midbrain, positive fibres were detected
only in the AHSPG- SFLLRNC condition (fig 37c). However, the number of positive neurons in
different regions of the brain varied among the conditions. Indeed, focusing on the cortex, only a
few cells are evident in the unmodified AHSPG group while their number increases in both AHSPG-
SFLLRNC and unmodified AHSPG + 5uM unconjugated SFLLRNC conditions. In particular, when
unmodified AHSPG are delivered together with unconjugated SFLLRNC, the number of positive
neurons in the cortex reaches its maximum (fig 37f). Therefore, this experiment suggests that the
presence of the Parl agonist SFLLRNC alone is sufficient to increase the level of viral transduction
of CNS, possibly due to the permeabilization of the pia mater which separates the CNS from the CSF.
In this respect, the different infection pattern seen with unconjugated and conjugated SFLLRNC
could be caused by a different diffusion profile of the vectors, which, when conjugated with
SFLLRNC, their distribution would likely be restricted mainly in the injection area.
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Figure 37. Horizontal brain sections from mice injected intrathecally with 3x10'° VG of unmodified AHSPG (a), AHSPG-
SFLLRNC (c) and unmodified AHSPG + 5uM unconjugated SFLLRNC (e). 20x magnification on the cortex reveals presence
of positive cells in all conditions (b,d,f), with the maximum level in the unmodified AHSPG + 5uM unconjugated SFLLRNC
group (f).



3  DISCUSSION

In the last years the use of AAV vectors as carriers for gene delivery has became increasingly popular
for both research and clinical applications. AAVs are considered the vector of choice because of their
non-pathogenic nature and their low integration rate, which reduces the chance of DNA damage
and unpredictable consequences. Moreover, the presence of at least 12 natural occurring serotypes
and many more variants give a lot of flexibility in terms of applications due to the particular
proprieties of each different vector. Indeed, serotypes exhibit specific tropism for various tissues,
are recognized and neutralized by different antibodies and possess multiple particular features,
such as the enhanced permeability for BBB of AAV9 (Hordeaux et al., 2018). However, despite their
versatility, several challenges remain that still impede their mainstream use in the clinic. In general,
two main aspects of AAV based therapy are currently being improved, which are the safety and the
efficiency of the system. Concerning the efficiency, it can be seen as both boosting delivery and
expression of the transgene or conferring selective targeting of specific tissues or cells. In both cases,
the final goal would be to decrease as much as possible the dose of virus used to obtain the desired
therapeutic effect. As a result, administration of a limited amount of virus would improve the safety
profile by reducing off target effects, immune response, integration frequency and cytotoxicity.

At the moment, many different strategies are employed to improve both viral specificity and
transduction efficiency. In general, optimization can be achieved by modifying either the transgene
or the capsid. For example, it is possible to enhance transgene expression by using modified ITRs
(scAAV), engineering the promoter to increase transcription, optimizing the codons in the transgene
to augment mRNA production and translation and improving the delivery of large transgenes (Li &
Samulski, 2020). Expansion or re-direction of AAV tropism can be achieved by modifying AAV
genome using cell type-specific gene regulatory elements such as enhancers/promoters for
transcriptional targeting and cell/tissue-specific miRNAs for post-transcriptional targeting (B.
Dhungel et al., 2018).

Moreover, enhanced tropism and efficiency can be obtained by modifying the capsid through
different methods, including rational engineering, direct evolution or computationally designed
capsid (Li & Samulski, 2020).

With the aim to develop a tool to achieve selective targeting of specific cellular population using
AAV vectors, we designed a system to chemically modify AAV capsid in order to re-direct viral
tropism.

The effectiveness of AAV is in large part determined by the molecular interactions between the
capsid and target cell surface receptors and subsequent downstream events following particle
internalization. Given the importance of initial cellular binding, we acted on the capsid structure to
alter the original viral binding ability by replacing the main viral receptor with a custom designed
ligand. Modified AAVs, displaying a targeting ligand on their capsids, would then acquire specificity
for the cellular population expressing the surface receptor of the particular ligand used. In this way
we expect modified vectors to selectively transduce only cells/tissues of interest, thus limiting
background activity and off-target effects when delivered in vivo.



Different studies based on the use of ligands to modify viral tropism have already been published,
but the greatest majority of them rely on genetic modifications of the capsid (C. Zhang et al., 2016).
In these cases, the ligand is expressed as a fusion protein inserted in specific sites of AAV’s cap ORF.
While conferring improved expression and spatial control of the insertion, genetic modifications are
often poorly tolerated by the vectors, thus careful design, characterization and validation steps are
required. Moreover, insertion of large ligands is usually difficult (Girod et al., 1999). In general,
although their efficiency and versatility, insertion of ligands through genetic modifications require
time, highly specialized skills, specific equipment and obviously the production of new vectors each
time a new modification is implemented.

On the other hand, insertion of ligands through chemical modifications are based on the covalent
linkage of a particular ligand with specific viral capsid residues by exploiting natural or artificial
functional groups present on both parts (Mével et al., 2020). Even if they only represent a small part
of all ligand insertion technologies developed so far, chemical coupling strategies offer unique
advantages. Firstly, chemical reactions are performed directly on the assembled viral capsid, thus
there is no risk to affect the correct assembly and packaging of neo-formed vectors, since all the
modifications are performed post production. This is particularly relevant when larger ligands are
inserted. Indeed, genetic insertions of large proteins are much less tolerated than small insertion,
thus chemical coupling could allow conjugation of molecules that could not be genetically inserted.
Second, after establishing a conjugation protocol, chemical modifications can often be performed
without any particular equipment or advanced skills requirement, thus reducing timings and costs.
Finally, they offer high versatility due to the ease of the conduction, thereby allowing direct
optimization of each step in a limited timeframe. On the other side, chemical modifications are often
less efficient compared to genetic modifications, and the resulting engineered vectors not always
exhibit expected infectivity, mainly due the loss of functionality of the ligand after chemical
conjugation or an excessive overcoating of the vector (Wei et al., 2012).

Our approach relies on the selective modification of exposed lysine residues that constitute the viral
capsid. Amino groups (-NH3), which are present on the side chain of lysines, are reacted with an N-
hydroxysuccinimide-ester (NHS-ester) functional group placed on one end of a heterobifunctional
crosslinker molecule. The other end of the linker consists in another chemically active group that
can be reacted with a functional group inserted directly into target ligand. Ligands used have been
functionalized with either a SNAP-TAG or an azide motif. In the case where azide-tagged ligands are
chemically conjugated with AAV vectors, the second functional group of the linker was a
dibenzocyclooctyne (DBCO) molecule. Instead, linkers carrying a O%-benzylguanine derivate were
used for the reaction with SNAP-tagged ligands.

Most of the experiments have been conducted with AAV2 vectors. This serotype has been chosen
mainly because it is one of the most studied and characterized serotypes, whose safety and
efficiency is supported by several approved clinical trials. Moreover, a wide set of capsid mutations
have been discovered in the years, enabling implementation of particular features, such as
enhanced transduction efficiency, conferred ability to evade immune system or ameliorating
endosomal escape (Aslanidi et al., 2013; P. Wu et al., 2000).

In this respect, | have inserted into AAV2 VP3 coding region the Y444+500+730F+T491V
substitutions. Indeed, threonine and tyrosine residues are common targets for phosphorylation and
subsequent ubiquitination, which leads to proteasome-mediated degradation of internalized



vectors, thus reducing overall transduction rate. Replacing of these key residues has been correlated
with enhanced transduction of mouse tissues (Biining & Srivastava, 2019), and since the mutations
would not affect our chemical modification strategy, | have decided to include them.

Moreover, in order to achieve accurate re-targeting of AAV2 with reduced background activity, the
first step is to prevent the unmodified vectors to infecting cells, thus setting a starting point from
which viral tropism can be restored in a customized way. AAV2 enters target cells following initial
attaching on cell surface exposed HSPG residues through the interaction with a specific region of
the capsid situated close to the three-fold protrusions. The HSPG binding region is composed by
several residues, including arginine 585/588 on viral VP3s. These residues play a crucial role in early
interactions with target cells, thus is possible to drastically reduce viral binding ability, and infectivity
as a consequence, by replacing R585/588 with more acid residues, typically alanine (Opie et al.,
2003). This well characterized mutation creates vectors, called AHSPG, which are virtually functional
but due to their inability to bind on target cells they lose most of their infectivity. Despite AAV2 also
relying on various co receptors for stabilizing the initial binding, mutations on the main receptor are
sufficient to greatly impair infectivity. Nevertheless, note that infectivity is not totally eliminated,
thus, when high doses of AHSPG are used a certain level of background activity is expected (Opie et
al., 2003). However, it is possible to get rid of this inconvenience by tuning the amount of virus used
for each experiment.

R585/588A substitutions along with Y444+500+730F+T491V mutations have been inserted into
AAV2’s VP3 coding regions, and the resulting capsids have been packaged with a single-strand
transgene coding for the fluorescent protein tdTomato under the control of the strong CAG
promoter. Wild-type AAV2 ITRs have been used, and transgene expression was regulated by a WPRE
and SV40-polyA sequences. The resulting vectors, with enhanced transduction efficiency but lacking
their natural tropism for HSPG residues were used as a model to evaluate whether our chemical
modification technology was actually able to restore viral tropism in a selective way.

Each AAV2 particle contains 34 lysine residues in each VP3, of which 10 are surface-exposed (Xie et
al., 2002). This means around 550 exposed lysines and as many amino groups on each of their side
chains, which can serve as potential modification sites for our chemical modification strategy. The
first variable that we decide to optimize was the quantity of lysines that we can actually modify with
NHS-peg-linkers without overriding viral infectivity. Indeed, it has been shown that PEGylation
operated on lysine residues of AAV2 capsids affects viral infectivity proportionally to PEG chain
length and the molar ratio of lysine residues to linker molecules used for the conjugation reaction
(Lee et al., 2005). It is believed that viral infectivity is increasingly compromised due to inhibition of
vectors binding to cell surface receptors or subsequent steps in cell entry by masking viral receptors
and co-receptors. For this reason, the first validation experiment consisted in the evaluation of viral
infectivity following chemical modification with increasing virus::linker molar ratios.

Since the quantity of available -NH; groups is proportional to viral concentration in the same volume
condition, we directly correlated the amount of virus used with different molar concentrations of
linker. For these preliminary experiments we have employed our prototypical ligand, WGA. Due to
the high stability of the lectin and the presence of multiple and independent binding sites in its
structure, we believed that this ligand could easily tolerate various modifications without losing its
functionality. WGA has been functionalized with an azide group, and reacted with vectors previously
modified with different virus::linker ratios of NHS-peg4-DBCO. We found that the virus::linker ratio



is actually crucial for our technology, since there is an intermediate range in which viral infectivity
reaches its maximum peak. This can be explained by the fact that when no linker is used, the vectors
cannot bind to WGA, thus remaining non infective due to their HSPG binding region mutation. When
some linker is added, lysine residues begin to be modified and to bind to WGA, which partially
restore viral infectivity by conferring the vectors the ability to bind to N-acetylglucosamine. The
more lysines are modified the more WGA can be recruited, up to a certain threshold in which the
excessive presence of linker or WGA is more detrimental then beneficial. Too much linker attached
to the viral capsid could itself impair the correct binding of WGA, or steric hindrance issues caused
by the excessive presence of WGA could arise. Moreover, if the virus gets completely coated, other
crucial sites of the capsid would then be masked, thus impairing downstream events following
internalization, first and foremost the correct binding to AAVR on target cells. For all these reasons
is important to obtain the best virus::linker ratio before doing other experiments. Since the ratio of
a specific linker is dependent on the concentration of both the vectors and the linker, one could
theoretically calculate it as a function of these two variables, but we found that the best way to go
is just to empirically obtain the optimal modification ratio of the specific linker for each new batch
of virus produced, thereby taking into account the variability of the production process (purity,
presence of empty capsids,..).

The second parameter that must be considered for our chemical modification strategy is the
concentration of the ligand used to saturate functional groups present on the end of the linker not
involved in the reaction with lysine residues. To see whether the concentration of the ligand used
was affecting the functionality of the vectors, | firstly tested increasing concentrations of WGA-N3
and IB4-N3 on AHSPG vectors previously modified with NHS-peg4-DBCO. Similarly to what was
found when calculating the best virus::linker ratio, it was evident that after a certain threshold of
ligand used viral infectivity was reduced. On the other hand, if not enough ligand was added then
the modified vectors were still able to infect cells but not up to their maximum potential. The main
thing that should be noticed is that is important to use a ligand concentration high enough to
completely saturate all free DBCO functional groups present on the capsids. However, an excess of
unbound ligand would compete with modified vectors for the binding on its specific receptors when
delivered to target cells, thus impairing overall transduction level. This is particularly important if no
washes are performed after the chemical modification procedure. Indeed, the original modification
process included several clean up steps to firstly remove the excess of unbound linker and later the
excess of ligands not attached to the virus by using filtering columns featuring appropriate molecular
weight cut off membranes. This step was also used to concentrate the virus to the small volume
required for some particular injections (intrathecal, intra sciatic nerve, retro-orbital,...). However,
we have noticed that multiple filtration and passage through plastic instruments, including columns,
resulted in a loss of viral vectors, which is in line with what already found by other groups (Fischer
etal., 2016). Despite pre-treatment of plastic equipment with the surfactant Pluronic-F68, a solution
of polyoxyethylene-polyoxypropylene block copolymer that serves to prevent AAV attachment to
plastic, a certain level of vectors loss during the process is expected (Sanmiguel et al., 2019). In this
situation, is important to evaluate if the loss of virus during the clean-up is more beneficial than the
presence of an excess of ligand that would compete with receptor binding on target cells. Again,
this largely depends on the nature of the particular ligand and its receptor.

For example, in DRG cultures, the saturating concentration of NGF for TrkA/p75 receptors is in the
order of few nanomolar (Hory-Lee et al., 1993). If 5uM NGF is used in the reaction and no clean-up



of the excess is performed when AHSPG-NGF is applied on DRG cultures, it is expected that most
cellular receptors would be saturated by free NGF, thus impairing viral binding and infection.
Moreover, if excess of linker is not eliminated prior to NGF addition, some NGF will be captured by
unreacted linker, thereby chelating it away from the virus. For these reasons when working with
NGF the filtering steps are required and are more beneficial in terms of infectivity of the resulting
modified vectors than the loss of virus due to the contact with plastic during the clean ups. On the
other side, when vectors are modified with lectins they can tolerate much more the excess of
unbound linker or ligand. The first reason is the presence of multiple binding sites on the lectins,
which means that even if some linker molecules react with free lectins, they will not lose their
functionality as easy as a molecule with only one binding site. The second reason is because lectins
saturate surface glycoproteins at concentrations in the order of micromoles, thus the possible
presence of an excess of unbound lectins together with modified vectors will not saturate
completely all the glycoproteins present on target cells, despite it will still compete with the reaction
(Shinohara et al., 1997). This means that when AHSPG vectors are modified with lectins it is possible
to avoid cleaning the excess of linker and ligand, unless vectors need to be injected in small volumes,
circumstance in which the filtration through 100kDA MWCO columns is required mainly to
concentrate the virus.

With the aim to further improve our technology, | have decided to directly compared the two
coupling mechanisms used in this project to assess which was the most functional, the SNAP-TAG
or the azide-based click chemistry. Indeed, these systems both have pros and cons. The SNAP-TAG
is a protein, a self-labeling enzyme of 19.4kDA. Being an enzyme, it has an intrinsic catalytic ability
and a certain level of activity, which is dependent, among other factors, by interaction with other
co-factors, pH, temperature and buffering conditions. Moreover, it could be subject to inactivation
following interaction with different effectors. Considering its size, is also more likely that the
insertion of a SNAP-TAG could negatively affect the functionality of a ligand. Finally, to insert the
SNAP-TAG is necessary to carefully choose a specific site in the coding gene of target ligand, clone
the insert and finally produce the recombinant protein. Despite this process not being particularly
complicated, it still requires time and some level of skill, followed by the functional validation of the
recombinant ligand. However, being able to directly select the insertion site, it is possible to have a
complete spatial control of the modifications on the ligand, deciding where the SNAP-TAG is placed,
considering multiple insertions and carefully tuning the ligand according to specific needs. This is
particularly relevant in terms of clinical application, where an absolute control of each variable is
required.

On the other hand, an azide motif is just a small chemical group composed by three atoms of
nitrogen, thus it does not possess any intrinsic proprieties or activity, and unless it reacts with other
chemical species it remains functional and stable in biological systems. Obviously, the reaction can
be optimized using different buffering conditions, tuning reagent concentrations and reaction
timings/pH, but not having an intrinsic activity offers a great advantage as compared with enzymes.
It is possible to insert an azide functional group in different ways, that could be both genetic or
chemical. One example of genetic insertion of an azide motif into a protein is the use of unnatural
amino acids (Huber et al., 2013). With this system is possible to insert a modified amino acid carrying
the azide group directly into the coding region of target ligand, thereby obtaining a modified ligand



with the functional group exactly in the chosen site, as for the SNAP-TAG insertion. Again, this is not
a straight-forward process, but it offers the greatest level of precision. Another way to insert azide
motifs relies on chemical reactions exploiting specific functional groups naturally present on target
ligands. In the same way we use to conjugate a DBCO or BG group on viral capsids with
heterobifunctional crosslinkers, it is possible to employ other types of linkers carrying an azide group
on one end. This is the system we have used to functionalize ligands used in this project with an
azide motif. By using an NHS-peg4-Ns linker is possible to modify lysine residues normally present
on target ligand in a fast and convenient way. However, with this system it is impossible to control
the exact number of modified lysine residues and/or azide motifs inserted into the ligand, which can
in turn lose functionality. By tuning the molar ratio of ligand to linker it is possible to roughly steer
the number of lysines modified, but in general the product would be a heterogenous population of
ligand molecules each carrying presumably a different number of azide groups at different positions,
some of which would be non-functional. However, this does not represent such a big issue for our
technology, since we only need to saturate the linker molecules attached to the virus by adding the
functionalized ligand. In this way, non-functional and unbound ligand would just be washed away.

To directly compare the two chemistries, AHSPG vectors have been modified with either WGA-SNAP
or WGA-N3s. Despite both systems being functional in vitro, WGA coupled thought click chemistry
exhibited enhanced efficiency compared to WGA-SNAP. Presumably this is due, as discussed early,
by the fact that the SNAP is effectively an enzyme, whose reaction rate could not reach the level of
efficiency of a chemical reaction between two organic groups. Moreover, it is also possible that the
insertion of the larger SNAP-TAG into WGA is less tolerated than the presence of the smaller -N3
group. In general, considering the overall greater efficiency of click chemistry and the ease of the
modification protocol, we have decided to mainly rely on the azide specific reaction for subsequent
experiments. The only exception being NGF. Indeed, in our laboratory we already had experience
with a functional mutated form of recombinant NGF fused to a SNAP-TAG, and considering the
possible clinical application of this ligand we decided to maintain the more controlled and validated
SNAP-tagged version of NGF.

After the evaluation of the main variabilities of our technology, | next focused on the mechanism
underlying internalization of resulting modified vectors. In particular, the question was whether the
presence of a particular ligand on the viral capsid would affect the internalization mechanism.
Indeed, it is well established that cellular infection begins with the capsid binding to glycans or
glycoconjugates at the cell surface. This first interaction relies on specific binding regions on viral
capsids that are variable among all serotypes and confer the typical broad tropism of AAV vectors.
In particular, the capsid of AAV2 binds to heparan sulfate proteoglycan (HSPG) as a primary receptor
and uses integrins and growth factor receptors as co-receptors for entry into the cell (B. P. Dhungel
et al., 2021). What we do when we mutate AAV2 capsid to obtain AHSPG vectors is to create viruses
that are not able to bind to cells and thus they will not be internalized. The addition of a ligand on
the capsid restores binding ability and confers altered tropism for different cell populations.
However, mechanisms involved in the succeeding internalization should not be affected by our
modification system, which means that engineered AHSPG should theoretically be internalized in
the same way as wt AAV2. Indeed, it is now known that most serotypes, including AAV2, rely on the
AAVR receptor for efficient translocation into target cells (Pillay et al., 2016). In an attempt to see



whether vector internalization was still dependent on the interaction between the modified capsid
and the AAVR on target cells, | have generated a transgenic cell line featuring the knock-out of the
AAVR gene by using CRISPR-CAS9 technology. The resulting stable HEK 293-T AAVRKO cell line has
been firstly tested to see whether wild type AAV2 infection was impaired, and subsequently AHSPG-
WGA have been applied on either unmodified HEK 293-T or mutated HEK 293-T AAVRKO cells. A
reduction of infectivity was evident when wt AAV2 or AHSPG-WGA were used on the AAVRKO line
compared to wt HEK cells. This means that AAVR is still needed for efficient infection for both
unmodified and modified vectors, thus confirming that the modification process does not disturb
downstream processes following cellular internalization. However, comparing data from AAVRKO
HEK infected with unmodified AHSPG and AHSPG-WGA there was a difference in the level of
transduction. Indeed, while AHSPG was completely silent in the AAVRKO model, AHSPG-WGA
exhibited some level of signal. WGA is a widely used neuronal tracer that can be transported both
anterogradely and retrogradely and can jump transsynaptically from neurons, as well as being
implicated in the activation of transmigration and active transport mechanisms of particles across
cellular barriers (Makhlof et al., 2011; Yoshihara, 2010). In this respect, we believe that WGA firstly
mediates initial attachment of the virus on target cells surface, and subsequently promotes active
transport mechanisms that results in the internalization of the vectors. Therefore, WGA not only
restores viral infectivity by replacing canonical binding of the vectors, but also implements a new
alternative mechanism that does not rely on AAVR for internalization. However, this cannot be
generalized as an intrinsic characteristic of our modification process, but depends on the particular
ligand used. Theoretically, if ligands able to trigger translocation mechanisms across membranes
are conjugated to AHSPG vectors, the resulting virus would gain enhanced permeability for specific
cellular types as an additional feature beside targeted tropism. This could be exploited, for example,
to obtain vectors with enhanced permeability to physiological barriers such as BBB or meninges,
thus improving delivery of AAV vectors in the nervous system.

During the validation and the optimization of the chemical modification protocol developed in our
group, it was increasingly clear how lectin modified vectors in particular exhibited high efficiency.
For this reason, beside the main aim of this project, we explored another possible application of
lectin modified vectors. In particular, the rational was that by attaching a high number of lectins on
a single capsid, each having strong avidity for glycoproteins, it would be possible to boost the normal
binding rate of the vectors. In other words, having multiple possible receptors on the capsid, the
possibility to obtain successful attachment of the virus on target cell would increase. Indeed,
considering that in the wild type AAV2 capsid there is only one HSPG binding site for each VP3 but
as many as 10 exposed lysin residues, the total potential number of functional receptors that could
be implemented would dramatically increase, taking also into account the particularly high avidity
of lectins for their receptors. Moreover, since downstream processes following internalization are
not altered, the presence of the ligand would not affect normal viral processing and transgene
expression when in the cytosol.

Taking IB4 as an example, the presence of multiple lectins on AAV2 capsid, each having strong
affinity for galactosyl residues, would cooperate with HSPG binding region for cellular binding. To
show this application of the system, | have directly compared the efficiency of different doses of
unmodified wild type AAV2 and wt AAV2-IB4 in vitro. The results showed that the presence of IB4



was effectively able to drastically boost efficiency, even at concentrations in which the unmodified
wt AAV2 was totally silent.

Nevertheless, is important to note that in this case the natural tropism of the virus would be altered,
thus conferring the vectors an infection pattern that does not resemble the natural one. Translated
into a more complex system, such as any animal model, it is expectable that different tissues would
be targeted, thus requiring a careful assessment of the viral distribution following the
administration. This could mainly be a problem if a specific serotype is chosen for its particular tissue
preference because of modified virus expanded tropism.

However, is also possible to boost efficiency without altering natural viral tropism. This is for
example the case on serotype AAV9. Indeed, both IB4 and wt AAV9 recognize galactosyl residues on
target cells, thus is possible to modify wt AAV9 with B4 to basically increase the number of potential
receptors that recognize the same target. Again, unmodified wt AAV9 and wt AAV9-IB4 were
compared in vitro, and similarly to what was found for wt AAV2, lectin-modified AAV9 showed
drastic enhanced efficiency.

This other feature of our technology could have useful applications in many fields. For example,
having a batch of virus which is not particularly infective could be overcame by increasing vectors
binding rate and thereby boosting overall transduction level. Moreover, using a particularly efficient
modified virus would reduce the dose of vectors required to obtain an expected therapeutic effect,
thus reducing the costs, side and off-target effects, integration rate and immune system activation.

After a careful in vitro validation of the chemical conjugation strategy, | next investigated the
efficiency of modified vectors in vivo, using the mouse as an animal model. Having a virus that works
in vitro does not necessarily mean that the same functionality is expected in vivo, particularly when
seeking for accurate tissue specificity. Indeed, two main concerns arise when the virus is delivered
into an animal, which are the presence of a spectrum of potential receptors in different cell
population and the activation of the immune system. The host immune response to vector-
mediated gene transfer could be elicited by both capsid proteins or transgene, and leads to the
neutralization of AAV and subsequent loss of transgene expression. The first thing that should be
noticed is that since capsids of recombinant AAV are usually very similar to the capsids of wild type
virus, which are naturally present in the environment, it is expected that the host immune responses
triggered by vector administration will be similar to those associated with a natural infection with
AAV. This means that pre-existing neutralizing antibodies against capsid protein could negatively
affect AAV based gene transfer, as it has previously been observed (Manno et al., 2006). Another
aspect that should be considered is the CD8* T cell-mediated cytotoxic immune response toward
viral particles and transduced cells presenting AAV capsid antigens. Moreover, AAV DNA genome
and capsid structure can be sensed by Toll-like receptor (TLR) 9 and TLR2, respectively, therefore
working as adjuvants for the elicitation of immune responses. This effect arises in a dose-dependent
fashion, and further contributes to the loss of vectors availability (Colella et al., 2018). Finally,
neutralizing antibodies towards the transgene product can be generated, even if this is a problem
that mainly happens when repeated administration of the same transgene are performed. However,
T-cell immune response can be elicited also toward infected cells that express the transgene of
interest. In general, immune system activation is probably the main issue of AAV-mediated in vivo



gene transfer technologies, and a careful evaluation of the balance between viral dose and effective
transgene expression, taking into account the dose-dependent activation of the immune system
that impairs overall gene expression, must be considered.

Furthermore, in any animal model, the variety of potential targets of the administrated virus
drastically increases if compared to an in vitro experiment. Concerning wild type AAV2, HSPG
residues are ubiquitously expressed on cell surfaces and in the extracellular matrix of most animal
tissues, thus most of the cells represent possible target for AAV2 (Kreuger & Kjellén, 2012). The
preferential tropism of AAV2 for liver, kidney, and retina depends on the higher expression of HSPG
residues in these tissues, but it is not exclusive. When we use AHSPG vectors, we drastically reduce
overall infectivity. However, when a ligand is conjugated on the capsid, new specificity for a different
receptor is obtained. Again, if the selected receptor is expressed in different cell types, it is expected
to obtain a certain level of variability in terms of transgene expression. This depends on many
factors, including the level of expression of the receptor in different cell types, the route of
administration, the affinity of the ligand toward its receptor and the dose of virus used. It is expected
that cells having the highest expression of target receptor would be mainly infected, unless
particular injection routes are selected. For example, if AHSPG-IB4, which exhibits high affinity for
both vascular cells and non-peptidergic nociceptors, is administrated directly into the CNS,
transgene expression will be mainly limited to neurons. However, if the same vector is injected
systemically intravenously, probably most of it would be captured by vascular cells and no infection
of CNS would be observed. Another aspect to be considered is the viral dose administrated. Indeed,
if too much virus is present and total saturation of receptors is reached, it is predictable that the
excess of unbound virus would bind to other possible receptors which still have some level of affinity
for the ligand used for the modification. This is particularly relevant in the case of local injections in
which the vectors are administrated into a small area, as it happens with intrathecal or intra sciatic
nerve injections. In this case it is important to work with a viral dose that will not completely saturate
all main receptors on target cells, because otherwise the risk to get unspecific transduction will
increase.

The first modified virus that | have injected in vivo was AHSPG-IB4. As previously discussed, IB4 binds
to a-D-galactosyl residues, and it is a commonly used marker for endothelial and vascular cells
(Benton et al., 2008), microglia and different types of neurons (Zylka, 2005). Considering that
injection route can affect the distribution and subsequent infection of different tissues, | firstly
evaluated if it was possible to exploit AHSPG-IB4 to achieve selective transduction of non-
peptidergic nociceptors. AHSPG-IB4 was injected intra sciatic nerve, thereby bypassing the blood
system and concentrating the virus directly into the peripheral nervous system. The sciatic nerve
innervates upper lumbar DRG and peripheral terminal endings effecting the paw of the animal. In
turn, non-peptidergic nociceptors project to the second lamina of the dorsal horns of the spinal
cord. All these tissues were successfully transduced by AHSPG-IB4, and subsequent staining
experiments validated the specificity of the infection. Signal in the spinal cord matched with the
staining, and it was located in the second lamina of the spinal cord, with no background. Lumbar
DRG and various nerves in the paw were infected at a ratio higher than control mice, which exhibited
just some fluorescence in DRG. To assess whether AHSPG-1B4 could also be used to efficiently mark
vasculature, modified vectors were injected subcutaneously. As discussed, IB4 has been widely used
to study new blood vessel formation, vascular sprout migration and plasticity in different
pathological and traumatic conditions (Walchli et al., 2015). In this way | wanted to ensure that



changing the administration route would actually allow for preferential targeting of different cellular
populations. Following subcutaneous administration of AHSPG-1B4, the blood vessel network under
the injection site was clearly visible, with perivascular and endothelial cells exhibiting strong
fluorescence. This further proves the efficiency of modified vectors and shows how the
administration route can actually influence viral targeting. To date, this is the first time that an AAV
is conjugated with a lectin to obtain a highly specific carrier for targeted gene delivery. Considering
the incredibly broad tropism of lectins, this could unlock a wide range of applications to target
different tissues.

As second ligand to be tested in vivo we selected NGF. The main reason behind this decision was
the therapeutic potential that this technology could have. Indeed, after the validation of the
chemically modified vectors with IB4 in vivo, we investigated the functionality of a more complex
ligand. Beside its neurotrophic proprieties during development, NGF plays a key role in pain
signaling in the adult by binding to TrkA and p75 receptors, which are expressed on the peripheral
terminals of A-delta and unmyelinated C fibres. TrkA/NGF complex is then internalized and
transported to cell bodies in DRG where it modulates the expression of different effectors involved
in pain signaling (Denk et al., 2017). NGF levels are upregulated during pain states, which leads to
peripheral and central sensitization of nociceptors, and local administration of NGF causes long-
lasting pain sensitivity and hyperalgesia (Woolf et al., 1994).

We employed a modified version of NGF, carrying a point mutation that results in the loss of NGF
ability to trigger pain associated pathways following TrkA/p75 binding, together with a SNAP-TAG
protein inserted in its -C terminus. To firstly assess whether the length of the linker used could affect
functionality due to steric hindrance between NGF molecules attached to the capsid, two different
linkers, here referred as short and long linker, have been used. Firstly, AHSPG vectors modified with
NGFRIZIW_SNAP together with either short or long linker were injected retro-orbitally, to assess
which version worked the best. Surprisingly, fluorescence was registered in trigeminal ganglions and
DRG for both conditions, with the long linker group showing higher numbers of positive neurons
compared to the short linker. Considering the greater efficiency of vectors modified with the longer
linker, | further analyzed samples to confirm cellular specificity. Indeed, using an anti TrkA antibody
it was possible to ensure that AHSPG-NGF specifically targeted TrkA* peptidergic nociceptors.
Moreover, the high efficiency of the system was striking: more than 80% of TrkA* neurons were
efficiently infected by our modified vectors, with almost no background activity. The fact that some
fluorescence has been detected also in lower lumbar DRG further confirms the great efficacy of the
vectors, along with their selective tropism.

Other administration routes have been explored, again to ensure the validity and reliability of the
system. With an intraperitoneal injection it is possible to obtain systemic administration of vectors
in a simple and easily reproducible way. However, the poor spatial control which derives from this
administration route does not guarantee the same level of transduction in a particular organ as the
one elicited by a local injection. Considering that the vectors are taken up by the bloodstream, the
possibility of viral loss before reaching neuronal population increases. However, signal has been
registered in trigeminal ganglia, DRG and spinal cord. Mice injected with unmodified vectors did not
show any fluorescence in examined tissues. Exploiting an alternative to TrkA antibodies to
investigate specificity, sections of spinal cord were stained with Alexa Fluor® 647 isolectin GS-1B4 to



mark the second lamina of the dorsal horn of spinal cord, which liesbeneath the first lamina, in
which TrkA* peptidergic nociceptors are located. tdTomato-derived fluorescence was found to be
mark the region of spinal cord above the IB4* layer, thus indirectly confirming the specificity of
AHSPG-NGF.

Finally, previously obtained data were further validated by analyzing tissues from mice injected intra
sciatic nerve. Also in this case, selective transduction of lumbar DRG neurons, spinal cord and fibres
innervating the skin of the paw close to the injection site was registered. Anti TrkA antibody
confirmed specificity in both DRG are spinal cord, with an efficiency rate in DRG very similar to the
one obtained with the retro orbital injection. In this case some unspecific labelling was noticed.
Indeed, less than 10% of infected cells were not positive to the anti TrkA staining. This could be
explained in different ways. Firstly, immunohistochemistry techniques are rarely totally efficient,
and some level of unstained cells is expectable. Secondly, despite TrkA being the main receptor for
NGF, the protein also binds with lower affinity to the neurotrophin receptor p75, whose main
function is to enhance nerve growth factor signaling by interacting with TrkA and promoting TrkA
tyrosine autophosphorylation. However, it was shown that p75 can also interact with TrkB receptor,
thus becoming a suitable target for NGF, even if at a lower rate (Vesa et al., 2000). According to this,
is possible that unstained cells which were infected by AHSPG-NGF were actually TrkB*. In any case,
this background activity could be reduced and probably totally eliminated by tuning the dose of
vectors administrated. As discussed, if the quantity of virus is high enough to saturate all main
receptors of the ligand used for the chemical modification, the virus would recognize other possible
binding sites that exhibit lower affinity, thus generating unspecific labelling of unwanted cells.

Having a system able to specifically target NGF* peptidergic nociceptors using modified AAV vectors
could have utility in the development of therapeutic strategies to treat chronic pain. Indeed, at the
moment there is a huge need for therapeutics for treatment of chronic pain, because currently
adopted strategies mainly rely on nonsteroidal anti-inflammatory drugs or opioids which are usually
associated with dependence and tolerability issues along with overall safety concerns (Bélanger et
al., 2018). Given the involvement of NGF in pain signaling, different therapeutic approaches have
been proposed. One strategy consists of the blockage of NGF signaling using antibodies directed
against either NGF or TrkA receptor. Tanezumab is a humanized monoclonal antibody with high
selectivity and specificity for NGF, which is able to prevent the interaction between NGF and TrkA,
thus silencing NGF-dependent pain sensitivity (Abdiche et al., 2008). However efficient in patients,
this drug has not been approved by FDA due to serious adverse effects. Despite different NGF
antagonist and various blocking antibodies having been proposed so far, a safe and long-lasting
effective strategy to treat chronic pain still needs to be found.

In this context, cellular modulators could play a crucial role, and could be combined with our delivery
system to achieve selective regulation of neurons directly involved in pain signaling. Applications
are countless. For example, paroxysmal extreme pain disorder is a genetic diseases caused by point
mutations in SCN9A gene, which codes for a sodium channel that regulates neuronal activity, highly
expressed in peptidergic nociceptor (Sexton et al., 2018). A possible strategy to treat this disease
could be to exploit our AHSPG-NGF to selectively deliver CRISPR/cas effectors and directly correct
the mutation by homologous direct repair, thus addressing not only the symptoms but also the
cause of the disease. This approach could be also applied in patients suffering from familiar episodic
pain syndrome and many more genetic diseases in which mutations cause anomalous nociceptor



activity (Sisignano et al., 2019). Another possible application could be to selectively deliver with our
modified vectors regulatory siRNAs to modulate excitability and activity of nociceptors.
Disregulation of different channels and receptors are often associated with neuropathic pain, and it
has been shown that RNA interference could ameliorate symptoms in patients (Kress et al., 2013).
As an example, considering that TrkA activation leads to increased pain hypersensitivity due to
enhanced activity of TRPV1 and voltage-gated sodium channels in nociceptors, a downregulation of
these channels could be considered as a possible strategy to treat chronic pain (Khan & Smith, 2015).
Moreover, different molecules derived from plants or animals that show analgesic proprieties have
been used to treat pain states. For example, Na(v)1.7-inhibiting peptides isolated from the venom
of the centipede Scolopendra subspinipes mutilans shows strong analgesic effects in animals, and
could be a valid candidate for AAV-based delivery into nociceptors (S. Yang et al., 2013). Botulin
toxin has been used for years to treat different conditions including chronic pain. It inhibits the
release of pain mediators from peripheral nerves endings, DRG and spinal cord neurons, reduces
inflammation and deactivates sodium channel reducing neuronal excitability (Park & Park, 2017).
However efficient, currently there are no clinical guidelines for administration of botulin toxin for
neuropathic pain, and all delivery routes used still face the same concerns about low tissues
permeability. Our system could offer an effective and highly specific way to bypass surrounding
tissues and deliver the toxin directly into neurons. Indeed, delivering therapeutic molecules or
activity modulators in the form of DNA directly into nociceptors offers the advantage to instruct
neurons to continuously produce these effectors without the need of genome integration given the
non-dividing nature of neurons, thus providing long-term beneficial effects without requiring
continuous administration of therapeutic agents. These are just some examples of possible
applications of our AHSPG-NGF vectors in the context of chronic pain treatment, but many more
uses could be done in basic research as well. Having a tool that allows for specific manipulation of
peptidergic nociceptors could be of great help in the study of the functionality and modulation of
these neurons and their relationship with other systems.

To further explore new possible applications of our chemical modification technology in order to
obtain AAV vectors with enhanced proprieties, | next studied how the conjugation of a small
synthetic peptide that selectively activates the PAR1 receptor on AHSPG capsid could be exploited
to obtain vectors with increased permeability to cellular barriers. Indeed, PAR1 is involved in many
different functions including disruption of endothelial barriers in different tissues upon thrombin
stimulation (Dragoni et al., 2020). PAR1 signaling is complicated and the exact mechanisms leading
to barrier dysfunction are diverse and not fully understood. Moreover, it is important to note that
different activation modalities of PAR1 signaling lead to potentially opposite effects. For example,
PAR1 activation by activated protein C (APC) has been demonstrated to have potent anti-
inflammatory proprieties and barrier protective effects (Feistritzer & Riewald, 2005). Similar
endothelial cytoprotective effects can be obtained upon treatment with different PAR1 agonists (De
Ceunynck et al., 2018).

In general, thrombin induces endothelial barrier dysfunction via two major independent pathways.
One of them is calcium dependent: thrombin stimulation leads to cellular influx of extracellular
Ca?* and subsequent phosphorylation of regulatory myosin light chains (MLC) by Ca2+/calmodulin-
dependent myosin light chain kinase (MLCK). MLC phosphorylation induces cellular shape changes



which lead to contraction and intercellular gap formation, which results in the loss of barrier
functionality (Garcia et al., 1995). The second mechanism is calcium independent and relies on the
Rho-associated protein kinase (ROCK). It has been shown that endothelial barrier permeability is
influenced by increased F-actin stress fiber-related contractile tension which is regulated by the
activation of RhoA/ROCK pathway (Carbajal et al., 2000). PAR1 mediates RhoA activation (Loberg et
al., 2007) and subsequent positive modulation of ROCK, which in turn enhances MLC
phosphorylation that leads to cellular contraction and disruption of tight junctions (Carbajal et al.,
2000). Despite the main mechanisms underlying PAR1-dependent barrier dysfunctions having been
widely studied, different studies propose alternative and coexisting pathways which are involved in
PAR1 functional regulation of barriers integrity.

In one study authors have underlined the importance of the thrombin-matrix metalloproteinase
(MMP)-9 axis in BBB increased permeability. Thrombin activation of PAR1 seems to induce the
release of MMP-9 from pericytes with the BBB, via activation of both Akt and ERK1/2 pathways,
which leads to transient permeabilization of the barrier (Machida et al., 2017). Moreover, brain
microvascular endothelial cells (BMECs) have been shown to increase nitric oxide synthesis and
mitochondrial/cytosolic reactive oxygen species production via PAR1-dependent pathways, leading
to BBB dysfunction (Brailoiu et al., 2017), suggesting the presence of different mechanisms that
regulates PAR1 induced barrier functionality.

PAR1 activation can be achieved not only after thrombin or other protease cleavage of PAR1 N-
terminus, but also by different synthetic peptides that mimic the unmasked tethered ligand portion
of the receptor. In particular, the direct tethered ligand sequence, SFLLRN, has been extensively
used as a full agonist of PAR1 and partial agonist of PAR2 in different studies (McLaughlin et al.,
2005). However, even if SFLLRN peptide mimics thrombin activation of PAR1, there is an emerging
body of evidence which suggests that agonist peptides do not activate PAR-1 in the same manner
as does thrombin (Hollenberg et al., 2014). Both thrombin and synthetic peptide activation of PAR1
lead to a fast intracellular CaZ* increase, but mechanisms, kinetics and cellular effects are different.
While at saturating concentrations of ligand this variability seems to be masked, when dose-
response curves are considered, thrombin and SFLLRN activation of PAR1 lead to different activation
of both Gaq and Ga12/13 pathways, while only Ga12/13-mediated Rho kinase activity can induce
actin stress fibres formation and increased barrier permeability in human endothelial monolayers
(McLaughlin et al., 2005). However, in another study, calcium influx and Gaq modulation seems to
contribute to increased endothelial permeability, thus suggesting that different responses depends
on the particular cell type considered (Bogatcheva et al., 2002). Whichever pathway is preferentially
activated, myosin light chain (MLC) phosphorylation is the final commitment step in induced
endothelial cell contraction. MLC kinase (MLCK) activation is calcium-dependent, while MLC
phosphatases are regulated by Rho kinase, which downregulates MLC phosphatases thus favouring
the phosphorylated state of MLC (McLaughlin et al., 2005). However, despite both thrombin or
SFLLRN activation of PAR1 being related to an intracellular Ca%* increase, this does not always leads
to increased endothelial permeability, and seems to depend on the structural and functional
proprieties of involved cells. For example, stimulation of Ca%* influx is sufficient to induce pulmonary
macrovascular but not microvascular endothelial barrier dysfunctions, thus further underlining the
variability in the effects elicited by PAR1 activation (Kelly et al., 1998).



When viral vectors are delivered in vivo, the virus needs to overcome eventual barriers protecting
target tissues from efficient infection. This is particularly relevant in the context of CNS targeting,
where the three meninges envelop the brain and where the BBB separates it from the cerebral
microvasculature. If complex and invasive direct brain injections want to be avoided (not easily
feasible in humans), systemic targeting of CNS could be obtained following direct administration of
vectors directly into the bloodstream or in the cerebrospinal fluid (CSF). In the case of intrathecal
injection, vectors are administrated into the subarachnoid cavity and are thereby separated from
the spinal cord just by the pia mater, the innermost of the meninges. The pia mater is a highly
vascular membrane composed by a one- to two-cell-thick layer of leptomeningeal fibroblasts that
directly enfolds the brain and spinal cord (Adler, 2010). In the spine, the pia mater can be divided
into two parts, the intimal and the epipial layers. The epipial layer consists of a network of
collagenous fibers and meningeal fibroblasts while the intimal layer is composed of reticular and
elastic fibers which lie directly on the glia limitans, the outermost layer of neural tissue. Blood
vessels meander into the epipial layer and eventually reach the parenchyma of the spinal cord
through the intimal layer (Adeeb et al., 2013). Although a possible role of PAR1 in the regulation of
pia mater permeability has not been investigated so far, some evidence suggests that PAR1
activation could lead to barrier dysfunction also in this tissue. Despite being less studied, PAR1 is
also expressed on fibroblasts, where its activation has been related to the modulation of Gaq and
Ga12/13 pathways, involved, as discussed above, in barrier dysfunction via regulation of Ca?* influx
and Rho kinase activity, respectively (Deng et al., 2008). Moreover, PAR1 activation has been shown
to stimulate fibroblast-mediated contraction of three-dimensional collagen matrices, thus further
underlying its role as a mediator of tissue remodelling (Fang et al., 2004). In this respect, since pia
mater is mainly composed by fibroblasts which respond to PAR1 activation in a similar way of
endothelial cells, it can be expected that PAR1 could elicit the same barrier-disrupting effects
induced in other tissues. Moreover, due to the high vascular nature of the pia mater, PAR1 could
promote AAV migration into the parenchyma of the spinal cord directly through microcapillaries by
inducing endothelial barrier dysfunction. In this way, vectors which are administrated into the
subarachnoid cavity could directly cross capillary endothelial layer and enter into the parenchyma
of the spine through the local vascular microcircuits. According to this prospect, vectors could infect
neuronal tissues without interfering with the integrity of the pia mater, although it is more likely
that both discussed migration mechanisms could coexist. However, whichever route is pursued is
eventually advisable that by chemically linking the selective PAR1 agonist SFLLRN on AHSPG capsid
it would be possible to obtain vectors with enhanced permeability toward different cellular barriers,
including the pia mater.

In order to test this hypothesis, | have worked with a modified version of the well characterized Parl
agonist SFLLRN, in which an extra cysteine (C) residue was included at its amidated C-termini. The
resulting peptide, SFLLRNC, was subsequently modified with maleimide linkers in order to accept an
azide motif directly linked to its extra C residue. Different linker and reaction conditions have been
tested to eventually select the most efficient conjugation protocol. AHSPG- SFLLRNC vectors
successfully infected DRG cultures with all the linkers tested, with their length minimally effecting
transduction efficiency, demonstrating that SFLLRNC conjugation can effectively restore AHSPG
infectivity. At this point, AHSPG- SFLLRNC has been injected intrathecally at different doses, with
the aim of assessing whether the modified vectors could overcome the pia mater and infect
underlying spinal cord. AHSPG-SFLLRNC successfully infected spinal tissues in a dose-dependent



manner, while unmodified AHSPG only displayed low background activity in the control animals.
Distribution of fluorescence has been analysed and signal was present throughout the entire spinal
cord, with its maximum peak being in the lumbar region, close to the injection site. Moreover,
positive fibres successfully conveyed the signal to different areas of the brain. This is by itself a
notable result, considering that intrathecal administration of many rAAV serotypes, including AAV2,
fails to provide sustained transgene expression in spinal cord and, even more, in the brain (Gray et
al., 2013). Different studies have been carried out in which authors tried to infect spinal cord of
rodents by delivering rAAV2 in the subarachnoidal cavity with different methods, but only poor and
short-lasting transgene expression was achieved, thus indicating how the intrathecal space is
resistant to efficient gene transfer (Beutler et al., 2005). However, capsid structure plays a crucial
role in this. For example, AAV9 is widely known for its BBB crossing proprieties and its ability
to transduce neurons and glia throughout the central nervous system following different
administration routes, including intravenous and intrathecal injections (Schuster et al., 2014). This
indicates that despite CSF delivery of rAAV being particularly challenging, effective CNS transduction
could be achieved by using vectors with specific proprieties.

Different factors could contribute to the successful AHSPG- SFLLRNC transduction of CNS. As
discussed above, SFLLRN activation of the Parl signaling cascade is involved in barrier disruption in
different tissues, including endothelial cells, BBB and fibroblast. It is possible that upon SFLLRN
binding to meningeal fibroblasts that compose the pia mater, and subsequent Parl signaling
cascade activation, an impairment of barrier integrity would lead to an increased trafficking of viral
vectors directly into spinal cord parenchyma. According to this possibility, the reason for the
increased viral transduction would be found in a physical disruption of pia mater integrity, and the
creations of gaps from which the virus could access to the underlying nervous tissues. In order to
confirm this theory and to assess whether the Parl agonist SFLLRNC alone was enough to induce
pia mater permeabilization, animals have been injected intrathecally with unmodified AHSPG
together with unconjugated SFLLRNC peptide. Surprisingly, the pattern of infection found was
completely different from the one obtained in animals injected with modified AHSPG-SFLLRNC.
Indeed, while only few positive cells were observed in the lumbar spinal cord (injection site), a high
number of positive neurons was evident in different sites of the cortex, mainly located in the
outermost regions. This is very different from that found in AHSPG-SFLLRNC injected animals, in
which the signal is concentrated in the lumbar spinal cord and is maintained throughout the whole
structure to eventually convey into the pons, cerebellum and midbrain. However, the number of
positive neurons in the cortex of mice injected with AHSPG + unconjugated SFLLRNC is higher than
in both AHSPG-SFLLRNC and control groups. One possible explanation could be that, following
intrathecal injection in the lumbar subarachnoidal cavity, the Parl agonist is transported in the CSF
and therefore can spread and permeabilize the whole pia mater which surrounds the entire spinal
cord and the brain. At this point, AHSPG vectors, which are not linked to anything that can confer
them any binding proprieties, can loosely be transported by the CSF and eventually reach all the
regions of the CNS. Since the pia mater integrity is disrupted, the unmodified vectors could directly
contact and infect neuronal tissues. Indeed, despite the R585/588A mutation, AHSPG vectors still
retain some level of affinity for HSPG residues, and are not completely silent, as we have previously
discussed. In this respect, considering the high dose of virus used for these experiments, it is
reasonable to expect some level of infection when AHSPG vectors are used. This possibility is
supported by the fact that infected cells were only present in the outermost region of the cortex of



the animals injected with unconjugated SFLLRNC. This indicates the possibility that the virus could
preferentially infect those cells that it contacts first, which are the closest to the pia mater. However,
despite the high number of positive cells in the brain, the spinal cord was poorly transduced, if
compared to the AHSPG-SFLLRNC group. A possible explanation could be found in the anatomy of
the pia mater itself. Indeed, while in the spinal cord the pia mater is composed by a two cell-thick
layer of leptomeningeal cells, in the brain it becomes thinner and is formed only by the intimal layer,
on which cerebral blood vessels lie directly (Adeeb et al., 2013). In this respect, is possible that the
greater thickness of the pia mater in the spinal cord represents a major obstacle for efficient viral
infection if compared to the anatomy of the same barrier in the brain. However, whichever is the
mechanism involved, is clear that SFLLRNC plays a crucial role in the acquired enhanced viral
infectivity. Indeed, if unmodified AHSPG vectors are injected alone at the same dose used for the
experimental groups, the number of positive cells in both spinal cord and brain is drastically lower.
On the other hand, when modified AHSPG-SFLLRNC are injected, the infection pattern appears to
be different. In this context, the main difference can be found in the fact that when AHSPG-SFLLRNC
are injected, all the viral particles are modified with the Parl agonist and thereby they will localize
mainly in the injection site by binding on their target cells. In this way, it is reasonable that the
highest level of infection would be detected in the lumbar region of the spinal cord, because most
of the virus injected will be able to spread only locally. As a consequence, less viral particles would
be free to be transported by the CSF to the brain, and thereby it is expected to see a lower number
of positive cells in the cortex.

Another possible way in which the modified AHSPG-SFLLRNC vectors could access and infect CNS
could rely on the effect of Parl signaling in endothelial barriers and BBB integrity. The pia mater is
a particularly vascular tissue, where blood vessels course before entering into the brain and spinal
cord parenchyma. We have largely discussed about the mechanisms in which Par1 activation leads
to increased endothelial and BBB permeability, and in this respect, it is possible that our vectors
could reach the CNS directly from the bloodstream following intrathecal administration. According
to this possibility, we cannot exclude that some modified viral particles could bind to the endothelial
cells and, after the internalization into the blood vessels, be transported by the bloodstream directly
to the parenchyma of the CNS. To test this possibility, and in general to ensure whether AHSPG-
SFLLRNC could be effectively transported by the bloodstream to different regions of the CNS,
modified vectors were delivered systemically with intravenous injection (IV). Brains and spinal cords
were analysed and, surprisingly, a difference in the transduction pattern between the two groups
was evident. Indeed, while few positive cells were found in the spinal cords of the experimental
group but not in the control, different scattered groups of positive cells were detected in the brain
of AHSPG-SFLLRNC injected animals, with a distribution pattern different from those found in IT
injected animals. In this case, positive cells were homogeneously distributed in different regions of
the brain, and where not localized just in the outermost part of the cortex (as for unconjugated
SFLLRNC + unmodified AHSPG IT) or in the pons/midbrain (as for AHSPG-SFLLRNC IT). This seems to
be logical considering that the vascularization of the brain is extended to all the different regions of
this organ, and indicates that AHSPG-SFLLRNC are effectively able to transmigrate across the
endothelial barrier and even cross the BBB. However, despite the high dose used, the number of
positive cells in the brains was not particularly high, and besides, only a few scattered cells were
detected in the spinal cords of AHSPG-SFLLRNC injected animals. One possibility could be that, since
the IV injections were performed in the mice tail veins, most of the modified vectors transmigrated



across the endothelium before arriving to the CNS. In this respect, is possible that part of the vectors
injected were dispersed throughout the whole organism following the normal vascularization of the
animal and thereby infected other tissues, thus decreasing the total amount of available vectors
able to reach and transduce the CNS. The reason why a large number of positive cells were found in
the brain but not in the spinal cord could be simply the fact that the brain is a bigger and most
vascular tissue if compared to the spine. However, considering the differences with the control
groups, there is evidence suggesting that the Parl agonist SFLLRNC could effectively affect barriers
integrity and, as a consequence, facilitate viral infection of the CNS.

To conclude, the experiments carried out outlined a possible involvement of SFLLRNC-mediated
Parl signaling activation on the regulation of the integrity of different cellular barriers, including pia
mater, endothelium and BBB, in accordance with published literature. Moreover, when the Parl
agonist is conjugated to binding-deficient AHSPG vectors, is able to restore viral infectivity both in
vitro and in vivo. The enhanced viral tropism and barrier permeability proprieties conferred by the
SFLLRNC peptide could be of great utility for many different purposed. Indeed, being able to boost
viral efficiency in vivo would reduce the amount of vector required to obtain a given effect, when
vectors are delivered IV or IT. Moreover, considering all the different Parl expressing cells, SFLLRNC
modified vectors could show increased infectivity in a broad range of different tissues in which Parl
signaling has been already involved in barrier dysfunctions, including gastrointestinal tract, lungs
and bladder (Arce et al., 2008; Pontarollo et al., 2020). Despite the presence of the Parl receptor
on platelets prevents the use of SFLLRNC modified vectors in humans, the technology could be of
particular interest for research in rodents models (Arachiche et al., 2014).



4  CONCLUSIONS

With the aim of improving currently adopted methods for AAV based gene delivery, we have
developed a tool that could enable cell-type specific reprogramming of viral tropism. Despite most
of my research being based on AAV2, the technology could be applied to virtually any known
serotype of AAV. During the first part of the project, we have developed and optimized a chemical
coupling strategy that would allow for the post-translational insertion of a specific ligand on the viral
capsid. In this way, the conjugated ligand could direct the modified vectors directly to the cell
population expressing the membrane receptor of the ligand used. After the systematic evaluation
of all the different conditions implied in the modification strategy and their subsequent
optimization, | have validated our system directly in vivo. Results obtained demonstrated the
functionality and specificity of the modified vectors using two different classes of ligands,
represented by the protein NGF and the lectin IB4. In both cases, modified vectors showed correct
tropism re-targeting toward the cell population of interest. Next, we have evaluated other possible
applications of our technology. Indeed, conjugating a ligand implied in the regulation of different
cellular mechanisms could confer particular proprieties to the modified virus. In this respect, we
have successfully decorated AAV2 capsid with a small peptide known to be a selective activator of
Parl signaling and thereby involved in the regulation of barriers integrity. When tested in vivo, the
modified vector displayed enhanced transduction efficiency for the CNS, presumably due to an
increased permeability for meningeal barriers and BBB.

Notably, our system offers a valid alternative to the most popular genetic modifications of vectors
suited to establish altered tropism and tissue specificity. Being able to post-translationally modifying
viral tropism offers several advantages if compared to genetic engineering approaches. Chemical
coupling strategies can be easily tested without the need to produce a new vector for every
modification of viral genome, thus allowing the exploration and optimization of different
experimental options in a less time/money-consuming manner. Moreover, the risk of interfering
with viral packaging is considerably lower, which mitigates the insert size limitations that usually
restrict the applicability of genetic modification approaches. Thanks to its versatility, the tool we
have developed can be easily adapted to specific needs. Indeed, virtually any class of ligand could
be included in the modification strategy, thus allowing the selective targeting of different cell types
and tissues. Despite specificity being the main goal of the technology, the versatility of the system
is evident also in terms of possible applications. For example, attaching a ligand with broad tropism
and high affinity for its receptor(s) will lead to the formation of a vector characterized by a superior
efficiency. Another example could be, as already discussed, the conjugation of a ligand characterized
by specific proprieties, such as increased barrier permeability. The efficiency boosting effect could
be exploited to reduce the viral dose of a particular virus required to obtain an expected response,
thereby reducing off-target effects and potential immune reaction, if used in vivo. On the other
hand, acquired specificity could be employed to regulate specific cellular responses through the
expression of appropriate transgenes. In this context, the tool could be leveraged for targeted
therapy (immunotherapy, cancer therapy, gene therapy,..) or targeted regulation of neuronal and
non-neuronal activity (optogenetics, chemogenetics, epigenetic modifications, gene expression
control,..).



In conclusion, the tool developed within this project shows that post-translational chemical
modifications of AAV are a valid alternative to genetic manipulation of vectors aimed to re-direct
viral tropism and provide a potent new platform for selective targeting of different cellular
population both in vitro and in vivo.



5 MATERIALS & METHODS

5.1 CELLCULTURE

5.1.1 HEK293T, PC12 and Sf21 cell lines

HEK293T (ATCC, CRL-3216™) and PC12 (ATCC, CRL-1721") cells were maintained in DMEM, high
glucose, GlutaMAX™ Supplement (Gibco, 10566016) media supplemented with 1% Penicillin-
Streptomycin Solution (10,000 U/mL) (Gibco, 15140122) and, respectively, 10% Fetal Bovine Serum
(euroclone, ECS0180L) or 5% Fetal Bovine Serum plus 5% Horse Serum (ThermoFisher, 16050130),
and kept at 37°C in humidity-saturated 5% CO, atmosphere. Cells were passed upon reaching 90-
100% confluence.

Insect Sf21 cell line was kindly provided by EMBL Protein Expression and Purification Core Facility,
Heidelberg. Cells were maintained in Sf-900™ IIl serum-free media (ThermoFisher, 12658019)
supplemented with 1% Penicillin-Streptomycin (10,000 U/mL) (Gibco, 15140122) and kept in
suspension (shaking at 130rpm) at 27°C in standard atmosphere conditions. Cells were maintained
at a concentration between 10°-107cells/ml and were monitored on a daily base.

5.1.2 Primary DRG Culture

Adult C57BL/6J mice were anesthetized with 3% isoflurane administration and sacrificed using CO,.
Immediately, all DRG were collected and kept in PBS during the collection. DRG were subsequently
treated with a 0,01% Collagenase (Sigma, C7657-100MG) in PBS solution for 30 minutes at 37°C on
a shaker. DRG were then centrifuged at 1000RPM for 3 minutes at room-temperature (RT) and
digested with trypsin 0,05% EDTA (Gibco, 25300-054) for 12 minutes, mixed, and digested for
further 12 minutes at 37°C on a shaker. Trypsin was inactivated by adding fresh HEK293T complete
media and digested DRG were passed through a 0,22um cutoff filter (Millex, SLGPO33RS) to remove
debris. Lysate was centrifuged at 1000RPM for 3 minutes at RT, cell pellet was resuspended in fresh
HEK293T complete media and DRG neurons were plated in 35mm plastic dishes. DRG were kept at
37°C in humidity-saturated 5% CO; atmosphere and media were replaced the day after the
collection and subsequently as needed.

5.2 GENERATION OF HEK293T AAVR KNOCK-OUT CELL LINE

To generate the AAVR knock-out HEK293T transgenic stable cell line, a CRISPR/Cas9 based strategy
combined with the PiggyBac Transposon system has been used. The three plasmid components of
the system (PiggyBac Transposase, pl133_pPB_mU6-gRNA-StemLoop_Efla-Puro-2A-BFP and
p065 pPB CAG_Cas9 IRES Hygro) were kindly provided by J. Hackett group, Epigenetic and


https://www.thermofisher.com/order/catalog/product/16050130

Neurobiology Unit, EMBL Rome. A single-guide (ATAGGTGTAACTACGTCACT) targeting the human
KIAAO319L gene has been cloned in the enhanced gRNA-scaffold vector (p133) at Blpl/BstXI sites.
Briefly, oligoes with BstXI-Blpl overhangs (5" TTGATAGGTGTAACTACGTCACTGTTTAAGAGC and 5’
TTAGCTCTTAAACAGTGACGTAGTTACACCTATCAACAAG) were annealed at 95°C for 3 minutes and
cooled at room-temperature for 30’. Double-stranded oligos have been inserted into p133 plasmid
previously cut with BstXl and Blpl using T4 DNA ligase (Thermofisher, ELO011) following
manufacturer’s guidelines. Resulting plasmid has been sequenced (Eurofins, mix2seq kit, custom
DNA sequencing service) with a standard U6 primer (5 CTTAATGTGCGATAAAAGAC) and used to
transform Stbl3 chemically competent E. coli (Invitrogen, C737303). HEK293T cells were plated into
75cm? plastic flask and when 80% confluent they were transfected with PiggyBac Transposase, p065
and edited p133 plasmids (1:1:1 molar ratio for a total of 10ug DNA) using 0,33mg/ml linear-PEI 25k
(Polysciences, PEI 25k, 23966-100 — 1:11 DNA to PEl molar ratio). Complete HEK293T media
supplemented with puromycin (1ug/ml) and hygromycin (200ug/ml) was changed every 3 days for
a total of 9 days to select positively transfected cells. The selection of correctly edited cells was done
following an empirical strategy. Cells were exposed to a wild type AAV2-GFP (see wt AAV2-GFP
production) at a MOI = 1000 GC/cell, and GFP* cells were eliminated using a BioRad S3 cell sorter
(BioRad). Briefly, the control cell population was identified based on physical parameters (FSC and
SSC) and a threshold was set using the 488 laser and the green fluorophores filter set. Then the
samples were run and the cells that expressed the fluorescent protein (fluorescence values above
the threshold) were separated from those that did not express it. Non-fluorescent cells were re-
plated in 48-well cell culture dish and exposed to viral selection and sorting for further three cycles.
Finally, cells which passed all the four selection rounds were considered AAVR deficient and used
for subsequent experiments.

5.3 AAVPRODUCTION

5.3.1 Wild Type AAV9-GFP
Wild type AAV9-GFP was produced by AddGene, viral prep #37825-AAV9

5.3.2 AHSPG AAV2-tdTomato and AHSPG AAV2-CRE

The production of AHSPG AAV2 carrying a tdTomato fluoresce reporter or the Cre recombinase gene
was done following the standard triple-transfection method as previously described (McClure et al.,
2011). Briefly, HEK293T cells were transfected with the three plasmids necessary for rAAV
production: Helper pFdelta6 (Agilent), pAAV-CAG-tdTomato (codon diversified) (AddGene, Plasmid
#59462) or pAAV-CMV-Cre (kindly provided by J. Sawitzke, Head of Genetic & Viral Engineering
Facility (GAVEF), EMBL Rome) and a modified version of the AAV2 capsid plasmid pAAV2-Rep/Cap-
AHSPG (kindly provided by J. Sawitzke, Head of Genetic & Viral Engineering Facility (GAVEF),
EMBL Rome). The Rep/Cap plasmid, which already displayed the AHSPG R585/588A substitution in
the VP3, was further modified to include Y444/500/730F and T491V VP3 substitutions. A DNA insert
with the specific aminoacidic substitutions was cloned in SsP1 and Smal site of pAAV2-Rep/Cap



AHSPG plasmid (ThermoFisher,5’
atttgtattTcttgagcagaacaaacactccaagtggtaccaccacgcagagtcgacttcagttttctcaggecggagegagtgacatteggg
accagtctaggaactggcttcctggaccctgttaccgccageagegagtatcaaagGTatctgeggataacaacaacagtgaatTetegtgg
actggagctaccaagtaccacctcaatggcagagactctctggtgaatcegggeccggecatggcaagecacaaggacgatgaagaaaagt
tttttcctcagageggggttctcatctitgggaagcaaggctcagagaaaacaaatgtggacattgaaaaggtcatgattacagacgaagag
gaaatcaggacaaccaatcccgtggctacggagcagtatggatccgtatctaccaacctccaggetggcaacgeccaageagetacagetg
atgtcaacacacaaggcgttcttccaggceatggtctggcaggacagagatgtgtaccttcaggggceccatctgggcaaagattccacacacg
gacggacattttcacccctctecectcatgggtggattcggacttaaacaccctectccacagattctcatcaagaacaccccggtacctgega
atccttcgaccaccttcagtgeggeaaagtttgettecttcatcacacagtactccacgggacaggtcagegtggagatcgagtgggagetec
agaaggaaaacagcaaacgctggaatcccgaaattcagtacacttccaactacaacaagtctgttaatgtggactttactgtggacactaat
ggcgtgtattcagagcctcgecccattggecaccagatTectgactcgtaatctgtaattgettgttaatcaataaaccgtttaattegtttcagtt
gaactttggtctctgegtatttctticttatctagtttccatggcetacgtagataagtagcatggegggttaatcattaactacageec) using
traditional Gibson Assembly Cloning Kit (NEB, E5510S, 10 reactions), following manufacture’s
instruction. SsP1 and Smal sticky-ends induced compatible homology arms were designed and
included at 5 and 3’ ends of the insert, respectively (5 cgtctcatgaatcctctcatcgaccaat, 5’
gggcgtttaaacagcgggceggagggg). Correct cloning of the insert in pAAV2-Rep/Cap AHSPG plasmid was
confirmed by sequencing (Eurofins, mix2seq kit, custom DNA sequencing service) using custom
primers targeting a region immediately 5’ of VP3 position 444 (5’ ggagtactttccttctcagatg) or VP3
position 730 (5’ ggacaggtcagcgtggagatc).

HEK293T cells were plated in ten 150mm cell culture plastic dishes and upon reaching 80% of
confluence they were triple transfected with plasmids described above (in a 1:1:2 molar ratio, with
the latter being pFdelta6, for a total of 600ug of DNA) using linear PEI 25k (1:11 DNA to PEIl molar
ratio). Fresh HEK293T media was changed the day after transfection and cells/media were collected
3 days after. Rnase-A (sigma, R4875-100mg) and triton-x100 (Sigma, X100-500ml) were added to
collected cells/media to a final concentration of 5ug/ml and 0.5%, respectively, and incubated at
37°Cfor 2 hours on a shaker. Mixture was then centrifuged at 3700g, 30’ at RT to remove debris and
supernatant was further filtered through stericup quick release filter 0,22um (Millipore,
S2GPUO2RE). Next, clean supernatant was concentrated using a peristaltic pump (Sartorius,
VivaFlow, 11532084) equipped with filtering cartridge 100kDa (Sigma, Z615390), and excess of
media was discarded. Viral particles were purified through iodixanol gradient (Optiprep, 1114542)
by ultracentrifugation (Beckmann, optima XE-90 ultracentrifuge) at 44400g for 2 hours at 18 °C. In
order to further concentrate the virus and to remove iodixanol excess, collected supernatant was
filtered with Amicon Ultra-15 centrifugal filter units 100kDa (Sigma-Aldrich, UFC910024) at 4000g,
4°C until a final volume of 200ul was reached. Amicon filters were pre-treated with a pluronic acid
(Gibco, 24040-032) gradient prior use to prevent viral loss due to its interaction with plastic material.
Finally, purified vectors underwent snap freeze in liquid nitrogen and were stored in low binding
plastic tubes (Sarstedt, 72706600) at -80°C.

5.3.3 Wild type AAV2-GFP

Wild type AAV2-GFP was produced following an optimized baculovirus expression vector (BEV)-
mediated rAAV production system, as previously described (Y. Wu et al., 2019). A dual-functional
BEV/Cap-(ITR-GOI) that carries the cap gene and the ITR-GOI suitable for AAV2 production, together



with a modified DH10EBacY E. coli packaging cell line were kindly provided by EMBL Protein
Expression and Purification Core Facility, Heidelberg. The baculovirus expression vector,
pFD.cap2.ITR-GFP.Rep2, was designed to express EGFP under the control of a CMV promoter. rAAV
production was performed following baculovirus expression system protocol provided by the
Eukaryotic Expression Facility, EMBL Grenoble. Briefly, pFD.cap2.ITR-GFP.Rep2 expression vector
was transposed into DH10EBacY baculoviral genome and correctly edited colonies were selected
through specific antibiotics and blue-white screening. The modified baculoviral genome harboring
the correct insertion of AAV2-GFP expressing vector was isolated and used to transfect adherent
sf21 cells using X-tremeGENE HP DNA Transfection Reagent (Roche, 6366244001). YFP (contained
into the baculoviral genome) expression was monitored as an indicator of successful viral infection
of sf21 insect cells, and 3 days post transfection the media, containing secreted functional
baculovirus, was collected and used for further expansion of the vectors. Serial expansions were
carried on until at least 75% of 200m| of 10°sf21 cells/ml exhibited YFP signal. Next, cells and media
were collected and rAAV particles purified through iodixanol gradient as described above for
AHSPG-AAV?2 production.

5.4 CHEMICAL MODIFICATIONS OF RAAVs

5.4.1 Ligand modification protocol

WGA Lectin from Triticum vulgaris (Sigma, L9640-10MG) and IB4 Lectin from Bandeiraea
simplicifolia (Sigma, L3019) were functionalized with an azide group through chemical reaction with
the heterobifunctional crosslinker NHS-peg4-azide (Thermofisher, 26130). 1-10mg/ml of lectin were
modified with ~ 20 fold excess of linker::protein molar ratio in PBS on a shaker for 3 hours at RT.
Next, modified protein was concentrated and excess of unbound linker was cleaned-up through
Amicon Ultra-0.5 Centrifugal Filter Unit 10kDa MWCO (Sigma, UFC501008). Columns were pre-
treated with a pluronic acid gradient prior use. Briefly, columns were filled with 0,1% pluronic acid
in PBS for 10 minutes at RT, then the solution was removed by centrifugation. Columns were further
washed with 0,01% pluronic acid in PBS for 1 minute and subsequently with 0,001% + 200mM NacCl
solution for 1 minute. The concentration of modified lectins was measured using a nanodrop
microvolume spectrophotometer.

WGA-SNAP was synthetized as SNAP-Tag fusion protein by EMBL Protein Expression and Purification
Core Facility, Heidelberg.

NGFR12ZIW _SNAP was previously synthetized in our laboratory and used by authors for other
purposes (Nocchi et al., 2019).

PAR1 agonist (SFLLRNC) was synthetized by GeneScript, and functionalized with an azide group in
our laboratory. The azide group was added following a two-step maleimide reaction. Azide-peg3-
maleimide crosslinker was prepared immediately before use following manufacture’s guidelines
(Jena Bioscience, CLK-AZ107-25). 100uM of PAR1 agonist were modified with 10 fold molar excess
of linker and 10 fold molar excess of TCEP (Sigma-Aldrich, 646547) in PBS for 2 hours at RT on a
shaker.


https://www.sigmaaldrich.com/IT/it/product/sigma/646547?context=product

5.4.2 Virus modification protocol

Viral vectors to be modified were thawed immediately prior use, and reacted with the optimal
virus::linker molar ratio previously found for each viral prep produced. The choice of the linker was
made according to the presence of an azide motif or a SNAP-tag on the ligand used. NHS-DBCO
(Sigma-Aldrich, 761524) NHS-peg4-DBCO (Sigma-Aldrich, 764019), NHS-peg8-DBCO (BroadPharm,
BP-24019), NHS-peg24-DBCO (BroadPharm, BP-25726), BG-gla-NHS (NEB, $9151S), BG-peg13-NHS
(synthesized by EMBL Chemical Biology Core Facility, Heidelberg) were diluted in DMSO 99,8% to a
stock concentration of 20mM and conserved at -20°. In order to find the optimal virus::linker molar
ratio for each new batch of virus produced, the linker of choice was thawed immediately prior to
use and diluted in PBS to a concentration of 20uM. Next, 3x10° VG were reacted with increasing
linker concentrations for 2 hours at RT on a shaker. Excess of unbound linker was removed using
Amicon Ultra-0.5 100kDa Centrifugal Filter Units. Filtering columns were pre-treated with a pluronic
acid gradient as described above. WGA-azide or NGF-snap were used as reference ligands to ensure
modified vector efficiency. 5uM of ligand were reacted with primed vectors for 1 hour at RT on a
shaker and further over night at 4°. Prior to administration, excess of unbound ligand was washed
using pre-treated Amicon Ultra-0.5 100kDa Centrifugal Filter Units as described above. Modified
vectors were tested on PC12 cells or freshly prepared DRG primary cultures and red fluorescence,
as an indicator of viral infection rate, was monitored 3 to 5 days post infection with a fluorescence
microscope. Control experiments using unmodified vectors were always run in parallel. The
selection of the optimal virus::linker molar ratio was done by empirically assessing the maximal
presence of fluorescent signal among all the conditions tested.

The modification of viral vectors to be used for other experiments was done similarly to the protocol
described above for the selection of the optimal virus::linker molar ratio. Briefly, viral vectors were
modified with their respective optimal virus::linker molar ratio, taking into account the starting
amount of virus to be modified. Excess of linker was removed and 5uM of ligand was added. Before
administration, excess of unbound ligand was removed and final volume was adjusted according to
the specific experiment. Indeed, for particular applications, such as intra-sciatic nerve or intrathecal
injections, for which a volume of 3ul or 10ul respectively was required, further filtering was
performed following the same procedure. Modified vectors were applied to cells or injected within
the same day of preparation.

5.5 ANIMALS

Adult mice (8-32 weeks old) belonging to C57BL/6J strain or Rosa-CAG-LSL-tdTomato (Ai14(RCL-tdT)-
D, The Jackson Laboratory, 007914) were used in this project. C57BL/6J wild-type mice were bred
and maintained at the SISSA Scuola Internazionale Superiore di Studi Avanzati, Trieste, in
accordance with Italian legislation (Art. 9, 27. Jan 1992, no. 116) under license from the Italian
Ministry of Health. Rosa-CAG-LSL-tdTomato were breed and maintained at EMBL Rome in
accordance with Italian legislation (Art. 9, 27. Jan 1992, no. 116) under license from the lItalian



Ministry of Health. Experimental protocols were approved by the EMBL and SISSA Ethics Committee
and the Italian Ministry of Health.

5.6 INJECTIONS

Young adult (8-16 weeks old) C57BL/6J mice of both sexes were housed with food and water ad
libitum, under a 12 hours light/dark cycle and kept at a maximum of 6 animals per cage. Anaesthesia
was induced with 4% isoflurane delivered with 2% 02 and room air in a closed chamber, until loss
of reflexes was reached. During the injection procedure, isoflurane was lowered to 2-3% (according
to the type of injection) and delivered through a funnel-shaped nose cone connected to a non-
rebreathing apparatus. A charcoal scavenging device was used to manage waste anaesthetic gases
and decrease exposure time of personnel.

Intraperitoneal injections were performed without anaesthesia using plastic 27,5 gauge (or smaller)
0,5ml insulin syringes. The animals were manually immobilised in the head-down position and
vectors were injected into the lower right quadrant of the abdomen in order to avoid damage of
abdominal organs. Needle was positioned with bevel facing up at an angle of approximately 40° to
horizontal, until the entire bevel was inside the abdominal cavity, and substances were slowly
injected.

Retro orbital injections were performed entering into the retro-bulbar sinus by approximately 5 mm
using plastic 27,5 gauge (or smaller) 0,5ml insulin syringes. Eyeballs were partially protruded by
applying gentle pressure to the skin dorsal and ventral to the target eye, and needle was inserted,
bavel down, at an angle of approximately 30° into the medial canthus. Needle was hold in place for
30 second before being slowly withdrawn.

For intra sciatic nerve delivery of vectors, the lower back of anaesthetized animals was disinfected
with 70% ethanol and a small incision was made at the level of the mid-thigh region. Next, muscles
overlying sciatic nerves were gently separated using forceps and sciatic nerve was exposed and
maintained in place with concave tweezers. Injections were performed using a Hamilton glass
syringe equipped with a 30-gauge needle by inserting the needle, bevel down, directly into the
sciatic nerve towards the medial axis of the animals. 3 ul of total volume were slowly injected and
carefully monitoring of the procedure was conducted under a binocular microscope. After the
injection, sciatic nerve was positioned back to its site and skin was sutured with Michel suture clips.

Intrathecal injections were performed using plastic 27,5 gauge (or smaller) 0,5ml insulin syringes.
Firstly, the lower back of anaesthetized animals was disinfected with 70% ethanol and a small
incision was made to expose the lumbar region of the backbone. Injections were performed typically
in the intrathecal space separating L3 to L4, according to the visibility of the spinal column. On larger
animals (12+ weeks old) injections were performed at a higher level of the lumbar region. A total
volume of 15ul maximum was slowly administrated keeping the syringe at an angle of 90° to
horizontal and needle was hold in place for 30 seconds before being withdrawn to prevent backflow.
Skin was then sutured using Michel suture clips.



After injections, animals were left to recover on a heating pad to prevent postoperative
hypothermia and were monitored for eventual complications until full motor activity was recovered
and overall good health was ensured.

5.7 TISSUES PROCESSING AND IMMUNOSTAINING

3 to 5 weeks post injection, animals were sacrificed by CO, administration (100% CO, was
introduced in the chamber until lack of respiration was observed) and relevant tissues were
collected and immediately fixed in 4% PFA (Sigma-Aldrich, 158127) in PBS. DRG and trigeminal
ganglion were fixed for 2 hours at RT while brain, spinal cord and skin were fixed overnight. Next,
tissues were washed 3x with PBS and, if necessary, embedded in 2% agarose (Sigma-Aldrich, A9539)
in PBS and cut in 50um-thick sections using a vibratome (Leica, VT1000S). Sections of whole
DRG/trigeminal ganglions were then mounted on glass slides with ProLong Diamond Antifade
Mountant (Thermo, P36970) and eventually imaged using a Nikon A1R confocal microscope.

In order to perform immunostaining techniques, tissues sections were firstly permeabilized using
Tween-20 (Sigma-Aldrich, 9005-645) 0,3% in PBS for 10min at room temperature for 2 times,
washed in PBS and incubated with blocking solution (5% normal goat serum, ThermoFisher 31873,
in PBS) for 1 hour at room temperature on gently shaking. If an anti TrkA primary antibody was
required, normal donkey serum (Sigma-Aldrich, D9663-10ml) was used in the blocking solution.
Sections were incubated with primary antibodies (concentrations below) in blocking solution
overnight at 4° on gently shaking. Next, samples were washed for 2 times in PBS and secondary
antibodies in blocking solution were added and the sections were incubated for 1 hour and 30
minutes in the dark at room temperature on gently shaking. After further two washes with PBS,
slides were mounted with ProLong Diamond Antifade Mountant and imaged using a Nikon A1R
confocal microscope.

Anti trkA antibody (R&D Systems AF1056) (1:200)

Isolectin GS-I1B4 From Griffonia simplicifolia, Alexa Fluor™ 488 Conjugate (Invitrogen, 121411)
(1:500)

Isolectin GS-I1B4 From Griffonia simplicifolia, Alexa Fluor™ 647 Conjugate (Invitrogen, 132450)
(1:500)

Anti-NeuN antibody (Invitrogen, 78639) (1:500)
Anti-Thrombin R Antibody (ATAP2) — (Parl) (Santa Cruz Biotechnology, sc-13503) 1:200
All secondary antibodies were Alexa-conjugated and were used at a concentration of 1:1000.

Dapi 0,5mg/ml (Merck-Sigma, 32670) was used to counterstain nuclei. Samples were incubated for
30 minutes with 1:1000 DAPI in PBS and washed for 2 times with PBS.



5.8 IMAGE PROCESSING

Confocal images were analysed with imagel software. Quantification of the boosting effect of 1B4-
modified AAV2 and AAV9 on PC12 cells and quantification of the efficiency of wt AAV2, wt AAV2-
WGA, AHSPG and AHSPG-WGA on wt or knockout HEK 293-T cells lines were performed by dividing
total fluorescence by the total number of cells, identified via DAPI staining, to obtain the average
fluorescence of cells for each condition. Quantification of all other in vitro experiments was
performed by measuring the total fluorescence of all positive cells for each condition. Statistical
analysis were performed using GraphPad Prism software.
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