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Abstract

Abstract

Boosting intravenous administration of therapeutic viral vectors using an

oligopeptide-modified poly(B-amino ester)s-based coating technology

The use of viruses as therapeutic agents has become a reality for the treatment of inherited
genetic diseases and cancer in the recent years. The regulatory approval, commercialization and
clinical use of some virus-based products is the best demonstration of their applicability. However,
their potential is far from being completely exploited. Their inherent promiscuity to infect non-
target cells, their intrinsic immunogenicity and the high seroprevalence within the population pose
serious risks regarding their safety and minimize their efficacy when systemically administered.
Several strategies have been attempted in order to circumvent these drawbacks, from genetic
engineering of viral genomes to the development of complex delivering procedures. The
generation of hybrid viral/non-viral vectors using novel biomaterials aiming to hinder viral capsids

and enhance virus accumulation in target sites is one among these strategies.

Recently, newly developed poly(B-amino ester)s (pBAEs) have emerged as an interesting
choice as non-viral gene delivery vectors. Terminal modified pBAEs with oligopeptides (OM-
pBAEs) have been used to produced cell-specific vectors and slightly hydrophobic backbones
have improved their in vivo applicability. Here, we present their use as coating agents to boost
the intravenous administration of non-enveloped viral vectors such as adeno-associated viruses
(AAV) and adenoviruses (Ad). We demonstrate that cationic OM-pBAEs efficiently interact with
viral capsids serving as an electrostatic anchorage to physically modify them. Furthermore, we
demonstrate that targeting moieties and shielding polymers such as polyethylene glycol can be
incorporated into the coating structure modifying the viruses’ natural tropisms. In addition, we
have developed an OM-pBAEs-based coating technology able to improve pharmacokinetics,
safety and efficacy of intravenously administered Ads. Furthermore, this work culminates with the
production of SAG101, a combination of the coating technology with the ANUPARE1A, resulting
in a coated oncolytic adenovirus with great potential for the treatment of pancreatic ductal
adenocarcinoma (PDAC). Finally, we have explored the use of combined genetic and chemical
viral capsid modifications as a minimally invasive radiolabelling tool for biodistribution studies of

electrostatically coated Ads.

In conclusion, this thesis demonstrates that coating of viral vectors with OM-pBAEs is a
valuable tool to improve intravenous administration of non-enveloped viruses boosting their

efficacy and safety for specific therapeutic applications.
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Resumen

Resumen

Boosting intravenous administration of therapeutic viral vectors using an

oligopeptide-modified poly(B-amino ester)s based virus coating technology

En los ultimos afios, el uso terapéutico de virus para el tratamiento de enfermedades
genéticas y cancer se ha convertido en una realidad. La mejor demostracion es la aprobacion
regulatoria, la comercializacion y el uso clinico de algunos productos basados en virus. No
obstante, todavia no se ha logrado desplegar todo su potencial. La inherente promiscuidad de
los virus para infectar células indeseadas, su alta immunogenicidad y la alta seroprevalencia
entre la poblacion ha limitado su uso a tratamientos administrados localmente para asi garantizar
la seguridad y eficacia de dichos tratamientos. Se han explorado muchas estrategias para
solucionar estos inconvenientes, yendo desde la ingenieria genética de los genomas virales al
desarrollo de complejos procedimientos de administracion. Entre estas estrategias se encuentran
los vectores hibridos formados por componentes virales y no virales usando biomateriales
avanzados que enmascaran las particulas virales y mejoran la acumulacién de las mismas en

las zonas deseadas después de su administracion sistémica.

Recientemente, los poly(B-amino ester)s (pBAEs) han despuntado como vectores no virales
para aplicaciones en terapia génica. Su potencial se ha incrementado generando vectores con
especificidad celular incorporando oligopeptidos (OM-pBAESs) en su estructura y mejorando la
estabilidad de los complejos DNA/pBAEs para aplicaciones in vivo. En el presente trabajo
descubrimos su potencial para mejorar la adminsitracion intravenosa de virus sin envoltura, como
los virus adeno-associados (AAV) y los adenovirus (Ad). Hemos demostrado que los OM-pBAEs
cationicos interaccionan con las capsides virales y sirven para recubrir las particulas virales.
Ademas, hemos demostrado que es posible incorporar en el recubrimiento componentes que
dirijan la infeccion a células concretas, asi como incorporar polimeros que eviten interacciones
indeseadas modificando el tropismo natural de los virus. Como consecuencia, se ha desarrollado
una tecnologia de recubrimiento especifica para mejorar la farmacocinética, la seguridad y la
eficacia de adenovirus administrados por via intravenosa. Este trabajo ha culminado en la
produccion del SAG101, un adenovirus oncolitico recubierto, con gran potencial para el
tratamiento del adenocarcinoma ductal de pancreas (PDAC). Por ultimo, hemos explorado la
biodistribucion fisica de los adenovirus recubiertos a través del marcaje radiactivo mediante la

modificacion genético-quimicas de los adenovirus.

Con esta tesis se demuestra que el recubrimiento de virus con OM-pBAEs es una
herramienta con enorme potencial para mejorar la seguridad y eficacia de los agentes

terapéuticos viricos administrados por via intravenosa.
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Resum

Resum

Boosting intravenous administration of therapeutic viral vectors using an

oligopeptide-modified poly(B-amino ester)s based virus coating technology

En els ultims anys, I'Us terapeutic de virus pel tractament de malalties genétiques i cancer
ha esdevingut una realitat. La millor demostracioé és I'aprovacié regulatoria, la comercialitzacio i
I'us clinic d’alguns productes basats en virus. No obstant, encara no s’ha aconseguit desplegar
tot el seu potencial. La inherent promiscuitat dels virus per infectar cel-lules indesitjades, la seva
alta immunogenicitat i la alta seroprevalenga de la poblacié ha limitat el seu Us a tractaments
administrats localment per garantir la seva seguretat i eficacia. S’han explorat moltes estratégies
per tal de solucionar aquests inconvenients, des de la enginyeria genética dels genomes virals
fins al desenvolupament de complexos procediments d’administracié. Entre aquestes estratégies
s’hi troben els vectors hibrids formats per components virals i biomaterials avancats que
emmascaren les particules virals | milloren la seva acumulacio en zones desitjades després de

'administracio sistémica.

Recentment, els poly(B-amino ester)s (pBAEs) han despuntat com a vectors no virals per
aplicacions en terapia génica. El nostre grup n’ha incrementat el potencial generant vectors amb
especificitat cel-lular incorporant oligopéptids (OM-pBAEs) a la seva estructura i millorant
I'estabilitat dels complexes DNA/pBAEs per aplicacions in vivo. En el present treball descrivim el
seu potencial millorant I'administracié intravenosa de virus sense embolcall, com els virus adeno-
associats (AAV) i els adenovirus (Ad). Hem demostrat que els OM-pBAEs cationics interaccionen
amb les capsides virals i serveixen per recobrir les particules. A més a més, hem demostrat que
es possible incorporar en el recobriment components que dirigeixin la infeccié a cél-lules
concretes, aixi com incorporar polimers que evitin interaccions indesitjades modificant el tropisme
natural dels virus. Com a consequéncia, s’ha desenvolupat una tecnologia de recobriment
especifica per millorar la farmacocinética, la seguretat i I'eficacia d’adenovirus administrats per
via intravenosa. Aquest treball ha culminat en la produccié del SAG101, un adenovirus oncolitic
recobert, amb gran potencial pel tractament de I'adenocarcinoma ductal de pancreas (PDAC).
Per ultim, hem explorat la biodistribucio fisica dels adenovirus recoberts a través del marcatge

radioactiu mitjangant modificacions genético-quimiques dels virus.

Amb aquesta tesi demostrem que el recobriment de virus amb OM-pBAEs es una eina amb
un gran potencial per millorar la seguretat i eficacia dels agents terapéutics virics administrats

per via intravenosa.
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Introduction: Viruses as therapeutic agents

This chapter summarizes the knowledge evolution about the use of
viruses as therapeutic agents, from the origin of this idea to the current status.
Several milestones have been reached using viruses as carriers to deliver
therapeutic nucleic acids for gene therapy applications and in the oncolytic
virotherapy field. However, their intravenous administration is still a hurdle
limiting their efficacy due to the lack of targeting strategies, instability in the
blood stream and safety risks. In this thesis, our interest is focused on the
development of a polymer-based coating technology able to overcome current

delivery limitations.

1.1 Introduction

Viruses have always been related to something dangerous and threatening for the human
health and there are plenty of reasons that support this view. For instance, several epidemic and
pandemic episodes of Influenza (Flu) have challenged humanity throughout history. Claims have
been made for epidemics supposed to be due to Influenza since Greek and Roman times from
430 BC, but without clear conviction and evidences [1]. Interestingly, references to influenza can
be found in both scientific and lay publications since 1700 AC [2]. However, this identification

becomes more difficult as one goes back further in time.

The most dramatic and documented pandemic episode was the 1918 Spanish flu pandemic.
It is estimated that 500 million people were infected around the world resulting in the death of 50
to 100 million individuals. This is considered the deadliest natural disaster in human history [3].
The 1957 Asian flu was the second major Influenza pandemic episode to occur in the 20" century
[4], causing two million deaths worldwide, followed by the Hong Kong flu pandemic of 1968 with
an estimation of one to four million deaths [5]. The most recent 2009 pandemic flu, also known
as Swine flu, was globally spread (Figure I-1) and experts, including the World Health
Organization (WHO) estimated around 285,500 deaths [6].
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Figure I-1. Global distribution of deaths associated with 2009 pandemic influenza A H1N1 during the first year of

virus circulation by country. (Adapted from Lancet Infectious Diseases 2012; 12:687-95)

Unfortunately, Influenza is not the only virus posing a significant public health threat. The
Human Immunodeficiency Virus (HIV) causing Acquired Immunodeficiency Syndrome (AIDS) is
also considered a pandemic that has infected at least 60 million people and caused more than 25
million deaths [7]. The nature of its transmission, which is mainly by sexual interaction, has truly

placed HIV in the focus of the public opinion and debate.

Moreover, the recent Ebola epidemic outbreak in West Africa (2013-2016) evidenced that
resource-poor regions tend to suffer disproportionate morbidity from viral diseases because of
poor sanitation and limited access to health services [8]. From December 2013 to May 2016,
Ebola infected 28,616 people causing 11,310 deaths. Ebola has also threatened first world
countries when infected citizens from USA, Spain, Italy and UK residing in West Africa were
evacuated to their home countries. Then, a global alarm was triggered, and political and health

care institutions were challenged.

This was just a short list of examples aiming to explain the origin of the social fear to viruses
and, taking all this into account, their bad reputation seems justified. However, nowadays we are
also aware of their kind face and we know that viruses have actually helped us during evolution.

Our very long evolutionary history in a virus-rich environment has driven human adaptation
to such infections from the cellular level by domestication of retroviral genes and by teaching our
hyper reactive immune system. A clear example of cellular adaptation is that our genome contains
traces of viral DNA integrated from viral infections in our ancestors. About 8 percent of the human
genome consists of retroviral DNA sequences that have been inserted into the human germline,
where some of their functions have been adopted to serve essential functions for their host’s
survival and development [9]. For instance, expressed proteins from such endogenous
retroviruses can bind to and block cellular receptors that might otherwise be used by exogenous,

pathogenic retroviruses [10]. Another example is the endogenous retroviral envelope proteins
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which are responsible for fusion of trophoblast cells into the structures of the mammalian placenta
that mediate nutrient and gas exchange between maternal and foetal systems [11]. The exact
role of viruses on human evolution is hardly trackable but its importance seems increasingly

undeniable.

Accordingly, apart from being a threat to human health, viruses have also offered very
valuable services to humanity during evolution and in 1966, Edward Tatum hypothesized that
these services could go a step further. On the basis of the ability of viruses to transfer genes,
Tatum visualized a future where viruses would be engineered to carry therapeutic genes to serve
as delivery vehicles to target organs or tissues with defective gene expression. The feasibility of
transferring genetic material to treat genetic diseases was demonstrated by successive
achievements and discoveries during the early days of genetic engineering. Cloned genes were
used to correct genetic defects or mutations in mammalian cells and transfection techniques were
combined with selection systems for cultured cells and recombinant DNA technology [4][12]. The
early identification of genes responsible for several Mendelian disorders [13,14], followed by
advances in human genetics boosted by the Human Genome Project [15], consolidated the idea

that DNA could be used as a medicine to treat human diseases.

The term “gene therapy” was born and viruses were engaged to play a key role thanks to
their ability to deliver their viral genome inside living cells [16]. However, the momentum was
drastically crashed in 1999 with the tragic death of Jesse Gelsinger during a clinical assay.
Gelsinger's immune system responded immediately after the administration of a very high dose
of Adenovirus and he died four days later because of multi organ failure [17]. After that, it was not
until 2003, that Gendicine™ was approved in China, as the first gene therapy product for clinical
use [18,19]. Gendicine™ is a replication-incompetent recombinant adenovirus expressing the
wild-type p53 tumor suppressor gene recommended to treat head and neck squamous cell
carcinoma [20]. Later, in 2012, an adeno-associated virus serotype 1 (AAV1) carrying a copy of
the human lipoprotein lipase (LPL) gene was approved in Europe for the treatment of lipoprotein
lipase deficiency (LPLD) under the commercial name GbeeraT'\’I [21]. However, the rarity of this
disease (prevalence-worldwide 1-2 per million) and the expensive costs of this medicine ($1
million per treatment in 2015) forced the abandon of its commercialization. More recently, T-
VEC™ was approved in 2015 as the first commercial oncolytic virus for the treatment of
melanoma [22]. It is based on the local administration of a replication-competent herpes virus
expressing an immune system stimulation factor [23]. The achievement of this milestone has
opened a window of opportunity for the development of other strategies based on oncolytic
viruses, and stimulated research and investment. Another successful case is StrimvelisTM, which
became the first ex-vivo stem cell gene therapy product approved by the European Medicines
Agency (EMA) in 2016. It was indicated for the treatment of patients with a very rare disease
called ADA-SCID (Severe Combined Immunodeficiency due to Adenosine Deaminase
deficiency), a rare disorder caused by the absence of an essential protein called adenosine

deaminase (ADA), which is required for the production of lymphocytes [24]. Finally, an AAV-
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based gene therapy product commercially called Luxturna™ was recently approved by the FDA
for the treatment of Leber’s congenital amaurosis, a rare inherited eye disease that appears at
birth or in the first few months of life [25]. Figure I-2 represents a timeline highlighting the main

milestones of gene therapy from 1928 to the present.

Figure I-2. Timeline highlighting important milestones of gene therapy from 1928 to the present. (Adapted from

The Journal of Gene Medicine).

To date, more than 2500 gene therapy clinical trials have been conducted worldwide
showing remarkable therapeutic benefits. The treatment of cancer diseases is, with a 65% of all
trials performed, the main area of application. Viruses are present in approximately 70% of trials
as delivery vectors (Figure I-3), being the most commonly used: Adenovirus (20,49%), Retrovirus
(17,9 %) and Adeno-associated virus (7,64%) (Figure 1-3).

Generally, gene therapy is classified depending on the approach used to treat the disease:

e Gene supplementation or correction: Supplementation of a defective gene by gene

replacement or mutation correction in order to obtain a functional gene.

e Gene augmentation: Introduction of a novel gene into the cell, aiming to produce a
novel function that is not present or increase expression of specific genes. Suicide

gene therapy for cancer treatment included.

e Gene silencing: Delivery of interfering RNA (RNAI) to induce post-transcriptional

gene silencing by specific degradation of messenger RNA (mRNA).

¢ Oncaolytic virotherapy: Use of viruses to induce lysis of cancerous cells by their self-

amplification mechanism.
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Indications
Bl 65.00% Cancer diseases
Bl 6.93% Cardiovascular diseases
Bl 1.93%  Gene marking
Bl 2.16%  Healthy volunteers
[ 7.01% Infectious diseases
Il 058% Inflammatory diseases
[ 11.05% Monogenic diseases
Il 181% Neurological diseases
Bl 2.23%  Others
Il 1.31%  Ocular diseases

Total=2597

Vectors used
I 20.49% Adenovirus
Bl 17.90% Retrovirus
B 16.55% Naked/Plasmid DNA
B 7.64%  Adeno-associated virus
[ 7.34%  Lentivirus
Bl 655% Vaccinia virus
B 4.38%  Lipofection
Il 401%  Poxvirus
Bl 348%  Herpes simplex virus
Il 8.35%  Other vectors
Bl 3.30% Unknown

Figure I-3. Indications addressed and Vectors used by gene therapy clinical trials. Adapted from

www.abedia.com/wiley (The Journal of Gene Medicine, 2017)

Adenoviral vectors have shown efficient transduction in vitro, a good ability to infect dividing
and non-dividing cells (in vitro and in vivo) and the possibility of inserting big expression cassettes,
as well as producing high titers following good manufacturing practices (GMP) [26]. For these
reasons, Adenoviruses (Ad) represent the most used viral vectors in gene therapy clinical trials.
Furthermore, Ad have been also extensively studied for their oncolytic potential. In particular,
tumor-selective replicative Ad, via deletion of certain genes, such as E1B, dispensable for virus
replication in tumor cells, but necessary to complete their life cycle in normal cells, and via
inclusion of tumor-specific promoters controlling viral replication, have been developed showing
remarkable safety and efficiency profiles [27,28]. Moreover, replication-competent viruses
expressing immune system stimulating factors have been developed and tested alone and in
combination with immune modulating agents such as check-point inhibitors and promising results
have been reported [29-31].

On the other hand, adeno-associated viruses (AAV) are also among the most frequently
used viral vectors for gene therapy. AAV-mediated transgene expression persists during years in

comparison with replication-defective Ad vectors with reported transgene expression life-time of
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1 to 3 weeks [32,33]. The ability of AAVs to promote a stable expression of therapeutic genes has
made them one of the best candidates to treat inherited diseases where long-term expression is
desired. Accordingly, the main indications for AAV-based gene therapy are monogenic inherited
diseases in which the gene product is non-functional or missing. Several recombinant AAV-based
candidates are being clinically tested for the treatment of inherited blindness, cystic fibrosis,
haemophilia B, hereditary cardiac diseases, and muscular dystrophies among others [34].
Moreover, AAV seem to be the preferred vectors to be used as delivery vehicles for in vivo
CRISPR/Cas9 genome editing approaches [35]. Another interesting feature of wild-type AAV is
their lack of pathogenicity. The discovery of twelve human serotypes of AAV (AAV serotype 1
[AAV-1]to AAV-12) and more than 100 serotypes from nonhuman primates with different tropisms
upon systemic administration have increased AAV's potential as delivery vehicles for gene

therapy applications [36].

Despite the encouraging results in pre-clinical and clinical studies, further improvements of
viral-based therapies are required to fully maximise their therapeutic efficacy. The main limiting
factor for the efficient use of viruses as therapeutic agents is the inability to effectively deliver viral
particles to target tissues, organs or tumors. Although in some cases this issue has been
addressed by local administration of viruses, sometimes it is strictly necessary to perform
systemic administration in order to spread the virus throughout the body. For instance, in the case
of muscular dystrophies a bodywide correction must be achieved to fully change the disease
phenotype [36]. In the treatment of cancer, given its metastatic nature and the inaccessibility of
some tumor sites, intravenous viral administration is also the most attractive route of anti-cancer

viral agents with potential to treat both primary and metastases [37].

Several barriers have been identified as factors limiting systemic delivery of viruses. Figure
I-4 summarizes the main limiting factors affecting efficacy of systemically delivered adenovirus-
based therapies. Several undesired interactions upon systemic administration of viral particles
affect the accumulation of viral particles to target cells, necessary in both gene transfer
approaches and oncolytic estrategies. Non-specific binding to serum factors such as pre-immune
immunoglobulin M [38], complement [39], anti-viral cytokines [40] and macrophages result in a
rapid neutralization and clearance of a virus by the reticuloendothelial system with its associated
toxicity consequences due to the massive production of cytokines [41]. Moreover, the existence
of pre-existing immunity to the virus is very common when using human viruses and these
circulating neutralizing antibodies (NAbs) in blood serum severely hamper systemic delivery
[42,43]. Even in the case of no previous exposure to the virus, antibodies can be generated after
the first injection, limiting the efficacy of subsequent doses [44]. Finally, non-specific binding of
adenoviruses to blood cells has been demonstrated [45], and in the case of tumors, their high

interstitial fluid pressure disfavors extravasation of virions from the tumor vasculature [46].

Thus, instability of therapeutic virus particles in the hostile environment of the human blood

stream seems to be one of the main factors culminating in a number of unsuccessful clinical
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studies [47]. Therefore, during the development of viral-based therapies, attention must be
focused on features of the delivery process, including circulation kinetics, by-passing first hepatic
clearance, and improvement of extravasation in order to achieve a sufficient viral infection of

target cells upon systemic administration in vivo with minimal toxic effects [48].

Figure I-4. Reported Interactions of Ad5 with Blood Components In Vivo. 1. Ad5 binding to CAR-expressing
erythrocytes (species-specific expression of CAR) can cause trapping of virus in the circulation. In the presence of
antibody and complement, Ad5 can bind human erythrocytes via CR-1 [49,50]. 2. Opsonization of Ad5 with natural IgM
and/or complement promotes KC uptake via complement receptor-3 (CR-3) or Fc Receptor [41]. 3. Ad interactions with
T-cells [51]. 4. FX binding to the Ad5 hexon promotes hepatocyte entry through HSPGs [52]. 5. FIX/C4BP binding to the
fiber knob has been proposed to mediate hepatocyte entry via HSPGs or LRP, and has been suggested to direct KC
uptake [53]. 6. Ad binding to platelets has been shown to enhance uptake by KCs [54]. Von Willebrand factor (vWF) and
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P-selectin have been associated with the formation of activated platelet-leukocyte aggregates which are cleared by

scavenging macrophages [55]. Adapted from “Tropism-Modification Strategies for Targeted Gene Delivery Using

Adenoviral Vectors” [56]

Many strategies have been studied in order to overcome hurdles for a successful systemic

delivery of viral-based therapeutics seeking the reduction of immunogenicity, the avoidance of

undesired interactions and the generation of specifically targeted viral vectors. The main

approaches can be classified in the following groups, although in some cases different strategies

have been combined:

Cell carriers: Ex vivo infected blood and stem cells are used as vehicles to deliver

viral particles to target cells [42,57-59],

Genetic modification of viral genomes: Replication-incompetent and
conditionally-replicative viral vectors have been produced by depleting or modifying
genes necessaries for viral replication [28,60—70]. Chimeric vectors combining
genomes from different virus serotypes have been explored to produce vectors with
engineered tropisms [71-74]. Inclusion of point mutations [53,75,76], targeting
peptides [77-83], and albumin-binding domains [84] in viral capsid structure have
demonstrated promising potential to avoid interaction with blood coagulation factors,

re-target viral tropism and by-pass neutralization.

Covalent chemical modification of viral capsids: Reactive polymers have been
used to coat viral particles through covalent-bond formation with amino groups on
capsid surface [85-88] or with genetically included cysteine residues [76,89], aiming
to avoid the previously described undesired interactions. Moreover, viral particles

surfaces can be easily decorated with targeting moieties linked to polymers [90,91].

Non-covalent modification of virions: Electrostatically-coated viral particles can
be prepared by using new generation biomaterials [26]. Cationic polymers allow to
coat viral particles without forming covalent bonds with their structure [76-79].
These coatings are less stable but fully preserve the infectivity of viral vectors.

Artificial lipidic envelopes have been also explored [95-97].

Figure I-5 summarizes and represents the main strategies based on the engineering of

adenovirus capsid surfaces by genetic and chemical approaches.
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Figure I-5. Engineering capsid surfaces of Ad vectors. (a) Conjugation of polymers and lipidic microvescicles to the
surface of Ad vectors results in a reduced immunogenicity and an increased persistence of Ad vectors in the blood stream;
(b) Polymers can be modified with peptides and ligands to target specific receptors, thus allowing efficient re-targeting;
(c) Fibers can be genetically modified to change the tropism of Ad vectors. Adapted from “The evolution of adenoviral

vectors through genetic and chemical surface modifications” (www.mdpi.com/journal/viruses; doi:10.3390/v6020832).

Hybrid vectors comprising viral and non-viral components are promising tools to overcome
shortcomings of viral vector-based gene therapy. The chemical conjugation of polymers to viral
vectors improved pharmacokinetics and protected viral vectors from innate and adaptive immunity
upon systemic administration [98-100]. Hence, polymer families previously used as non-viral
vectors are interesting tools for hybrid vector engineering due to the accumulated knowledge
about their use. In many cases, toxicity and safety profiles have been already defined, synthesis
and structural modification have been deeply studied and several applications have been tested

pre-clinically and clinically.

This is the case of poly (B-amino ester)s (pBAEs), a polymer family that has attracted the
attention of researchers as non-viral vectors for gene therapy due to their low toxicity and high
biocompatibility [101-104]. Discovered by David M. Lynn at 2000 [101], these polymers possess
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interesting characteristics, such as simple synthesis and easy chemical modifications, as shown

in Figure 1-6.

Figure 1-6. Poly (B-amino ester)s (pBAEs) chemical structure.

Repeating ester groups, biodegradable through hydrolysis and esterases, form the pBAEs
backbone. Therefore, pBAEs have a very low toxicity profile due to its biodegradability. Moreover,
the presence of protonable amines in their structure allows improved endosomal escape of

polymer/DNA complexes due to the proton sponge effect [105].

Taking these proprieties into account, different types of poly(B-amino ester)s have been
formulated and used successfully in a number of therapeutic applications including vaccination
[106], gene therapy for cancer and ophthalmology [107—109], gene silencing [110,111] and stem
cell modification [112,113].

Recently in our group, a new family of pBAE has been synthetized in order to end-cap
polymer termini using different positive and negative amino acid moieties. Our results
demonstrated that oligopeptide end-modified pBAE (OM-pBAE) show lower cellular toxicity and
a higher transfection efficacy than previously chemically end-modified pBAE [102,103]. Moreover,
other modifications have been explored including slightly hydrophobic side-chains in OM-pBAEs
backbone in order to improve polymer/DNA complexes stability under physiological conditions.
Thus, the ionic nature of these polymers can be easily tailored in order to improve their interaction
with negatively or positively charged molecules and surfaces, and the stability of those complexes

can be improved by hydrophobic forces.

The main objective of the present thesis is to develop an efficient coating strategy based
on OM-pBAEs to improve systemic administration of viral vectors overcoming typical

barriers restricting their success.

In order to achieve the main objective, the following goals were proposed:

e To define and optimize a coating formulation based on oligopeptide end-modified
poly(B-amino ester)s able to coat adeno-associated viral particles and to target them

to blood-brain barrier (Chapter Il).

e To define and optimize a coating formulation based on oligopeptide end-modified
poly(B-amino ester)s able to improve systemic administration of adenoviral vectors
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in terms of biodistribution, pharmacokinetics, by-pass of neutralizing antibodies and

immune system activation (Chapter Ill).

To determine the effect of the previously developed polymeric coating technology
on the safety and efficacy of an oncolytic virus for the treatment of pancreatic ductal

adenocarcinoma (Chapter IV).

To study biodistribution of pBAE-coated adenoviral particles by a genetic-chemical

radioactive labelling of adenoviral vectors (Chapter V).
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1.2 Content of this Dissertation

Advances in viral genomics and genetic engineering have led to the development of a variety
of viral vectors with great potential in gene therapy and immunotherapy fields. In order to
completely unlock this potential, systemic delivery of viruses needs to become feasible. In this
work, the use of oligopeptide end-modified poly(3-amino ester) polymers as coating agents to

protect and boost virotherapeutics efficacy after systemic administration has been explored.

In chapter I, the ability of OM-pBAEs to efficiently coat AAV viral particles has been
investigated. The inclusion of peptic targeting moieties into the coating structure have been
studied in order to promote targeted AAV2/5-mediated gene delivery across the blood brain
barrier (BBB). Through a close collaboration with Sagetis-Biotech, BBB in vifro models were
established and used as a screening platform to discover LRP-1 targeting peptides. The resulting
candidate was chemically introduced into the OM-pBAE structure and the capability of targeted
OM-pBAE-coated AAV2/5 particles to transduce BBB endothelial cells was assessed both in vitro

and in vivo.

Adenoviruses are one of the most studied viruses to be used as gene delivery vectors. This
virus is non-integrative and can be easily modified to be replication-defective and even
conditionally-replicating, which is the basis of oncolytic virotherapy. Chapter Ill goes a step
forward in the development and characterization of the coating technology, and deeply studies
the effect of OM-pBAEs shielding on systemic administration of adenoviral therapeutic agents. A
non-replicative reporter adenovirus was used as a vector to determine how the coating affected

the virus behavior in terms of infectivity, biodistribution and interaction with the immune system.

Chapter IV applies all the knowledge gathered in previous chapters to improve the efficacy
and the safety profile of a therapeutic oncolytic adenovirus ADNUPARmME1A, a pancreatic cancer
specific conditionally-replicative oncolytic adenovirus previously developed in the Cancer and
Gene Therapy group at Institut d’Investigacions Biomédiques Pi i Sunyer (IDIBAPS), led by Dra.

Cristina Fillat.

The last part of this thesis is centred to accurately determine the biodistribution of coated Ad
particles shortly after systemic administration. To fulfill this purpose, a reporter non-replicative Ad
was genetically modified to include exposed cysteine residues on its capsid surface. This allowed
to covalently attach a radioisotope chelating agent to the viral capsid and follow the radioactive
label to study biodistribution (Chapter V). This work was done in collaboration with Dr. Florian

Kreppel from Witten/Herdecke University and Dr. Jordi Llop from Biomagune.
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Brain-targeting adeno-associated viral vectors using
OM-pBAEs: Proof of concept

This chapter assesses the suitability of using oligopeptide-modified
poly(B-amino ester)s (OM-pBAEs) as coating agents to modify adeno-
associated viral capsid surfaces. Results indicate that the generation of hybrid
OM-pBAEs/AAV vectors is a promising tool to improve systemic delivery of
AAVs. Liver detargeting and tropism tailoring have been achieved in vivo by
coating AAV particles with OM-pBAEs containing an active brain-targeting

peptide tested in in vitro blood-brain barrier (BBB) modelling crossing assays.

2.1 Introduction

Adeno-associated virus (AAV) vectors are currently among the most frequently used vectors
for gene therapy. Their lack of pathogenicity, persistence of transgene expression, and the many
described serotypes have increased AAV’s potential as a delivery vehicle for gene therapy

applications [1].

AAVs were discovered in 1965 by Atchison et al. as a 25nm contaminant particle of
adenovirus preparations. They also demonstrated that AAVs were nonautonomous, as particle
production also required adenovirus coinfection [2]. This dependence on helper viruses to achieve
productive infection placed AAV in the genus of Dependovirus. Their unique life cycle consists in
two main stages, a lytic stage and a lysogenic stage. The lytic stage is only activated in the
presence of helper virus (adenovirus or herpesvirus). Helper virus gene products are necessary
to successfully replicate AAVs genome. In the absence of helper viruses AAV replication is limited
and the AAV genome is integrated into host cell genome specific site in chromosome 19, a unique
characteristic among mammalian DNA viruses [3]. The small AAV genome and concerns about
Rep gene products on the expression of host cell genes led to the construction of AAV vectors
that do not encode Rep and that lack the cis-active integration efficiency elements (IEE), which
are required for frequent site-specific integration. In the engineered genome of AAV vectors the
inverter terminal repeat (ITRs) sequences are kept because they are the cis signals necessary to
promote packaging. Thus, current recombinant AAV (rAAV) vectors remain as extrachromosomal

elements after infection [4].

As introduced in chapter |, the ability of AAVs to promote a persistent gene expression has
made them ideal candidate vectors to treat inherited diseases where long-term expression is
desired. Several recombinant AAV-based candidates are being clinically tested for the treatment
of inherited blindness, cystic fibrosis, haemophilia B, hereditary cardiac diseases, and muscular
dystrophies among others [5]. As a clinically available product, we want to highlight the AAV-
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based therapy voretigene neparvovec (Luxturna'™), which was FDA-approved on December
2017 for the treatment of Leber’s congenital amaurosis [6]. However, despite the encouraging
results in pre-clinical and clinical studies, there are limiting factors restricting the full release of
AAV-based therapies potential.

As in any gene therapy strategy, the therapeutic efficacy of AAV vectors in vivo is mainly
dependent on achieving an efficient delivery to specific tissues, organs or tumors [1]. AAV
particles must encounter the target site massively in order to transduce sufficient number of cells
to produce a significant therapeutic effect. Although in some cases this issue has been addressed
by local administration of viruses, sometimes it is strictly necessary to perform systemic
administration in order to spread the virus throughout the body [7]. The nature of inherited
diseases produces body wide or organ wide defects that must be corrected globally. The
intravenous administration of AAV vectors can virtually distribute viral particle to every single
irrigated part of the body in contrast with local administrations where viral particles remains
accumulated in the injection site. For instance, in the case of muscular dystrophies a bodywide
correction must be achieved to fully change the disease phenotype [6]. In the treatment of cancer,
given its metastatic nature and the inaccessibility of some tumors, intravenous viral administration
is also the most attractive route of anti-cancer viral agents with potential to treat both primary and
metastases [8,9]. However, several hurdles must be overcome in order to efficiently deliver AAV

vectors via intravenous administration.

When administered intravenously, AAV particles interact with blood factors and cells, and
are sequestered by the liver. Pre-existing immunity against AAVs is very common within the
human population due to widespread exposure to numerous AAV variants and serotypes [10].
The presence of anti-capsid neutralizing antibodies in the patient’s sera seriously affects efficacy
of IV injected AAV by inducing a rapid immune response against viral particles and consequently,
promoting a rapid clearance of the injected viral dose. Moreover, all naturally occurring AAV
serotypes and variants studied to date exhibit a ubiquitous propensity to be sequestered by the
liver, also affecting the bioavailability of circulating viral particles.

Moreover, when the target tissue to be treated is a privileged organ such as the brain, which
is protected by the blood-brain barrier (BBB), the intravascular delivery of AAVs is even more
difficult to achieve. The limited access to brain structures through brain vasculature transvasation
limits the therapeutic efficacy of recombinant AAVs as a treatment for central nervous system
(CNS) disorders [11,12]. Despite that AAV-based gene therapy have demonstrated to be a
promising therapeutic approach to treat central nervous system (CNS) disorder thanks to its ability
to provide a durable therapeutic protein via a single administration [13], the therapeutic efficacy
of .V. injected AAVs is still far from the efficacy achieved by locally administered treatments.

Nowadays, it is well known that the brain works within a strictly-controlled environment,
much more stable than the general internal environment of the organism as a whole. Thanks to

one of the most sophisticated and branched vascularization in the body, brain's vast energetic
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demands can be satisfied while its unique environment conditions are maintained. The
mechanisms that establish and protect this unique environment are collectively called the “blood-
brain barrier” (BBB). BBB selectively regulates the transport of compounds in and out the brain
thus, limiting drug delivery to the central nervous system. Its physiology regulates the passage of
metabolically important molecules (02, CO2, hormones), while restricting the entrance of
microscopic particles (e.g., bacteria, viruses) and large or hydrophilic molecules into the
cerebrospinal fluid (CSF). This is the main reason why many CNS diseases do not currently have

effective pharmacological treatment [14].

Several strategies have been developed to deliver genes to the CNS [15]. Direct injection of
AAVs into the brain parenchyma has demonstrated major successes in terms of preclinical and
clinical efficacy and safety responses for the treatment of Parkinson’s disease and lysosomal
storage diseases (LSDs) [16]. On the other hand, cerebrospinal fluid (CSF)-based delivery, by
intracerebroventricular or cisternal or lumbar intrathecal administration, have been also explored
by many research groups [17]. However, these delivering strategies are aggressive, require

surgical procedures and can compromise the BBB integrity.

Taking advantage of the endogenous BBB transporters, nanoparticle-based molecular
carriers have been developed and demonstrated to be the smoothest and most promising
strategy to conduct drugs into the brain. Receptor-mediated transcytosis permits the entrance of
biomolecules into the brain following a transcellular pathway. Thus, if a synthetic drug-carrier is
able to interact with receptors on brain endothelium, drug delivery into the brain can be successful

without damaging the BBB integrity [18].

Following this strategy, our lab developed polymer-based nanoparticles loaded with
Paclitaxel able to cross the BBB thanks to a unique peptide surface decoration. Nanoparticles
were decorated with a low-density lipoprotein receptor-related protein (LRP) interacting peptide
that allowed transcytosis of synthetic carriers into the brain and increased the brain concentration
of Paclitaxel after intravenous administration [19]. LRP is highly expressed on BBB and mediates
the transcytosis of multiple ligands across it. Moreover, human glioma cells over-express LRP on
the cell membrane. This makes LRP an interesting target for drug delivery to CNS and more

specifically, to glioma [20].

Physicochemical engineering of AAVs viral capsid surfaces is an interesting choice to avoid
undesired interactions. Improved pharmacokinetics of intravenously administered vectors have
been achieved by capsid surface engineering with polymers. Moreover, this approach allowed to
develop retargeted hybrid vectors able to interact with specific receptors in order to tailor viral

tropism [21].

As introduced in chapter I, our group has worked intensively in the development of non-viral
gene delivery vectors using synthetic polymers such as pBAEs. These polymers have

demonstrated to be able to form complexes with nucleic acids forming discrete nanoparticles [22].
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Arginine-modified pBAEs, with a sidechain pKa of 12.48, are among the best performing
formulations when introduced into pBAEs structure in terms of complexing and packaging nucleic
acids [22,23].

The degradability and easy synthesis of pBAEs stimulated their study as a non-viral gene
delivery vectors. Anderson et al. synthetized a large family of 2350 structurally unique pBAEs
using high-throughput combinatorial chemistry [24,25]. Results showed that polymer structure
have a direct influence to RNAi or DNA binding ability and delivery efficiency, finding that C32
polymer structure was one of the best formulations [26]. In addition, targeting moieties can be
easily incorporated in the polymer backbone using different conjugation or polymerization
techniques [27-29]. AAV2 has a net surface charge density (zeta potential) ranging from -5 to -
10 mV according to the literature [30]. This property allowed to efficiently coat AAVs viral particles
with cationic polymers such as polyethyleneimine (PEI) in order to develop AAV vectors with

enhanced transduction profiles and capacity to evade neutralization by NAbs [30,31].

In the present work, the use of pBAEs have been explored to produce hybrid non-viral/viral
vectors aiming to shield AAV vectors from being sequestered by liver while increasing the
interaction with BBB transcytosis receptors such as LRP1 by including targeting ligands in the
artificial polymeric envelope. The suitability of using pBAEs as a capsid surface engineering tool
for non-enveloped viral vectors will be studied extensively throughout the thesis. The first steps
were carried out using rAAV as a proof of concept with the specific objective of improving brain
transduction. Furthermore, previous work done regarding LRP1-targeting ligand discovery has

been also included as part of this work.

Therefore, the main objective of this chapter is to study the suitability of using OM-pBAEs
as capsid surface engineering tools to improve brain transduction of intravenously administered
AAV vectors.

In order to achieve this objective, the following tasks were proposed:

Coating assessment of AAV viral particles using OM-pBAEs

e Screening of brain penetrating peptides using BBB in vitro modelling

¢ Inclusion of a targeting ligand into OM-pBAEs-based AAV coating and in vitro targeting
study

e Invivo brain targeting assessment
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2.2 Materials and methods

2.2.1 Materials

DMSO (Dimethylsulfoxide purissimum), EtOH (absolute ethanol), were obtained from
Sigma-Aldrich GmbH (Munich, Germany). Water was used as purified, de-ionized water.
Reagents and solvents used for polymer synthesis were purchased from Sigma-Aldrich and
Panreac. Oligopeptide moieties used for polymer modification were obtained from GL Biochem
(Shanghai) Ltd with a purity higher than 98%.

Cell culture media, antibiotics, L-glutamine and fetal bovine serum were purchased from
Gibco (Life Technologies, Carlsbad, USA). 1% Uranyl acetate solution and carbon coated 200
mesh copper grids were provided by UAB electron microscopy services. LightCycler 480 SYBR
Green Master Mix was purchased from Roche.

2.2.2 Synthesis of oligopeptide end-modified C32 pBAEs

Acrylate-terminated polymers were synthesized by addition reaction of primary amines to
1,4- butanediol diacrylate (at 1:1.1 molar ratio of amine:diacrylate). C32 polymer was synthetized
following a procedure described by Lynn et. al. [32]. Briefly, 5-amino-1- pentanol (3.44 g, 33 mmol)
and 1,4- butanediol diacrylate (7.93 g, 40 mmol) were polymerized under magnetic stirring at 90
°C for 24 h. Figure 1 shows the structure of C32 backbone.

Figure 11-1. Backbone of C32 pBAE

'H NMR (400 MHz, DMSO-ds, TMS): 5 6.32 (d, J = 18.9 Hz, 1H), 6.21 — 6.10 (m, 1H), 5.94
(d, J = 10.3 Hz, 1H), 4.12 (t, J = 6.2 Hz, 4H), 4.01 (q, J = 5.8, 5.3 Hz, 19H), 3.39 — 3.34 (m, 8H),
2.65 (t, J = 6.9 Hz, 15H), 2.34 (dt, J = 14.9, 7.0 Hz, 22H), 1.71 — 1.56 (m, 18H), 1.44 — 1.15 (m,
22H).

Oligopeptide-modified C32 was obtained by end-modification of acrylate-terminated polymer
with thiol-terminated oligopeptide at 1:2.5 molar ratio in dimethyl sulfoxide. The mixture was
stirred overnight at room temperature, and the resulting polymer was obtained by precipitation in
a mixture of diethyl ether and acetone (7:3 v/v).
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C32 backbone was modified with cysteine-arginine tetrapeptide (CRRR) and SEQ12
peptide. The different oligopeptide modifications were confirmed by 'H-RMN. Figure 2 shows the

structure of C32 end-modified with peptides.

Figure 11-2. Structure of C32CR3 OM-pBAE

2.2.3 Coating of AAVs with OM-pBAEs

AAV2/5 samples were coated by mixing a diluted virus sample solution (D-VS) with a

polymer solution (PS) in a 1:1 mixing ratio.

The concentration of the D-VS was 2x10° GC/ul into a final 50 pl volume. Then total genome
copies were calculated and multiplied by the desired ug polymer/GC ratio in order to calculate the
total polymer amount needed. Taking into account the polymer stock concentration (100 mg/ml)
the polymer stock volume needed was calculated and diluted with PBS to 50 pl volume in order
to prepare PS. Finally, PS and D-VS were mixed by adding PS over VS and pipetting up and
down slowly at least 10 times. Samples were incubated 30’ at RT to enable the electrostatic

interactions and freshly used for testing assays.

2.2.4 DLS physicochemical characterization of coated AAV samples

Size and surface charge were determined by Dynamic Light Scaterring (DLS) (Malvern
Instruments Ltd, United Kingdom, 4-mW laser). Coated viral preparations were prepared as
previously described. 500ul of 1x10° GC/ul virus preprations were used to determine the Z-
potential and sizer of viral preparations. Size was calculated using the number mean particle size
correction, where the size of the main population of particles is estimated avoiding the

interference of large particles, such as dust or aggregates.

2.2.5 Electron microscopy characterization

2.2.5.1 Negative staining transmission electron microscopy (TEM)

Five microliters from viral solutions (coated and non-coated), at a concentration of 1x 10"’
gc/ml in sterile mQ water, were adsorbed onto 300-mesh copper formvar-coated grids (150-
200nm) for ten seconds. Then, excess specimen was withdrawn and the grids were counter-

stained with 1% uranyl acetate for two minutes. After drying, samples were observed with a Jeol
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1400 transmission electron microscope, operating at 80kV and equipped with a CCD Gatan
ES1000W Erlangshen camera.

2.2.5.2 Scanning electron microscopy (SEM)

Five microliters from viral solutions (coated and non-coated), at a concentration of 1 x 10"’
gc/ml in sterile mQ water, were deposited onto a silicon substrate, and excess of material was
then removed. Samples were air-dried and observed with a Zeiss Merlin operating at 2 kV. Images
were acquired with a high-resolution in-lens secondary electron detector.

2.2.6 Mouse primary astrocytes isolation and culture

Pups no older than 5 days old were used. After decapitation, all heads were dip in 70%
ethanol. Using scalpel and forceps, brains were removed and putted in cold DMEM B containing
petri dish. With the help of a magnifying glass, cerebral cortices were isolated (removing
everything apart from cortex, even hippocampus) and meninges were also removed. Cortex from
6 pups were putted in a Falcon with 14,5 ml cold DMEM B and broken up with a 5 ml pipette.
After doing it with all cortex, 0,5 ml of trypsin 0,5% were added to each falcon. After 25 min at
37°C, tempered DMEM A was added to a total volume of 50 ml. Then, cell suspension was
centrifuged 8 min at 2000rpm, supernatant was discarded and the pellet was resuspended in
10m|I DMEM A.

The resulting cell suspension was homogenized several times with 10 ml pipette, filtered
through a 100 ym mesh and rinsed with additional 10 ml of DMEM A. It was filtered again through
a 45um mesh and rinsed with 10 ml of DMEM. From each Falcon (Total volume of 30 ml), cells
were seeded in 3x 250 ml non-coated flask with Vent cap and cultured 3 days at 37°C 5% CO,
without moving the flask. At day three, the media was changed and cells were further cultured
three additional days. Then, the media was replaced with new fresh media and flasks were
shaken O/N at 80 rpm at room temperature. Next day, cells were washed with PBS and rinsed
with fresh DMEM A. After reaching confluence (normally 3-5 additional days), cells were washed
with PBS and trypsinized (5ml trypsin). Trypsinization was stopped by adding 10ml of DMEM A,
cell suspension was centrifuged 5 min at 1000 rpm and the pellet was resuspended in 10 ml
DMEM. Cells were seeded in 8 flasks and left in the incubator. After 2-3 days (depending on
confluence), cells were frozen in Cryostor TM CS10, a commercial freezing medium specifically

designed for sensitive cells cryopreservation.

Reactives and solutions: DMEM A corresponds to DMEM supplemented with 10% (v/v) fetal

bovine serum (FBS), 2mmM I-glutamine, 100 U/ml penicillin (Labclinics), 0.1 mg/ml streptomycin,
10mM Hepes (Labclinics). DMEM B (DMEM A with 15mM Hepes). 70% EtOH solution. Trypsin-
EDTA 0,05%/0.02% (Invitrogen).
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2.2.7 In vitro BBB models

2.2.7.1 Monoculture

For the monoculture in vitro BBB model, 150.000 BBMVECs per insert were seeded on
Transwell insert pre-coated with commercial Attachment Factor Solution (AFS) containing rat tail
collagen and fibronectin. The cells were grown to confluency for 6 days in 10% FBS, 2mmM I-
glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin in DMEM.

2.2.7.2 Co-culture

For the co-culture in vitro BBB model of BBMVECs with RCAs, astrocytes were seeded
on the bottom of PDL-coated 6-well plates for three days in AM-a medium. At the same time,
150.000 BBMVECs per insert were seeded on Transwell insert pre-coated with commercial
Attachment Factor Solution (AFS;Sigma) containing rat tail collagen and fibronectin in other 6-
well plates. The cells were grown to confluency for 3 days in 10% FBS, 2mmM I-glutamine, 100
U/ml penicillin, 0.1 mg/ml streptomycin in DMEM. Then, the BBMVECs containing Transwell
inserts were transferred to the 6-well plates in which RCAs reached confluency changing the

medium to complete DMEM and further cultured for 3 days.

2.2.8 Transendothelial electrical resistance (TEER) measurements

The tightness of the BBB was determined by measuring the TEER of the cellular barrier
formed by BBMVECs. TEER measurements of the Transwell inserts were collected using EVOM
resistance meter (World Precision Instruments). Three measures were done for each Transwell
at different positions and the mean values were calculated. The TEER of coated microporus
membranes without BBMVECs was subtracted and reported as Qlcm®.

2.2.9 Permeability of Lucifer Yellow

For transport assays, the inserts were transferred to a new 6-well plate containing
DMEM/F12 medium at the abluminal side (2ml/well). DMEM/F12 containing 20uM of LY is placed
in the upper compartment. Every 15 min after addition of LY, the filter is transferred to another
well in order to minimize the possible passage from the abluminal side to the luminal side.
Incubations are performed at 37°C and 5% of CO2. Transport studies are performed in the same

way with cell cultures and with membranes coated with collagen and fibronectin only.

And aliquot from each time point and TO solution is taken and the amount of LY is

calculated using a multiwell plate reader fluorimeter.

Permeability calculations were done as described by Sifkinger-Birnboim et al. []. The
clearance principle is used to obtain a concentration-independent transport parameter. The
increment of cleared volume between successive sampling events is calculated by dividing the

amount of solute transport during the time interval by the donor chamber concentration. The total
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cleared volume at each time point is calculated by accumulating the incremental cleared volumes

up to the given time point:
Clearance (ml) =X/Cd

Equation 1. Clearance calculation equation. X is the amount of LY in the receptor chamber and Cd is the donor

chamber concentration at each time-point.

The clearance volume increases linearly with time during the 60-min experiment. The
average volume cleared is plotted vs. time, and the slope calculated by linear regression analysis.
The slope of the clearance curves for the culture is named PSt, where PS is the permeability x
surface area (in ml per min). The slope of the clearance curve with the blank control filter coated

only with collagen is named PSf.
The PS value for the endothelial monolayer (PSe) is calculated following equation 2.
1/PSe = 1/PSt- 1/PSf

Equation 2. Permeability calculation equation. PSe values are devided by surface area of the porous membrane to

generate the endothelial permeability coefficient (Pe, in cm per min

2.2.10 Immunocytochemistry

For immunostaining of BBMVECs tight junction proteins, cells were washed 3x with
DPBS, fixed in 10% formalin for 20min, washed 3x with DPBS and permeabilized with 0.1% Triton
X-100 in DPBS for 10 min. Different BBMVECs coming from established BBB models were then
incubated with rabbit anti-occludin, anti-claudin-5 and anti-ZO-1 monoclonal antibodies
(Invitrogen) in PBS/0.1% Triton-X 100/1% BSA overnight at room temperature. Cells were then
washed 6x for 5min in PBS/0.1% Triton-X 100 and incubated with Alexa Fluor 488 goat anti-rabbit
secondary antibody (1:500) for 1h at room temperature. For nucleus, Vectashield® commercial

mounting medium containing DAPI was used.

2.2.11 Fluorescent peptides BBB crossing experiments

Knowing the molecular weight (MW) of the peptides and the MW of the fluorescent label,
calculations were done to determine which concentration of peptide correlates with 10 ug/ml of
fluorophore. Each testing peptide solution was prepared in DMEM/F12 media to this final
fluorophore concentration taking into account that each condition will be studied in triplicates.

Also, a fluorescently-labeled scrambled peptide sample was used as a negative control.

Then, a new 24-well plate was filled with 0,8ml of media in each well. Inserts were moved
into this new plate and 0,4ml of the prepared solutions are added into each insert (Fig.1). An

800ul aliquot of each solution was collected (=0 up) and stored at 4°C protected from light
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exposure as well as media (t=0 down). After 60 min incubation at 37°C and 5% of CO2, up and

down solutions were collected (t=60 up and t=60 down).

Using a black 96-well microplate, all samples (=0 up, t=0 down, =60 up and t=60 down) for
each condition (Testing peptides, LY and negative control) were plated as well as standard curves
of each condition. Then, measures at LY’s, peptide’s and scramble peptide’s fluorophore Ex/Em

wavelengths were done using a multi-well plate reader.

Once measures were done, percentage of crossing was calculated doing a mass balance

for each condition (Eq.6).

Peptide amount (Luminal, t60) + Peptide amount (Abluminal, t60)
MB(%) =

Peptide amount (lum, t0)

Equation 3. Mass balance equation for BBB crossing assays.

2.2.12 In vitro transduction assay to study viral tropism

HEK293 and BBMVECs cells were used to study the viral tropism in vitro. 15000 cells/well
were seeded in 96 multi-well plates. The day after, cells were infected with 50000 genome
copies/cell using naked and coated AAV2/5 preparations in six replicates for each condition. 5
days after infection, luciferase activity was quantified using the Renilla luciferase assay system
(Promega; E2820). All wells were washed with PBS and 50 pl of lysis buffer was added into each
well. Multi-well plates were then freeze and thawed 3 times in and centrifuged 3 min at 100009 to
discard cell debris. Samples were collected and renilla luciferase activity was determined
following the suppliers’ protocol using white multi-well plates. To avoid lysis buffer interference
with BCA reagent, protein extracts were cleaned up by CompatAble™ (Pierce; 23215) reagent
and subsequently quantified by BCA (Pierce; 23225).

2.2.13 Bioluminiscence assay of protein extracts

All frozen organs were grinded with a mortar at very low temperature. Then, each organ
homogenate was split in two parts, (i) one for the protein extraction and (ii) the other one for DNA

extraction.

Renilla luciferase assay system (Promega; E2820) was used to determine luciferase activity
over each tissue. Samples were freeze and thawed 3 times in the presence of lysis buffer and
centrifuged 3 min at 10000g to discard cell debris. Renilla luciferase activity was determined

following the suppliers’ protocol. To avoid lysis buffer interference with BCA reagent, protein

extracts were cleaned up by CompatAbIeTM (Pierce; 23215) reagent and subsequently quantified
by BCA (Pierce; 23225).
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2.2.14 qPCR biodistribution analysis

Genomic DNA isolation was performed using NucleoSpin® tissue (MachereySNagel;
740952.50) and DNA concentration was determined with a NanoDrop 1000 Spectrophotometer

(Thermoscientific).

A standard curve was set using the plasmid pGL4.75[hRluc/CMV], which carries the renilla
luciferase gene, in order to correlate Ct values of the standard curve with genome copies Serial
dilutions from 1x10e7 GC/ul to 1e1 GC/ul were prepared and 100 ng of total genomic DNA was
added to each standard to build a more realistic scenario in comparison with samples coming
from tissue DNA extraction. Primers used were designed to be specific for the renilla luciferase

gene with the following sequences:

Sequence (5’ -3’)

RLuc | Forward | GGGCGAGAAAATGGTGCTTG

Reverse | GCCCTTCTCCTTGAATGGCT

In order to convert genome copy numbers to DNA mass the following formula (Equation 4)

was used:

660 L
m=n ximolecules/mol

~ 7 76,02x1023
Equation 4. m is the mass of one viral genome copy and n is the size of the genome in base pairs (bp)

In order to calculate the final GC/cell result the following formula (Equation 5) was used:

_aGenome coplies 6,5pg DNA
B bpg DNA x cell

Equation 5. “X” units are genome copies / cell. “a” is the number of genome copies obtained by extrapolation of sample
Ct with the standard curve. “b” is the quantity of DNA added in the PCR reaction and 6,5 pg/cell is the weight of one mice

genome of 6x10° bp/cell.
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2.3 Results and discussion

In the present chapter, the applicability of OM-pBAEs as a coating agent for AAV vectors
was explored. As previously mentioned, the main objective was to develop a technology based
on OM-pBAEs able to produce polymeric artificial envelopes around AAV virions in order to
change their tropism aiming to improve brain transduction. This study was carried out in the frame
of a collaboration with a big pharmaceutical company as a proof of concept for the application
feasibility. This company provided the AAV2/5 reporter vector expressing the renilla luciferase
gene used in this work.

2.3.1 Arginine modified OM-pBAEs interact with AAV viral particles

modifying their surface charge and size

The first step was to study the ability of arginine modified C32 pBAE (C32CR3) to interact
with AAV viral particles. This study was carried out by dynamic light scattering (DLS) in order to
characterize the physicochemical properties of formed complexes after incubating viral particles
with different ratios of C32CR3 per viral genome copy (ug polymer/GC) and by exploring the
morphology of the resulting complexes by transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) techniques.

As observed in figure II-1-A, only in the presence of viral particles, the Z-potential increased
while increasing the polymer/GC ratio indicating that the viral particles were acting as a core. In
particular, Z- potential increased up to +20 mV when viruses were coated with 1x107° ug
polymer/GC of C32CR3; then a plateau was observed for higher ratios. This observation indicated
that this polymer ratio was enough to positivize all available viral capsids surface area in the
samples and allowed us to determine the optimal amount of C32CR3 needed to fully coat AAV

viral particles, which was set as 1x10™® Mg polymer/GC.

When analysing the same polymer concentrations but using water instead of viral solution,
almost neutral results were obtained, indicating that positive surfaces were only formed in the

presence of viruses.
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Figure lI-1. Z-potential determination of C32CR3-coated AAV viral particles. AAV particles are coated with increasing

ng polymer per genome copy (GC). Results are shown as mean and standard deviation of triplicates (A). DLS size
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characterization of naked AAV and C32CR3-AAVs coated at 1x10° g polymer/GC ratio. Z-Average. Sizes were

determined using the number correction tool (B).

The size characterization of naked AAVs and 1x10” pg C32CR3/GC coated AAVs showed
a 12 nm increase in size between naked and coated preparations (Naked 22 + 3 nm; C32CR3-
AAV 35,5 + 4,5 nm). It is important to note that size was calculated using the number mean
correction option where only the most abundant population in the sample is considered (Figure
[I-1-B). Otherwise, the obtained size values were far from the expected size of an AAV viral

particle (25 nm aprox.).

Next, naked AAV and coated-AAV preparations were analysed by TEM and SEM techniques
in order to further characterize the morphology and size of the resulting complexes. As seen in
figure II-2-A, naked AAVs showed their typical icosahedral shape with a size of 26 + 0,2 nm. In
contrast, when imaging coated AAVs by TEM (figure II-2-D and E), clustered viral particles were
observed. However, when analysing individual particles their size was 31+0,4 nm accordingly
with the DLS size determination. Interestingly, samples analysed by SEM showed the presence
of two populations. As indicated with black and white arrows in figure 1I-2-F, grey and white
particles were observed. We hypothesized that non-coated AAV particles were present in the

preparation, however further studies are needed to confirm this hypothesis.

Figure II-2. Transmission electron microscopy characterization of pBAE-coated AAVs. TEM imaging of naked AAVs
(300.000x) (A); TEM of polymeric component without viral particles (300.000x) (B); SEM images of polymeric component
without viral particles (C); TEM of 1x10™° ug C32CR3/GC coated AAV (200.000x) (D); TEM of 1x10®° ug C32CR3/GC
coated AAV (300.000x) (E); SEM of 1x10”° ug C32CR3/GC coated AAV (F).

This study demonstrated the ability of C32CR3 to interact with AAV particles changing their

surface charge and size. C32CR3 works as an electrostatic anchorage which covers capsid
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surfaces. In order to change the tropism of AAV vectors, OM-pBAEs were used to expose
targeting moieties on capsid surfaces aiming to tailor viral tropism. In the following section,
different brain-targeting peptides candidates were tested in vitro using BBB models in order to

define the best candidate to be used as a brain-targeting moiety.

2.3.2 BBB in vitro modelling as a tool to discover brain-penetrating

peptides

In vitro models construct artificial environments with cultured cells in order to mimic in vivo
structures. These models are a valuable precursor to animals use due to lower cost, time and
ethical constraints. In the specific BBB case, unlike animal studies, in vitro models enable
controlled, repeatable, and non-invasive tests: permeability assays, resistance measurements,
and microscopy. Thus, the development of valid in vitro BBB models can facilitate the overall drug

development process by acting as a precursor, or even replacement, for animal studies.

The advantages related to any in vitro BBB model include lower compound requirement, the
ability to assay compounds directly in physiological buffer, greater throughput relative to in vivo
models, ability to assess transport mechanisms, the identification of early signs of cell toxicity,
and, generally, lower cost [33,34]. The validity of an in vitro BBB model is dependent on how well
it reproduces the key physiological and biological characteristics found in vivo. The key features
of the BBB include: (i) the primary structure, consisting of strongly expressed tight junction
between brain endothelial cells (BECs) which directly control compound permeability; (ii) co-
culture of BECs with astrocytes, which plays an important role in modulating barrier function
through cell-cell signaling; (iii) selective permeability from the constituted structure to dissolved
compounds; (iv) maintenance of high electrical resistance representing the maturity of the

structure.

2.3.2.1 Establishment and characterization of in vitro BBB models

In the present work, the co-culture effect of BEC with astrocytes was studied in order to
establish reliable in vitro BBB models in terms of their in vivo resemblance. The main objective
was to analyse the effect of different culturing condition on BBB-related characteristics
development and maintenance and to define a culturing method able to produce reliable and
cost/time effective BBB in vitro models to be used as a brain-penetrating peptide screening

platform.

A monoculture of low passaged bovine brain microvascular endothelial cells (BBMVECSs)
grown on a collagen coated transwell insert (Figure 11-3-A) was compared with a co-culture of
BBMVECs with rat cortical astrocytes (RCAs) seeded at the bottom of a multi-well plate (Figure
[1-3-B). Both models were characterized in terms of trans-endothelial electrical resistance (TEER)
and permeability (Pe) of a water-soluble molecular tracer called Lucifer Yellow (LY). These

parameters are widely used to assess the barrier integrity in vitro. TEER value explains the
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resistance to the passage of small ions through the endothelial cell layer and is an accurate and
sensitive measure of BBB integrity. A decrease in TEER implies an increase in permeability and
a loss of barrier function. LY is a fluorescent dye that cannot be taken up by endothelial cells,
neither by active nor by facilitated transport [35]; thus, the study of its permeability coefficient (Pe)
together with the determination of TEER are used as markers to study the BBB integrity and

quality in vitro.

Figure 11-3. In Vitro BBB model characterization. Schematic representation of studied in vitro BBB models. BBMVECs
cultured alone in the monoculture model (A), BBMVECs co-cultured with astrocytes grown on the bottom of the multiwall
plate (B), Trans-endothelial electrical resistance (TEER) and permeability of Lucifer yellow (Pe) of monoculture and co-
culture BBB in vitro models. Results are shown as mean and standard deviation of 6 replicates (C). Tight junction protein
expression pattern of in vitro BBB models. BBMVECSs were fixed and stained with specific monoclonal antibodies directed

respectively against ZO-1, claudin-5 and occludin. Nuclei were counterstained with DAPI (D).

As shown in figure II-3-C, the presence of glial cells in the co-culture model induced
significantly higher TEER values when compared to monoculture model (268442 vs. 133+20 Q x
cm? (mean £ SEM), p<0.0001, n=20, Student t-test). The obtained TEER results comparing
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monoculture and co-culture reaffirm the fact that astrocytes induce a tightening of the BBB due

to astrocytes-released soluble factors [36].

In order to further assess the quality of the established in vitro BBB models, BBMVECs
permeability to LY (457Da, 10uM) was determined for each culturing condition (n=6 for co-culture
model and n=6 for mono-culture model). As shown in figure 1I-3-C, the presence of glial cells in
the co-culture model showed a tendency towards lowering LY Pe values when compared to
monoculture model (0.899+0.08 vs. 1.269+£0.67 cm/min-1 (mean £ SEM)).

The close relation between TEER and Pe let us to interpret these differences in the same
way we interpreted TEER values. The reconstruction of the in vivo-like environment improves the
tightening of BBB, yielding higher TEER values and restricting paracellular permeability of

hydrophilic compounds, such as Lucifer Yellow.

In order to further characterize the established in vitro BBB models, the expression of tight
junction proteins was studied by immunostainning. As shown in figure 11-3-D, the expression
pattern of ZO-1, Claudin-5 and Occludin was consistent with the hypothesis that the in vivo
mimicking degree increases the barrier tightening through and improved expression of tight
junction proteins. ZO-1 expression was observed to be independent on the presence of glial cells.

Claudin-5 and occludin showed an increased expression in co-cultured models.

2.3.2.2 Screening of BBB penetrating peptides

To date, only a small number of peptides are known to cross the BBB. However, it is
estimated that there are several hundred thousand of peptides which can virtually cross the BBB,
including many neurotoxic molecules, which could serve as BBB shuttles [37]. Hence, testing new
molecules in in vitro BBB models and also in in vivo models, is a promising strategy to achieve

drug delivery to the brain.

One of the most promising examples of BBB shuttles is ANG1005. It consists of a 19
aminoacid long peptide vector known as Angiopep-2 that is directly conjugated to three paclitaxel
molecules. ANG1005 effectively transports across the BBB with approximately a 100-fold higher
transport rate compared to a free paclitaxel [38]. ANG1005 interacts with low-density lipoprotein
receptor-related protein 1 (LRP) which is expressed by BBB endothelial cells and is upregulated

in some cancers.

Taking as a reference the Angiopep-2 peptide, transports experiments were done in order
to determine the crossing levels of candidate peptic sequences with potentiality to interact with
LRP-1. These peptides were designed previously by Sagetis-Biotech S.L. in collaboration with
Intelligent Pharma S.L. by in silico modelling LRP-1 receptor and the interaction of peptides
known to interact with this receptor. Alternative peptic sequences were designed with similar 3D
conformations and interaction capacity by in silico docking assays. Two of those peptides (SEQ12

and SEQR) were screened using BBB in vitro models and results are presented below.
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As discussed in section 1.2.11, the calculations were done comparing the passage across
an insert without cells (taking this value as the 100% of crossing), with the passage across inserts
containing an established BBB co-culture model.
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Figure II-4. BBB crossing assay of candidate peptides. Crossing percentages of ANG, SEQ12, SEQR and
SCRAMBLED peptide sequences and Lucifer yellow (LY) through co-culture in vitro BBB models. Results are shown as

mean and standard deviation of triplicates.

As shown in figure II-4, SEQ12 achieved the same level of crossing of Angiopep (4,28%
+0.64 vs. 4,39%+0.54 respectively). This result confirms SEQ12 as a good candidate to be used
a BBB shuttle. However, SEQR crossed less than the scrambled peptide with a result comparable
to the passage of LY (SEQR= 1.6%z* 0.42; SCRAMBL= 2.23%+0.39; LY= 1.34%x% 0.12).

2.3.3 pBAE-based AAV-coating for viral retargeting strategies

Once the best performing targeting peptide was defined, C32-pBAEs end-capped with
SEQ12 peptide were produced and called C32C12. This new pBAE was mixed with C32CR3 at
10% w/w ratio and used to coat AAV samples.

As previously shown with C32CR3, 1x107 pHg C32CR3-10%C12/GC ratio also positivized
viral particles suspensions in the same way as achieved for C32CR3 (Figure I1-5).
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Figure 1I-5. Biophysical characterization of pBAE-coated AAVs by dynamic light scattering (DLS). Z-potential
determination of viral particles coated with increasing pug polymer /GC ratios of C32CR3-10%C12, C32CR3 and AAVs.

Results are shown as mean and standard deviation of triplicates (A). DLS size characterization of naked AAV and
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C32CR3-10%C12-AAVs coated at 1x10”° g polymer /GC ratio. Z-Average. Sizes were determined using DLS and

represented as mean and standard deviation of triplicates (B). *p < 0.05, **p < 0.01, ***p < 0.001

Accordingly, size determination by DLS characterization demonstrated the ability of the

C32CR3-10%C12 targeted formulation to increase the size of viral particles.

2.3.3.1 C32CR3-10%C12 coated AAVs improves the transduction of BBMVECs in vitro

In order to study the targeting effect in vitro, transduction experiments were carried out
infecting HEK293 cells and BBMVECs cells with naked and coated formulations. Cells were

infected at MOI 50.000 and luciferase activity was quantified 5 days after infection.

As seen in figure 11-6, the infectivity of naked AAV was clearly higher for HEK293 with 1,68
+ 0,03 RLUs/ug Prot in comparison with 0,48 + 0,04 RLUs/ug Prot obtained when infecting
BBMVECs. Coated formulation improved the infectivity in the HEK293 reaching 2,13 + 0,04
RLUs/ug Prot. However, this improvement was much more significant for BBMVECSs, which are
cells with a high LRP-1 expression pattern [39], and reached 2,44 RLUs/ug Prot. This result
suggested that the presence of entangled SEQ12 containing C32 chains into the artificial coating

promoted infection of brain vascular endothelial cells.
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Figure 11-6. Luciferase activity quantification of HEK293 and BBMVECSs cells infected with naked and C32CR3-
10%C12 coated AAV2/5. Cells were infected at MOI 50.000 and luciferase activity was quantified 5 days after infection.

Results are presented as mean and standard deviation of six replicates.*p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001

2.3.3.2 In vivo biodistribution of C32CR3-10%C12 coated AAVs

The main goal of the present section was to perform a preliminary assessment of the
biodistribution profile of C32CR3-10%C12 coated AAV2/5 by bioluminescence quantification of
protein extracts of organ homogenates (Brain, Liver, Lungs, Intestines, Kidneys and Heart) and

by determination of viral genome copy numbers in different organs.

In order to do so, two BALB/c mice per group were injected with 4,8x10"" GC/animal with
naked AAV2/5 and C32CR3-10%C12 coated AAV2/5. At 26-day post injection, the renilla
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luciferase substrate (ViviRen TM) was injected and luciferase images were taken using a

Hamamatsu CCD camera mounted in a dark box.

Figure lI-7. In vivo biodistribution of brain-targeted coated-AAVs. Bioluminescence imaging of BALB/c mice I.V.
injected with 4,8x10"" GC/Animal of naked AAV2/5 and C32CR3-10%C12-coated AAV2/5 26 days post injection. Organ
images were also taken ex vivo immediately before sacrifice. Brain, heart, lungs, liver, kidney and intestines are disposed

from top to bottom respectively. All images were obtained by capturing bioluminiscence during 5 minuts.

The comparison between coated and naked viruses gave some interesting insights about
the behaviour of coated viruses. As observed in figure 1I-7, the coating of the viruses modified the
virus tropism in vivo. At day 26 post-injection a strong signal in the liver was observed for the

naked condition, while the coated virus presented less specificity for this organ.

In order to further study the biodistribution profile, luciferase activity was quantified from
protein extracts of each organ. Measurment of luciferase activity in tissue homogenates is a very
reliable method to quantify differences of protein expression in different tissues, especially when
the target organ is the brain, where the BBB can affect the transport of luciferase substrate.

Although these was a preliminary study and more animals would be needed to achieve
significant results, it seemed clear that the BBB targeted polymer changed the biodistribution of
AAV2/5 viral particles in mice, increasing the level of functional gene delivery to the brain and
reducing liver transduction. As seen in figure 1I-8, the brain was the only organ where luciferase
activity was improved in contrast with liver, lungs, kidney and heart, when administering coated

viruses.
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To sum up, it can be concluded that coating the viral capsids with targeting moieties of LRP-
1 has modified the normal tropism of this AAV serotype by enhancing brain delivery while reducing

the studied peripheral organs.

Il Background
10000 Naked AAV

B Coated AAV

Figure 11-8. Luciferase activity quantification of organ homogenates. Brain, lungs, intestines, liver, kidney and heart
homogenates were prepared from animals injected with 4,8x10"" GC/Animal of naked AAV2/5 and C32CR3-10%C12-
coated AAV2/5 26 days post injection.

Aiming to further study the biodistribution of the injected viruses, viral genomes were
quantified in different organs by RT-qPCR. Results showed a reduction of viral genomes
accumulation in the liver. Higher viral genomes quantifications were observed in all other organs.
Although these results are slightly different in comparison with luciferase activity quantification, it
must be taken into account that silencing events are usual as well as the presence of non-
functional truncated genomes which are detected by RT-gPCR but do not produce active
luciferase enzymes. Taking all results into account, the most remarkable point is that less GC/cell
were present in liver and also less activity of luciferase is detected in this organ in contrast with
the brain where more luciferase activity is detected and also, more GC/cell, confirming again the
change in the virus tropism due to the coating and a clearly increase in brain specificity (Figure
[1-9).
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Figure 11-9. AAVs genomes biodistribution. AAV genomes were quantified by RT-gPCR in DNA samples extracted
from brain, lungs, intestines, liver, kidney and heart homogenates prepared from animals injected with 4,8x1 0" GC/Animal
of naked AAV2/5 and C32CR3-10%C12-coated AAV2/5 26 days post injection. A standard curve was set using the
plasmid pGL4.75[hRluc/CMV], which carries the renilla luciferase gene, in order to correlate Ct values with genome copies.
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2.4 Concluding remarks

In this chapter, the feasibility of using OM-pBAEs as coating agents aiming to retarget non-
enveloped viral vectors has been studied with AAV vectors. All the work presented in this chapter
was carried out as a proof of concept in order to assess the applicability of OM-pBAEs to be used
as a brain-targeting coating technology for AAV2/5 vectors.

Results show that C32CR3 efficiently interact with AAV virions producing hybrid viral/non-
viral gene delivery vectors with enhanced infectivity in vitro. The electrostatic interaction of
C32CR3 with viral capsids surfaces positivizes their net negative surface charge and induces an
increase of size observed by DLS and TEM. However, some degree of clustering has been
observed by both techniques indicating that further improvements in the technology or coating

process are needed in order to produce single coated viral particle suspensions.

As explained in the introduction of this chapter, brain transduction efficiency after
intravenous administration of AAV vectors is still far from achieving therapeutic levels. Aiming to
improve brain targeting of OM-pBAEs coated AAVs, a BBB targeting ligand have been included
into pBAEs structure. This ligand was discovered by screening different in silico designed
peptides, with potentiality to interact with LRP-1, in in vitro BBB models in order to test their ability
to cross the BBB.

BBB models based on either monocultured BBMVECs or BBMVECs co-cultured with
astrocytes were established and characterized in terms of TEER and Lucifer yellow permeability,
as well as for their tight junction proteins expression by immunostaining. Results have shown that
the co-culture of BBMVECs with astrocytes clearly improves the formation of in vivo resembling
characteristics. After determining the optimal culturing conditions to produce reliable in vitro BBB
models, fluorescently-labelled candidate peptides were screened in vitro for their BBB crossing
ability. SEQ12 peptide demonstrated to be as efficient as Angiopep in terms of BBB crossing in
vitro. This peptide has already been used to decorate paclitaxel-loaded nanoparticles for the

treatment of gliomas, demonstrating its potentiality in a previously published work [19].

In order to produce brain-targeted pBAE-based coating for AAV vectors, polymer C32C12
was produced by end-capping C32-backboned pBAEs with SEQ12. The inclusion of 10% w/w
C32C12 in the C32CR3 formulation maintained the ability of pBAEs to interact with viral capsids
changing their Z-potential and size. As demonstrated by in vitro transduction assays, the addition
of this targeting moiety improved the transduction of BBMVECs while maintaining the infectivity

on low LRP-1-expressing cells such as HEK293.

Finally, a pilot in vivo biodistribution study has shown that C32CR3-10%C12 coated AAVs
reduces the natural liver tropism of AAV2/5 observed as a clear decrease in luciferase activity
and genome copies accumulation in this organ after intravenous administration. Moreover, an

increase in luciferase activity and genome copies accumulation in the brain also indicated that
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the active targeting strategy based on OM-pBAEs coating can improve the therapeutic efficacy of

systemically administered AAV2/5 to treat central nervous system disorders.

Taking into account the results obtained in this chapter, we conclude that OM-pBAEs are
good candidates to be used as coating agents for non-enveloped viral vectors. However, the
small size of the AAV vectors affecting their physicochemical characterization and the
impossibility to produce those vectors in-house limited the possibility to continue with this branch
of study.

In the following chapters, the use of OM-pBAEs as coating agents for viral vectors was
deeply studied in order to adapt it to adenoviral vectors in collaboration with the Cancer and Gene
Therapy group at Institut d’'Investigacions Biomédiques Pi i Sunyer (IDIBAPS) led by Dra. Fillat.
The availability of facilities and expertise on producing adenoviral vectors as well as the
availability of previously developed therapeutic adenoviruses for the treatment of pancreatic
cancer facilitated the successful development of this research. This project was carried out as a
collaboration between Grup d’Enginyeria de Masterials (GEMAT, 1QS), Cancer and Gene
Therapy group at Institut d’Investigacions Biomediques Pi i Sunyer (IDIBAPS) and Sagetis-
Biotech S.L. and was funded by a Ministerio de Ciencia, Innovacion y Universidades (Gobierno

de Espafia) through a Retos-Colaboracion 2015 project.
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Engineering adenoviral particles using OM-pBAEs

This chapter studies the use of oligopeptide-modified poly(B-amino
ester)s (OM-pBAEs) to coat adenoviral capsid surfaces in order to overcome
current limitations for a successful systemic delivery of adenoviral vectors
(Ad). Taking into account key parameters known to affect blood circulation
kinetics of intravenously administered Ad vectors, an optimized OM-pBAEs-
based coating technology has been developed. Results indicate that
complexation of Ad vectors with the resulting OM-pBAEs formulation may be
a booster to improve efficacy and safety of systemically delivered Ad-based

gene therapy strategies.

3.1 Introduction

The unique mechanisms of action of oncolytic viruses (OVs), which selectively replicate in
cancerous cells causing cell lysis and inflammation, have attracted the attention of scientists
working in the field of cancer gene therapy for years. Hence, several strategies have been carried

out in order to enhance the therapeutic potential of different viruses.

One of the main concerns about oncolytic virotherapy is tumor selectivity. Transcriptional
control strategies have been achieved by deleting viral genes that are critical for replication in
normal cells but dispensable in tumor cells [1]. Alternatively, inclusion of tumor-specific promoters,
which take advantage of gene expression dysregulation caused by malignancy to trigger viral
replication, has been also developed [2,3]. Other strategies have tried to modify cellular uptake
mechanisms by genetic modification of viral ligands in order to target tumor-specific cellular

receptors and reduce promiscuity [4].

Oncolytic viruses can also be engineered by the insertion of transgene products in the viral
genome aiming to maximize therapeutic effect. For instance, oncolytic adenoviruses have been
armed with hyaluronidase to improve virus spread inside solid tumors by promoting stromal
degradation [5,6]. Moreover, armed OVs expressing immunostimulatory molecules have been
also generated in order to further increase the development of anti-tumor immune responses.
This is the case of the Talimogene laherparepvec (T-VEC), which is an Herpes simplex type 1
virus armed with the granulocyte macrophage colony-stimulating factor (GM-CSF) for melanoma
treatment [7]. Recent clinical studies using armed OVs such as T-VEC, poxvirus (Pexa-vec), and

adenovirus (ONCOS-102) have demonstrated significant clinical responses with limited severe
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side effects [8]. Several viruses are currently in phase Il and Ill clinical trials [9] and the recent
regulatory approval of T-VEC in the United States, Europe and Australia, has placed oncolytic

virotherapy in the clinic.

It is crucial to note that the approved viral-based therapies available are locally administered.
However, intratumoral administration is not always feasible, especially in the case of non-solid
cancers or even in the case of deeply confined solid tumors as pancreatic cancer. In these cases,
intravenous injection is the preferred administration route due to its potentiality to reach all

irrigated tissues and vascularized solid tumors, and even metastatic circulating cancerous cells.

Currently, adenoviral vectors (Ad) are being used in more than 25% of all gene therapy trials,
especially for the treatment of cancer [10]. Ad is a non-enveloped virus with a linear, double-
stranded DNA genome of 35 kb. In humans, there are 57 accepted serotypes classified in seven
species (Human adenovirus A to G) which are associated with different types of diseases
depending on virus tropism [11]. Ad2 and Ad5, which are related to respiratory diseases, attracted
the attention of early virological studies and nowadays their biology is very well characterized. Its
ability to efficiently transduce dividing and non-dividing cells, consistent genome stability, low level
of genome integration and its ease of large-scale production are interesting characteristics in

order to enter rigorous therapeutic development [11,12].

Despite the widespread clinical application of Ads, intravenous administration of Ad-based
therapies faces hurdles that drastically limit their efficacy and safety for in vivo application. When
Ad5 vectors are administered intravenously, the expression levels of coxsackie-adenovirus
receptor (CAR), which is the primary attachment receptor for in vivo infection [13], do not correlate
with the virus tissue distribution [14]. After intravenous application, Ad5 is rapidly sequestered by
the liver causing acute hepatotoxicity [15]. Accordingly, viral gene expression after systemic
administration is mainly found in hepatocytes [16] and its transduction is known to be driven by
the interaction of Ad5 with the blood coagulation factor X (FX) instead of CAR receptor [16,17].
Only when the reticuloendothelial system of the liver is saturated, Ad transduce other cell types
[15]. Hence, detargeting Ad tropism from hepatocytes may improve the blood circulation half-life
of Ad5 and as a consequence, increase the probability to reach and accumulate in target sites

distinct from the liver as desired for applications such as disseminated cancer treatment.

Another complex hurdle to overcome arises from the induction of a strong innate immune
response due to the interaction of Adenoviral vectors with antigen-presenting cells (APCs) such
as macrophages and dendritic cells. This interaction promotes a release of proinflammatory
cytokines/chemokines such as interleukin 6 (IL-6), tumor necrosis factor- a (TNF-a), interferon-y
(IFN-y), inducible protein-10, and RANTES [18—21]. An important observation to take into account
is that inactivated vector particles exhibited both clinical and in vitro a similar activation of innate
immunity to biologically active vector particles [20]. Thus, the activation of innate immunity cannot

be attributed to fully functional viral particles, but largely to the capsid proteins themselves.
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Moreover, pre-existing immunity against Ad vectors represents one of the major limitations
for the successful development of effective intravenous Ad-based therapies, even for the
treatment of liver-related diseases. A previous exposition to a specific Ad serotype results in the
presence of circulating capsid-directed antibodies that will neutralize a large fraction of virions
after intravenous injection, resulting in a drastic infectivity reduction [22]. The adaptive immune
response also limits the repeated vector delivery, which is often required for a successful
therapeutic effect. Approximately 45-75% of people from Europe (ltaly, UK, Netherlands, and
Belgium) have pre-existing immunity to Ad5 and seroprevalence can rise up to 90% in regions
such as Brazil, sub-Saharan Africa and India [23-26], being markedly correlated with age,
probably due to natural infections [23,27]. This further complicates their application for the

treatment of diseases with a high median age of diagnosis such as pancreatic cancer [28].

Finally, Ad vectors interact with several cellular and non-cellular blood components after
intravenous administration, besides the macrophages/dendritic cells and the complement system.
For example, systemically administered Ad vectors interact with platelets, leading to
thrombocytopenia [29] and interaction between Ad5 and human erythrocytes has been also
described [30].

All these interactions together are considered to be the major sink affecting the infectivity

and the blood residence time of systemically administered Ad vectors.

In order to overcome all the hurdles previously mentioned, chemical modification of Ad
vectors with synthetic polymers has been suggested as a promising strategy since 1999, when
Ad vectors were covalently PEGylated for the very first time [31]. In the case of liposomes,
nanoparticles and proteins, PEGylation has demonstrated to increase their circulation lifetime,
decrease the interaction with antibodies, and decrease uptake by the reticuloendothelial system
[32—34]. However, this approach significantly reduced infectivity of adenoviruses due to the bulk
modification of capsid surface amino groups affecting critical components for viral cell
internalization, such as the fiber and penton base, when using amino reactive polymers [35].
Another synthetic polymer used to modify the Ad capsid is the poly-N-(2-
hydroxypropyl)methacrylamide (HPMA), a multivalent polymer able to attach over the virus
surface at multiple sites per polymer molecule, in contrast to monovalent PEG molecules which
are linked to the virus capsid surface through a single reactive site. In addition, HPMA coating
reaction can be controlled to avoid complete bond formation, leaving free reactive sites available

to attach other moieties such as targeting ligands [36].

In order to restrict the chemical modification to specific sites on the viral capsid, genetically
site-directed chemical modifications have been also explored. For instance, cysteine inclusion in
specific capsid locations by point mutation allowed to specifically modify cysteine exposed
residues without affecting other exposed amino acids. In this context, maleimide-activated PEG
molecules have been used to form bioreducible bonds between PEG and cysteine-bearing

adenoviruses. This technique allowed to finely control chemical capsid surface modification
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serving as a tool to precisely modify Ad virions. Interestingly, Ad vectors unable to form Ad-FX
complexes have been developed rendering vectors FX-independence with greatly improved
properties for systemic gene therapy [37]. This approach is also a valuable tool to study
biofunctional roles of capsid interacting sites and can be used to produce shielded vectors able

to by-pass Nabs neutralization without affecting their infectivity [38].

Alternatively, engineering of Ad surfaces using ionically interacting polymers have also
demonstrated to be a promising biomaterials science branch to improve the systemic delivery of
virotherapeutic agents. Cationic polymers, such as poly(L-lysine), have been used in combination
with PEG to ionically coat Ad vectors showing low toxicity, biodegradable properties and evasion
of Nabs neutralization while maintaining viral infectivity [39,40]. HPMA copolymer has been also
modified with oligolysine in order to produce an ionically interacting coating agent demonstrating
its ability to mediate CAR — cells transduction and protection against antibody neutralization [41].
This hybrid viral/non-viral approach also allows to easily include active targeting moieties on the
artificial envelope. This is the case of EGFR-targeted PAMAM dendrimers which promote liver
detargeting an increase tumor tropism when tested in orthotopic lung tumor models in vivo [42].
Similarly, a cleavable PEGylated B-cyclodextrin-polyethyleneimine conjugate (CDPCP) has been
also developed including a matrix metalloproteinase substrate sequence into the conjugate
allowing PEG cleavage at the tumor site, simultaneously reducing liver biodistribution and

increasing transgene expression in tumors [43].

Taking into account the previously observed ability of OM-pBAEs to engineer AAVs particle
surfaces, in this chapter, we have explored the use of these polymers to coat Ad 5 viral particles.
Slightly hydrophobic C6-backboned OM-pBAEs were included in the study and the available
polymeric toolkit was even been expanded by producing a new C6-backboned polymer containing
PEG in its structure. As a result, we have developed an optimal coating formulation able to protect
intravenously injected virions from non-desired interactions while maintaining, and even

improving, its biofunctionality and therapeutic potential.

Therefore, the main objective of this chapter is to develop a OM-pBAE-based Ad coating

technology able to improve the therapeutic potential of intravenously injected Ad vectors.

In order to achieve this objective, the following tasks were proposed:

e Synthesis and screening by biophysical and biofunctional characterization of different

OM-pBAEs-based Ad coating formulations.

e Study of pharmacokinetics and biodistribution of newly designed OM-pBAEs-coated Ad

in vivo.

e Determination of benefits in terms of blood circulation, biodistribution and adaptive

immune system activation of newly developed OM-pBAEs-coated Ad.
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3.2 Materials and Methods

3.2.1 Materials

DMSO (Dimethylsulfoxide purissimum), EtOH (absolute ethanol), were obtained from
Sigma-Aldrich GmbH (Munich, Germany). Water was used as purified, de-ionized water.
Reagents and solvents used for polymer synthesis were purchased from Sigma-Aldrich and
Panreac. Oligopeptide moieties used for polymer modification (H-Cys-Arg-Arg-Arg-NH2 and H-
Cys-Asp-Asp-Asp-NH2) were obtained from GL Biochem (Shanghai) Ltd with a purity higher than
98%.

Cell culture 5x lysis buffer and D-luciferin sodium salt were purchased from Promega
(Mannheim, Germany). Cell culture media, antibiotics, L-glutamine and fetal bovine serum were
purchased from Gibco (Life Technologies, Carlsbad, USA). 1% Phosphotungstic acid solution
and carbon coated 200 mesh copper grids were provided by CCIT UB and UAB electron
microscopy services. QlAamp DNA mini kit was bought from Qiagen (Hilden, Germany).
LightCycler 480 SYBR Green Master Mix was purchased from Roche.

3.2.2 Synthesis of oligopeptide end-modified C32, C6, and C6PEG pBAEs

3.2.2.1 Synthesis of C32CR3 and C32CD3

Acrylate-terminated C32 polymers were synthesized by following the same procedure as
described in chapter 2 section 1.2.2.

Oligopeptide-modified C32 was obtained by end-modification of acrylate-terminated polymer
with thiol-terminated oligopeptide at 1:2.5 molar ratio in dimethyl sulfoxide. The mixture was
stirred overnight at room temperature, and the resulting polymer was obtained by precipitation in
a mixture of diethyl ether and acetone (7:3 v/v).

C32 backbone was modified with arginine (CRRR) and aspartic acid (CDDD). The different
oligopeptide modifications were confirmed by 'H-RMN. Figure 2 shows the structure of C32 end-

modified with peptides.

Figure 1ll-2. Structure of C32CR3 OM-pBAE.
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3.2.2.2 Synthesis of C6CR3

An acrylate-terminated polymer is synthesized by addition reaction of 5-amino-1-pentanol
(38 mmol) and hexylamine (38 mmol) with 1,4-butanediol diacrylate (82 mmol). The reaction is
stirred at 90 °C under nitrogen for 18 h. After cooling down to room temperature, the product is
collected as a yellow oil. Figure 3 shows the structure of the backbone polymer PBAE C6.

R
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Figure 11I-3. Backbone of pBAE C6.

The polymer is then analysed by 1TH-NMR and GPC to determine its structure and molecular
weight, respectively. NMR spectra are recorded in a 400 MHz Varian (Varian NMR Instruments,

Claredon Hills, IL) and methanol-d4 is used as solvent.

'H-NMR (CDCI3): 6.40 (dd, 2H, J 17.3, 1.5 Hz), 6.11 (dd, 2H, J 17.3, 10.4 Hz), 5.82 (dd, 2H,
J 10.4, 1.5 Hz), 4.18 (m, 4H), 4.08 (m, 32 H), 3.61 (m, 16H), 2.76 (m, 32H, J 7.2 Hz), 2.41 (m,
48H), 1.69 (m, 32H), 1.56 (m, 8H), 1.49-1.20 (m, 40H) and 0.87 (t, 12H, J 6.9 Hz) ppm.

Molecular weight determination is conducted on an HPLC Elite LaChrom system (VWR-
Hitachi) equipped with a GPC Shodex KF-603 column, 6,0 mm ID _ 150 mm, and THF as mobile
phase. The molecular weight is calculated by comparison with the retention times of polystyrene

standards.

Then, in order to obtain an oligopeptide end-modified PBAE, a solution of the backbone
PBAE C6 (0.054 mmol) in dimethyl sulfoxide (1.1 mL) and a solution of freeze-dried peptide
CRRR chlorhydrate (0.13 mmol) in dimethyl sulfoxide (1 mL) are mixed in a round-bottom flask
(it is important to mention that CRRR peptides are dissolved in 0.1 M HCI in order to obtain the
chlorhydate of the peptide). The reaction is stirred at room temperature under nitrogen for 24 h.
The reaction mixture is added over diethyl ether-acetone (7:3) and a white precipitate is obtained.
The suspension is centrifuged at 4000 rpm for 10 min and the solvent is removed. The solid is
washed twice with diethyl ether-acetone (7:3) and dried under vacuum to obtain a white solid,
which is then analysed by NMR (MeOD) to determine its structure. Figure 4 shows the structure
of C6CRS3.
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Figure lll-4. Structure of C6CR3 OM-pBAE.

3.2.2.3 Synthesis of C6PEGCR3

Step1: Synthesis of MeO-PEG-COOH

Trietylamine (1.25 mmol) is added to a solution of MeO-PEG (Mw = 2000, 2.5 mmol) and
succinic anhydride (2.75 mmol) in dichloromethane (5 mL). The reaction mixture is stirred at room
temperature for 4 h and washed with 1 M HCI (1 ml) twice. The organic phase is washed with
brine twice and dried over MgSO,. The solid is filtered off and the solvent is evaporated under

vacuum to obtain a white solid, whose structure is analysed by NMR (CDCls).

Step 2: Synthesis of N-boc 5-amino-1-pentanol

A solution of di-tert-butyl dicarbonate (5.1 mmol) in dichloromethane (5 mL) is added to a
solution of 5-amino-1-pentanol (5.1 mmol) and triethylamine (5.6 mmol) in dichloromethane (16
mL). The mixture is stirred at room temperature for 1 h and then washed with 0.5 M HCI (1 ml)
three times. The organic phase is dried over MgSQO,. The solid is filtered off and the solvent is
evaporated under vacuum to obtain a white solid, which is analyzed by NMR (CDCls) to check its

structure.

Step 3: Synthesis of MeO-PEG-NHBoc

Dicyclohexylcarbodiimide (0.74 mmol) and N,N’-dimethylaminopyridine (0.074 mmol) are
added to a solution of MeO-PEG-COOH (0.49 mmol) in dichloromethane (14 mL). After 5 min, a
solution of N-boc 5-amino-1-pentanol (0.49 mmol) in dichloromethane (1 mL) is added to the
mixture. The reaction mixture is stirred at room temperature for 6 h and then the solid is filtered
off. The solvent is evaporated under vacuum and the residue is washed with diethyl ether (5 mL)
three times. The product is dried under vacuum to obtain a white solid, which is analysed by NMR
(CDCly).

Step 4: Synthesis of MeO-PEG-NH,

Trifluoroacetic acid (1.2 mL) is added to a solution of MeO-PEG-NHBoc (0.21 mmol) in
dichloromethane (3 mL) at 0 °C. The reaction mixture is stirred at 0 °C for 10 min and then it is

stirred at room temperature for 2 h. The solvent is reduced under vacuum and the residue is
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washed with diethyl ether (5 mL) twice. The product is dissolved in dichloromethane (8 mL) and
washed with 0.5 M NaOH (1 ml) twice. The organic phase is washed with brine and dried over
MgSOQO,. The solid is filtered off and the solvent is evaporated under vacuum to obtain a white
solid, which is analysed by NMR (CDCls).

Step 5: Synthesis of pPBAE C6PEG

5-Amino-1-pentanol (0.41 mmol), hexylamine (0.41 mmol) and MeO-PEG-NH; (0.14 mmol)
are mixed in dichloromethane (2 mL) and the solvent is reduced under vacuum. To the residue is
added 1,4-butanediol diacrylate (1 mmol) and the reaction mixture is stirred at 90 °C under
nitrogen for 18 h. After cooling down to room temperature, the product is collected as a yellow
solid, which is analysed by NMR (CDClI3). Figure 5 shows the structure of the intermediate product
pBAE C6PEG.
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Figure llI-5. Structure of the intermediate product pBAE c6-PEG."H NMR (400 MHz, Chloroform-d) & 6.39
(dd, J = 17.3, 1.4 Hz, 2H), 6.11 (dd, J = 17.3, 10.4 Hz, 2H), 5.82 (d, J = 10.4 Hz, 2H), 4.23 (m,
2H), 4.17 (m, 4H), 4.14-3.98 (m, 32H), 3.63 (m, 218H), 3.37 (s, 3H), 2.75 (m, 32 H), 2.63 (m, 4H),
2.43 (m, 48H), 1.8-1.63 (m, 36 H), 1.55 (m, 12H), 1.48-1.16 (m, 50H), 0.87 (t, J = 6.9 Hz, 12H).

Step 6: Synthesis of C6PEGCR3

To obtain the chlorhydrate of the peptide, 15 mL of 0.1 M HCI were added to peptide CRRR

(150 mg) and the solution was freeze-dried.

A solution of PBAE C6-PEG (0.022 mmol) in dimethyl sulfoxide (1.2 mL) is mixed in a round-
bottom flask with a solution of peptide CRRR chlorhydrate (0.054 mmol) in dimethyl sulfoxide (1.1
mL), (it is important to mention that CRRR peptides are dissolved in 0.1 M HCI in order to obtain
the chlorhydate of the peptide). The reaction is stirred at room temperature under nitrogen for 20
h and then the mixture is added over diethyl ether-acetone (7:3) to obtain a white precipitate. The
suspension is then centrifuged at 4000 rpm for 10 min and the solvent is removed. The solid is
washed twice with diethyl ether-acetone (7:3) and dried under vacuum to obtain a white solid,
which is analysed by NMR (MeQOD) to check its structure. Figure 6 shows the structure of polymer
C6PEGCRS.

93



Chapter lll — Engineering adenoviral particles using OM-pBAEs

R

o) o)
Peptide—S/\)kO/\/%\/ Oj(\/ N\/\[(O\/>\/\OJ\/\S—Peptide
o} o) "

R=-CHj;, -OH or PEG

Figure 111-6. Structure of C6PEGCR3.

3.2.2.4 Labelling of OM-pBAEs with Cy5 fluorophore

Cyanine 5 NHS ester (ab146454; Abcam) is used as a fluorescent labelling reagent in order
to react with the free amino group on the cysteine amino acid present in any peptide used for
end-capping pBAEs backbones. The labelling reaction is done by preparing 0,5 ml of Cysteine 5
NHS ester solution at 10 mg/ml in DMSO and mixed with C6CR3 (0.035 mL, 100 mg/mL,
0.97umol) in DMSO to a final volume of 0,8 ml. Triethylamine (0.004 mL, 29umol) is added to the
solution. Then, the tube is stirred protected from light at room temperature for 20 h. 7:3 diethyl
ether/acetone (1.5 mL) solution is added dropwise to the mixture. The suspension is then
centrifuged at 4000 rpm for 10 min and the supernatant is discarded. The solid is washed with
7:3 diethyl ether/acetone (0.6 mL) twice. The product is dried under vacuum and the final solution

is prepared by resuspendind the solid in DMSO at 100 mg/mL.

3.2.3 Adenovirus vectors

3.2.3.1 Viral amplification and purification

AdTL and AJNuPARmME1A were produced starting from a previously purified viral stock.
AdNuUPARmME1A was amplified in A549 and AdTL which is a replication-defective virus was
amplified in HEK 293 E1-transcomplementing cells. Vectors were purified by one CsCI density
step gradient (1,5, 1,35 and 1,25 g/ml CsCl — 2h at 35000rpm) followed by one subsequent
continuous CsCl density gradient (1,35g/ml — 24h at 35000rpm) and were desalted by PD-10 size

exclusion columns (GE Healthcare) and stored in PBS++ with 10% glycerol at -80°C.

3.2.3.2 Physical titer determination by spectroscopy (VP/mi)

The physical titer (VP/ml) is determined by viral DNA absorption measurement at 260 nm
wavelength. Viral stock is diluted in lysis buffer (Tris-HCL pH7.4 10mM, EDTA 1mM, SDS 0,1%)
and incubated 10 min at 56°C. Absortion measurments were performed using NanoDrop 1000
(ThermoScientific). Viral titer is calculated using the following equation:

vp

i DOyg0nm X Dilution factor x 1,1x10*2
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3.2.3.3 Preparation of fluorescently-labeled Ad viral particles

In order to prepare the fluorescently-labelled ADNUPARE1A virus, DyLight 550 Microscale
Antibody labeling Kit (ThermoFischer) was used. The labelling reaction was carried out by
preparing 100 ul of AANUPARE1A in PBS with 10 pl of borate buffer (0,67M) at 1,3x10"> VP/ml.
The viral solution was then mixed with the labelling reagent provided as a powder in an Eppendorf
tube and incubated during 1 h at RT. Labelled virus was then washed 8 times using Microcon
Centrifugal Filters 10K (Merck) with PBS++ in order to remove the excess of free fluorophore.
Finally, labelled-virus sample was titrated in order to determine the recovery rate after labelling

reaction.

3.2.4 Coating of Ad with OM-pBAEs

3.2.4.1 Preparation of OM-pBAEs-coated Ad samples for in vitro testing

Coated viral samples for in vitro assays were prepared by diluting 1/50 the virus stock in
PBS (VS) (Generally, an aliquot of 2 ul in 98 ul of PBS). Then the volume of polymer stock needed

taking into account an specific pol:VP ratio was calculated following equation 1.

VPht
mPBAEs = (

1000 * Vstock ul) *pol:VP

mPBAEs * 3287,52 -9 « 1e4

_ mol
X ul PBAE stock = 6.023¢23

Equation 1. VPht refers to the physical titer in VP/ml and pol:VP refers to the ratio of polymer molecules per viral

particle.

The calculated volume of polymer stock is diluted with PBS to a final volume of 100 ul (PS).
Finally, PS and VS were mixed by adding PS over VS and pipetting up and down slowly at least
10 times. Samples were incubated 30’ at RT to enable the electrostatic interactions and freshly

used for testing assays.
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Figure 1lI-7. Coating of Ads with OM-pBAEs for in vitro uses.

3.2.4.2 Preparation of pBAEs-coated Ad samples for in vivo testing

Coated Ad samples for in vivo testing were prepared in 1 ml batches. Taking into account
the dose of injection (For instance, 1x10"® VP/animal in 100 pl bolus) the desired final
concentration for a 1 ml of coated batch is 1x10"" VP/ml, this means that 1x10"" VPs will be
coated per batch. The total volume of pBAE stock solution needed to coat 1 ml batch is calculated

following equation 2.

mPBAEs = (Total VPs) % pol: VP

mPBAEs * 3287,52 -2 x 1x10*

_ mol
X ul PBAE stock = 6.023¢23

Equation 2. mPBAEs means molecules of pBAEs. Total VPs means the total number of VPs that needs to be coated for

a 1 ml preparation. Pol:VP means the number of molecules of polymer used to coat a single VP. All in vivo studies are

carried out using a 4x10° pol:VP.

Then, the polymer solution (Ps) is prepared by mixing 0,9% saline with the calculated volume
of pBAEs stock to a final volume of 200 ul. The virus stock volume needed to have the desired
dose in VPs/ml is calculated using the physical titter and virus stock solution is mixed with 0,9%
saline to a final volume of 200ul to prepare the virus solution (Vs). Ps and Vs are mixed by adding
Ps over Vs and pippeting up and down slowly at least 10 times. The sample is incubated 30 min
at RT to enable the electrostatic interaction between polymer and viral capsids. Then, 600 ul of

0,9% saline is added to reach the 1 ml batch volume and mixed slowly.
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Figure 111-8. Coating of Ads with OM-pBAEs for in vivo uses.

3.2.5 Biophysical characterization of pBAE-coated Ad

3.2.5.1 DLS: Zeta potential and particle size measurement

DLS illuminates the sample by a laser beam and detects the fluctuations of the scattered
light at a known scattering angle 6 by a fast photon detector. DLS studies the diffracted light of
particles as a whole and has limitations discerning polydispersity of samples containing different
populations because DLS do not track single particles. DLS offers an option called number mean
value to focus the size calculation to the more abundant specie in the sample, helping to avoid

interference of contamination or minor events.

Size and surface charge were determined by Dynamic Light Scaterring (DLS) (Malvern
Instruments Ltd, United Kingdom, 4-mW laser). Coated viral preparations were prepared as
previously described. 100 pl of coated Ad samples were diluted with 900 ul of PBS 1x for

hydrodynamic size and Z-potential analysis.

3.2.5.2 TRPS size characterization

TRPS is a technique that allows single particle characterization by monitoring current flow
through an aperture, combined with the use of tunable nanopore technology. Particles crossing
a pore are detected one at a time as a transient change in the ionic current flow. As blockade
magnitude is proportional to particle size, accurate particle sizing can be achieved after calibration
with a known standard. In the present study, the gNano technology (iZon) was used following

manufacturers protocols and guidance.
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3.2.5.3 NTA size characterization

NTA uses an ultramicroscope and laser illumination to visualize the movement of
nanoparticles under Brownian motion. The light scattered by the particles is captured using a
camera over multiple frame. Then, the software tracks the motion of each particle from frame to
frame. Particle movement rate is related to a sphere equivalent hydrodynamic radius as
calculated through the Stokes-Einstein equation. The technique calculates particle size on a

particle-by particle basis allowing to resolve different size populations within the same sample.

3.2.5.4 Transmission electron microscopy (TEM)

A 10 pL drop of freshly prepared coated Ad samples was put on a sheet of parafim. A UV
light activated carbon coated 200 mesh copper grids was placed on top of the drop (filmed side
down) for 1 and washed 3 times by putting the grids over MQ water drops during 1 min each.
The, the grid was incubated with a drop of a 1% phosphotungstic acid solution (PTA) for 1,5 min
and drained with a piece of filter paper. Grids were Put inside a petri dish with Whatman paper
and leave it dry during 2 h at least. Grids were imaged using JEM 1400, JEM 2011 and JEOL

1010 electronic microscopes depending on availability.

3.2.5.5 Stochastic optical reconstruction microscopy (STORM)

The fundamental principle behind stochastic optical reconstruction microscopy and related
methodology is that the activated state of a photoswitchable molecule must lead to the
consecutive emission of sufficient photons to enable precise localization before it enters a dark
state or becomes deactivated by photobleaching. After capturing the images with a digital camera,
the point-spread functions of the individual molecules are localized with high precision based on

the photon output before the probes spontaneously photobleach or switch to a dark state.

In order to obtain STORM images of viral samples, they were physically adsorbed onto the
surface of a flow chamber assembled from a glass slide and a coverslip (24mm x 24 mm,
thickness 0.15 mm) separated by double-sided tape. Unbound particles were removed by
washing excess sample with PBS. Finally, STORM buffer was fluxed into the chamber before
imaging. Images were acquired using NIS-Elements software in Nikon Eclipse Ti microscope.
Cy5-labelled polymer was imaged with a 647nm laser (160 mW), taking 21.000 frames per image.
DyLight 550 labelled viruses were imaged with a 561nm laser (80mV), taking 20.000 frames per

image.

Fluorescence was collected by means of a Nikon 100x, 1.49 NA oil immersion objective and
passed through a quad-band pass dichroic filter (97335 Nikon). Images were acquired onto a
256x256 pixel region (pixel size 0.16um) of a Hamamatsu 19 ORCA- Flash 4.0 camera at 10 ms

integration time. The image reconstruction was performed in the STORM module of the NIS
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element Nikon software. Intensity threshold for both channels was settled at 250 and trace length

values at minimum 1 and maximum 5.

3.2.6 Biological in vitro characterization

3.2.6.1 Cell culture

All cell lines used in this study are adherent and grow forming a monolayer. Cells were
cultured at 37°C in 5% CO, in DMEM (Dulbecco’s Modified Eagle Medium) supplemented with
10% fetal bovine serum, 100 U/ml penicilin, 100 ug/ml streptomycin and 2mM L-Glutamine.
PANC-1 is a human cell line derived from a pancreatic ductal adenocarcinoma and was
purchased from ATCC. A549 is a human cell line derived from a lung carcinoma. This cell line
was kindly provided by Dr. Ramon Alemany (ICO-IDIBELL, Barcelona). It is used to amplify
recombinant virus due to its high viral production efficiency. HEK293 is a human cell line derived
from kidney embryonic tissue. It is a E1A transcomplementing cell line used to produce non-

replicative recombinant adenoviruses. This cell line was also provided by Dr. Alemany.

3.2.6.2 Cell viability assay (MTT)

The influence on cell metabolism of DMSO, C32CR3 and C6CR3 polymers was evaluated
using a MTT colorimetric assay. 10 pL of MTT [3-(4,5-dimethylthiazol-2- yl)-2,5-
diphenyltetrazolium bromide, 5mg/mL] were added to the cells, 48 h after transduction and
incubated for 2 h at 37 °C. The purple formazan crystals were dissolved in 100 pyL/well dimethyl
sulfoxide (DMSO). Absorbance was measured at 590 nm with background correction at 630 nm
using a microplate reader. The relative cell viability (in %) was calculated by [A] sample /[A] control
x 100.

3.2.6.3 Transduction studies

Transduction studies were done using the AdTL replication-defective virus expressing GFP
and Luciferase under CMV promoter as early genes. AdTL was tested naked and coated with
different coating formulations. Viral samples were diluted with DMEM supplemented with 10%
FBS in order to reach the desired experimental concentration. For NAbs pre-incubated conditions
the culture media was also supplemented with Aanti-Ad5 polyclonal antibody (ab6982; Abcam)
at 10.000-fold dilution for MOI 10 experiments and 100.000-fold dilution for MOI 50 infections.
Samples were incubated at RT during 30’ before infection. Then, 15000 PANC-1 cells/well in a
96 multi-well plate were infected at MOI 10 and 50. 4 hours post-infection, wells were washed
and fresh culture medium was added into each well. 48h after infection, cells were tripsinized and

analyzed using Attune NxT Flow cytometer in order to determine the % of GFP+ cells.
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3.2.7 Biological in vivo characterization

Animal procedures met the guidelines of European Community Directive 86/609/EEC and
were approved by the Comité de Experimentacion Animal (CEEA) of the UB (Universitat de

Barcelona).

3.2.7.1 Animals

Animals were housed in plastic cages in controlled environmental conditions of humidity
(60%), temperature (22°C + 2°C) and light with food and water ad libitum. C57BI/6J and BALB/c
Nu/Nu mice were used for the experimentation of this chapter. C57BI/6J were used for
biodistribution and neutralizing serums production studies. BALB/c Athymic Nu/Nu, as an
immunodeficient strain, allow the progression of human tumors and were used to produce tumor-

bearing mice.

3.2.7.2 Generation of tumor-bearing mice by subcutaneous implantation

BALB/c Nu/Nu mice were injected subcutaneously in each flank using a 29G needle. 1x10°
PANC-1 cells per tumor were injected. Cells were prepared in Matrigel Matrix Basement
Membrane HC (Corning) by 1:1 mixing cells in DMEM without antibiotics and supplements and

Matrigel to a final volume of 100 pl.

Tumor progression was analyzed by measuring tumor’s volume using a digital caliper.
Biodistribution studies were started when tumors reached 100 mm®. The large and the small

diameter are measured and the tumor volume calculated using the following formula:

2
Tumour volume = (D *d” ﬂ)/ 6

3.2.7.3 Blood circulation time

Seven-week-old C57BL/6J male mice were injected intravenously with naked AdTL and
AdTL coated with different OM-pBAE formulations with a total dose of 1x10"° VP/Animal. At 2
min and 10 min post-administration, blood samples were collected from the saphenous vein using
EDTA treated capillaries. Blood DNA Isolation Mini Kit (Product # 46300, 46380) NORGEN
BIOTEK CORP.was used to extract DNA from 50 pl whole blood samples following the
manufacturer protocol. A RT-gPCR of the samples was performed using hexon specific primers
Hexo01= 5-GCCGCAGTGGTCTTACATGCACATC-3 and Hexo02= 5-
CAGCACGCCGCGGATGTCAAAG-3.
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3.2.7.4 Bioluminiscence in vivo imaging

In vivo luciferase expression was visualized and quantified in living animals using an in vivo
bioluminescent imaging system (Hamamatsu Photonics). Briefly, the substrate firefly D-Luciferin
(PerkinElmer, Inc) was i.p. administered (16 mg/kg) and 10 min later animals were anesthetized
with a mixture of isofluorane and oxygen preparation. Mice were introduced into the capturing
cage coupled to an inhaled anesthesia system, and images were captured and analyzed using
Wasabi software (Hamamatsu Photonics).

3.2.7.5 Luciferase assay of organs and tumors

Different organs and tumors were mechanically homogenized in a cold potter with liquid
nitrogen to obtain a fine powder. Powder was mixed with lysis buffer (Cell culture Lysis reagent,
Promega) and incubated 15 min at 25°C. Samples were centrifuged for 10 min, 16000g at 4°C
and supernatants were collected. Luciferase activity was quantified using the Luciferase Assay
System Kit (Promega). 10 ul of samples was mixed with 30 pl of luciferin in a white 96-well plate
and photon emission was measured in a Synergy HT luminometer (BioTek). Light emission was
normalized to total protein levels. Protein concentration was determined with BCA protein assay

(Pierce Biotechnology).

3.2.7.6 In vitro neutralization assay of serums produced in vivo

C57BL/6J naive mice were immunized by injecting two 1x10"® VP/animal doses of naked
Ad, CPEGAd and C6CR3Ad formulations intravenously at day 0 and day 14. At day 21 after the
first injection, blood was collected by intracardiac puncture and serums were obtained and heat

inactivated.

5x10° PFU/ml solution of AdTL was prepared and 50 ul of this solution was added to 96-well
white plate wells. Then, the serum sample was 10-fold diluted with PBS and 50 ul were added to
wells of the first column already containing the virus solution by triplicate. After that, samples were
serial diluted by transferring 50 ul to the consecutive columns leaving a column without serum
and another without virus nor serum as positive and negative controls. After 30 min at RT, 100.000
HEK293 cells in 100 pl were added to each well and were maintained at 37°C and 5%CO, for
24h. Finally, luciferase activity was quantified by changing the culture media for a 1,58 mg/ml D-
Luciferin solution in PBS and by measuring bioluminescence emission using a multiplate reader.
The ND50 values were calculated by determining the dilution which 50% neutralized the signal

from the positive transduction control without serum.
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3.2.8 Molecular modelling Hexon trimer

Protein data bank (PDB) structure of the adenovirus type 5 hexon protein (PDB code: 1P30)
was used and symmetrically assembled in order to generate the trimeric structure. The PDB file
was converted into a PQR file using PDB2PQR software which include protonation, missing
heavy (non-hydrogen) atoms and charge parameters into the model at pH 7.4. Finally, continuum
electrostatics equations were solved using APBS software and graphically represented using
VMD software.

3.2.9 Statistical analysis

Statistical analyses were carried out with Graph-Pad Prism (GraphPad Software). All error
bars reported are SD unless otherwise indicated. Pairwise comparisons were performed using
one-way Student t-tests and Turkey’s multiple comparison test. Differences between groups were
considered significant at P values below 0.05 (* p < 0.05, ** p < 0.01, *** p <0.001, ****p < 0.0001).
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3.3 Results and discussion

Efficient intravenously delivery of oncolytic adenoviruses to tumors in the human body is the
main historical hurdle limiting the use of adenoviruses as anti-cancer agents. As previously
introduced in chapter I, pre-existing humoral immunity and liver sequestration drastically affects
the efficacy of viral agents used in virotherapy, especially upon systemic administration. In the
case of adenovirus, pre-existing humoral immunity is even more difficult to circumvent in
comparison with other viruses because of the high seroprevalence of anti-Ad5 neutralizing
antibodies (Nabs).

In chapter I, we observed the ability of OM-pBAEs to electrostatically coat AAVs and modify
their natural tropism. However, limitations regarding the quality of the physicochemical
characterization of such small particles (10-25 nm) hindered the optimization of the technology

and the associated quality controls.

In this chapter, Adenovirus type 5 have been used as a bioactive agent to be coated. Despite
the negative net charge of adenoviral particles in physiological conditions, Ad viral capsid surface
charge is complexly structured. In order to closely look and understand this complex pattern, an
in silico electrostatics study of the major component of Ad capsid, the hexon protein trimer, has
been done by a molecular modelling approach (Figure I1I-9). Briefly, the protein databank (PDB)
structure of the adenovirus type 5 hexon protein (PDB code: 1P30) was used and symmetrically
assembled in order to generate the trimeric structure. The PDB file was converted into a PQR file
using PDB2PQR software which include protonation, missing heavy (non-hydrogen) atoms and
charge parameters into the model at pH 7.4. Finally, continuum electrostatics equations were

solved using APBS software and graphically represented using VMD software.
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Figure 11I-9. Electrostatic map of hexon trimer generated in silico by molecular modelling approach. The hexon
trimer was generated by using the PDB structure (PDB code: 1P30). The top view shows the outer face of the capsid.

The side view shows the three-tower shape of the HVR-containing regions.

The resulting model showed regions with negative charge (Red) and others positively
charged (Blue), as expected. The top view shows the outer face of the hexon trimer which
contains the regions corresponding to hypervariable regions (HVRs). Several studies have
determined that Ad5-specific NAbs are directed primarily against the hypervariable regions of the
hexon protein [45—-47]. Interestingly, a negatively-charged wide region is observed between the

three-tower shape of the HVR-containing regions.

OM-pBAEs have demonstrated to be able to condensate nucleic acids forming discrete
nanoparticles [48]. The complexation takes places thanks to the electrostatic interaction between
terminal positive oligopeptides such as Arginine (R) or Histidine (H) and the negative charge of
phosphate groups of nucleic acids such as siRNA or plasmid DNA. Arginine, with a sidechain pKa
of 12.48, maintains its protonated state even at highly basic environments and is one of the best
performing formulations when introduced into pBAEs structure in terms of complexing and

packaging nucleic acids [48,49].

Previously in chapter Il, C32CR3 polymer has been used to coat AAVs. The surfaces charge
of AAV viral particles suspensions measured as Z-Potential has been modified in the presence

of C32CR3 demonstrating the interaction between polymer and nanometric particles. Electronic
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microscopy also demonstrated the ability of C32CR3 to interact with the nanometric

quasispherical surfaces of AAVs.

As previously described by Dosta ef al. in our group, pBAE/siRNA polyplexes are sensitive
to the presence of serum proteins. When GFP expressing cells were transfected with AntiGFP-
siRNA/C32CR3 polyplexes in serum-containing media the silencing efficiency dropped from 80%
GFP knockdown to 40%. In addition, their results demonstrated that siRNA particles prepared
from mixtures of cationic and anionic or cationic and cationic pBAE polymers were not able to
increase silencing efficiency compared to single cationic pBAEs formulations, suggesting that

serum proteins interact or destabilize polyplexes formulations making them less efficient [50].

In order to include other stabilizing forces into the polyplexes structure, a new pBAEs
backbone containing a hydrophobic side-chain was designed, synthesized and tested aiming to
develop an efficient non-viral gene delivery vector for in vivo applications. The best performing
pBAE in terms of stability was the C6-50-CR3. The 50 indicates the molar ratio between
hydrophilic (5-amino-1-pentanol [A]) and hydrophobic (hexylamine [B]) amines during the
backbone polymerization and from now on it will be called C6.

The main objective of the present chapter is to improve the intravenous administration of
Ad5 vectors by developing an OM-pBAE-based non-covalent coating technology able to avoid
undesired interactions and consequently, increasing the blood circulation half-life of injected Ads.
Therefore, the stability in the presence of blood serum proteins is of crucial importance and the
C6 pBAE backbone will be included in our toolkit used to coat Ads and even expanded with some

other modifications explained later.
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3.3.1 Biophysical characterization of OM-pBAEs-coated Ad5 particles

In engineered nanomaterials, size and surface charge are crucial factors regulating the
circulation of nanomaterials in the bloodstream and penetration across the physiological barriers.
Bioinspired synthetic nanocarriers used for gene delivery purposes are often designed trying to
mimic the molecular organization and structure of different viruses. Therefore, it is logical to
consider viruses as biological nanoparticles and use nanoparticle characterization methods to

study biophysical properties of viruses.

Ad capsid forms a biologically active quasi-spherical interface where interactions occur
directed by its amino acidic composition and molecular structure. Chemical engineering of virion
surfaces aims to instruct virion/environment interfaces modifying its natural functionality.
However, coated Ads must maintain some viral properties such as colloidal stability, and

infectivity to be suitable for intravenous therapeutic applications.

In the present study, three different techniques were compared in order to be used to
characterize viral particles: Tunable Resistive Pulse Sensing (TRPS), Nanoparticle tracking

analysis (NTA) and Dynamic light scattering (DLS).

Ad viral particles size determination was carried out by all presented techniques in order to
compare and assess its applicability and flexibility (Table IlI-1). Results showed that TRPS is the
most exact and precise technique. However, TRPS is a very time-consuming technique and
aggregation events easily block nanopores, restricting its use to highly purified preparations. We
considered TRPS a powerful technique but not suitable for explorative purposes. NTA performed
considerably well in terms of precision and accuracy. Moreover, NTA allowed to discriminate
between single particles and clusters. The main limitation is its inability to study other parameters
such as surface charge. DLS was the worst performing technique taking into account raw results
obtained as a Z-Average, however when applying the number mean correction results were
considerably consistent with the expected size and the polydispersivity index was very useful as
a quality criteria. Moreover, DLS allows to study particle surface charge by applying an alternating
current to the sample while studying its mobility change. As a consequence, we decided to use

DLS as an exploratory technique and use NTA in a more advanced phase of development.

Table lll-1. Ad size determination by different nanoparticle characterization techniques.

Mean Size (hnm) Mode Size (nm) Number mean Z-Average PDI
(nm) (nm)
TRPS 103,7 £ 0,6 101 +£1,7 o = o
NTA 104,7+7,7 92,5+4,9 - - -
DLS - = 111,4+214 283,5+89,9 | 0,49+0,19
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3.3.1.1 C32CR3 and C6CR3 interacts with Ad particles changing their physicochemical
properties

In order to study the coating formation on viral particles surfaces, Z-potential analysis was
carried out by DLS. Samples coated with increasing amounts of C32CR3 and C6CR3 polymer
molecules per VP (pol/VP ratio) were analyzed. Similar results were obtained with both polymers
(Figure 111-10) in terms of Z-potential. This parameter increased until reaching 1x10°® molecules
of pol/VP; then a plateau started for all the remaining conditions. This indicated that all available
viral capsids surface area in the samples were positivized due to the polymer interaction and

allowed us to determine the minimum pol/VP ratio needed to fully coat Ad particles.
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Figure 1lI-10. Z-potential determination of viral particles coated with increasing pol/VP ratios of C32CR3 and

C6CR3. Results are shown as mean and standard deviation of triplicates.

Taking into account the ionic nature of polymer and viral capsids interaction, an excess of
polymer in the solution may help to maintain complexes stable in solution. Therefore, a ratio of

4x10° pol/VP was chosen as a coating conditions and complexes sizes were then studied.

Size characterization by DLS indicated that both polymers affected the size distribution of
viral particles in solution (Table 1l-2). The average hydrodynamic diameter of the complexes
formed with C32CR3 was 700,9 nm with a polydispersity (PDI) of 1. In the case of C6CR3, size
increased up to 374,1 nm with the same PDI. PDI explains the degree of uniformity of a
distribution. In DLS, the native distribution is the intensity distribution which indicates how much
light is scattered from various size bins or intervals. PDI increases from 0 to 1 in correlation with
the distribution of scattered light of different sizes. The resulting PDI values obtained for both
coated samples showed a negative effect over sample aggregation and size distribution. The
presence of clustered particles could be the main reason negatively affecting PDI values of coated
samples. Our quality threshold in terms of PDI was the value obtained for naked viral particles,

in this case 0,6. Hence, further improvement was needed to meet this criterion.
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Table llI-2. Size determination by DLS of Naked Ad, C32CR3 and C6CR3-coated Ad

Number mean PDI Z-Pot
Naked Ad 108,5 + 15,3 0,6 £0,16 -11,75+ 2,5
C32CR3Ad 700,9 + 89 1 13,9+4,.4
C6CR3Ad 374,1 + 38,6 1 15,3+ 0,35

Interestingly, C6CR3 polymer produced smaller complexes in comparison with C32CR3.
Although PDI values were very high in both cases, the hydrophobic backbone of C6CR3 could
modify the polymer-virus interaction improving its behaviour in terms of complexes size

distribution.

3.3.1.2 Transmission electron microscopy (TEM) imaging: comparison of C32CR3 and
C6CR3 coated Ad

In order to further study the morphology and size distribution of the resulting complexes,
TEM imaging was performed. TEM is capable of imaging at a significant higher resolution than
light microscopes and has been widely used in virology to solve viral capsids structures. The
smaller wavelength of electron beams allows to capture fine details of viral capsids and is suitable

to analyse capsid surface modifications due to the presence of polymeric coatings.

The structure of naked Ad, C32CR3 and C6CR3-coated Ad samples were analyzed by TEM
using phosphotungstic acid (PTA) as a contrasting agent (Figure 1lI-11). Naked Ad samples
showed the typical adenoviral capsid structure with its icosahedral shape (Figure IlI-11-A). In
contrast, when coated with C32CR3, capsids were covered with a thin layer of polymer and
clustered viral particles were observed (Figure 111-11-B). In the case of C6CR3, more contrasted
complexes were observed complicating the identification of viral particles. Their appearance
suggested a tighter interaction maybe due to the exclusion of water molecules over the
viral/polymer interface (Figure 111-11-C). It is important to note that when preparing samples for
TEM imaging, samples are washed, stained and dried. The drying process can favour the

formation of artefacts, especially in the case of samples containing ionically interacting polymers.
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Figure llI-11. Comparison of C32CR3 and C6CR3 coatings by transmission electron microscopy. TEM micrographs
of PTA stained naked Ad (A), C32CR3-coated Ad (B) and C6CR3-coated Ad (C).

The main observation was the ability of both polymers to interact with capsid surfaces and
to form complexes. The presence of large aggregates in both cases was consistent with the DLS
characterization, highlighting the need to further improve the polymeric formulation in order to

produce single coated viral samples.

3.3.1.3 Transmission electron microscopy (TEM) imaging: The multilayering coating

approach

As described before by other authors, a layer-by-layer deposition of cationic and anionic
polymers produces thicker and heavier artificial envelopes on viral particles and has
demonstrated to improve their infectivity and efficacy in the presence of neutralizing antibodies in

comparison to single layer coated and naked Ads [51].

Taking advantage of the easy end-capping modification of OM-pBAEs with differently
charged peptides, anionic and cationic polymers were produced by modifying C32-backboned
pBAEs with arginine (CR3) and asparatic acid (CD3) tripeptides. These polymers were used as
a multi-layering Ad coating agent and were analysed by TEM.

Ad samples were coated with a layer-by-layer approach using C32CR3 and C32CD3. Five
layers of 4x10° pol/VP were consecutively deposited by waiting 30 min between layers. The order
of the layers deposition was Ad-R-D-R-D-R. Also, another sample was prepared by using the
same total amount of polymer as used for the layer-by-layer approach but anionic and cationic
polymers were previously mixed and deposited as a single layer. Finally, a single layer C32CR3

sample was also analyzed as a control.
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As seen in figure 11I-112-C, the multi-layering coating approach also formed clustered
complexes of viral particles and polymer with the same morphology as observed for the single
C32CR3 layer coated sample (Fig. 11I-12-B). The multi-layered sample polymeric envelope
thickness was 8,5 nm + 2,0 and the single-layer coated sample was 5,9 nm + 1,82. It was not
clear to determine whether this increase in thickness was due to the multi-layering deposition
approach or due to the three times higher C32CR3 pol/VP ratio. Interestingly, when mixing both
polymers prior to deposition as a single layer, no coating formation was observed indicating that
anionic and cationic polymer molecules were interacting to each other avoiding interaction with
viral particles in the solution (Fig. l1I-12-D). A darker background and presence of small structures

were also observed in contrast with the naked Ad sample ((Fig.lll-12-A).

Figure llI-12. Characterization of multi-layered coating by TEM. TEM micrographs of Naked Ad (A), single C32CR3
layer coated Ad (B), multi-layered coated Ad by consecutive deposition of R-D-R-D-R layers (C), and Ad preparation
incubated with a mixture of R-D without the step-layering process (D).
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3.3.2 OM-pBAEs coated Ad5 maintains its infectivity and slightly protects

viral particles to Nabs-mediated neutralization

The physicochemical and morphological characterization of C32CR3 and C6CR3-coated
viral particles have demonstrated the ability of these polymers to interact and form artificial
envelopes over viral particles. However, the resulting complexes analyzed by TEM contained
multiple clustered viral particles and the size distribution in solution also demonstrated the

formation of complexes of varying sizes.

In the present study, we aimed to determine if these resulting characteristics had any
influence on infectivity of viral particles in vitro and also, on the ability of neutralizing antibodies

to prevent virus infectivity.

Firstly, we decided to study the cytotoxicity of both cationic polymers in order to define the
limiting concentration of free polymer maintaining cellular viability. Despite the biodegradability of
OM-pBAEs, their cationic nature and hydrophobicity can affect cellular viability when used in vitro
at high concentrations. In order to determine the safety limit concentration to avoid polymer

cytotoxicity during viral infectivity assays, an MTT-based cell viability assay was performed.

Increasing concentrations of C32CR3 and C6CR3 polymers (2,5; 25; 50; 75; 150 ug/ml) and
its equivalent DMSO concentration were screened. These concentrations were chosen in order
to include a wide range of equivalent MOls taking into account the 4x10° pol/VP ratio previously
defined. Using the physical titer and the infectious titer (2,77x1012 VP/ml and 4,6x‘|010 PFU/ml,
respectively) of the replication-defective reporter adenovirus type 5 AdTL the equivalent MOl and
VP/cell was calculated for every polymer concentration. Table IlI-3 shows the results of these

calculations.

Table llI-3. Relation between each experimental polymer concentration in the culture well and its equivalent viral

dose calculated as MOI and VP/cell.

[Polymer] (ug 25 25 50 75 150
/ml)
MOl 13 127 254 380 761
VPIcell 763 7634 15267 22901 45802

Cell viability results showed no significant toxicity for DMSO and C32CR3 in any case.
Regarding C6CR3, significant toxicity was only observed when testing the highest 150 ug/ml
concentration. In consequence, 75 ug/ml was defined as the C6CR3 limiting concentration (Fig.
[11-13). Taking into account that this concentration relates to a MOI of 380 and we usually infect
cells with MOls between 10 and 100, the safety regarding cells viability is guaranteed regarding

polymer toxicity.
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Figure 111-13. Cytotoxicity of different polymers assessed in PANC-1 cells using a colorimetric MTT-based cell
viability assay. 15000 cells/well were incubated for 4 h in serum-free medium in the presence of polymer concentrations
ranging from 2,5 to 150 ug/ml (2,5, 25, 50, 75, 150 ug/ml). The medium was replaced with fresh medium without polymer,
and the cultures were incubated another 24h. *p < 0.05, **p < 0.01, ***p < 0.001

After this toxicity assessment, the effect of pBAEs coating on viral infection in the presence
or absence of NAbs was studied following GFP expression using flow cytometry. AdTL expresses
the GFP and Luciferase genes under the CMV promoter, and viral transduction can be easily

studied by counting GFP+ cells.

PANC-1 cells were infected at MOl 10 with C32CR3 and C6CR3-coated AdTL with
increasing pol/VP ratios. These conditions were replicated by incubating samples 30 min at RT
with 10000-fold dilution of the commercial ab6982 Anti-Ad5 polyclonal antibody (Abcam). The
percentage of GFP positive cells for each condition was quantified 3 days after infection by flow

cytometry.

A seen in figure lllI-14, a slight improvement on the infectivity of C32CR3Ad was observed
from 2x10°to 1x10” pol/VP ratios. However, this effect was not observed when samples were pre-
incubated with Nabs. In contrast, C6CR3-coated condition performed better when samples were

pre-incubated with Nabs, especially when pol/VP ratio was higher than 1x10°.
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Figure 111-14. Infectivity of C32CR3 and C6CR3-coated AdTL at different pol/VP ratios in the presence or absence
of NAbs. GFP positive PANC-1 cells were quantified by flow cytometry. Cells were infected with C32CR3 and C6CR3-
coated AdTL at increasing pol/VP ratios with (+) and without pre-incubation with NAbs at MOI 10. Their fluorescence was

determined after 48 h by flow cytometry. Results are shown as mean and standard deviation of triplicates.

The presence of polycationic polymers in the culture media can improve virus interaction
with cells by modifying the negative charge of cell membranes [52]. In order to determine if the
improvement of the viral transduction was dependent to an interaction between polymer
molecules and viral particles or between polymer molecules and cells, the components were
separated by incubating cells with polymer prior to infection with naked viral particles and were
compared with normally coated viral preparations. The multilayer coating strategy was also tested

with a five-layered sample prepared as explained before.

As seen in figure llI-15-A, infectivity of C32CR3Ad and C6CR3Ad was only improved when
viral particles were pre-coated before infection. In contrast, same percentages of GFP + cells
were obtained for multilayer coated Ad (MC Ad) and for cells incubated with the multilayer
polymeric component before infection with naked Ad indicating that the effect was independent

on polymer interaction with viral particles.

Similar results were obtained when infecting in the presence of Nabs (Figure IlI-15-B).
However, cells pre-incubated with the polymeric component of both single layer conditions prior
to viral infection showed a reduced infectivity in the presence of NAbs. A small improvement on
the infectivity of C6CR3Ad was observed in presence of Nabs as previously observed in figure
-14.

Taking into account infectivity results regarding the multi-coating strategy, TEM
characterization and the fact that a multi-layered coating adds complexity on technology

development and regulation, this strategy was abandoned.
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Figure 11I-15. Infectivity of AdTL using different OM-pBAE coating formulations and approaches. MC Ad means
the sample coated using the multilayer approach. S- titles means samples infected with naked Ad with a previous polymer
deposition over cells. A) Infectivity without preincubation with Nabs. B) Infectivity with preincubation with Nabs. GFP
positive cells were quantified by flow cytometry 48 h after infection. Results are shown as mean and standard deviation

of triplicates.

3.3.3 Biodistribution and blood circulation time of systemically
administered OM-pBAE-coated Ad5 depends on pBAEs backbone
hydrophobicity

In order to study and compare the behaviour of systemically administered OM-pBAEs-
coated adenovirus, C32CR3Ad and C6CR3Ad formulations were tested in vivo in to study liver

transduction and blood circulation kinetics.

C57BL/6J mice were grouped (N=5) and injected intravenously with C32CR3 and C6CR3-
coated AdTL, Naked AdTL. Both coated formulations were also tested by separately injecting the
polymeric component through the left tail vein five minutes before the injection of the viral dose
through the right tail vein (C32CR3/Ad and C6CR3/Ad). This approach is useful to determine if
there is a relation between liver detargeting and polymer-Ad interaction, or if it is mainly due to

liver saturation mediated by the polymeric component.

Two minutes after virus injection, 50 ul blood samples were collected from saphenous veins
and viral genome copies (GCs) were quantified by RT-qPCR. Assuming a total blood distribution
volume of 2 ml, a theoretical zero time-point was prepared and used to determine the percentage

of injected GCs remaining in circulation 2 minutes after injection (Figure I11-16).
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Figure 111-16. Blood persistence study of C32CR3 and C6CR3-coated AdTL. RT-qPCR quantification of GCs in blood
2 minutes after intravenous administration of 1x10'® VP/Animal. Each point represents an animal. *p < 0.05, **p < 0.01,
***p < 0.001

The results showed a statistically significant increase of blood circulating GCs when
viruses were coated with C6CR3 in comparison with the naked condition with a mean result of
2,8% and 1,6 % respectively. In all other tested conditions, no significant differences were
observed. In the case of separately injected conditions, the presence of previously injected
polymers altered in some way the virus circulation observed as an increase in the results

dispersion in comparison with the Naked Ad condition.

In order to study liver transduction, bioluminescence was monitored by bioluminescence
in vivo imaging five days after administration. Bioluminescence images showed a clear liver
detargeting when coated viruses were injected (Figure 111-17). When comparing C32CR3/Ad and
C6CR3/Ad with the Naked Ad condition, the hydrophilic C32-backboned pBAE seemed to avoid
virus liver transduction in some degree indicating that free C32CR3 polymer can have an
influence over hepatocyte transduction. This effect was not observed in the case of C6-
backboned polymers.
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Figure llI-17. In vivo transductional biodistribution of pBAEs-coated AdTL determined by bioluminescence
imaging. Bioluminescence imaging of C57BL/6J mice 5 days after 1x10'® AdTL VP/animal I.V. injection. Naked Ad
represents a single injection of AdTL, C32CR3Ad and C6CR3Ad groups have been injected with previously coated AdTL
samples. C32CR3/Ad and C6CR3/Ad animals were injected with the according amount of polymer in relation to the viral
injected dose. 5 minutes after the polymer injection, the viral vector was injected through the non-injected tail vein. The
total injected sample volume was 200 pl in all cases. The separately injected groups were administered by injecting a 100
pl bolus containing the polymer through the right tail-vein and another 100 pl bolus containing the viral vector through the

left tail-vein.

Liver transduction was also studied by a quantitative in vitro bioluminescence assay by
analysing luciferase activity of liver protein extracts (Figure 111-18). The results were in accordance
with the bioluminescence in vivo images, indicating that C6CR3Ad formulation mediates liver

detargeting due to the virus/polymer interaction.
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Figure 111-18. Study of liver tropism of pBAEs-coated AdTL and coating stability. Luciferase activity quantification of
liver homogenates prepared from animals injected 1x10'® VP/animal of Naked Ad, C32CR3Ad, C6CR3Ad and with
separately injected polymeric and viral components represented as C32CR3/Ad and C6CR3/Ad 5 days after injection. *p
< 0.05, **p < 0.01, ***p < 0.001

As explained before, C6-backboned pBAEs have an improved stability in presence of serum
proteins due to the hydrophobic stabilization of DNA/pBAE complexes formed. In the case of
systemically administered viral vectors, this feature is of great importance. Taking into account
the good performance of C6CR3 in terms of coating formation, infectivity in the presence of NAbs,
blood circulation kinetics and liver detargeting, we decided to use C6-backboned pBAE as the

best candidate to further optimize the formulation.
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3.3.4 Inclusion of poly(ethylene glycol) into C6CR3 structure increases
transduction in the presence of Nabs and solves aggregation of OM-

PBAEs-coated viral particles

At this point, OM-pBAEs demonstrated to be an efficient ionic anchorage interacting with
viral capsid surfaces, modifying virions behaviour both in vivo and in vitro. However, the resulting
complexes contained more than one viral particle demonstrated by DLS and TEM and the ability
to avoid interaction with Nabs was poor. Aiming to achieve the fine capsid engineering desired to
produce single coated particles, further modification of OM-pBAEs was explored in order to grant
other physicochemical properties to the technology.

As widely used for pharmaceutical and other biomedical applications, the chemical
conjugation of polyethylene glycol (PEG) molecules to proteins and nanomaterials, called
PEGylation, serves to avoid biospecific interactions between proteins or nanoparticles and cells
or tissues. PEG is a FDA-approved nontoxic highly hydrophilic polymer effective to increase water
solubility and stability of liposomes, therapeutic proteins, nanoparticles and other nanomaterials,
as well as to improve pharmacokinetics, reduce renal clearance, and reduce immunogenicity [53—
55].

PEG is a neutrally charged coiled polymer with dynamic conformations that passivates
surfaces an induces steric colloidal stability diminishing aggregation and association with non-
targeted serum proteins. PEGylation produces stealth behaving nanoparticles that present an
increased solubility, a reduction of RES uptake, an improved circulation time, a reduction in terms
of liver sequestration and a higher accumulation in tumors due to enhanced permeability retention
(EPR) effect [56-59].

All these PEGylation features fits perfectly with the limitations found in systemic delivery of
Ad-based oncolytic virotherapeutics and has been extensively studied and applied by several
authors. In our case, C6CR3 pBAE has demonstrated a great potential as a virus coating agent.
However, the non-covalent and unspecific interaction nature between viral particles and polymer
molecules impairs its stability in the presence of other negatively charged biomolecules, such as
serum proteins found after injection, and also affects the colloidal stability of viral suspensions

during the coating process as demonstrated previously.

In order to take advantage of PEGylation while preserving the properties of OM-pBAEs, a
new C6CR3 polymer including 2000MW PEG in its structure was synthesized and named
C6PEGCRS3. (See Materials and methods 1.2.2.3 Synthesis of C6PEGCR3)
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3.3.4.1 A formulation comprising 65:35 w/w of C6CR3 and C6PEGCR3 improves

transduction of coated Ad in the presence Nabs.

NAbs needs to physically interact with capsid surfaces to neutralize viral infectivity. The
presence of PEG molecules over coated Ad particles can be a steric barrier impeding such
interactions thanks to its dynamic conformation and mobility. A specific antibody aiming to interact
with capsid surfaces, acts as a witness observing the molecular quality and shielding capacity of
a specific coating agent. In order to determine the optimal amount of C6PEGCR3 polymer needed
to efficiently avoid neutralization of coated Ad in the presence of Nabs, different
C6CR3:C6PEGCR3 w/w ratios were tested in vitro by neutralization assays while maintaining the
total 4x10° pol/VP ratio.

After preliminary experimental conditions optimization, infection of 15000 PANC-1 cells/well
with MOI 50 in the presence of a 100000-fold dilution of Ab6982 were considered to be optimal
because the transduction level of Naked Ad and neutralized Naked Ad (Naked Ad +) was offering
a comfortable dynamic range to explore the improvement between these values (Naked Ad: 76,77
+ 2,85 % GFP + cells, Naked Ad +: 54,92 + 3,45 % GFP + cells).

90= o
! *okkk
80 I 3 .
2 i ns
8 704 )
+
Ié'LGO- I
O]
S {
50=
4C | | | | | | | | | | | | | | | | | |
- L) o © © © © © © ©
T T << < < g < < <
s @ W 1w W T &’ N v W
g x N o ¥ ¢ & o o ¥
< O v g B § 3 1 g o
@ ~ © v § 8 ~ ©
Z 0 PRI

Figure 111-19. Infectivity of AdTL coated with formulations containing different ratios of C6CR3 and C6PEGCR3 in
the presence of NAbs. Conditions marked with (+) means preincubation with NAbs prior to infection. Turkey’s multiple

comparison test was performed using graphpad *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

As observed in figure 111-19, the addition of C6PEGCRS3 polymer in the formulation improved
the infectivity of NAbs pre-incubated samples. More specifically, the best performing formulation
was the 65:35-coated Ad condition where 71,15 + 2,19 % GFP positive cells were infected using

a NAbs pre-incubated coated-viral sample.
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3.3.4.2 NTA and DLS characterization of PEGylated formulation

The effect of 35% inclusion of C6GPEGCRS3 in the formulation (from now on called CPEGAd)
was studied using DLS and NTA in order to characterize the physicochemical properties of the

resulting coated viral particles.

DLS size characterization was carried out for Naked Ad, CPEGAd and C6CR3Ad in order
to determine the effect of PEG inclusion on size distribution. As seen in figure 111-20, CPEG-
coated formulation resulted in a Number mean size very close to the value of the naked Ad (Naked
Ad=108,5 nm, CPEGAd= 99,5 nm) with a slight increase in the Z-average size determination
(Naked Ad= 279,5 nm, CPEGAd= 481 nm). Interestingly, the PDI was improved when Ad was
coated with CPEG formulation (PDI=0,485) in comparison with C6CR3 formulation (PDI=1), and
also when comparing CPEGAd with NakedAd (PDI=0,599). These results demonstrated that the
inclusion of PEG in the coating formulation helps to preserve colloidal stability and dispersion of

the resulting coated preparation.
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Figure 1lI-20. DLS size characterization of Naked Ad, CPEGAd and C6CR3Ad. Z-Average, Number mean and PDI

results are represented for each condition. Results are shown as mean and standard deviation of triplicates.

In order to further study this phenomenon, CPEGAd formulation was analyzed by NTA and
and DLS by coating Ad with increasing pol/VP ratios. As seen in figure IlI-21-A, the coating
process was clearly followed by NTA. Starting from the naked Ad values (Mean size = 99 nm,
Mode size = 87 nm), the size increased until reaching 137 nm (Mean) and 136 nm (Mode) using
2x10° pol/VP. Then, size decreased reaching a plateau with a size of 120 nm for pol/VP ratios
ranging from 4x10° to 4x10°. The difference of size between naked Ad and the coated Ad plateau
was 30 nm aprox. When performing the same experiment using DLS (Figure IlI-21-B) the results

were much less obvious but the same tendency was observed when correcting the results by the
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number mean. Although the difference between naked Ad and coated plateau was not significant,

the same maximum pic was observed around 2x10° pol/VP.
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Figure IlI-21. Biophysical characterization of CPEG-coated Ads by Nanoparticle Tracking Analysis (NTA) and
DLS. NTA (A) and DLS (B) analysis of CPEG-coated Ads with increasing pol/VP ratios.

The presence of PEG covering coated viral particles modifies the resulting surface charge,
neutralizing the cationic nature of C6CR3 coating. As seen in figure 1lI-22-A, this formulation
produces almost neutral Z-potentials, even at high pol/VP ratios. The shielding effect was also
confirmed by comparing Ad preparations coated with C6CR3, CPEG and Naked Ad with a
constant 4x10° pol/VP ratio (Figure I11-22-B).
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Figure 1ll-22. Addition of C6PEGCR3 polymer neutralizes the positive Z-potential of C6CR3-coated Ad. A) Z-
potential characterization of CPEGAd coated with increasing pol/VP ratios. B) Z-potential comparative study of Naked Ad,
CPEGAd and C6CR3Ad coated with 4x106 pol/VP ratio.

3.3.4.3 CPEG formulation produces single coated viral particles

Aiming to precisely determine the morphology of CPEG-coated Ad samples, TEM
characterization was carried out. In contrast with previously observed formulations (Fig. Il1I-11 and
[11-12), no formation of big aggregates was observed for CPEGAd samples (Fig. I1I-23-A). Single
and non-aggregated coated viral particles were observed with a clear artificial envelope coating

every single viral particle in the preparation (Fig. 111-23-B).
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Figure 111-23. TEM micrographs of PTA stained CPEGAd complexes. Magnification: A 12,000x and B 25,000x

In order to finely characterize the resulting structure of a single CPEG-coated Ad particle a
TEM tomography approach was used. TEM tomography is an extension of
traditional transmission electron microscopy where the electron beam scans the sample
preparation at incremental degrees of rotation around the centre of the target sample. This
approach allows to visualize the third dimension of the sample and to assemble a three-
dimensional image of the target.

The resulting images showed a well-defined coating around the viral particle with a mean
thickness of 15,1 + 2,2 nm (Fig.llI-24-A). This result was in accordance with the previous NTA
characterization (Figure I1I-21-A) of CPEGAd formulation where the difference in size between

naked and coated virus was approximately 30nm.
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Interestingly, non-coated spots were observed on the penton base and fiber-containing
regions. The three-dimensional representation also confirmed the presence of this non-coated
regions by rotating and aligning two well captured vertexes of the icosahedral capsid (Fig. 111-24-
B). This fact can be attributed to a different charge pattern of this specific capsid region or also

due to a physical impediment due to the presence of the fiber protein.

Figure llI-24. Morphology of CPEGAd complexes studied by TEM tomography. A) TEM tomography frames captured
rotating the sample from +60° to -60°. Pictures were collected every 2° of rotation. B) Three-dimensional representation

of the resulting tomography constructed using 3DMOD software.

At this point our next objective regarding the coating characterization was to visualize the
interaction of polymers and viral particles in solution. To achieve this purpose, the stochastic
optical reconstruction microscopy (STORM) technique was used. The fundamental principle
behind STORM is that the activated state of a photoswitchable molecule must lead to the
consecutive emission of sufficient photons to enable precise localization before it enters a dark

state or becomes deactivated by photobleaching. After capturing the images with a digital camera,
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the point-spread functions of the individual molecules are localized with high precision based on

the photon output before the probes spontaneously photobleach or switch to a dark state.

As described in section 1.2.2.4 and 1.2.3.4, Cy5-labelled C6CR3 polymer and DyLight 550-
labelled ADNUPARE1A were prepared and used to form C6CR3Ad and CPEGAJ fluorescently-
labelled preparations. The dual labelling allowed to visualize the virion’s labelling and the
polymeric coating labelling independently as observed in Figure IlI-25. As expected, the
interaction between polymer molecules and viral particles was observed for both CPEGAd (Figure
[11-25-2) and C6CR3Ad (Figure I1I-25-4) formulations. However, clustered polymer molecules or
nanoparticles-like structures without interacting with or containing a viral particle was observed in
the case of C6CR3Ad (Figure 111-25-3). These structures were not observed in the case of
CPEGAd formulation. Interestingly, no aggregation was observed for C6CR3Ad formulation
suggesting that this formulation is able to coat single viral particles in solution also forming

nanoparticle-like structures but when the sample is drawn for TEM analysis aggregation occurs.

Figure 11I-25. Stochastic Optical Reconstruction Microscopy (STORM) characterization of C6CR3Ad and CPEGAd
complexes. STORM images of Naked Ad (1), CPEGAd formulation (2) and C6CR3Ad formulation (4). Nanoparticle-like
structures observed for C6CR3Ad formulation (3). Ad green dots (DyLight550), pBAE red dots (Cy5).
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3.3.5 CPEG coating formulation promotes liver detargeting and improves

circulation time of intravenously administered Ad vectors

Once we demonstrated that our candidate formulation met the main objectives regarding the
physicochemical characteristics and biofunctionality by forming single coated particles and
avoiding NAbs neutralization we aimed to elucidate if these new characteristics had an impact on

the behaviour of systemically administered CPEGAd.

With this objective, the formulation was injected in vivo and blood circulation kinetics and
biodistribution were studied. In particular, C57BL/6J mice (N=5) were injected intravenously with
CPEG-coated AdTL, C6CR3-coated AdTL and Naked AdTL. Fifty ul blood samples were
collected 2 and 10 minutes after injection through saphenous veins and viral genome copies
(GCs) were quantified by RT-gPCR. Assuming a total blood distribution volume of 2 ml, a
theoretical zero time-point was prepared and used to determine the percentage of injected GCs

remaining in circulation 2 and 10 minutes after injection.
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Figure 111-26. Blood persistence comparison of CPEGAd and C6CR3Ad formulations. RT-qPCR quantification of
GCs in blood 2 and 10 minutes after intravenous administration. Each point represents an animal. *p < 0.05, **p < 0.01,
***p < 0.001

As presented in figure 11I-26, CPEGAd formulation significantly improved the stability of viral
genome copies in blood in comparison with naked Ad. Two minutes after injection, samples
collected from animals injected with naked Ad contained 3,63% of the injected GCs (IGCs). In
contrast, C6CR3Ad and CPEGAd resulted in 6,12% IGCs and 8,27% IGCs, respectively. Two
animals of the CPEGAd group resulted in more than 10% of IGCs, representing a substantial
improvement in comparison with the naked Ad condition. Blood samples collected ten minutes
after injection resulted in 0,75%, 2,07% and 2,71% IGCs for Naked Ad, C6CR3Ad and CPEGAd
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respectively, indicating that all conditions were cleared in a time-dependent way but coated
formulations sustained this clearance. This blood circulation improvement increases the
probability of circulating viral particles to reach and accumulate in target organs or tumors and

may have an effect on the therapeutic potential of intravenously injected Ad-based therapies.

Five days after injection bioluminescence in vivo images were taken in order to monitor liver
transduction. Both coated formulations (C6CR3Ad and CPEGAd) showed a clear reduction on

liver transduction. However, CPEGAd showed a better liver detargeting profile. (Figure 11-27).

Figure IlI-27. Biodistribution study of CPEG-coated AdTL. Bioluminescence imaging of C57BL/6J mice 5 days after
1x10"® AdTL VP/animal I.V. injection. Naked Ad represents AdTL, C6CR3Ad and CPEGAd groups were injected with
pBAEs-coated AdTL samples.

Luciferase activity was also quantified ex vivo from protein extracts of various organs (Liver,
spleen, kidneys, lungs and intestines) in order to study the transductional biodistribution profile.
Results confirmed that both coated formulations (C6CR3Ad and CPEGAd) reduced liver
transduction in comparison with the naked Ad (Figure 111-28). Spleen, kidneys and lungs showed

a tendency to be less transduced by coated formulations. However, no statistically significant
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differences were observed for any of these organs. In the case of intestines, no luciferase activity
was detected during the assay.
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Figure 111-28. Biodistribution profile of CPEGAd quantified in vitro by luciferase activity assays of organ
homogenates. Luciferase activity quantification of liver, spleen, kidneys, lungs and intestines homogenates prepared
from animals injected with 1x10'® AdTL VP/animal of Naked Ad, C6CR3Ad, CPEGAd five days after injection. *p < 0.05,
**p < 0.01, ***p < 0.001

3.3.6 CPEG coating improves the tumor-to-liver ratio of intravenously

administered Ad5 vectors

The previously observed liver detargeting ability and longer circulation kinetics of CPEGAd
can contribute to increase the bioavailability of systemic adenovirus and improve their
accumulation in solid tumors due to the EPR effect. In the present work, biodistribution of OM-
pBAEs-coated Ad has been studied in pancreatic cancer PANC-1 tumor-bearing mice in order to
determine the effect of coated formulations in terms of tumor transduction efficiency upon

systemic administration.

1x10"® CPEGAJTL VPs/animal were injected intravenously into BALB/c Nu/Nu mice (N=6)
bearing 100 mm?® PANC-1 tumors. Five days after injection, livers and tumors were collected,

protein extracts were prepared, and luciferase activity was quantified.
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Figure 11I-29. Tumor-to-liver ratio study of C6CR3Ad and CPEGAd formulations. Luciferase activity is quantified from
protein extracts of tumors (A) and livers (B) of PANC-1 tumor-bearing BALB/c Nu/Nu mice five days after injecting 1x10"

VP/Animal of each formulation.

Results demonstrated an increased tumor-specific luciferase activity when animals were
injected with CPEGAd formulation with a mean value of 2116 RLUs/mg prot in comparison with
808 RLUs/mg prot and 371 RLUs/mg prot obtained for Naked Ad and C6CR3Ad formulations
respectively. Moreover, the minimum value obtained for CPEGAd was 296 RLUs/mg prot in
contrast with naked Ad, 46 RLUs/mg prot, and C6CR3Ad, 8 RLUs/mg prot. This fact suggests a
global improvement in tumor-specific viral transduction when injecting CPEG-coated AdTL
preparations in comparison with the other conditions (Figure 11I-29-A). The liver detargeting ability

of both coated formulations was again confirmed in this in vivo model (Figure 111-29-B).

It is well described that tumor progression depends on angiogenesis and vascularization.
When studying intravenously administered viral vectors, this fact is of crucial importance because
poor vascularized tumors are less prone to accumulate and be transduced by blood circulating
viral particles. Furthermore, an intrinsic heterogeneity in terms of tumor growth and morphology
is unavoidable when stablishing subcutaneous tumor models. In order to further study the
relationship between each formulation and tumor transduction, linear correlation studies were

carried out comparing the final tumor mass of each sample with its luciferase activity.

As observed in figure I1I-30-A, when all tumors were correlated with its mass without taking
into account the injected formulation, no correlation was observed. However, when analysing
results separately for each injected condition, a positive correlation was observed for CPEGAd
formulation with an R? value of 0,5569 (Figure 111-30-D). This was not observed for naked Ad and
C6CR3Ad conditions (Figure 111-30-B and C).
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Figure IlI-30. Correlations between luciferase activity and tumor mass for each coating condition. Linear correlation
studies of global tumor luciferase activity vs. tumor mass (A), tumor luciferase activity of Naked Ad injected group vs.
tumor mass (B), tumor luciferase activity of C6CR3Ad injected group vs. tumor mass (C) and tumor luciferase activity of

CPEGAd injected group vs. tumor mass (D).

This explorative study suggests a relation between CPEGAd formulation and tumor
transduction related to the tumor mass of each individual case. Assuming that bigger tumors have
a better vascular irrigation, we hypothesize that the observed improvement of tumor transduction
by CPEGAd formulation can be related to its boosted bioavailability in terms of blood circulation

and ability to avoid capsid-specific interactions.

3.3.7 CPEG coating reduces the production of NAbs against intravenously

administered Ad vectors in vivo

Readministration of Ad vectors is often needed to achieve substantial therapeutic effects.
However, the adaptive immune response activation upon the first administration, promotes the
production of specific NAbs against Ad vectors which drastically reduce the therapeutic efficacy

of subsequently injected doses.

In the present study, the ability of OM-pBAEs-based coatings to avoid NAbs production was
studied by injecting different formulation in C57BL/6J naive mice. Two 1x10"® VP/animal doses

of naked Ad, CPEGAd and C6CR3Ad formulations were injected intravenously in naive C57BL/6J
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mice at day 1 and day 14. At day 21 after the first injection, blood was collected by intracardiac
puncture and sera were obtained and heat inactivated. Collected serums were used to perform
in vitro neutralization assays in order to determine the serum dilution needed to achieve a 50%
neutralization (ND50) of the transduction level obtained on the control condition without serum.

The detailed protocol is available at section 1.2.7.6.

As seen in figure 111-31, CPEGAd formulation produced serums with significantly lower
neutralization capacities. The average ND50 obtained for the Naked Ad condition was 8424 in
comparison with CPEGAd which was 2718 and 5280 for the C6CR3Ad condition. These results
showed that CPEG-coated Ad substantially avoided the activation of NAbs production in vivo
suggesting that CPEG-coated Ad formulations can improve the efficacy of Ad vectors when under

readministering procedures.
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Figure 1lI-31. De novo generation of neutralizing antibodies for naked, C6CR3 and CPEG-coated Ads in vivo. In
vitro neutralization assay of serums collected from naive C57BL/6J mice after intravenous administration of two doses of
Naked Ad, CPEGAd and C6CR3Ad (1x10'° VP/animal were administered at day 1 and day 14 and serums were collected
at day 21 post injection). *p < 0.05, **p < 0.01, ***p < 0.001
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3.4 Concluding remarks

Previously in chapter Il, OM-pBAEs have been used as coating agents to envelope AAV
vectors aiming to improve systemic administration of such vectors. We demonstrated the ability
of OM-pBAEs-based coatings to interact with AAV viral particles and change the AAV viral tropism
in vivo. A clear liver detargeting effect was observed when intravenously administered in vivo.
Moreover, the easy synthesis of OM-pBAEs allowed to incorporate a custom peptide-based brain
targeting moiety. The effect of this active targeting was clearly observed in vitro, however it was

not as effective in vivo.

In the present chapter, we aimed to use the same approach for Adenoviral vectors exploring
other formulations and chemical modifications and deeply characterizing the resulting polymer/Ad
hybrid vectors in terms of their physicochemical properties and in vivo behaviour after systemic

administration.

Previously in our group, it was demonstrated that slightly hydrophobic C6-backboned pBAEs
produced more stable complexes under physiological conditions and in the presence of serum
proteins, thus we decided to include the C6-polymers in our studies. The interaction of C32CR3
and C6CR3 polymers with viral particles has been confirmed by DLS studying the relation
between Z-potential and the ratio pol/VP needed to fully coat viral particles. However, both
polymers induced aggregation of viral particles but interestingly, C6CR3 produced smaller

complexes with an increased but modest ability to transduce cells in the presence of NAbs.

A multilayering coating approach was also explored but no substantial improvement was
observed in terms of in vitro aggregation and in vitro transduction. Taking into account that this
coating approach also adds complexity in a hypothetic product regulatory and industrial

production, the multilayering coating approach was abandoned.

The improved blood circulation time and liver detargeting profile of C6CR3Ad complexes
observed in vivo made us opt for C6-backboned OM-pBAEs to proceed with technology
optimization. The inclusion of polyethilenglycol was studied aiming to improve transduction in the
presence of NAbs and to solve aggregation of coated viral particles. A 35% w/w mixture ratio of
C6CR3 and C6PEGCRS3 was the best performing formulation in terms of transduction in the
presence of NAbs, and after biophysical characterization and microscopy assessment it was also
demonstrated the ability of CPEGAJ formulation to produce single coated particle with neutral Z-

potentials and in the nanometric size range.

In vivo studies also demonstrated that CPEGAd complexation increases the blood
circulation time in comparison with C6CR3-coated Ads and even improves the liver detargeting
profile observed for the C6CR3Ad formulation. When studying the biodistribution in tumor-bearing

mice, increased tumor-specific luciferase activity was observed in animals treated with CPEGAd
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formulation suggesting that the improved bioavailability of circulating Ad promoted by CPEG

envelopes, expands the accumulation of viral particles into solid tumors.

Finally, it was also demonstrated that CPEG-coated Ad avoids activation of NAbs production
in vivo, indicating that the artificial envelope hinders viral particles to be detected by the immune

system.

Then, we can conclude that the newly developed CPEG coating formulation is suitable to
improve the systemic delivery of Ad vectors, specially for cancer treatment purposes. Therefore,
in the next chapter, the CPEG formulation has been used to coat a therapeutic oncolytic

adenovirus and their efficacy and safety profile have been deeply studied.
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SAG101: Systemic oncolytic virotherapy as a
treatment for Pancreatic Ductal Adenocarcinoma

In this chapter, the CPEG adenoviral coating technology has been
applied to ADNUPARmME1A, a therapeutic oncolytic adenovirus specifically
designed to treat pancreatic ductal adenocarcinoma (PDAC). The resulting
product is called SAG101 and results of this chapter regarding efficacy and
safety have demonstrated that CPEG-coating improves the therapeutic
potential of systemically administered oncolytic adenovirus for the treatment

of solid tumors such as pancreatic cancer.

4.1 Introduction

Pancreatic cancer is one of the deadliest cancers, and the seventh most frequent in Europe.
In the European Union, 11.6 men per 100,000 and 8.1 women per 100,000 are diagnosed with
pancreatic cancer each year and this cancer causes annually an equal death toll to 70,000 men
and women [1]. Each year in Spain 4,000 new cases are recorded, of which only 5% survives five
years after diagnosis [2]. The American Cancer Society estimated in a report that by 2015
approximately 48,960 people would be diagnosed with pancreatic cancer and 40,560 would die
from it in USA[3].

The pancreas is an organ located behind the stomach in the abdomen, which produces
digestive enzymes and hormones such as insulin and glucagon. It consists of two different types
of tissue, with different functions: the exocrine pancreas (which secretes enzymes into the
digestive tract that contribute to break down fats and proteins) and the endocrine pancreas (which
secretes glucagon and insulin into the bloodstream to control concentrations of sugar in the
blood). In more than 80% of cases, pancreatic cancer appears in the exocrine pancreas. About
75% of all cancers of the exocrine pancreas occur in the head or neck of the pancreas, 15 to 20%
in the body and 5 to 10% in the tail of the pancreas. The most common pancreatic tumor,

occurring in more than 90% of cases, corresponds to pancreatic ductal adenocarcinoma (PDAC).

PDAC represents the second malignant gastrointestinal tumor in frequency and the fourth
leading cause of cancer death in adults. It is considered one of the most lethal human cancers

and one of the most difficult to treat [4].

While only 10% of cases of pancreatic cancer have a hereditary origin, i.e. transmittable
from parent to offspring, most cases, as in PDAC, are due to genetic alterations accumulated
throughout life, which transforms healthy cells into invasive malignant ones [5]. A sequential

model describing the carcinogenesis of PDAC based on the developed genetic and histological

144



Chapter IV — SAG101: Systemic virotherapy for the treatment of Pancreatic Ductal Adenocarcinoma

changes is shown in figure IV-1. Pancreatic ductal epithelium progresses from normal to
successive degrees of pancreatic intraepithelial neoplasia (PanIN 1A and 1B minimal dysplasia,
PanIN 2 and 3: severe dysplasia) and finally to invasive carcinoma. The genetic basis of
pancreatic cancer is highly complex and heterogeneous and it is estimated that PDAC contains
an average of 63 genetic mutations [6]. This heterogeneity has been recently studied by
integrated genomic and expression analysis of 456 PDAC tumors. This study differentiated
subtypes of PDAC based on its molecular evolution and new opportunities were identified for the

therapeutic development [7].

Figure IV-1. Histologic changes and major molecular alterations that occur during the development of pancreatic

adenocarcinoma.

So far, pancreatic cancer can only be considered curable when it is in the early stages as a
localized resectable tumor. However, only 15-20% of cases are susceptible of surgery. For this
reason, treatments are mostly focused on relieving symptoms and improving the quality of life of
patients. Depending on the progress of the cancer, the following stages may be considered:
localized (cancer completely confined to the interior of the pancreas), locally advanced (cancer
has spread beyond the pancreas and affects nearby blood vessels or organs) and metastatic

(cancer has spread beyond the pancreas to other parts of the body).

Although there are currently some available treatments, in all cases the cure of the disease
is very complicated. It should be noted that 0.5-1% of the pancreatic tumor mass corresponds to
neoplastic stem cells, which are characterized by their capacity for unlimited self-renewal and to
generate more differentiated cells capable of reproducing the tumor, and being highly resistant to
chemo and radiotherapy. These characteristics explain the inefficacy of current treatments of
pancreatic cancer and point out the need to develop therapies aimed at eliminating this cell

population [8].
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The devastating nature of Pancreatic Ductal Adenocarcinoma (PDAC) encourages the
development of novel therapies. Oncolytic adenoviruses, designed to replicate, spread and lyse
tumor cells have demonstrated great potential as antitumor agents. Their ability to specifically
lyse tumor cells triggers a systemic antitumor immune response mediated by the release of tumor-
associated antigens able to induce an antitumor effect on non-treated tumors when viruses are
locally administered [9,10]. Figure 1V-2 represents the key aspects of the antitumor mechanism
of action mediated by oncolytic viruses. Nowadays, several studies are being focused on the
immune system instruction against tumor cells. The combination of oncolytic virotherapy with

immune checkpoint inhibitors is showing very promising results [9,11-13].

Figure IV-2. Oncolytic virotherapy conceptual representation. Tumor-selective infection and replication of the virus is
followed by cell killing, induction of local inflammation and trafficking of immune cells to the infected tumor nodule, priming
and amplifying systemic anti- tumor immunity, resulting in the induction of tumor-antigen-specific T cells that would

participate in the elimination of uninfected or distant metastases (Adapted from Russell SJ et al. 2017 Mol Ther)

Our group previously developed the oncolytic adenovirus AduPARE1A, where the
transcriptional regulation of the E1A gene, which drives viral replication, is under the control of
the urokinase-type plasminogen activator receptor (UPAR) promoter. AuPARE1A demonstrated
anticancer activity in several pancreatic cancer models as a unimodal treatment and a synergistic
antitumor effect when combined with gemcitabine through an NF-kB mediated mechanism of

uPAR promoter activation [14—16].

One strategy to enhance the oncoselectivity of an adenovirus is to take advantage of the
transcriptional reprogramming that takes place in tumor cells that triggers the reactivation of
embryonic developmental pathways. Based on the sustained activation of the Notch signalling
pathway in pancreatic cancer and their key role in tumorigenesis and pancreatic cancer stem cell
maintenance, ADNUPARE 1A was developed. ADNUPARE1A is an adenovirus engineered with a
chimeric sequence comprising Notch-responsive elements combined with the uPAR promoter in
order to improve the transcription of E1A in neoplastic and cancer stem cells, thus enhancing viral

tumor activity and oncoselectivity [17].
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However, the use of viruses as therapeutic agents is mainly restricted by inherent safety
risks [18]. Moreover, viral vectors are often susceptible to neutralization by serum antibodies and
complement [19-22]. Furthermore, inefficient tumor targeting after systemic administration also

limits their efficacy in contrast with locally administered viruses.

As previously demonstrated in chapter Ill, CPEG-coated Ad vectors presented an improved
in vitro transduction profile in the presence of NAbs, liver transduction in vivo was minimized while
enhancing the circulation time of intravenously injected Ads, and tumor transduction was
consequently improved. All these results suggested that the CPEG-coating technology could

boost the efficacy of intravenously administered viral vectors designed to treat cancer.

In the present chapter, the combination of the CPEG OM-pBAEs-based formulation
developed in chapter Ill with the ANuUPARmME1A oncolytic virus has been studied. This hybrid
OM-PBAEs/Ad vector is called SAG101 and is currently under further development by Sagetis-
Biotech S.L. SAG-101 has recently achieved the classification of advanced therapeutic medicinal
product (ATMP) and the designation of orphan drug (ODD) for the treatment of pancreatic cancer
by the EMA.

Figure IV-3. Schematic representation of SAG101, a hybrid OM-pBAE/AdNuPARmME1A oncolytic virus for the

treatment of pancreatic ductal adenocarcinoma (PDAC).

Therefore, the main objective of the present chapter is to study the efficacy and safety profile
of SAG101 in comparison with its naked counterpart, ANuUPARmME1A.

In order to achieve this objective, the following tasks were proposed:

e Study the in vitro functionality of SAG101 in terms of infectivity and cytotoxicity

o Determine the toxicity profile of systemically administered SAG101 in comparison with

naked AANuUPARmME1A in immunocompetent mice

e  Study the antitumor efficacy of SAG101 in a pre-immune context in vivo
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4.2 Materials and Methods

4.2.1 Materials

DMSO (Dimethylsulfoxide purissimum), EtOH (absolute ethanol), MetOH (Methanol) were
obtained from Sigma-Aldrich GmbH (Munich, Germany). Water was used as purified, de-ionized
water. Reagents and solvents used for polymer synthesis were purchased from Sigma-Aldrich
and Panreac. Oligopeptide moieties used for polymer modification (H-Cys-Arg-Arg-Arg-NH2 and
H-Cys-Asp-Asp-Asp-NH2) were obtained from GL Biochem (Shanghai) Ltd with a purity higher
than 98%. MeO-PEG (Mw = 2000) was purchased from Iris Biotech GmbH.

Cell culture media, antibiotics, L-glutamine and fetal bovine serum were purchased from
Gibco (Life Technologies, Carlsbad, USA).

4.2.2 Adenovirus vectors

4.2.2.1 Virus amplification and purification

AdNuUPARmME1A was produced starting from a previously purified viral stock.
AdNuPARmME1A was amplified in A549 and purified by one CsCl density step gradient (1,5, 1,35
and 1,25 g/ml CsCl — 2h at 35000rpm) followed by one subsequent continuous CsCl density
gradient (1,35g/ml — 24h at 35000rpm) and were desalted by PD-10 size exclusion columns (GE
Healthcare) and stored in PBS++ with 10% glycerol at -80°C.

4.2.2.2 Physical titer determination by spectroscopy (VP/ml)

The physical titer (vp/ml) is determined by viral DNA absorption measurement at 260 nm

wavelength following the same procedure as explained in 3.2.3.2.

4.2.2.3 Titration by hexon staining (pfu/mi)

Viral titration by hexon staining determines the number of infective particles, and it is based
on the number of hexon-positive cells of an infected monolayer after imnmunostaining against the
viral hexon protein. Briefly, 50.000 HEK-293 cells per well in a 96-well plate are infected with 100
Wl of a viral serial dilution bank (10°-10") in triplicate and incubated for 20h at 37°C. Cells are
fixed with cold MeOH 20 min at -20°C, washed three times 5 min with PBS++ 1%BSA, and
incubated for 1h at 37°C with mouse anti-hexon hybridoma (dilution 1/3). Then, cells were washed
and incubated with the secondary antibody anti-mouse Alexa Fluor 488 (Invitrogen) (dilution
1/400), 1 h at RT. After 3 washes with PBS++ 1%BSA, positive cells are counted under

fluorescence microscope. The titer of virus is then calculated according the following formula:

@ —nxVirus dilution/
ml 0,1 ml
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4.2.3 Preparation of SAG101 (CPEG-coated AANuPARE1A)

In order to prepare SAG101 samples, same procedure as explained in chapter Ill section
1.2.4 is used. However, in this case, ratio pol:VP is fixed at 4x10° and the polymer used is a 65:35
w/w mixture of C32CR3 and C6PEGCR3. See section 1.2.4.1 for preparation of SAG101 for in

vitro testing and section 1.2.4.2 for preparation of SAG101 for in vivo studies.

4.2.4 Dose-response analyses

Ten thousand PANC-1, MIA PaCa-2 and A549 cells were treated with naked
AdNUuPARmME1A, CPEG and CPEGAdNUPARmME1A (SAG101). Three days later, cell viability was
measured and quantified by a colorimetric assay system based on the tretrazolium salt 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; Roche Molecular Biochemicals), in
accordance with the manufacturer’'s instructions. Results were expressed as the percent
absorbance determined in treated wells relative to that in untreated wells. IC50 values were

estimated from dose-response curves by standard non-linear regression GraphPad.

4.2.5 RAWZ264.7 cytokine release assays

RAW264.7 macrophages were seeded in a 6-well-plate at 1x10° cells/well in supplemented
DMEM. After 24 h, culture medium was replaced with 1 mL of fresh serum-free medium containing
1000 VP/cell of naked Ad, SAG101, the polymeric component without viral particles and the
corresponding residual volume of DMSO as found in SAG101 as a control. After 6 h, 500 ul of
10% FBS-containing medium was added to each well and 48 h later, culture media were collected
from each well avoiding cell collection. The concentration of GM-CSF, IFN-y, IL183, IL2, IL6, IL10,
IP10 and TNF-a was quantified using a microbead-based ELISA kit (Mouse Cytokine 10-Plex

Panel; Invitrogen) on the Luminex™ 200™,

4.2.6 Neutralizing sera generation in vivo

C57BL/6J naive mice were immunized by injecting two doses of 3x1 0'° VP/animal of naked
Ad intravenously at day 0 and day 14. At day 21 after the first injection, blood was collected by
intracardiac puncture and sera were obtained, heat inactivated and pooled. The neutralizing
capacity of the collected sera was quantified in vitro following the same procedure as explained
in 3.2.7.6.

4.2.7 Antitumor activity in passively immunized mice in vivo

To assess the efficacy of systemically administered viral preparations, subcutaneous PANC-
1 or Mia PaCa-2 tumors were established by injecting 2x10° cells into the flanks of 7-week-old
male Balb/C nu/nu mice. Cells were prepared in Matrigel Matrix Basement Membrane HC

(Corning) by 1:1 mixing cells in DMEM without supplements and Matrigel to a final volume of 100

ul.
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Once tumors reached 100 mm?®, mice were randomized (n=8 per group) and two groups
were passively immunized by injecting intraperitoneally 200 pl of neutralizing serum. The day
after, animals were treated with a single intravenous injection of vehicle (Saline) or 4x10" VP of
AdNUuPARmME1A or SAG101 in a total volume of 100 pl via tail vein injection. These doses were

used for passively immunized and non-immunized groups.

Tumor progression was analyzed by measuring tumor’s volume using a digital caliper three
times per week. The large and the small diameter were measured and the tumor volume was
calculated using the following formula:

2
Tumour volume = (D *d” ﬂ)/6

4.2.8 In vivo toxicity study in mice

Blank, (Saline), vehicle (Saline, 0,9% Glycerol, 6,2% DMSO) or 5x10' VP/animal or
7,5x1010 VP/animal of AANuPARmME1A or SAG101 were injected intravenously into the tail vein
in 7-week-old immunocompetent BALB/C male mice in a final volume of 100 pl (n=3-7). Animals
were weighted and examined daily for clinical signs of toxicity. At 1, 3 and 5 days after the
administration of the virus, blood aliquots were collected via tail vein for platelet count. Also, at 6
h and 72h after injection blood samples were collected for cytokine determination. Seven days
after injection, mice were killed and blood and serum samples were collected by intracardiac

puncture for transaminases activity quantification and hematologic studies.

4.2.8.1 Hepatotoxicity (ALT, AST transaminase activity analysis)

Anesthetized animals were punctured intracardiacally using a 26G needle in order to obtain
large blood volumes. After obtaining the blood, animals were sacrificed by cervical dislocation.
Blood samples were left 30 min at room temperature in order to induce blood clotting. Then, blood
samples were centrifuged (3500rpm-15min) and blood serums were obtained and stored at -
80°C.

Blood sera were analyzed for aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) activity. These biochemical markers are closely related to hepatic
damage when detected in blood. The analyses were conducted at the clinical biochemistry

service of Hospital Clinic de Barcelona.

4.2.8.2 Hematologic study

Blood samples for platelet cell count were collected using heparinized blood collection
capillaries and platelets were manually counted using a hematocytometer diluting 25 pul of blood
with lysis buffer (1% ammoinium oxalate solution) to induce lysis of red blood cells (RBC).
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Hemograms were performed with whole blood collected by intracardiac puncture in EDTA
tubes at the Centre de Diagnostic Biomedic (CDB) of Hospital Clinic de Barcelona. Half of the
collected blood was used for hematologic studies and the other half was used to prepare sera for

biochemical studies.

4.2.8.3 In vivo cytokine release studies

Serum samples collected 6h and 72h post injection were used to determine cytokine
concentrations. GM-CSF, IFN-y, IL13, IL2, IL6, IL10, IP10 and TNF-a was quantified using a
microbead-based ELISA kit (Mouse Cytokine 10-Plex Panel; Invitrogen) on the Luminex™ 200™

following the manufacturer recommended procedures.

4.2.9 Statistical analysis

Statistical analyses were carried out with Graph-Pad Prism (GraphPad Software). All error
bars reported are SEM unless otherwise indicated. Pairwise comparisons were performed using
one-way Student t-tests. Differences between groups were considered significant at P values
below 0.05 (* p <0.05, ** p < 0.01, *** p <0.001). Tumor progression data was compared between

conditions using linear mixed effect in R v2.14.1 using the Ime4 package.
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4.3 Results and discussion

In the present chapter, the effect of CPEG-coating on the functionality, efficacy and safety
of the conditionally-replicating AANuPARME1A oncolytic adenovirus has been studied in vitro and

in vivo.

As previously introduced, our group developed the oncolytic adenovirus ADNUPARmME1A,
where the transcriptional regulation of the E1A gene, which drives viral replication, is under the
control of the urokinase-type plasminogen activator receptor (UPAR) promoter. Its anticancer
activity was demonstrated in several pancreatic cancer models as a unimodal treatment and a
synergistic antitumor effect was described when combined with gemcitabine through an NF-kB
mediated mechanism of uPAR promoter activation [15,16,23]. The E1A promoter was also
engineered with a chimeric sequence comprising Notch-responsive elements combined with the
uPAR promoter in order to improve the transcription of E1A in neoplastic and cancer stem cells,
thus enhancing viral tumor activity and oncoselectivity [17]. In the present chapter, we studied the
effect of coating ADNUPARmME1A with CPEG as a tool to further improve its efficacy and safety

profile when systemically administered.

4.3.1 In vitro infectivity and cytotoxicity assessment of SAG101

Firstly, the in vitro infectivity and cytotoxicity of SAG101 was studied and compared with its
naked counterpart. Taking into account that ANuUPARmME1A does not express any reporter gene,
the infective titer (PFU/mI) was studied by infecting cells with serial dilutions of naked and coated
preparations. Then, cells were immunostained with an hexon specific antibody in order to count

the number of hexon-expressing cells for each dilution, i.e. the number of infected cells.

As observed in figure 1V-4, the polymeric coating improved the virus infectivity from 2,5x1 0"
to 8,3x10" PFU/m indicating that the presence of the artificial polymeric envelope does not have
a negative effect on virus infectivity. This effect was already observed in chapter Ill, showing that
the number of GPF+ positive cells was increased after infection with CPEG-coated preparations.
Cationic lipids and polymers have been used previously to enhance adenovirus-mediated gene
delivery [24,25]. For instance, polymers including poly-L-Lysine [24] and poly(ethylene imine)
(pEl) [26,27] have been employed to improve the adenoviral infection in cells that downregulate
CAR [28] but the toxicity of these polymers have been identified as a significant limitation to their
subsequent use. Therefore, the low toxicity profile of OM-pBAEs demonstrated in chapter Ill can

be a key point to realize the promise of this strategy.
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Figure IV-4. Functional titer determination of ANUPARE1A (AdNu) and SAG101. A) Hexon immunostaining
fluorescenece microscopy image of HEK293 cells infected with a 107 dilution of SAG101 and AdNUPARE1A stock
solutions prepared at athe same initial concentration. B) AANUPARE1A and SAG101 results of functional titer

determination in PFU/mI. Results are presented as mean and SEM of triplicates.

In order to asses if this infectivity improvement had also consequences on the virus
cytotoxicity, dose-response studies were carried out comparing AANuPARmME1A and SAG101
cytotoxicity in vitro by infecting PANC-1, MIA PaCa-2 and A549 cells with increasing VP/cell
doses in order to determine ICs, values for each condition. Three days post infection cellular
viability was determined by MTT assays and ICsq values were calculated by non-linear regression

analysis.
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Figure IV-5. IC50 determination of ANuUPARE1A (AdNu) and SAG101 in PANC-1, MIA PaCa-2 and A549 tumoral
cells. Cell viability was quantified by MTT assay three days after infecting 10000 cells/well with doses ranging from 1 to
20.000 VP/cell. Results are shown as mean and SEM of three dose response independent experiments performed in

triplicates for each condition.
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Results showed that ICsy was 1,8-fold reduced in all cells tested as observed in figure IV-5.
Results are also summarized in table V-1 as a mean value and standard deviation for each
condition. We hypothesize that the neutralization of the viral capsid surface charge due to the
presence of C6CR3 cationic polymer molecules and PEG molecules favours the encounter of
viral particles with cell membranes which are slightly negative, improving the internalization and

in consequence increasing the cell lysis.

Table IV-1. ICs, of ANUPARE1A and SAG101 in VP/cell

AdNuPARE1A SAG101

PANC-1 219,6 +5,3 118,1 + 25,7
MIA PaCa-2 310,4 +100,6 163,4 +82,9
Ab549 1202,5 +157,7 657,9 + 44,5

4.3.2 In vitro cytokine release studies

The interaction between immune cells and Ad vectors is one of the main causes associated
with the innate Ad toxicity. It is thought that the uptake of Ad particles into Kupffer cells (KCs), the
resident macrophages of the liver, rapidly scavenge and clear Ad vectors from the blood and
triggers the production of several cytokines [29-31]. This cytokine burst release is responsible for
the dose-limiting toxicity of Ad vectors in vivo. Interestingly, several authors have demonstrated
that covalently PEGylated vector particles reduce the induction of cytokines production by

macrophages in vitro and in vivo [32,33].

In order to study the cytokine production profile of SAG101, the murine macrophage cell line
RAW264.7 was infected with naked AANuUPARmME1A and SAG101 and treated with the CPEG
polymeric component without viral particles at the same dose and with the corresponding amount
of DMSO as present in the SAG101 sample. Forty-eight hours after infection, cell culture media
were collected and the concentration of GM-CSF, IFN-y, IL183, IL2, IL6, IL10, IP10 and TNF-a

were analysed by a microbead-based ELISA assay.
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Figure IV-6. Cytokine quantification of infected RAW264.7 48h after infection. 1x10° cells/well were treated with 1000
VP/cell of naked AdNu, SAG101, the polymeric component without viral particles and the corresponding volume of DMSO
as found in SAG101 as a control. Cytokines were quantified from culture media collected 48h post infection. *p < 0.05,
**p < 0.01, ***p < 0.001

Cytokines IL6, TNF-a, IL1B and IL10 were detected at significant levels with the ELISA
assay. Other cytokines were not detected. As observed in figure V-6, IL-6 and IL-10 production
was significantly reduced comparing SAG101 with naked Ad. No significant differences were
observed in the case of TNF-a and IL1PB. Interestingly, no differences were observed when
comparing the polymeric component with the DMSO-containing vehicle, demonstrating the safety

of the polymeric formulation regarding cytokine production.

IL-6 is produced by vascular endothelial cells, mononuclear phagocytes, fibroblasts and
activated T lymphocytes in response to a variety of stimuli and is referred to as the global
response marker. Presumably, IL-6 plays a dual effect during viral infections; it may stimulate

immune defences against infected cells and may participate in tissue damage [34].

In contrast, the anti-inflammatory IL-10 cytokine is critical to protect the host from tissue
damage during acute phases of immune responses. However, some studies have demonstrated

that IL-10 expression can contribute to virus clearance. In influenza infections, coproduction of
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IL-10 and IFN-y facilitates anti-influenza antibody accumulation in the lung mucosa [35]. Thus IL-

10 not only limits immunopathology in this case but also supports adaptive immunity.

In conclusion, the reduction of IL-6 and IL-10 production by RAW264.7 when infected with
SAG101 suggests that the presence of the polymeric envelope can avoid the activation of some

critical immune mechanisms affecting the systemic delivery of adenoviral vectors.

4.3.3 In vivo toxicity profile of SAG101

Some CPEG-coating features previously observed such as liver detargeting and reduction
of cytokine release by RAW264.7 cells in vitro were in agreement with the idea that coated
adenovirus could have an improved safety when systemically administered. In the present work,
the safety profile of SAG101 was studied in terms of general toxicity, hepatotoxicity and immune
response in immunocompetent BALB/C mice. Although mice are non-permissive to Ad5
replication [36], this animal model is a good candidate to study the toxicity associated to the viral
capsid, the expression of early adenoviral genes such as E1A, and the innate immune responses
mediated by viral capsid [37]. Therefore, 5x10' or 7,5x10"° VP/animal of SAG101 and
AdANuPARmME1A were |V injected in order to assess dose-dependency. Mice also received the
polymeric component without viral particles at the highest dose and the resulting vehicle

containing the corresponding amount of glycerol and DMSO.

4.3.3.1 Body weight and hepatotoxicity

The body weight follow-up showed a clear reduction on the general toxicity of
AdNuPARmME1A when administered as a SAG101. Five days after injection, animals weight loss
of mice treated with naked ADNUPARE1A (Low dose: -1,7+ 0,7 %; High dose: -10,1 £ 6,8 %
weight loss) was substantially higher than the one observed for SAG101 (Low dose: 1,6 £ 1,1 %;
High dose: -2,4 + 3 % weight loss), both for low and high doses (Figure IV-9-A). A dose-dependent

toxicity was observed in both cases.
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Figure IV-9. General toxicity profile of AANUPARmME1A and SAG101 after systemic administration in
immunocomptent mice. (A) Percentage of body weight variation in immunocomptent mice after intravenous
administration of two different doses of AdNu and SAG101 (Low: 5x10'° VP/animal; High: 7,5x10'° VP/animal); polymeric

component and vehicle were injected at the same dose as the one resulting on injecting the highest viral dose. (B)
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Assessment of hepatotoxicity by the determination of AST, ALT in the serum of treated mice 7 days post-administration.

Results are expressed as the mean and SEM of n=8 animals/group, or n = 3 in the control groups *p < 0.05, **p < 0.01.

The level of serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST)
activity reflects damage to hepatocytes and is considered to be a highly sensitive and fairly
specific preclinical and clinical biomarker of hepatotoxicity [38]. Covalent and ionic linkage of
polymers on adenovirus surfaces have demonstrated to reduce the liver toxicity observed as
decreased transaminases levels in blood [39—41] after intravenous administration. As observed
in figure 1V-9-B, this effect was also observed for SAG101-injected mice showing lower levels of
both markers with statistically significant improvements for the high dose seven days after
treatment. These results were in accordance with the liver detargeting effect observed in chapter
Il

4.3.3.2 Hematologic study: Cells counting

White blood cells counting showed a reduced number of monocytes and neutrophils (Figure
IV-11-B and D) in blood when animals were treated with SAG101. Both cell types are related to
the induction of innate immune responses and in the case of monocytes, they play a crucial role
as antigen-presenting cells to T-cells stimulating the adaptive immune response and triggering
NAbs production. This observation was in accordance with the reduction of the neutralizing
capacity of sera collected from animals injected with CPEGAd in comparison with those injected

with naked Ad, as described in chapter Ill.
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Figure IV-11. Hematologic study by cell counting in response to ANuUPARE1A and SAG101 intravenous injection.
White blood cells in Balb/C peripheral blood counts at seven days post intravenous administration of 5x10™ (Low) or
7,5x10"° (High) viral particles of AANUPARE1A (AdNu) and SAG101. (A) Lymphocytes, (B) Monocytes, (C) Eosinophils
and (D) Neutrophils cell counts. Mean values with SEM are depicted.

It is important to note that the automated cell counter is very sensitive to blood clotting.
Despite blood samples were collected in EDTA tubes and freshly analysed, the cell counter was
not able to analyse several samples. Virus treated samples starting with N=5 reached the
minimum three samples needed to calculate the standard deviation. However, this minimum was

not achieved with other groups starting with N=3, such as polymer (N=0), vehicle (N=2) and blank
(N=1).

Finally, in order to study the behaviour of SAG101 in terms of thrombocytopenia induction,
a condition related to intravenous administration of Ad characterized by abnormally low levels of

thrombocytes (platelets) [42], blood samples were collected at days 1, 3 and 5 post injection and
platelets were manually counted.

Platelet cell counts were lower in comparison with the blank condition for all virus treated
conditions one day after injection. However, the low dose of SAG101 showed a faster recovery
rate reaching normal platelet levels three days after injection.
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Figure IV-12. Platelet cell counts variation study in response to ANuUPARE1A and SAG101 intravenous injection.
Platelet cells counts of BALB/c peripheral blood at indicated time-points after intravenous administration of 5x10'° (Low)
or 7,5x10'° (High) viral particles of AANuPARME1A (AdNu) and SAG101. Mean values with SD are shown.

4.3.3.3 In vivo cytokine release

Serum samples collected 6h and 72h after infection were analyzed by micro-bead-based
ELISA in order to determine the concentration of specific cytokines in response of intravenous
administration of naked and coated Ad.

It is important to note that cytokines expression is a very intricate humoral communicating
system between immune and non-immune cells in the body which orchestrates the global immune
response. The expression of different cytokines occurs in a time-dependent mode depending on
each cytokine. For example, TNF-a and IL-6 are considered early alarm response cytokines
[43,44] and INF-y expression occurs later mediated by T cells and NK cells and amplifies antigen
presentation [45]. Upon systemic administration, Kupffer cells and also endothelial cells
internalize virus particles and express IL-6 and TNF-a. These cytokines act as chemotactic agents
to recruit circulating macrophages and T-cells. Later, T-cells produce IFN-y which affects the
expression of CAR of endothelial cells facilitating the transvasation of immune cells through
endothelial layers and stimulating antigen presentation [45]. Moreover, exposure of cells to IFN-
y induces an antiviral state in which the replication of a wide variety of both DNA and RNA viruses
is inhibited [46].

Taking all these considerations into account, the results discussion has been focused on IL-
6, TNF- a, and INF-y. Despite non-statistically significant differences were observed between
virus treated groups in any case, INF-y expression was reduced for coated preparations and
interestingly, and inverse relation between dose and cytokine expression was observed. As

expected, this cytokine is not expressed as an early alarm and its expression was only detected
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72h post-injection. In the case of IL-6, its expression was surprisingly higher for coated
preparations, particularly at the highest viral dose. This could be a consequence of their increased
circulation time stimulating their interaction with vascular cells. On the other hand, TNF-a levels

were similar for all virus-treated conditions, independently on dose and coating.
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Figure IV-13. In vivo cytokine release study in immunocompetent Balb/C mice in response to AANuPARE1A and
SAG101 intravenous injection. Serum samples were collected 6h and 72h after intravenous administration of 5x10"
(Low) or 7,5x10"° (High) viral particles of AANUPARME1A (AdNu) and SAG101 and the respective amount of polymeric

component as injecting the highest viral dose. Mean values with SEM are shown.

These results were not conclusive and further in vitro studies are needed to finely determine
the effect of virus-coating on the expression pattern of different cytokines by different cells in order
to elucidate the coating’s effect. However, it is interesting to note that the polymeric component
has not stimulated the expression of key cytokines demonstrating the safety profile of
intravenously administered OM-pBAEs.

4.3.4 In vivo efficacy studies in passively immunized tumor-bearing mice

In chapter Ill, CPEG-coated adenoviruses demonstrated the ability to avoid neutralization
by NAbs in vitro. Hence, in the present work, we decided to study the in vivo antitumor efficacy of

intravenously administered SAG101 in the presence of Nabs.

However, one of the main limitations to study the impact of humoral immunity on oncolytic
adenoviruses in vivo is that murine tumoral cells do not permit the replication of human
adenoviruses, limiting the efficacy studies to immunodeficient mice bearing human tumors. The
FOXN1 gene disruption used to genetically produce immunodeficient mice results in the
development of animals with deteriorated or absent thymus, resulting in an inhibited immune
system due to the greatly reduced number of T-cells, one of the main cellular actors for the

development of an effective adaptive immune response. Athymic mice are valuable tools for
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cancer research because they can receive human tumor grafts without producing a rejecting
response. However, in the context of human oncolytic adenovirus research this represents an
important limitation taking into account the importance of the virus-induced anti-tumoral immune

response.

Thus, in order to be able to study the efficacy of SAG101 in vivo in the presence of NAbs
antibodies, athymic nude mice implanted with human pancreatic cancer subcutaneous xenografts
were passively immunized with sera previously generated in immunocompetent C57BL6 mice the
day before injecting naked and coated ANUPARmME1A. The feasibility and ability of transferred
sera to neutralize antitumor activity in vivo was previously demonstrated by other authors [47]

and was also observed in our experimentation.

Neutralizing sera were generated in C57BL6J as previously explained in section 4.2.5. Their
neutralization capacity was determined in vitro by a dose-response neutralization assay (ND50).
As observed in figure V-7, sera used to passively immunize animals for both efficacy experiments
(PANC-1 and Mia PaCa-2 tumor-bearing mice) showed the same ND50 value of 2560.

MIA PaCa-2

MIA PaCa-2 Rep
PANC-1
PANC-1 Rep
STND Ref

% of neutralization
the ot

Dilution factor

Figure IV-7. In vitro neutralization assay to determine ND50 of sera injected to passively immunize tumor-bearing
immunodeficient mice. Each serum was analysed in replicate and results are presented as MIA PaCa-2 Rep and PANC-
1 Rep.

Accordingly, SAG101 efficacy after systemic administration was compared with that of
AdANuPARmME1A in naive or pre-immune mice, following the experimental schedule summarized
in figure IV-8-A. Tumor growth was monitored during more than 40 days post injection in both

cases (figure 1V-8-B, C).
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Figure IV-8. Efficacy studies of SAG101 and AdNuPARmE1A in passively immunized tumor-bearing mice.
Summary of the experimental design and schedule (A). Tumor-growth follow-up of PANC-1 tumor-bearing animals treated
with ANUPARmME1A (AdNu) and SAG101 in passively-immunized mice (+) and naive mice (B). Tumor-growth follow-up
of MIA PaCa-2 tumor-bearing animals treated with AdNu and SAG101 in passively-immunized mice (+) and naive mice
(C). Eight animals per group were treated with 4x10' VP/animal. Tumor progression data was compared between
conditions using linear mixed effect in R v2.14.1 using the Ime4 package. *p < 0.05, **p < 0.01, ***p < 0.001

In naive PANC-1-bearing mice a statistically significant (*p < 0.05) improvement of the
SAG101 efficacy with respect to ANuUPARmME1A (AdNu) condition was observed with a final
tumor growth inhibition (TGI %) of 61,5% for SAG101 and 52,1% for AdNu. This effect could be
attributed to the SGA101 improved pharmacokinetics and liver detargeting. In contrast, the results
were drastically different in the case of pre-immune mice where AdNu was completely
inefficacious (-9,9 % TGl) in comparison with SAG101 (49,2 % TGI) which showed a moderately
high antitumor activity (***p < 0.001). Results for Mia PaCa-2-bearing mice showed similar results,
although the neutralization of AdNu in pre-immune mice was not as efficient as observed in
PANC-1-bearing experiment. The final obtained TGl % for every condition and experiment are

summarized in the following table.

Table IV-2. Tumor growth inhibition (%) of antitumor efficacy experiments. Positive symbol (+) means pre-immune
group.

PANC-1 MIA PACA-2
ADNU 52,1 53,8
AD + -9,9 22,9
SAG101 61,5 75,7
SAG101 + 49,2 53,9
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These results indicated that SAG101 avoids neutralization mediated by NAbs in vivo and is
also more efficacious in naive tumor-bearing mice in comparison with naked ANuPARmE1A.
Other authors have demonstrated the ability of polymer surface-modified adenoviruses to
enhance its efficacy or gene transfer in vivo thanks to their improved pharmacokinetics and the
subsequent enhance in tumor accumulation in naive tumor-bearing mice [48,49]. However, the
ability of artificially coated adenoviruses to circumvent NAbs neutralization is usually studied in
vitro due to the previously mentioned animal model limitations [50-53]. In the present study, the
ability of CPEG-coated ANUPARmME1A to control tumor progression in the presence of NAbs
was demonstrated in vivo proving its increased therapeutic potential taking into account the wide

spread pre-immunity found in humans.
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4.4 Concluding remarks

In the previous chapter the efforts were focused to develop a coating technology specifically
adapted to adenoviral vectors based on pBAEs. In this chapter, the resulting formulation has been
used to study the efficacy and safety implications of using this technology combined with the
therapeutic anti-pancreatic ductal adenocarcinoma oncolytic adenovirus ANUPARmME1A as a

new therapeutic product called SAG101.

Firstly, the biofunctionality of the resulting SAG101 has been studied in vitro, demonstrating
that the polymeric coating preserves the virus infectivity and cytotoxicity and even improves these
properties. Moreover, we have also observed a reduction in the release of cytokines by the
RAW264.7 macrophages cell line, after their infection with SAG101 in comparison with
AdNuPARmME1A, demonstrating the ability of coated viral particles to reduce the activation of the

innate immune response.

Moreover, the toxicity profile of SAG101 has been studied in vivo in immunocompetent
BAlb/c mice. Interestingly, animals body weight follow-up and transaminases activity
quantification have shown a dose-dependent toxicity profile, clearly improved when viral particles
were coated with CPEG. Moreover, hematologic studies by white blood cells counting have
shown that SAG101 did not induce the proliferation of monocytes and neutrophils at the studied
experimental conditions, and platelet cells counting has not shown remarkable differences
regarding the induction of thrombocytopenia, since similar results were observed for all tested
formulations. Finally, cytokine levels were determined at 6h and 72h post infection in order to
study the activation of the innate immune response. No significant changes have been observed
between conditions, however a tendency on enhancing the expression of IL-6 and reducing IFN-
y was observed for SAG101.

Then, the efficacy of SAG101 has been studied in passively immunized mice bearing
pancreatic cancer tumors. These studies have demonstrated a clear improvement on the anti-
tumoral efficacy of pBAEs-coated viruses, especially in the presence of Nabs. Hence, these
results demonstrate the ability of SAG101 to avoid neutralization in vivo and represent a crucial
improvement to circumvent critical hurldes to widen the use of oncolytic Ad via intravenous
administration. These results demonstrated that the CPEG-coated ADNuPARmME1A, also called
SAG101, has an improved efficacy and safety profile in vivo. Hence, the presence of the polymeric
coating may exploit the potential of oncolytic adenovirus and is a promising technology to be

further studied at other levels of development such as clinically.
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Biodistribution study of OM-pBAE-coated adenoviral
vectors by genetic-chemical radiolabelling

In the present chapter, a new method for the radiolabelling of adenoviral
particles has been developed based on the genetic-chemical covalent linkage
of metal chelating agents to adenoviral capsids. Genetically directed inclusion
of cysteines on hyper variable loop regions of the hexon protein allowed to
chemically modify viral capsids with metal chelating agents able to bind
radioisotopes in position-specific reactive sites. This technology is a valuable
tool to study the physical biodistribution, pharmacokinetics and clearance of
intravenously administered adenovirus due to its minimal invasiveness in

terms of virus structure modification.

5.1 Introduction

As demonstrated in previous chapters, OM-pBAEs-coated viral vectors can be designed in
order to improve their systemic administration in terms of efficacy and safety. OM-pBAEs coatings
can be carefully designed to avoid unspecific interactions while improving the transduction of
specific target organs and tissues, including tumors. The presence of the polymeric coating
significantly reduced liver tropism of viral vectors while improving the efficacy of intravenously
administered oncolytic viruses in a pre-immunized in vivo context. However, the physical
biodistribution, metabolism and clearance of viral particles that have not transduced cells upon
systemic administration needs to be determined in order to completely understand the in vivo

behavior of coated and naked viral particles upon systemic administration.

Current biodistribution tracking procedures for systemically administered Ad vectors in vivo
are limited to invasive sample collection techniques such as biopsies. This sampling techniques
are error prone, cannot be repetitively performed, and do not give a body wide view of the
pharmacokinetics. Ad biodistribution tracking has been approached by several imaging
techniques, mainly by using reporter genes such as green fluorescent protein (GFP) [1],
somatostatin receptor type 2 (SSTR-2) [2—4], sodium iodide symporter (NIS)[5,6], firefly luciferase
[7,8], and herpes simplex virus thymidine kinase (HSV-TK) [9,10], as well as soluble marker
peptides such as human carcinoembryonic antigen (hCEA) [11] and b-human chorionic
gonadotropin (b-hCG) [12].

Although the use of such reporter genes and soluble markers is very useful for assessing
gene delivery and expression, it is not suitable to monitor physical biodistribution, since it requires

viral infection and subsequent cellular expression of the reporter gene to allow noninvasive
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imaging. Thus, signal emission is restricted to infected cells expressing the reporter gene, which

does not represent the physical distribution of the virus itself.

Inclusion of tags as a structural part of viral capsids has demonstrated to be a good
alternative in order to track the biodistribution of viral particles upon systemic administration
avoiding the dependence on viral infection and cell metabolism. For instance, methallothionein,

which is a metal-binding protein able to bind radioisotopes such as %™

Tc, has been genetically
fused to pIX adenoviral protein and used as a radiolabelling strategy [13]. This approach allowed

to follow physical biodistribution of radiolabelled virions by PET/SPECT techniques.

In the present chapter, we have developed a novel minimally invasive Ad radiolabelling
approach in collaboration with Dr. Florian Kreppel (Witten/Herdecke University, Germany) and
Dr. Jordi Llop (biomaGUNE, Donostia, Spain) based on a genetic-chemical modification strategy.

Kreppel et al. have demonstrated that genetically included cysteines on the adenoviral
capsids can be used as chemical reactive sites to promote position-specific attachment of
shielding or targeting moieties [14—16]. In contrast with other approaches, this technique allows
to chemically modify viral capsids in a rational way, preserving virus infectivity and minimally

affecting the virion’s structure.

In the present work, the Kreppel’s technology has been used to produce cysteine-bearing
adenoviruses in order to be modified with deferoxamine, a metal chelating agent able to retain
Zirconium radioactive isotopes (Zr-89) in its structure. The radioactive labelling and biodistribution
studies using the deferoxamine-modified adenoviruses are currently under development in

collaboration with Dr. Jordi Llop at biomaGUNE (Donostia, Spain).

In the frame of this project, a preliminary study was performed by including radiolabelled

C6CR3Y in the CPEG formulation. This C6 pBAE is an YCRRR end-modified peptide which can

124

be easily labelled with iodine isotopes such as |'“". The presence of tyrosine residues in the

terminal peptides allows to radiolabel the polymer with 124 radioisotope simply by incubating the
polymer with the radioisotope in the presence of lodo-Gen which is an oxidant that converts |24
iodide to 1"

tyrosine. This approach allowed to study the biodistribution of C6CR3Y-I

iodonium, which then reacts with an electron-rich amino acid residue such as
'?* bolymer when injected
as part of coated-Ads or when injected as free polymer and can be a valuable tool to explore

dual-labelling approaches in order to study the in vivo stability of pBAEs/Ads complexes.

Therefore, the main objective of this chapter is to produce radioactively-labelled Ad vectors
using a combined genetic and chemical approach in order to study the physical biodistribution of

coated viral particles.

In order to achieve the main objective, the following tasks were proposed:
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Produce the genetically modified virus containing the D151C point mutation.

Study the chemical reactivity of cysteine-bearing adenovirus.

Produce deferoxamine chemically modified adenovirus.

Study its radiolabelling capacity.

Explore the physical biodistribution of radiolabelled CPEG-coated Ad vectors in vivo.
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5.2 Materials and methods

5.2.1 Materials

DMSO (Dimethylsulfoxide purissimum), EtOH (absolute ethanol), were obtained from
Sigma-Aldrich GmbH (Munich, Germany). Water was used as purified, de-ionized water.
Reagents and solvents used for polymer synthesis were purchased from Sigma-Aldrich and
Panreac. Oligopeptide moiety used for polymer modification (H-Tyr-Cys-Arg-Arg-Arg-NH2) was
obtained from GL Biochem (Shanghai) Ltd with a purity higher than 98%.

Cell culture media, antibiotics, L-glutamine and fetal bovine serum were purchased from
Gibco (Life Technologies, Carlsbad, USA. Deferoxamine-maleimide bifunctional chelator was
purchased from Macrocyclics (Texas, USA) and polyethyleneglycol-maleimide was purchased
from Iris Biotech GmbH (Germany). Primers for validating the recombination were purchased from

Sigma-Aldrich and G-block was purchased from Integrated DNA technologies (IDT, lllinois, USA).

G-block sequence:
CGCCCTGGCTCCCAAGGGTGCCCCAAATCCTTGCGAATGGGATGAAGCTGCTACTGCTCT
TGAAATAAACCTAGAAGAAGAGGACTGTGACAACGAAGACGAAGTAGACGAGCAAGCTGA
GCAGCAAAAAACTCACGTATTTGGGCAGGCGCCTTATTCTGGTATAAATA

Validation primers:
Fw: 5-CTGGACATGGCTTCCACGTA-3

Rv: 5-CGACACCTATTTGAATACCCTCC-3’

5.2.2 Synthesis of C6CR3Y

C6 pBAEs containing a tyrosine in each terminal peptic sequence were synthesized as
explained in section 3.2.2. The only change in the synthesis procedure is that the end-capping

reaction was carried out using the peptide YCRRR.

5.2.3 Generation of cysteine-bearing adenovirus by homologous

recombination and positive-negative selection in bacteria (AdZ system)

The pAdZ system (adenovirus with zero cloning steps) was developed by Dr. Richard
Stanton [17] and adapted by Dr. Ramon Alemany [18]. This system uses the SW102 E. coli strain
which carries a Bacterial Artificial Chromosome (BAC) containing the Ad5 vector genome in a

single copy vector. The system allows homologous recombination because SW102 bacteria

177



Chapter V — Biodistribution study of OM-pBAE-coated adenoviral vectors by genetic-chemical

radiolabelling

contain a defective phage expressing the lambda red genes which mediate homologous
recombination between DNA elements stretches as short as 40bp. The lambda red genes are
under temperature sensitive control: they turned off when grown at 32°C or can be induced
shifting the bacteria to 42°C for 15 minutes.

A PCR product containing the RpsLNeo selection cassette flanked by 40-50 bp sequences
homologous to the desired genome region is transformed into SW102. The target region will be
modified by homologous recombination and bacteria will become resistant to chloramphenicol
and kanamycin but sensitive to streptomycin. Then, the RpsLNeo cassette is substituted by
homologous recombination with the desired sequence flanked with the same homology tails as
used to include the selection cassette yielding bacteria resistant to chloramphenicol and
streptomycin but sensitive to kanamycin.

The replication-defective AdGL virus, a reporter Ad expressing GFP and luciferase under
CMV promoter, containing a RpsLNeo positive-negative selection cassette in the HVR1 loop
region was kindly provided by Dr. Alemany and used to carry out the recombineering approach
using the AdZ system. Rpsl/Neo cassette was replaced by a G-block product (DNA sequence
purchased to Integrated DNA technologies, IDT) containing the mutation HYR1:D151C and 50

bp tails homologous to the flanking sequences of RpsLNeo cassette.

In order to perform the recombination using the AdZ system the following procedure was
followed. Briefly, bacteria containing the AdGL-RpsLNeo-HVR1 was inoculated and grown
overnight in 5 ml of LB supplemented with streptomycin and chloramphenicol. The day after, the
culture was expanded by adding 1 ml of O/N cultured sample into 15 ml LB supplemented with
streptomycin and chloramphenicol. When culture reached to an optical density of 0,5-0,6 (600nm)
the culture was heated up to 42°C during 15 min in order to induce the expression of
recombinases. Then, the culture was maintained on ice and washed three times with ddH20 at
0°C by centrifugation (4200rpm-5min) to induce electrocompetency. After the last washing step,
bacteria were suspended in 400 pl of sterile ddH20. Then, 50 pl of competent bacteria were
transformed with 150 ng of the PCR product by electroporation (0,1 cm, 1800V, 20 uF, 200Q) and
were recovered in 1 ml LB without antibiotics during 70 min at 32°C under stirring. In order to
select recombined bacteria, 50 pyl were inoculated in 3 ml of LB supplemented with
chloramphenicol and grown o/n at 32°C. The day after, 50 pl of this culture were inoculated in 3
ml LB supplemented with chloramphenicol and kanamycin and grown under agitation at 32°C.
When the culture was saturated (24h-30h), bacteria was seeded in LB-agar plates containing

chloramphenicol and kanamycin.

Finally, all the obtained colonies were positive-negative selected by seeding each colony
both in a LB-agar plate containing chloramphenicol and streptomycin and in a 3-ml tube

containing LB supplemented with chloramphenicol and kanamycin. DNA from colonies that did
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not grow in the plate but grew in the tube was extracted and DNA was tested by PCR, enzymatic

restriction and sequencing.

Antibiotic working concentrations:

Cloramphenicol: 12,5 ug/ml
Kanamycin: 15 ug/ml

Streptomycin: 5 mg/ml

5.2.4 Polymerase chain reaction (PCR) analysis

PCR allows to specifically amplify DNA fragments thanks to the DNA-polymerase enzymatic
activity. In this work, PCR have been used in order to validate the recombination by testing the
absence of RpsINeo cassettes in their specific region in the AdGL-RpsINeo-HVR1 genomes. By
using RpsINeo cassette flanking primers (Sequence available in section 1.2.1), plasmidic DNA
extracted from positive clones obtained after recombination was analysed in order to confirm the

recombination with the G-block containing the HVR1:D151C point mutation.

The PCR reaction were conducted mixing the following components:

PCR reaction

Sample DNA 100 ng
Magnesium Buffer 10x 2L
Primers (Fw and reverse) 10 uM 0,5 uL
dNTPs 1,25 mM 3,2 uL
TAQ polymerase 5U/uL 0,125 uL
Nuclease-free H,0O Adjust to 20 pL
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The DreamTaq'" Hot Start DNA Polymerase (ThermoFisher Scientific) was used to amplify
samples for analytical purposes. When PCR products were prepared for DNA sequencing, a high-
fidelity DNA-polymerase was used (Expand High Fidelity PCR System, Roche).

The PCR reaction consists in three phases which are consecutively repeated in order to
amplify the PCR product. These phases are the DNA denaturation, primers hybridization and
elongation and are controlled by automatic temperature cycling using a thermocycler. The
elongation time (t.) depends on the target size (1min/DNA Kb) and the hybridization temperature

(Th) depnds on the primers sequences.

Thermocycling protocol

Initial denaturation 95°C — 5min

30-40 cycles:

Denaturation 952C-30s

Hybridization Th—30s

Elongation 72°C-t
Final elongation 722C — 5min

5.2.5 Enzymatic restriction analysis

In order to perform the enzymatic restriction analysis, Sphl restriction enzyme was selected
based on the theoretical band pattern obtained after in silico restriction using the UGENE
software. This restriction enzyme produced distinct band patterns depending on the presence of

RpsINeo cassette allowing to distinguish between recombined and non-recombined samples.

In order to perform the enzymatic restriction, 10 ul DNA samples extracted from different
clones were mixed with 1 pl of Sphl restriction enzyme, 3 pl of each corresponding commercial
buffer (NEBbuffer 2.1) and were adjusted to 30 pl by adding 16 ul of deionized ultrapure water.
Samples were incubated o/n at 37°C and analysed by agarose gel electrophoresis
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5.2.6 Adenovirus vector production, purification and chemical

modification

AdGL-HVR1-Cys clone was expanded in 150 ml LB-cloramphenicol-kanamycin and DNA
was extracted. 5 ug were transfected into a confluent p50 plate of HEK293 cells which
transcomplement E1 using SuperFect Reagent (Qiagen). AdZ plasmids codify for the Sce-I
endonuclease under a eukaryotic promoter which is expressed in mammalian cells and linearize
the adenoviral genome intracellularly. When a complete cytopathic effect was observed due to
the virus production, cells and media were collected and homogenized by three freeze and
thawing cycles. The resulting homogenate was used to further amplify the virus by infecting
confluent p150 HEK293 plates. Cells were harvested when complete cytophatic effect was

observed and pelleted by centrifugation in 50 ml falcon tubes (1000 RPM-10 min)

Vector purification was carried out under the guidance of Dr. Kreppel in Witten (Germany).
Cysteine-bearing adenoviruses are prone to aggregation due to oxidation of cysteines. In order
to avoid aggregation, the cell lysis and purification of non-chemically modified viral particles must
be done in a reducing environment. This is achieved by including (tris(2-carboxyethyl)phosphine)
(TCEP) as a reducing agent in the lysis buffer and in the CsCI gradient buffers. All buffers were

also argonized in order to avoid oxidation.

Briefly, 10x p150 petri dishes cell pellets pooled in one tube were resuspended in 3 ml lysis
buffer (50 mM HEPES, 150 mM NaCl, 10 mM TCEP) and freeze and thawed three times. Lysates
were centrifuged 2 times at 5000xg during 10 min in order to clean up the lysate. 1,27 g/ml (5 ml)
and 1,41 g/ml (3 ml) CsCl discontinuous gradients were prepared in basal buffer with TCEP (50
mM HEPES, 150 mM NacCl, 0,1 mM TCEP) carefully pouring each layer (1,41g/ml, 1,27 g/ml and
the lysate). After equilibrating the tubes by weight, an ultracentrifugation was run (176000xG, 2
h). Virus bands were collected in argonized eppendorf tubes and physical titer determined by viral
DNA absorption measurement at 260 nm wavelength following the same procedure as explained
in 3.2.3.2. Next, the amount of maleimide-activated compound (20 kDa maleimide-activated linear
polymer PEG (MeO-PEG-mal; IRIS BiotechMarktredwitz,Germany) and Deferoxamine-
maleimide bifunctional chelator (B-772; Macrocyclics)) needed to reach a 30-fold molar excess
was calculated and weighted in a dry atmosphere in excess (thaw maleimide-activated
compounds inside a dissecator with silica gel in order to avoid hydrolysis in the presence of
water). The mal-activated compound was dissolved in 40 pl of basal buffer (50mM HEPES, 150
mM NaCl without TCEP) and the corresponding calculated volume was added to 800 pl virus
stock. The coupling reaction took 45 min at room temperature under agitation. After incubation,
virus solution was diluted to 4 ml with basal buffer and purified again by discontinuous gradients
without TCEP. After collecting the virus band, virus was diluted to 2,5 ml with basal buffer and
desalted by PD10 desalting columns. 10 % glycerol was added to the resulting sample and

chemically modified virus was ready to be characterized and stored at -80°C. A diagram
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summarizing the purification and chemical modification of cysteine-bearing viruses is presented

in figure V-1.

Figure V-1. Diagram summarizing the purification and chemical modification of cysteine-bearing viruses.

5.2.7 SDS-PAGE analysis

1x10'® vector particles were mixed with SDS-loading buffer, heated for 5 min at 70 °C and
loaded on an 8% separation/5% stacking SDS gel, running at 80 V. Silver staining of separated

vector proteins was done as previously described [19].

5.2.8 AdGL-DFO radioactive labelling with Zr-89

Radiolabelling of viruses was performed by incubation of the viruses with a solution oxalic
acid (1 M) containing Zr-89 (2 uCi). Briefly, 50 ul of oxalic acid (1 M) containing Zr-89 (about 2
pCi), 22,4 yl sodium carbonate (2 M), 227,5 yl HEPES buffer (0,5 M) and 200 ul of AdGL-DFO
stock were mixed together in this order in a final 500 yl volume with pH 7. The mixture was
incubated at room temperature (25°C, RT). After incubation, the crude material was purified by
centrifugal filtration using a centrifuge (Nahita 2507/100, Auxilab S.L., Navarra, Spain) and
Millipore filters (100 kDa cut-off, Amicon® Ultra 0.5 ml UFC510096, Molsheim, France). After
centrifugation, the resulting precipitate was washed three times with MQ-water to remove
unreacted Zr-89 species. Thereafter, the amount of radioactivity in the pellet, the supernatant and
the washings were determined in a 2470 WIZARD? Automatic Gamma Counter. Radiolabelling

efficiency (RE, expressed in percentage) was calculated using the following equation:
R.E. % = Avitter/ (Avilter + Afiltrates) * 100

Where Ager is the amount of radioactivity in the filter, and Agates is the amount of radioactivity
in the filtrates, including washings. Finally, VPs in the filter were suspended in 200 pL of saline

solution (0.9% NaCl, Braun Medical S.A., Catalonia, Spain), recovered in a syringe and the

182



Chapter V — Biodistribution study of OM-pBAE-coated adenoviral vectors by genetic-chemical

radiolabelling

amount of radioactivity was measured in a dose calibrator. Radiochemical yield was calculated

using the following equation:
RY. % = Arf/At* 100

Where Ay is the amount of radioactivity in the resuspended fraction, and A; is the starting

amount of radioactivity (time corrected).

In vitro radiochemical stability of the labelled VPs was assessed by means of the
centrifugation technique. The radiolabelled VPs solution was divided into 2 different fractions, one
mixed with MQ-water, the other one with a solution of DFO (final concentration 1mM) -, which
acted as a high interacting competitor towards Zr-89. The aliquots were kept at 37 °C for 24 hours
using a digital block heater. The samples were then filtered and radioactivity in the filter
(supernatant) and the filtrate (pellet) measured in a 2470 WIZARD? Automatic Gamma Counter.
Finally, the radiochemical integrity was calculated as the percentage of radioactivity in the

supernatant with respect to the total amount of radioactivity (pellet + supernatant).

5.2.9 CG6CR3Y radioactive labelling with I'*

The radiolabelling of C6CRY was carried out by mixing 10 pl of phosphate buffer 0,5%,
pH=7,4 with 10 pl of C6BCR3Y at 1 ug/ul in MQ-water containing the 1'** radioisotope in lodo-Gen
coated tubes. This mixture was incubated during 1h at room temperature. The resultant labelled

polymer was characterized by HPLC in order to determine the radiolabelling efficiency.

5.2.10 Biodistribution studies

BALB/c nude mice bearing MKN95 human gastric adenocarcinoma tumors (N=1) were
injected with 4x10"° SAG101 containing 0,77% I'**.C6CR3Y in its formulation or with free CPEG
polymeric component also containing 0,77% 1'**-C6CR3Y. The total injected radioactive dose

was 120 uCi in both cases.

SPECT-CT images were acquired using the eXplore speCZT CT preclinical imaging system
from General Electric (GE Healthcare, USA). The system combines SPECT and CT, allowing co-
registration of the SPECT and CT datasets without additional post-processing. Once the animals
were positioned within the field of view of the system, data was collected in an energy window of
84-102 keV in static mode. The mice were under isofluorane anaesthesia during the whole-body
SPECT-CT scans acquired at 0,13, 0,63, 6, 10, 22, 48 hours post injection using for 30, 60, or
120 minutes (40sec/step, 80sec/step, or 160sec/step, respectively). As a general rule, the image
acquisition period was dependent on the counts detected by the collimator of the scanner, thus,
longer imaging times were needed as the gamma emissions decreased. After each SPECT scan,

CT acquisitions were performed to provide anatomical information of each animal.
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Ex vivo radioactivity quantification was carried out 48h after injection. Lungs, heart, kidneys,
spleen, liver, intestines, stomach, brain, blood, plasma and tumors radioactivity was measured
with a dose calibrator. Each measure was normalized by the weight of each sample and

presented as the percentage of the injected dose per gram (%ID/g).
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5.3 Results and discussion

The proposed approach to study the physical biodistribution of Ad particles is based on a
radioactive-labelling of virions by genetically introducing cysteine residues in the hyper variable
region 1 (HVR1) of the hexon protein. These residues were then chemically modified with metal
chelating agents able to retain radioisotopes such as Zr-89 allowing to study the pharmacokinetics
and biodistribution of intravenously injected viruses by single positron emission computerized

tomography (SPECT) imaging technique.

A replication-defective AdGL virus, a reporter Ad expressing GFP and luciferase under CMV
promoter, containing a Rpsl/Neo positive-negeative selection cassette in the HVR1 loop region
was kindly provided by Dr. Alemany and was used to carry out the recombineering approach
using the AdZ system explained in section 5.2.3. The RpsLNeo cassette was replaced with a G-
block product (DNA sequence purchased to Integrated DNA technologies, IDT) containing the
mutation HVR1:D151C and 50 bp tails homologous to the flanking sequences of the Rpsl/Neo
cassette.

This newly exposed cysteine was used as reactive site to chemically modify the viral capsids
with maleimide-activated compounds such as 20 kDa PEG and deferoxamine (DFO) after
producing the cysteine-bearing virus under the supervision of Dr. Kreppel in Witten/Herdecke
University (Germany). The modification with PEG allowed us to clearly observe the reactivity of
cysteine-bearing viruses prior to modify virions with DFO. After demonstrating the reactivity of
AdGL-HVR1-Cys by PEG modification, AdGL-HVR1-Cys was chemically modified with DFO and
the radioactive labelling efficiency was quantified. The biodistribution studies and all the
experiments done using radioactivity were conducted under the supervision of Dr. LLop at the
CIC biomaGUNE (Donostia/San Sebastian, Gipuzkoa. Spain) facilities. This project is still under

development however, this chapter describes the current state of this research.

5.3.1 Recombineering approach to produce cysteine-bearing AdGL-
HVR1-Cys

The pAdZ system was used in order to promote the homologous recombination between the
AdGL genome containing the RpsLNeo positive-negative selection cassette in the HVR1 loop
region and the DNA sequence containing the D151C HVR1 point mutation and 50 bp homology
sequences (Figure V-2-A).

After transformation, recombination and antibiotic selection of positive colonies, colonies
were tested by PCR using RpsLNeo cassette flanking primers in order to confirm the

recombination. PCR reaction was set to avoid product amplification when RpsLNeo was present
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in the plasmid by setting the elongation time to 20 seconds. This time was selected taking into
account the extension time of Tag DNA polymerase (1Kb per minute) and the length of
recombined and non-recombined sequences between primers. The region contained between
primers in recombined plasmids (without the RpsLNeo cassette) was 170 bp long and 20 seconds
were enough to obtain the PCR product. In the case of non-recombined plasmids (RpsLNeo
cassete is present) the sequence between primers was 1,5 Kb long and the PCR product was
not obtained (Figure V-2-B).

Three of those positive colonies were selected (11, 15, and 17) and were analysed by
enzymatic restriction in order to further assess that the proper recombination took place. The
Sphl restriction enzyme was selected as it produces a clearly differentiated band pattern between
recombined and non-recombined BACs generating a 7Kb band in recombined samples, not
observed in the non-recombined control. As observed in figure V-2-C, the expected band pattern
was observed for colonies 15 and 17. Samples 15 and 17 were analyzed by DNA sequencing in
the region surrounding the point mutation to verify the proper modification of the DNA sequence
(Figure V-2-D). Both clones included the D151C point mutation. The clone number 15 was finally
selected in order to move forward. The virus was amplified in HEK293 E1A-transcomplementing

cells as explained in section 5.2.4.

Figure V-2. Generation of AdGL-HVR1-Cys by recombineering approach. A) Schematic representation of the genetic
engineering approach used to modify the AdGL genome in order to include the D151C point mutation. B) PCR products
analysis by agarose gel electrophoresis of eight clones. C) Enzymatic restriction analysis of three selected clones using
the Sphl restriction enzyme. D) DNA sequencing of clone number 15 confirming the D151C genetic modification (Codon
change: GAT - TGT).
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5.3.2 Chemical modification of AdGL-HVR1-Cys and radiolabelling of
AdGL-DFO

One of the main crucial points to take into account when producing cysteine-bearing viruses
is that they are prone to aggregation due to the formation of disulphide bonds between viral
particles. Viral particles are efficiently assembled intracellularly however, when producer cells are
lysed and viral particles are released into the media several considerations must be taken into
account in order to avoid the aggregation and loss of the virus production. In order to efficiently
purify and chemically modify cysteine-bearing viruses, a specific methodology developed by Dr.
Kreppel was followed (See section 5.2.4 to see the detailed protocol). Figure V-3-A summarizes

the viral titers obtained for PEG-modified and non-modified virus productions.

In order to proof the surface reactivity of cysteine-bearing AdGL-HVR1-Cys, the viral
production was modified with 20K maleimide-activated PEG. The high molecular weight of this
PEG allows to easily see a change on the molecular weight of the hexon protein by SDS-PAGE
analysis. As seen in figure V-3-B, a band shift was observed in the case of 20K-PEG modified
AdGL in comparison with the non-modified virus (unPEG) demonstrating that the genetic inclusion

of cysteines granted a new surface reactivity to the viral capsids.

Figure V-3. Purification and chemical modification of AdGL-HVR1-Cys virus. A) Obtained physical titers determined
by 260 nm optical density measurements of non-modified and 20K-PEG modified viruses after the purification and
modification process. B) SDS-PAGE analysis of 20K-PEG modified and unmodified AJGL-HVR1-Cys.

After demonstrating the reactivity of AdGL-HVR1-Cys virus, another virus batch was
produced and used for the modification with maleimide-DFO. AdGL-DFO viruses were
radiolabelled following the protocol in section 5.2.5 and the radiochemical yield and stability of
the radioactive labelling were determined. The radiochemical yield describes the amount of

radioactivity retained by the viral particles after the incubation with Zr-89 and the subsequent
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purification of viral particles. The radiolabelled VPs solution was divided into two different fractions
in order to study the radioactive labelling stability. Stability studies were carried out after 22h in
MQ-water at r.t. and after 24h in 1mM DFO-NCS at 37°C which acted as a high interacting
competitor towards Zr-89. As observed in table V-1, the radiolabelling yield obtained was 50,6%
and radioactivity was maintained stable in both tested conditions. These results demonstrated
that AdGL-DFO was able to efficiently retain Zr-89 radioisotopes producing stably radiolabelled

viral suspensions suitable for in vivo biodistribution studies.

Table V-1. Characterization of radiolabelled AdGL-DFO

Radiochemical Stability (MQ-water Stability (1mM DFO-
yield (Recovered in atr.t.) NCS at 37°C)
MQ water)
AdGL-HVR1-DFO 50,6 % 92 % 91,6 %

The biodistribution studies using radiolabelled AdGL-DFO coated with the CPEG formulation
are currently under progress at CIC biomaGUNE and results are not still available to be included
in this thesis. However, we have performed preliminary studies to determine the biodistribution of

SAG101 containing I'** radiolabelled C6CR3Y polymer in its formulation as a proof of concept.

5.3.3 Biodistribution of CPEG-coated AdGL using radiolabelled polymers

The aim of this experiment was to test the feasibility of using SPECT-CT imaging to study
the biodistribution of radioactively labelled coated adenoviruses. At this point, the radiolabelled
AdGL-DFO-Z* was still unavailable and we decided to use C6 pBAEs end-modified with YCRRR
in order to add a radiolabelled component in the coating composition. The presence of tyrosine
residues in the terminal peptides allowed to radiolabel the polymer with |24 radioisotope simply
by incubating the polymer with the radioisotope in lodo-Gen coated tubes. lodo-gen is an oxidant
that converts 1'** iodide to 1" iodonium, which then reacts with an electron-rich amino acid
residue such as tyrosine [20]. By labelling the polymer we were unable to study the biodistribution
of viral particles, however the differences observed between free polymer and coated viruses

could indirectly proof the stability of the CPEGAd complex in vivo.

The experiment was done by injecting two BALB/c nude mice bearing MKN95 tumors with
a 4x10" VP dose of CPEG-coated ANUPARME1A containing 0,77% 1'**-C6CR3Y in its
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formulation and with the radiolabelled polymeric CPEG free polymer. As observed in figure V-4,
the radioactivity signal of CPEGAd showed a more spread biodistribution profile and persisted
longer before being accumulated in the liver. This observation was in accordance with the longer
circulation time of CPEG-coated adenovirus observed in chapter 3. Six hours post injection the
signal was detected in several different organs in contrast with the CPEG free polymer which was
only observed in the liver and in the bladder at this time point. Although the number of animals
was not enough to consistently reach conclusions, the biodistribution pattern suggested that the

interaction of the radiolabelled polymer with viral particles modified the biodistribution of C6CR3Y.

Figure V-4. SPECT-CT in vivo imaging of I'** radiolabelled CPEGAd (coated adenovirus) and CPEG (free polymeric
component) treated animals. Images were acquired SPECT-CT images were acquired using the eXplore speCZT CT

preclinical imaging system at 0,13, 0,63, 6, 10, 22, 48 hours post injection.

These results were further confirmed by ex vivo radioactivity quantification. Lungs, heart,
kidneys, spleen, liver, intestine, stomach, brain, blood, plasma and tumors were collected 48h
after injection and radioactivity was quantified. Each sample was weighted and results were
presented as the percentage of the initial total injected radioactivity normalized by the weight of
each sample (%ID/g). As observed in figure V-5, higher radioactivity levels were observed for
lungs, spleen, intestines, stomach, blood, plasma and tumors when the animal was injected with

CPEGAUd. Interestingly, lower radioactivity levels were determined in kidneys and liver.
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Figure V-5. Ex vivo radioactivity biodistribution profile. Lungs, heart, kidneys, spleen, liver, intestine, stomach, brain,
blood, plasma and tumors were collected 48h after injecting 4x10'° VP/animal of CPEGAd and the respective amount of
free CPEG polymer without viral particles (N=1). Results are presented as the percentage of radioactivity relative to the

initial injected dose normalized by the weight of each sample (%ID/g).

Although these results are not conclusive due to the insufficient number of animals, the
observed differences between injecting coated Ad or free polymer suggested that the interaction

between viruses and polymer is maintained in vivo affecting the biodistribution of the polymeric

component.
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5.4 Concluding remarks

Results from previous chapters demonstrated the ability of pBAEs/viral vectors to improve
the systemic administration of viral vectors in terms of pharmacokinetics, biodistribution, efficacy
and safety. An improved transduction of tumors was demonstrated upon systemic administration
in chapter 3 resulting in a higher efficacy of pBAEs-coated AANuPARmME1A in comparison with
its naked counterpart, specially in the presence of NAbs. In contrast, the liver transduction was
reduced when injecting coated vectors with clear consequences on the hepatotoxicity of
intravenously injected vectors. In the present chapter, we moved a step further in terms of
studying the effect of pBAEs-coating on the physical biodistribution of intravenously injected

adenoviral vectors by developing a novel adenovirus radiolabelling strategy.

The genetic engineering approach to include the D151C point mutation in the HVR1
genomes region have been successfully achieved using the AdZ system. Then, AdGL-Cys has
been produced and purified at high titer and its new capsid surface reactivity has been
demonstrated by modifying the viral particles with 20K-PEG-maleimide. The SDS-PAGE analysis
of PEG-modified AdGL showed a clear hexon band-shift due to the presence of covalently-linked

PEG molecules increasing its molecular weight.

AdGL-Cys has been chemically modified with deferoxamine (DFO) and radiolabelled with
Zr-89 achieving a radiolabelling yield of 50,6%. Its ability to remain stably labelled has been
demonstrated by competition assays with free DFO. After 24h of incubation with 1TmM DFO at

37°C, the virus retained 91,6% of the initial radioactivity indicating its suitability to be used in vivo.

Due to the current state of this project, which is still under development, no biodistribution
results using the AdGL-DFO-Zr89 were available to be included in this work. However, the pilot
biodistribution study using radiolabelled pBAEs showed differences on the biodistribution of the
polymeric component when injecting CPEGAd coated viruses suggesting the stability of these

complexes in vivo.

The resulting technology is a valuable tool to study the physical biodistribution and clearance
of intravenously injected adenoviruses. Moreover, this approach opens the door to develop new
versions of the pBAEs-coating technology able to react with genetically included cysteine

residues producing bioresponsive covalent coatings.
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Conclusions

Hybrid vectors based on non-enveloped viruses coated with oligopeptide-modified poly(B-
amino ester)s with improved in vivo applicability by intravenous administration have been

developed and described in this thesis.

Firstly, pBAEs-coated adeno-associated viruses have been successfully produced and
targeted to brain endothelial cells by including LRP-1 targeting peptides into pBAEs structure.

e Biophysical analysis showed that cationic arginine-modified pBAEs (C32CR3) are
able to interact with AAV viral particles. The electrostatic interaction of C32CR3 with
viral capsids surfaces positivizes their net negative surface charge producing coated
viral particles observed by DLS and TEM. Optimal coating conditions for AAVs have
been determined.

e In silico designed brain-targeting peptides predicted to interact with the LRP-1
receptor have been tested in vitro by blood-brain barrier (BBB) crossing assays
using in vitro BBB models. The results obtained demonstrated that SEQ12 peptide
has a BBB crossing ability similar to Angiopep-2, the targeting peptide used in the
ANG1005, an experimental chemotherapy drug currently in advanced phases of

clinical development.

e The inclusion of 10% SEQ12 end-capped C32 pBAEs into the coating formulation
improved the infectivity of AAVs against brain vascular endothelial cells in vitro and
showed increased transduction of brain when intravenously administered in mice

while decreasing liver transduction.

Secondly, OM-pBAEs-based coating technology have been adapted to Ad5 vectors and
have been further developed in order to produce single coated viral particles suspensions able to
improve pharmacokinetics of intravenously administered Ad5 vectors while avoiding neutralizing

antibodies.

e The optimal coating conditions for Ad5 vectors have been determined by biophysical
characterization with DLS and TEM and by in vitro neutralization assays. The slightly
hydrophobic C6CR3 demonstrated to protect virion’s neutralization in vitro while

improving infectivity in a higher degree in comparison with C32CR3.
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Intravenously injected C6CR3-coated Ad5 showed a significantly higher circulation
time in vivo and a more stable behaviour in terms of liver detargeting in comparison
with C32CR3-coated Ad5.

The inclusion of 35% w/w of 2K-PEG-modyfied C6CR3 into the coating formulation
demonstrated to highly avoid NAbs neutralization in vitro while solving the clustering
of viral particles during the coating process. Fine biophysical characterization of the
resulting complexes with DLS, TEM and STORM showed the ability of the resulting
formulation to coat single viral particles with a 15 nm thick pBAEs coating not
achieved with any other formulation tested. The STORM analysis using
fluorescently-labelled Ad5 and C6CR3 demonstrated the interaction between
polymer molecules and viral particles in aqueous solution at the molecular level.
The presence of 35% PEG-modified C6CR3 polymer in the formulation also avoids

the formation of polymeric nanoparticles.

When tested in vivo, the resulting formulation containing 65% C6CR3 and 35%
C6PEGCR3 have demonstrated to significantly improve the blood circulation time
of virions in comparison with the 100% C6CR3 formulation. Moreover, the PEG-
containing formulation have shown to reduce the AdTL liver transduction while
increasing its tumor tropism in comparison with the non-PEGylated formulation and
with naked AdTL. It has been also demonstrated that CPEG-coated Ad5 is less
immunogenic than C6CR3-coated and naked Ad5 regarding their ability to induce

the production of neutralizing antibodies when administered intravenously.

The resulting Ad5 coating formulation has demonstrated to improve the therapeutic potential

of the systemically administered oncolytic adenovirus ANUPARmME1A for the treatment of

pancreatic ductal adenocarcinoma.
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The pBAE-coated ADNuPARmME1A (SAG101) has an improved infectivity and
cytotoxicity in vitro in comparison with their naked counterpart and is less prone to
induce an innate immune response reducing the release of IL-6 and IL-10 when

presented to RAW264.7 murine macrophages in comparison with ANuPARmE1A.

SAG101 showed a safe toxicity profile in vivo. The mice weight loss and
hepatotoxicity upon intravenous administration in immunocompetent mice were
minimized in comparison with naked AANuPARmME1A. Hematologic studies by cell
counting suggested a reduction on the ability of the ADNUPARmME1A to induce
proliferation of monocytes and neutrophils when coated-AdNuPARmME1A is injected
in vivo. The release of cytokines in vivo has been also studied without showing
conclusive differences between coated and naked viruses, however the polymeric
component has not induced cytokine production in vivo indicating the safety profile
of OM-pBAEs.
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e The efficacy of SAG101 in the presence of circulating NAbs in vivo has been tested
in passively immunized tumor-bearing immunodeficient mice by intravenous
administration showing a significant control on the progression of PANC-1 and MIA
PaCa-2 tumors even when animals were passively immunized. These results are in
clear contrast with the naked AANuUPARmME1A performance, since it is inefficacious

in the presence of NAbs in vivo.

Finally, a novel radiolabelling approach based on a genetic-chemical modification of Ad5
viruses has been developed in order to be used as a tool to study physical biodistribution and

pharmacokinetics of intravenously administered naked and coated adenoviruses.

e Inclusion of cysteine residues in the hexon HVR1 loop by genetically engineering
Ad5 genomes and the subsequent production of the viral stock under reducing
conditions allowed to produce cysteine-bearing AAGL reporter vector at high titers

avoiding its aggregation.

e The resulting AdGL-HVR1-Cys has been successfully chemically modified with
maleimide-activated PEG and deferoxamine demonstrating that the genetic

inclusion of cysteines granted a new chemical reactivity to AdGL.

e Deferoxamine-modified AdGL demonstrated their ability to retain radioisotopes in its
structure in the presence of free deferoxamine as a high affinity competitor. This
result demonstrated that deferoxamine-modified AdGL is able to be stably

radiolabelled.

e As a proof of concept, C6 pBAEs end-capped with YCRRR peptides have
demonstrated to be a good strategy to be used as a tool to radiolabel the polymeric
component of pBAEs/Ad hybrid vectors with |24 radioisotopes. The biodistribution
study by SPECT-CT showed a longer polymer circulation time when combined with
viral particles suggesting the stability of the interaction between the polymer and the

virus in vivo after intravenous administration.
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