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Resumo

Ao longo das ultimas décadas, o cancro tornou-se um dos maiores problemas de
saude a nfvel mundial. Entre os tipos de cancro mais comuns encontra-se o cancro do figado,
que inclui o Carcinoma Hepatocelular. Este carcinoma ¢é a quarta causa de morte por cancro
e a sua incidéncia tem vindo a aumentar. As op¢Oes de tratamento atualmente disponiveis
sao pouco eficazes, além de serem bastantes restritas em casos de doenga avancada. Nestes
casos, geralmente, é aplicada a quimioterapia. No entanto, este tipo de terapia ¢ sempre
acompanhada por efeitos secundarios indesejados e esta associada a uma taxa elevada de
recorréncia de cancro. Deste modo, tornou-se necessario desenvolver novas estratégias,

capazes de ultrapassar estas limitagoes.

A terapia génica tem sido intensivamente estudada e tem demonstrado resultados
promissores no tratamento de diversas doengas, incluindo o cancro. Esta consiste na entrega
de material genético a células alvo, com o intuito de induzir um efeito de supressao tumoral.
Apesar dos sistemas de transporte virais serem mais comummente aplicados na clinica, os
sistemas de transporte nao-virais tém-se destacado por serem mais seguros. De entre os
varios sistemas de transporte ndo-virais, as nanoparticulas poliméricas destacam-se devido a
sua biocompatibilidade e versatilidade. Para além disso, as técnicas usadas para produzir estes
sistemas permitem controlar as caracteristicas finais das nanoparticulas e modificar a sua
superficie de acordo com a finalidade ou células alvo. As nanoparticulas poliméricas incluem,
entre outros, micelas poliméricas e poliplexos, que podem ser desenvolvidos a partir de
glicopolimeros. Estes sio polimeros sintéticos que contém grupos carboidrato na sua
composicao, capazes de promover o direcionamento. Assim, glicopolimeros que contém o
monoémero LAMA (2-lactobionamidoetil metacrilato), que possui um residuo de galactose
na sua estrutura, foram usados para produzir micelas poliméricas e poliplexos. Este
monomero apresenta a capacidade de se ligar ao recetor das asialoglicoproteinas, que se
encontra sobreexpresso na superficie das células de HCC. Assim, o principal objetivo desta
dissertagao consistiu no desenvolvimento de um nanossistema de base polimérica capaz de

entregar eficaz e especificamente material genético as células de HCC.

Tendo isto em conta, inicialmente, foram produzidas micelas poliméricas usando
glicopolimeros anfifilicos, PAMA 03-co-PLAMA19-0-PDEAEMA¢; e PAMAso-co-PLAMA 0-0-
PDEAEMA; ;. Estes nanossistemas foram extensivamente caracterizados, apresentando um

tamanho de aproximadamente 70 nm, e capacidade para condensar e proteger o material
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genético. Contudo, os resultados obtidos apés transfecao de células HepG2 mostraram
niveis elevados de toxicidade e baixos niveis de atividade biologica. Adicionalmente, foi
avaliado o potencial destas micelas poliméricas para entrega de farmacos. Micelas produzidas
com o polimero PAMAsy-co-PLAMA 0-0-PDEAEMA ¢ foram carregadas com sorafenib, um
farmaco de primeira linha aprovado para o tratamento de HCC. Os valores obtidos para a
eficiéncia de encapsulagdo e capacidade de carga foram de 15 e 4 %, respetivamente,
encontrando-se acima do que esta reportado na literatura para este tipo de nanosistemas. No
entanto, estas micelas resultaram em niveis elevados de toxicidade nas células HepG2 e,

como tal, foi avaliada outra abordagem.

Essa nova abordagem consistiu na produgio de poliplexos usando o polimero
PAMA73-co-PLAMA:. Este nanossistemas apresentam um tamanho de cerca de 150 nm e,
de um modo geral, apresentam capacidade para condensar e proteger o material genético,
mantendo a sua estabilidade ao longo do tempo. Os poliplexos forem produzidos em
diferentes racios de carga N/P e resultaram em niveis notaveis de expressio do transgene
nas varias linhas celulares de carcinoma hepatocelular utilizadas. A eficiéncia de transfe¢ao
destes poliplexos, preparados no racio de carga (+/-) 40/1, foi avaliada por citometria de
fluxo, demonstrando uma percentagem elevada de células transfetadas quando comparado
com o controlo comercial, PEI, o que foi confirmado através de microscopia de
fluorescéncia. Para além disso, a especificidade destes nanossistemas para com o recetor das
asiologlicoproteinas foi comprovada através de um ensaio de competi¢ao, usando o ligando
natural deste recetor, a asialofetuina. Os resultados obtidos foram confirmados por
citometria de fluxo e microscopia de fluorescéncia. A internalizacdo celular e distribuicao
intracelular dos poliplexos foram avaliadas por microscopia confocal, demonstrando que
alguns dos poliplexos se encontravam nos endossomas. Como tal, com o intuito de
promover o escape endossomal, foi usado um farmaco estabilizador de microtabulos, o
docetaxel, que resultou num aumento substancial da sua capacidade de transfecao. Por
ultimo, para avaliar o potencial dos nanossistemas desenvolvidos para mediar uma estratégia
antitumoral, foi realizado um ensaio preliminar, usando os poliplexos preparados com
plasmideos terapéuticos que codificam os supressores tumorais p53 ou PTEN, tendo-se

verificado uma redugdo significativa da viabilidade celular.

Palavras-chave: cancro, carcinoma hepatocelular, terapia génica, sistemas de transporte e
entrega da material genético, glicopolimeros, micelas poliméricas, poliplexos.
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Abstract

Opver the past decades, cancer became one of the major health problems worldwide.
Among the most common types of cancers is liver cancer, which includes hepatocellular
carcinoma. Hepatocellular carcinoma is the fourth leading cause of cancer-related death, and
its incidence has been growing. The currently available treatment options are pootly effective
and severely restricted when the disease is advanced. In these cases, systemic chemotherapy
is usually applied. However, it is always accompanied by undesired side effects and a high
rate of tumor recurrence. Therefore, it is necessary to develop new strategies, able to

overcome these limitations.

Gene therapy has been widely studied and has been demonstrating promising results
for the treatment of several diseases, including cancer. It consists of the delivery of genetic
material to the target cells, inducing a tumor suppressive effect. Even though viral gene
delivery systems are most commonly used in the clinical field, non-viral gene delivery systems
arise as safer systems and have been widely studied and engineered. Among the various non-
viral gene delivery systems, polymeric nanoparticles stand out due to their biocompatibility
and versatility. Besides, the techniques used to produce these systems allow a precise control
of nanocarriers characteristics and modification of their surface in order to achieve the
desired features. Polymeric nanoparticles include, among others, polymeric micelles and
polyplexes, that could be synthesized from glycopolymers. These synthetic polymers contain
carbohydrate groups in their structure, which promote targeting. Accordingly, glycopolymers
containing the monomer LAMA (2-lactobionamidoethyl methacrylate), which has a
galactose residue in its structure, were used to produce polymeric micelles and polyplexes.
pLAMA is able to bind to the asialoglycoprotein receptor, overexpressed on the surface of
HCC cells. Therefore, the main purpose of this work was to develop a polymer-based

nanosystem capable of effectively and specifically deliver genetic material into HCC cells.

Taking this into account, initially, polymeric micelles were produced using
amphiphilic  glycopolymers, PAMA 0;-co-PLAMA1o-0-PDEAEMAg;  and  PAMAs-co-
PLAMA o-6-PDEAEMA 6. These nanosystems were extensively characterized, presenting a
size around 70 nm, and were able to condense and protect genetic material. However, the
results obtained after transfection of HepG2 cells with the polymeric micelles showed high
levels of toxicity and low levels of biological activity. Additionally, the potential of the

polymeric nanoparticles for drug delivery was evaluated. PAMAse-co-PLAMA 0-b-



PDEAEMA s-based micelles were loaded with sorafenib, a first-line drug approved for HCC
treatment, and the values obtained for loading efficiency and loading capacity was 15 and 4
%, respectively, which are above what has been reported in the literature. However, these
micelles resulted in high levels of toxicity in HepG2 cells and, for that reason, another

approach was evaluated.

The alternative consisted of the production of polyplexes using the polymer
PAMA73-co-PLAMA,1. These nanosystems presented a size around 150 nm and, overall, were
able to condense and protect genetic material, maintaining their stability along time. The
polyplexes were produced at different N/P charge ratios and resulted in great levels of
transgene expression in the different hepatocarcinoma cell lines used. Transfection efficiency
of these polyplexes prepared at 40/1 N/P charge ratio was evaluated by flow cytometry,
showing an increased percentage of transfected cells comparing to the commercial control,
PEI, which was confirmed by fluorescence microscopy. Additionally, the specificity of the
developed polyplexes towards the asialoglycoprotein receptor was demonstrated by a
competition assay, using the natural ligand for this receptor, asialofetuin. The obtained results
were confirmed by flow cytometry and fluorescence microscopy. Cellular uptake and
intracellular distribution of the polyplexes were assessed by confocal microscopy, showing
that some polyplexes were colocalized with endosomes. As an attempt to promote
endosomal escape, a microtubule-stabilizing agent, docetaxel, was used, resulting in a
substantial increase of transfection activity. At last, to evaluate the potential of the PAMA73-
c0-PLAMA;;-based polyplexes to mediate an antitumor strategy, a preliminary test was
performed, using polyplexes prepared with the therapeutic plasmids encoding p53 or PTEN,

having been observed a significant reduction on the cell viability.

Keywords: cancer, hepatocellular carcinoma, gene therapy, gene delivery systems,
glycopolymers, polymeric micelles, polyplexes.
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Chapter 1

Introduction

1 Hepatocellular Carcinoma: a brief introduction

Cancer is a leading cause of death worldwide. To add to the existing burden, the
number of cancer cases and deaths is expected to increase as populations grow, age, and
adopt lifestyle behaviors that increase cancer risk. Many lifestyle risk factors, such as tobacco
use, physical inactivity, excess body weight, and reproductive patterns, are becoming

increasingly common.'

Liver cancer is one of the few neoplasms with a steadily increasing incidence, being
predicted that could be one million cases by 2030.> According to the International Agency
for Research on Cancer, more than 900 000 new cases of liver cancer were registered in 2020,
which represents almost 5 % of the total of new cancer cases. The estimated number of
deaths related to liver cancer is equally worrying, accounting for more than 800 000
wotldwide (Figure 1). In Portugal, liver cancer is among the 11 most common cancers,

representing 2.6 % of the new cancer cases, and 5 % of the cancer related-deaths, in 2020.

Number of new cases in 2020, both sexes, all ages Number of deaths in 2020, both sexes, all ages

Breast
2261419 (11.7%) Lung

1796 144 (18%)

Lung Other cancers
2206771 (11.4%) 3 557 464 (35.7%)
Other cancers
8275743 (42.9%) Colorectum Colorectum
1931590 (10%) 935 173 (9.4%)
Prostate Prostate Liver
1414 259 (7.3%) 375304 (3.8%) 830 180 (8.3%)
Oesophagus Stomach Pancreas Stomach
604 100 (3.1%) 1089 103 (5.6%) 466 003 (4.7%) 768 793 (7.7%)
Cervix uteri Liver Oesophagus Breast
604 127 (3.1%) 905 677 (4.7%) 544 076 (5.5%) 684 996 (6.9%)
Total: 19 292 789 cases Total: 9 958 133 deaths

Figure 1 | Incidence and mortality of different types of cancer worldwide. Data from 2020, registered
by the International Agency for Cancer Research.?




Liver cancer comprises a heterogeneous group of malignant tumors, with different
histological features and an unfavorable prognosis, that range from hepatocellular carcinoma
(HCC) and intrahepatic cholangiocarcinoma (iICCA) to mixed hepatocellular
cholangiocarcinoma (HCC-CCA), fibrolamellar HCC (FL-HCC), and the pediatric neoplasm

hepatoblastoma.”

Hepatocellular carcinoma represents about 90% of primary liver cancers*’ and is the
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fourth leading cause of cancer-related death worldwide.” HCC is considered a significant
health problem because of its effect on the physiological functions of the liver, high lethality,
and the growing incidence, which is associated with several risk factors.” Chronic hepatitis B
and C viral infection, chronic alcohol consumption, aflatoxin-contaminated food intake, liver
cirrthosis and some hereditary diseases are considered risk factors for HCC development in
Asian and African countries, while in the developed countries, the epidemiological evidence

connecting the pathologies are type 2 diabetes, obesity, metabolic disorders and non-

alcoholic steatohepatitis (NASH) as part of non-alcoholic fatty liver diseases (NAFLD).**’

Like other liver tumors, HCC is characterized by a high degree of molecular
heterogeneity, which is one of the main factors harming the achievement of an effective
treatment strategy.” As an attempt to overcome this major problem, several studies have been
conducted to provide a better understanding of the molecular alterations in HCC, enabling
the identification of key driving pathways." Among the most altered pathways are: TP53,
PI3K-mTOR, Wnt/B-catenin and RAS/RAF/MEK/ERK."" The phosphatidylinositol-3-
kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) signaling pathway is involved
in cell growth and angiogenesis. Oncogenic activation of PI3K- mTOR signaling was found
to affect approximately 45 % of patients with HCC." The RAS pathway is also frequently
activated in HCC and has been associated with a poor prognosis. Ras targets RAF and MEK

downstream, controlling growth, proliferation, and migration of cancer cells."

Despite the efforts in investigations, HCC remains as a human tumor for which
currently available therapeutic approaches are poorly effective.” In the early stages, HCC can
be treated with surgical modalities, which offers an option for cure, such as liver
transplantation and resection, or radiological techniques, as radiofrequency ablation,
microwave ablation, percutaneous ethanol or acetic acid ablation and transarterial
chemoembolization (TACE)."*" However, HCC is characterized by a lack of symptoms in
the eatly stages and, consequently, diagnosis is often made when the disease is advanced.'

Management of advanced HCC is particularly challenging because of decreased liver
2



function, making it impossible to apply the strategies mentioned above.'® In these stages,

systemic chemotherapy and moleculatly targeted therapies are usually applied.*"

1.1 Chemotherapy for HCC treatment

Targeted agents based on improved molecular characterization of HCC have been
developed in order to improve patient survival.'” These small molecule drugs are used to
target different signaling pathways (Figure 2).° Presently, the approved drugs used for
systemic treatment of HCC in Europe are multikinase inhibitors, such as sorafenib and
lenvatinib, as the first-line therapeutics and, regorafenib and cabozantinib, as second-line

therapeutics.*"’
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Figure 2 | Mechanism of action of different drugs used for HCC treatment.



1.1.1 Sorafenib

Sorafenib was the first drug demonstrating a survival benefit in patients with
advanced HCC.*'"""* This molecule inhibits several cell surface tyrosine kinases [e.g. vascular
endothelial growth factor receptor (VEGFR)-1, (VEGFR)-2, (VEGFR)-3, platelet-derived
growth factor receptor (PDGFR)-$] and downstream intracellular serine/threonine kinases
in the MAPK cascade, contributing to tumor cell death (Figure 3). Besides, sorafenib was
found to affect multiple tumor-related signaling pathways, such as those involved in
angiogenesis, tumor proliferation, and cell apoptosis (e.g. the PI3K/AKT/mTOR, Wnt/8-
catenin, cMET and IGF pathways). Since these pathways are dysregulated in HCC,
promoting initiation and progression of this cancer, the use of sorafenib could be

advantageous for treatment.'* %
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Figure 3 | Mechanism of action of Sorafenib (adapted).?

Moreover, sorafenib appears to have immunomodulatory effects. It affects the
immune synapse by modulation of multiple effectors, contributing to an enhanced specific

antitumor immune response and reducing suppressive immune populations.”**

Sorafenib has been widely used for adjuvant therapy after surgical resection and
ablation.” However, besides the survival improvement and delay in progression of advanced
HCC, only a limited number of patients have experienced a real and long-term benefit. As
sorafenib, chemotherapeutic strategies in general, are associated with dose-limiting toxicity,
high rate of tumor recurrence, development of multidrug resistance (MDR) and undesired
side-effects, which further restrict their use in the clinical field and constitute a crucial
problem in HCC management.'”"® Therefore, it was necessary to develop new strategies able

to overcome these limitations.



2 Gene therapy

Over the past decades, gene therapy has been extensively studied to treat several
diseases.” In general, it refers to the delivery of genetic material to the target cells with a
specific purpose, such as to induce a tumor suppressive effect, contributing to the treatment
of a particular genetic condition at a sub-molecular level, modifying gene expression, or

altering the biological properties of living cells. 2%

In the 1990s, Blaese ez o/ conducted the first gene therapy clinical trial in humans,
using retroviral-mediated transfer of the adenosine deaminase gene into the T cells of two
children with severe combined immunodeficiency.” Gene therapy has been extensively

studied since.

To date, more than 3000 gene therapy clinical trials have been completed, are
ongoing or have been approved worldwide. Given the elevated incidence of cancer, the
majority of clinical trials have addressed the treatment of this disease (67.4 %), followed by
monogenic (11.6 %), cardiovascular (5.8 %) and infectious (5.8 %) diseases (Figure 4).” The

different targeted cancers include lung, neurological, skin, hematological and gastrointestinal

tumours.’!

Cancer diseases (67.4 %)
Monogenic diseases (11.6 %)
Cardiovascular diseases (5.8 %)
Infectious diseases (5.8 %)
== Neurological diseases (1.7 %)
Ocular diseases (1.5 %)
Inflammatory diseases (0.5 %)
== Other diseases (2.0 %)
Gene marking (1.5 %)
Healthy volunteers (2.0 %)

Figure 4 | Targeted diseases in gene therapy clinical trials worldwide (adapted).’



After several years of investigation, gene therapy was introduced in the market, with
the approval of several gene therapy products.” Until 2020, EMA (European Medicines
Agency) had approved nine gene therapy products, starting in 2012 with the approval of
Glybera, a recombinant adeno-associated viral vector, for the treatment of lipoprotein lipase
deficiency, followed by Imlygic, in 2015, which uses a genetically modified herpes simplex
viral vector to express a human stimulating factor for advanced melanoma treatment, and
Strimvelis, in 2016, an ex vivo retrovirus-based therapy, for the treatment of adenosine

deaminase-deficient severe combined immune deficiency.

Given the approval of these medicines, gene therapy demonstrated its high potential,
and efforts have been made to apply it to HCC. Numerous preclinical and clinical studies
have shown that gene therapy has a positive outcome for HCC patients, being considered a

promising strategy to substitute or complement the existing treatments.””**

2.1 Molecular targets for HCC gene therapy

Over the past decades, the intensification of mutational analysis in HCC enabled the
identification of molecular alterations that represent potential targets for the development of
effective gene therapy strategies against this disease. These studies showed that most of the
mutations are somatic and occur in tumor suppressor genes or oncogenes.” Some of the
most altered genes in HCC and their main functions are summarized in Table 1. Among
them, p53 and PTEN stand out, since their decreased levels of expression were found to be

a major contribution for HCC development and progression.

Table 1 | Altered tumor suppressor and oncogenes identified in HCC patients.!!,3-38

Gene Main Function Levels of expression in HCC patients
EGFR Growth factor signaling Increased
PIK3CA Proliferation and differentiation Decreased
PTEN Tumor suppressor Decreased
c-myc Proliferation and differentiation Increased
B-Catenin Proliferation and differentiation Increased
p53 Cell cycling Decreased




2.1.1 p53 gene

p53 is an endogenous tumor suppressor gene whose functions are crucial for cell
maintenance.”* After being activated, tumor suppressor protein p53 has the ability to
control cell-cycle arrest, apoptosis, and DNA repair, besides suppressing angiogenesis
(Figure 5).** All of these factors contribute to avoiding cells growth and division, hindering
the carcinogenic process.*** This gene could be activated by multiple forms of cellular stress,
determining the cell's fate, considering the damage extension and the possibility of

reparation.””*

Cell cycle arrest DNA repair

Figure 5 | Main functions of p53 gene (adapted).*

Accordingly, tumor development and progression are closely connected to
alterations in p53 expression. The majority of human cancers present either abnormal p53
gene or disrupted p53 gene activation pathways, and HCC is not an exception.”***” The
presence of abnormal forms of the protein or the absence of p53 expression has been
observed in human HCC-derived cell lines.” In fact, a study* demonstrated that most of
these cell lines present p53 alterations, which suggest that this could be a crucial factor in the
transformation of hepatocytes into the malignant phenotype.” Furthermore, the p53 gene
product mutations were observed in approximately 48% of HCC patients, being associated

to a reduced overall survival rate.”

The possibility of restoring the normal levels of p53 gene product in cancer cells
might be a potential strategy for HCC treatment. This could be achieved through a gene
therapy approach mediated by nanoparticles. For example, Kong ¢# a/. developed a redox-
responsive nanoparticle formulation for the effective delivery of p53-encoding synthetic
mRNA.”" The study demonstrated that synthetic p53-mRNA delivered by NPs delayed the
growth of p53-null HCC cells, by inducing cell cycle arrest and apoptosis. Furthermore,

restoration of p53 levels leads to an increase in sensitivity of tumor cells to everolimus, an
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mTOR inhibitor that failed to show clinical benefits in advanced HCC. It was also observed
that co-targeting of tumor-suppressing p53 and tumorigenic mTOR signaling pathways

results in accentuated antitumor effects 7z vitro and in multiple animal models of HCC.

2.1.2 PTEN gene

Phosphatase and tensin homolog (PTEN) is located on human chromosome 10q23
and was first identified as a tumor suppressor gene in 1997.°>” PTEN is a dual-specificity
phosphatase that presents great ability to dephosphorylate both protein and peptide
substrates at tyrosine, setine and threonine sites.”*” Lipid phosphatase activity of PTEN is
considered the main responsible for its tumor suppressor role since PTEN inhibits
PI3K/AKT signaling pathway (Figure 6).>*”" This pathway is involved in cell survival and
was found to be frequently dysregulated in several cancers, including HCC.”*” PTEN
dephosphorylates PIP3 (Phosphatidylinositol (3,4,5)-trisphosphate), a lipid second
messenger, preventing its membrane recruitment and, therefore, AKT stimulation.”’ In this
case cell death signals are predominant.”” On the contrary, loss of PTEN contributes to the
hyperactivation of AKT, which has been associated with aggressive tumor behaviour.”*”’
Loss of PTEN activity was observed in up to 53% of patients diagnosed with HCC, beyond

this gene is frequently mutated or even deleted in a smaller proportion of patients.'>*'~*
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Figure 6 | Tumor suppressor role of PTEN.%



3 Gene delivery systems

One of the main goals of gene therapy is to correct abnormal gene expression.
Therefore, the identification of the main molecular targets in cancer was a major outbreak
for the development of gene therapy products, which could offer the possibility to modify

26

the expression profile of these frequently altered genes.™ For this purpose, several gene

delivery systems were developed over decades of investigation.

Gene delivery systems are a crucial part of gene therapy.” Contraty to ex vivo gene
therapy, in which cells are removed from the patient's body, cultured and genetically
manipulated outside, and transplanted back into the patients, 7z vivo gene therapy refers to
the direct delivery of genetic material into the patient's body in order to induce a therapeutic
effect (Figure 7). This type of gene therapy takes advantage of the technologies designed to
effectively deliver nucleic acids into the target sites, ensuring their stability during
circulation.”” The liver is a metabolic organ with a complex vasculature and, therefore,
represents a potential target for iz vivo gene therapy. As a result of its sinusoidal endothelium
structure, gene delivery systems could easily be transported from the systemic circulation

into the liver parenchyma.®® These gene delivery systems could be viral or non-viral.**®

In vivo gene therapy Ex vivo gene therapy

Non-viral delivery
system

/\ /’ cells isolated fm

patient
Nanoparticles that can
potentially be used for HCC gene
therapy
cells modified in vitro
. )
Viral delivery .
systems "t D Modified cells injected back
SRR into the patient
Viruses currently being used for
HCC gene therapy

Figure 7 | Types of gene therapy used for HCC treatment.2



3.1 Viral gene delivery systems

include DNA and RNA viruses with single-stranded or double-stranded genomes.®” These
vehicles are used for targeted gene delivery for transient or permanent long-term gene

expression.””® Viral gene delivery vectors have the ability to infect and deliver therapeutic

Viral gene delivery systems have been intensively studied over the past decade and

genes into the target cells' nucleus.®

viruses, herpes simplex viruses, retroviruses, and lentiviruses. Their advantages and

Some of the main groups of the viral vectors are adenoviruses, adeno-associated

disadvantages are presented at Table 2.

Table 2 | Advantages and disadvantages of the main viral vectors.67.69-7!

Viral Vectors

Advantages

Disadvantages

Adeno-associated

Adenoviruses

viruses

Herpes simplex

vituses

Retroviruses

Lentivituses

Broad host range

Strong immunogenicity
Stability of recombinant vectors
Used in several clinical trials
Long-term gene expression
Non-pathogenic
Chromosomal integration
Broad host range

Long-term gene expression
Low toxicity

Large insert capacity
Long-term gene expression
Simple engineering

Low immunogenic

Broad host range

Low toxicity

Long-term gene expression
Strong immunogenicity
Transduces dividing and non-

dividing cells

Humoral and cellular immune

response from high vector doses

Repeated administration could

trigger an immune response

Limited packaging capacity

Possible residual cytotoxicity
High levels of pre-existing

Immunity

Random integration

Transduces only dividing cells

Possible insertional mutagenesis
Packaging constrauct contains

regulatory proteins
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Adenoviruses are the most commonly used viral vectors, mainly because of their
flexibility to be genetically modified.””” These viruses consist of non-enveloped double-
stranded DNA viruses and have a high capacity for genome insertion, being able to carry
therapeutic genes with sizes between 30 and 38 kb.” Several oncolytic adenoviruses have
been engineered since they can selectively replicate into targeted tumor cells, inducing
apoptosis without affecting normal cells.” Bai e /. developed a novel oncolytic adenovirus
containing a Golgi protein promoter and a short hairpin RNA.” Transfection of HCC Huh-
7 cells showed decreased levels of cell viability and increased apoptotic rate, while no effects
were registered in normal human liver cells. In an 7z vivo mouse model, intratumoral injection
of this viral vector resulted in a reduction of tumor volume and weight, and prolonged

survival time.

Likewise, Li e al. constructed a plasmid vector carrying the suicide gene driven by
the alpha-fetoprotein promoter to evaluate the cytotoxicity of herpes simplex virus thymidine
kinase (HSV-tk)/ gancyclovir (GCV) suicide gene system on hepatocarcinoma cells. HSV-tk
can phosphorylate non-toxic GCV, producing phosphorylated products, which can result in
cell apoptosis, contributing to tumor cells death. The study demonstrated that the HSVtk
gene was effectively expressed in HepG2 cells, showing decreased cell viability and increased
cell apoptosis.”* Accordingly, oncolytic virus therapy is considered one of the major

breakthroughs in cancer treatment.”

3.2 Non-viral gene delivery systems

Besides the several advantages of viral gene delivery vectors and the numerous
modifications made aiming to improve their applicability for gene therapy, the use of these
vectors is still limited by side effects and safety issues.””” Therefore, non-viral gene delivery
systems have been increasingly studied, arising as safer systems.”” In addition, non-viral
vectors are associated with lower immunogenic response and higher gene transport
capacity.”” However, these vectors are associated with lower transfection efficiencies and,
therefore, have been engineered in order to overcome this limitation, but also to improve

stability and specificity. "

Contrary to viral vectors, non-viral gene delivery systems are not restricted by the
molecular size of the nucleic acid intended to be delivered, having the ability to deliver large

genetic payloads.””"™” Considering the treatment purpose, several types of nucleic acids
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could be introduced as therapeutic agents using these vectors, such as small interfering RNA
(siRNA), which prevents the translation of oncogenic messenger RNA (mRNA) or nucleic
acids encoding a downregulated tumor suppressor gene or suicide genes, which lead to
cancer cells death.”””® Nanotechnology-based non-viral delivery systems have been

extensively studied for the delivery of these therapeutic agents.”

The term nanotechnology includes all aspects of understanding, manipulating, and
manufacturing matters into nanoscale, typically within the range of 1-100 nm.* A wide
variety of nanocarriers, have been developed with different properties and can be divided
into polymeric, inorganic and lipid-based nanocarriers (Figure 8).°' To choose the most
adequate delivery vector is essential to take into account the properties of the therapeutic

agents, as well as the advantages and limitations associated to each category of nanocarriers
(Table 3).
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Figure 8 | Representation of different non-viral gene delivery systems, divided into polymeric,
inorganic and lipid-based nanocarriers (adapted).8?
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Table 3 | Advantages and disadvantages of the main classes of non-viral gene delivery vectors.®

Non-viral .
Vectors Advantages Disadvantages
e  Precise control of particle
characteristics
Polymeric e  Possibility for aggregation and
. e  Payload flexibility for hydrophilic
nanocarriers toxicity
and hydrophobic cargo
e  Easy surface modification
e  Unique electrical, optical and e Variability in size, structure and
Inorganic
magnetic properties geometry
nanocarriers
e  Suitable for theragnostic applications ~®  Toxicity and solubility limitations
e Simple formulation with different
Lipid-based physicochemical properties
. e Low encapsulation efficiency
nanocarriers e  Payload flexibility

e  High bioavailability

In the context of cancer, nanotechnology can provide a set of tools needed to design
and synthesize delivery vehicles that can carry sufficient payloads and efficiently cross
physiological barriers to reach target sites, allowing a safe, effective and specific delivery.”
Particularly, polymeric nanoparticles (NPs) have shown great potential for controlled and

sustained co-delivery of drugs and genes, due to many unique features of polymers.*’

3.2.1 Polymeric nanoparticles

Polymeric NPs are polymer-based colloidal macromolecules whose sizes are in the
order of nanometres.** These nanocatriers have been widely used in nanomedicine, namely
for targeted drug delivery, sustained release, and as a theragnostic cartier.**® In the context
of cancer, besides chemical drugs, many other therapeutic agents, such as nucleic acids,
proteins, and photosensitizers, can be loaded into polymeric NPs.” These nanocarriers
enable prolonged circulation and targeted delivery of the therapeutic agents, resulting in
higher therapeutic efficacy and reducing adverse side effects due to alterations in the body

distribution.®

The unique properties of polymeric NPs are mainly due to specific characteristics of
the polymers, such as biocompatibility, tunable chemical structure, controllable molecular

weight, and biodegradability. Besides, functional groups could be conjugated for multiple

13



purposes, highlighting targeting. Therefore, the design of these nanocarriers is easily

controlled, making it possible to acquire the desired characteristics.”>*"’

Polymeric NPs could be synthesized through various techniques, such as
emulsification, nanoprecipitation, microfluids and ionic gelation. Each technique results in a
different final product, with different characteristics.*” Depending on morphology,
composition, and physicochemical properties, these nanocarriers are divided into different
sub-classes, such as nanocapsules and nanospheres.™** While the term nanocapsule refers
to cavities surrounded by a polymeric shell, nanospheres consist of systems composed of a
solid matrix. Within these classes could be found polymersomes, micelles and dendrimers,

according to the shape of the nanocarrier.”

3.2.1.1 Polymeric micelles

Micelles consist of polymeric particles formed by amphiphilic block copolymers
(ABCs) with a size range within 5-100 nm and have been widely studied as nano-scaled drug

and gene delivery systems, showing promising results.”

Amphiphilic molecules are composed of hydrophilic and hydrophobic groups, which
present complete opposite polarities and, consequently, exhibit opposite affinities toward a
given solvent. Therefore, polymeric micelles present a hydrophobic inner core, able to
protect drugs from degradation, and a hydrophilic outer shell, which can prevent

opsonization (Figure 9)."

Hydrophilic shell

Hydrophobic part Hydrophilic part
l l Self-assembly
——
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Amphiphilic block copolymer

Hydrophobic core

Polymeric micelle

Figure 9 | Representation of a polymeric micelle formed through the self-assembly of amphiphilic
block copolymers.
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The hydrophobic interior of micelles acts as a pool for non-water soluble drugs.”
The most popular hydrophobic polymers are poly(e-caprolactone) (PCL), poly(nz-butyl
acrylate) (PnBA), polylactide (PLA) and poly(lactic-co-glycolic acid) (PLGA).” Another
hydrophobic polymer that could be used for the production of polymeric micelles is Poly(2-
(diethylamino)ethyl methacrylate (PDEAEMA). This is a pH-responsive polymer, used to
deliver both genes and drugs. pK,of PDEAEMA is 7.2, which means that at physiological
pH the polymer is hydrophobic. However, in acidic conditions, as the endolysosomal
pathway, protonation of amine groups occurs, and the polymer becomes hydrophilic. This
allows disintegration of polymeric micelles produced with PDEAEMA, which is an efficient
way to release the encapsulated drugs.””” The outer shell is often composed of cationic
polymers, that offer the possibility to complex with negatively charged DNA or RNA.”
Examples of cationic polymers that could be used in the production of polymeric micelles
are poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA), poly(8-amino ester) (PBAE)
and Poly(2-aminoethyl methacrylate) (PAMA).”*

One of the main advantages of polymeric micelles is that they can enhance the
solubility of poorly soluble therapeutic agents in aqueous solutions and protect them from
enzymatic degradation or elimination.” This contributes to increased blood circulation times
and improved biodistribution.*” Delivery of anticancer agents in the form of micelles also
ensures reduction in the therapeutic dosage and frequency due to the controlled release

properties, resulting in reduced undesired effects in normal tissues.”

Importantly, micelles can be tailored according to the molecules that are intended to
deliver, altering the molecular weight of the polymer or the chemical structure. These
modifications will affect several properties of the polymeric micelles, and consequently the

therapeutic effect of the loaded anticancer agents.12

However, one of the main advantages of polymeric micelles is the fact that they can
be easily functionalized”, through the conjugation of targeting groups on the surface.””
These groups could be proteins (antibodies), nucleic acids, peptides, or carbohydrates, and
promote active targeting.”””® Therefore, the therapeutic agents encapsulated into the
polymeric micelles could be effectively delivered into the tumor site, without causing adverse
effects to the normal tissues.” This is one of the crucial properties of these nanocarriers that

make them stand out in the field of co-delivery. Co-delivery of chemical drugs and genes

using polymeric micelles can contribute to a synergistic effect, improving the efficacy of
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cancer treatments.”’ Table 4 presents some examples of the use of polymeric micelles to

simultaneously deliver drugs and genetic material to different kinds of cancer cells.

Table 4 | Gene therapy studies involving polymeric micelles for co-delivery of drugs and genes.

Delivered agents

Micelles composition Genetic Cancer type Reference
Drug
material
Hyaluronic acid-based AURKA
amphiphilic conjugate Paclitaxel specific Breast cancer %
(HA-ss-(OA-g-bPEI), HSOP) siRNA
PDMAEMA-PCL-PDMAEMA VEGF Caucasian prostate 100
Paclitaxel
triblock copolymers siRNA adenocarcinoma
mPEG-/-PCL-6-PPEEA PIk1 specific 101
Paclitaxel Breast cancer
triblock copolymers siRNA
Gd-PEGs;,-PCLax and PEIk- 102
Doxorubicin miR-34a Breast cancer
PCLzk copolymers
Polyethylenimine (PEI) modified
yethy (PED) VEGE 103
by grafting stearic Doxorubicin Human hepatoma
siRNA
acid (SA)
MPEG-PCL-g-PEI triblock Msurvivin 104
Doxorubicin Lung cancer
copolymers T34A
Folate-conjugated triblock
Anti-BCL-2 105
copolymer (Fa-PEG-PEI-PCL, Temozolomide Glioma
siRNA
Fa-PEC)
Chitosan-ss-polyethylenimine- 106
Doxorubicin ~ TLR4-siRNA Lung cancer
urocanic acid (CPU)
IL-36y
Lung metastasis and 107
POEG-st-Pmor Doxorubicin expression
breast cancer
plasmid
VEGF 108
PDMA-4-PCL SN-38 Colorectal cancer
siRNA

For example, Xie ¢# al. developed hybrid micelles, based on the amphiphilic diblock
copolymers, polyethylenimine-polycaprolactone (PEI-PCL) and
diethylenetriaminepentaacetic acid gadolinium (III) (Gd-DTPA)-conjugated
polyethyleneglycol-polycaprolactone (Gd-PEG-PCL). These micelles were intended to co-
deliver doxorubicin and microRNA-34a (miR-34a) to breast cancer cells. According to the
obtained results, the generated micelles deliver the therapeutic agents into the cells via

endocytosis. Doxorubicin inhibited cell proliferation, while miR-34a (which expression is
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significantly reduced in MDA-MB-231 breast cancer cells, leads to the downregulation of
Bcl-2, cyclin D1, CDKO0, and Bax expression, consequently inhibiting cell proliferation and
migration. In addition, these micelles showed increased accumulation in tumor tissues,
improving the combined efficiency of the chemotherapy and gene therapy strategies, as well
as magnetic resonance imaging of solid tumors, demonstrating their potential as theragnostic

agents.mz

Polymeric micelles production

Amphiphilic copolymers contain both hydrophilic and hydrophobic segments in the
same macromolecule structure, which leads to a self-assembly behavior since these segments
present opposite affinities in an aqueous solvent."” When these copolymers are dissolved, in
a selective solvent, at a concentration above their critical micelle concentration (CMC), one
part of the copolymer could dissolve more easily than the other part. For this reason,
hydrophobic segments tend to pack together, forming the hydrophobic core, and the
hydrophilic segments tend to exclude each other adjacently for better entropic compensation,

109,110

forming the hydrophilic shell of the polymeric micelles.

Therefore, polymeric micelles can be produced through the self-assembly of
amphiphilic copolymers.'"! Numerous techniques have been developed to produce this type
of nanocarriers, such as emulsification and solvent evaporation (emulsification), double
emulsification and solvent evaporation (double emulsification), nanoprecipitation and film
dispersion.”'”” Table 5 presents the advantages and disadvantages of each technique

mentioned above.

The nanoprecipitation method is the most commonly used to encapsulate
hydrophobic bioactive agents. In this case, occurs a rapid desolvation of the amphiphilic
copolymer and the drug when the solvent is added to the non-solvent. After the elimination
of the organic solvent is usually achieved through evaporation or dialysis. Besides being a
simple method, nanoprecipitation allows the preparation of large quantities of polymeric

nanocartiers.

17



Table 5 | Advantages and disadvantages of different methods to produce polymeric micelles.!?

Method Emulsification Do.uble. Nanoprecipitation Film dispersion
emulsification
Advantages Operation Operation Operation process: Operation
process: process: process:
*  No surfactant
*  Rapid reaction. »id reaction. and emulsifier. * Rapid
NPs features: reaction.
NPs features: *  Large quantities
*  Good stability. _ preparation. *  No surfactant
‘ *  Uniform and emulsifier.
e  Small size. morphology. NPs features:
. . *  Simple
¢  Uniform . Slow—r.elease *  Suitable for operation.
morphology. behavior of encapsulation
the drug. of unstable NPs features:
bioactive
e  Suitable for agents. *  Small size.
hydrophobic/
hydrophilic
bioactive
agents.
Disadvantages Operation Operation Operation process: NPs features:
process: process:

*  Not suitable
for unstable
bioactive
agents.

NPs features:

*  Not suitable
for
encapsulation
of hydrophilic
drug

¢ Complex
operation and
influencing
factors.

¢ Not suitable
for
encapsulation
of unstable
bioactive
agents.

NPs features:

*  Larger average

size.

* Long time-
consuming.

NPs features:

* Inhomogeneous
morphology.

*  Not suitable
for
encapsulation
of hydrophilic
bioactive
agents.

*  Poor stability.

3.2.1.2 Polyplexes

Polyplexes consist of complexes formed through the electrostatic interactions

established between cationic polymers and genetic material.””® These structures are able to

condense a great amount of DNA to a high density, since cationic polymers can embed it in

major grooves, protecting the genetic material from enzymatic degradation.'*'"” These

nanocarriers have been demonstrating their gene delivery potential and proved to be

advantageous mainly because they are made from self-assembling and non-immunogenic

components.'” Additionally, physicochemical properties of these nanosystems could also be
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manipulated in order to enhance cellular uptake, promote endosomal scape and/or facilitate

nuclear import to enhance transgene expression.114

Because of these advantages, several gene therapy studies have been conducted using
polyplexes for cancer treatment (Table 6). For example, Kloeckner ¢ a/. developed PEI-
based polyplexes for gene delivery to hepatocellular carcinoma cells.'” Linear PEI with a
molecular weight of 22 kDa was mixed with various amounts of conjugates composed of
murine epidermal growth factor (EGF), PEG and branched PEI (25kDa). While EGF
protein binds to EGF receptor (EGFR) on the surface of the cells promoting endocytosis,
PEG has the ability to mask polyplex surface charge. DNA complexes were produced using
reporter plasmids. Cells were previously treated with amphiphilic photosensitizers, which
were activated by light after transfection. The activation of these photosensitizers, located
on the membranes of the endocytic vesicles, resulted in the destruction of the endocytic
membrane and, consequently the release of the endocytosed polyplexes into the cytosol. This

resulted in enhanced and specific transgene expression.115

Table 6 | Gene therapy studies involving polyplexes for cancer treatment.

Type of genetic

Polyplexes composition Cancer type Reference
material
mPEG-b-PLA-PHis-ssOEI SIRNA Breast Adenocarcinoma e
four-arm PEO-b-PDEAEMA block
pDNA Neuroblastoma 93
copolymer
Lipid-coated PDMAEMA pDNA Ovarian Carcinoma 117
Melanoma and Breast
PEG-PCD-F copolymer siRNA 118
Cancer
PEI (22kDa) conjugated with EGF-PEG- Hepatocellular
jug pDNA p 115
PEI (25 kDa) Carcinoma
PVTC and POEGMA siRNA Ovarian Carcinoma 115
PEI-PEG-PCP siRNA Prostate Cancer 20
Cholesterol-modified HPMA and NAS
siRNA Glioblastoma 121
copolymers
Arginine-rich oligopeptide-grafted bPEI
& SOPEPUCES DNA and siRNA Breast Cancer 122

modified with PEG
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3.2.1.3 Glycopolymers

Glycopolymers are synthetic polymers containing carbohydrate groups in their
structure, added to the polymers to promote targeting, and have attracted attention due to
their relevance in biomedical applications, such as drug and gene delivery.'""'* Accordingly,
carbohydrate ligands have been widely used to achieve specific delivery to HCC. Lectins are
a group of proteins, which specifically bind to certain sugars, through hydrogen bonding,

van der Waals’ interactions, and hydrophobic stacking at the molecular level.'”

Low toxicity
of these polymers and high expression of these receptors are some of the advantages of
exploiting carbohydrate—receptor interactions. One major receptor responsible for this
specificity is the asialoglycoprotein receptor (ASGPR), belonging to the lectins group, which
is found predominately on the surface of hepatocytes and HCC cells, but minimally on

nonhepatic cells."**

Glycopolymers are able to mimic biological functions of natural
oligosaccharides and glycan in recognition processes involving lectins.'” Some glycoproteins
with sugar groups such as galactose and lactose, as well as the sugar derivatives, lactobionic
acid and galactosamine, can be used as targeting ligand for ASGPR-mediated drug delivery
by following a similar mechanism as the sugar residues. Particularly, the glycoprotein
asialofetuin, which is considered the natural ligand for ASGPR, possesses terminal N-
acetylgalactosamine residues and exhibits high affinity towards this receptor, promoting the

internalization by HCC cells.'*>'*

For example, Li ¢ al. developed galactose-based glycopolymers, poly(N-(prop-2-
enoyl)-B-D-galactopyranosylamine)-b-poly(N-isopropyl acrylamide) (pGal(OH)-b-
pNIPAA), which undergo collaborative assembly with hydrophilic doxorubicin
hydrochloride. The generated nanoparticles presented uniform size and high efficiency in
terms of drug loading and encapsulation. Because they were taken up through an ASGPR-
mediated mechanism, these nanosystems resulted in enhanced cellular uptake by HepG2

cells and high antitumor efficacy 7 vitro.'?’

Glycopolymers can be synthesized by polymerization of a monomer containing
saccharide functionality or by post-functionalization of presynthesized polymer scaffolds.
Controlled polymerization techniques, such as reversible addition-fragmentation chain
transfer (RAFT) and atom transfer radical polymerization (ATRP), allow the preparation of
polymers with low polydispersity and well-controlled molecular weights, besides different
compositions and architectures. Therefore, it is possible to produce adequate polymers
according to the target and the molecules that are intended to load.""
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Compared with other synthetic polymers, glycopolymers stand out because of their
biocompatibility and biodegradability. Moreover, these sugar based-materials are

nonimmunogenic, making them particulatly suitable for 7z vivo therapeutic applications.""

3.2.1.4 Cationic polymers

On the other hand, polycationic polymers have received increased attention in gene
therapy due to their attractive properties. The first cationic polymer used for gene therapy
was Poly-L-lysine (PLL). Together with PEI, these are the cationic polymers most commonly
applied in the field of gene therapy.'"” The chemical structures of these polymers are

presented in Figure 10.

PLL PEI

Figure 10 | Chemical structures of the cationic polymers Poly-L-lysine (PLL) and Polyethylenimine
(PEI).'28

The structure of cationic polymers could be linear, branched, or dendrimeric and, in
opposite to amphiphilic copolymers, do not include hydrophobic groups, making these
polymers completely soluble in an aqueous solution.'">'* On the contrary, includes several
amine groups, which pK, values are above or near physiological pH, making them positively
charged compounds. Therefore, these polymers could electrostatically interact with
negatively charged genetic material, forming the polyplexes. Examples of polymers that
proved to be effective for transport and delivery of genetic material are PDMAEMA, PBAE
and PAMA, whose chemical structures are presented in Figure 11" PDMAEMA is a dual-
responsive polymer (temperature and pH)™, while PBAE stands out because of its
biodegradability and biocompatibility.” In the case of PAMA, this polymer was found to
promote high transfection efficiency, due to its longer polymer chains, since they lead to

higher levels of cellular internalization."”
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Figure 11 | Chemical structures of the cationic polymers Poly(2-(dimethylamino)ethyl
methacrylate) (PDMAEMA), Poly(3-amino ester) (PBAE) and Poly(2-aminoethyl methacrylate)
(PAMA).

3.2.2 Cellular uptake and intracellular route

Given the fact that for gene therapy to occur, nucleic acids need to penetrate the
target cells, it becomes clear that internalization is one of the cellular obstacles that
nanocartiers must overcome (Figure 12).'"” Along the entire route from the injection point
to the target cells, nanocarriers should present low toxicity, preventing adverse side effects,
and the ability to avoid elimination by the immune system. Besides, the encapsulated genetic
material must be kept stable and protected from enzymatic degradation, so it is possible to
achieve the desired effect.'®"” Understanding the mechanisms undetlying cellular uptake
and intracellular trafficking is crucial to achieve adequate nanocarriers for a certain purpose,

by tuning their physicochemical properties."!

Endocytosis is the main uptake process in cells. Besides nutrients and other
substances, most nanocartiers are also thought to be taken up by this mechanism, which can
be divided into phagocytosis and pinocytosis.'” Phagocytosis is the most common process
for the uptake of large particles, but can only take place in professional phagocytes, such as
monocytes, macrophages, neutrophils and dendritic cells, or other cells with lower
phagocytic activity, such as fibroblasts, endothelial and epithelial cells. Contrary to
phagocytosis, pinocytosis can be performed by neatly all cells and includes clathrin-mediated
endocytosis, caveolae-mediated endocytosis, clathrin/caveolae-independent endocytosis and

macropinocytosis.''*'*

Clathrin-mediated endocytosis is believed to be the main process for the polymeric
micelles cellular uptake."”” This pathway takes advantage of the highly expressed surface
receptors on cancer cells, which form ligand-receptor complexes on the surface of the

cellular membrane.”®'” These complexes further move to clathrin rich sites and are engulfed
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through the formation of clathrin-coated vesicles, which detach from the complexes once
they are inside the cell."”” After attaching to the specific receptors, ligands can mediate the
accumulation of the nanosystems inside the tumor site, which increases the cytotoxicity in

these tissues and reduces the delivery of the payloads to normal tissues.”

Cellular uptake of polyplexes also involves endocytosis, which is promoted by the
interactions between the cationic surface charge and the anionic cell-surface
proteoglycans.'>"* These electrostatic and non-specific interactions promote internalization
through adsorptive endocytosis.*'** The successful internalization depends on the cell type
and the polymer used. However, it has been reported that this process not only involves the
electrostatic binding of the nanocarrier to the cellular membrane but also the aid of syndecan
molecules.">""*"* These molecules are transmembrane proteins that form a cluster and
trigger protein kinase C. This results in the actin-binding to the cytoplasmic tail of the

syndecan molecule, following polyplex engulfment.'"*

When these nanocarriers possess ligands that bind to ASGPR, the interactions
between the ligands and the receptor take place in clathrin-coated vesicles of the membrane.

This means that these nanocarriers are internalized via clathrin-mediated endocytosis.'**

Once inside the cell, both nanosystems are targeted to degradative lysosomes. First,
they will be transported into early endosomes (pH ~ 06), which takes the cargo to the target
sites, losing part of it to the plasma membrane via recycling endosomes. Early endosomes
further mature into late endosomes (pH ~ 5), which will fuse with prelysosomal vesicles to
form lysosomes. Lysosomes have an acidic (pH ~ 4-5) and enzyme-rich environment to
promote degradation. In the case of polymeric micelles, this microenvironment could be
utilized to release the drug after degradation of the carrier, but only when the drugs are stable
under these harsh conditions.""” Several strategies have been engineered to promote the
dissociation of these nanosystems. For example, some polymers could be degraded by
responding to intracellular stimuli, such as pH, temperature or light."”* In the case of
polyplexes, the pH decrease along the endolysosomal pathway leads to the successive
protonation of the polymer amine groups, depending on their pKa.'” This increases the
influx of chloride ions and water, resulting in vesicle swelling, consisting of the so-called
“proton sponge effect”. This process was initially believed to induce the rupture of the
vesicles and release of polyplexes content into the cytosol. More recently, this process of
endolysosomal escape has been associated to a direct destabilization of the phospholipid

membrane, caused by the pH-triggered increase of cationic charge density.'">'”
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Figure 12 | Extracellular and intracellular barriers for the effective delivery of genetic material into
target cells (adapted).!3

After avoiding lysosomal degradation, the released genetic material needs to enter the
cell nucleus. It has been reported that DNA enters the nucleus in a passive manner, when
the nuclear membrane is disassembled during the process of cell division, or via active
transport through the nuclear pores. This culminates in the genetic material expression and

the obtention of the pretended therapeutic effect.™
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4 Aim of the present work

Hepatocellular Carcinoma is considered a major health problem and represents the
fourth leading cause of cancer-related deaths worldwide. The existing treatment options
include surgical modalities, which are often discarded due to advanced stage of the disease
and reduced liver function, and systemic chemotherapy, which do not represent a long-term

benefit and is always accompanied by undesired side effects.

On the other hand, gene therapy has been demonstrating its potential for the
treatment of several diseases. The application of gene therapy in the clinical field takes
advantage of the development of gene delivery systems. Among the different vectors, non-
viral gene delivery systems arise as safer systems and, particularly, polymeric nanocarriers
have been standing out because they enable prolonged circulation and targeted delivery of

the therapeutic agents.

Taking this into account, the main purpose of this work was to develop a new
polymer-based nanosystem able to effectively deliver genetic material into hepatocellular
carcinoma cells, in a specific manner. Copolymers used for the preparation of the
nanosystems were synthesized through a controlled polymerization method, which offers
the possibility to obtain polymers with well-defined properties. Different polymeric
nanocarriers were developed, extensively characterized, and evaluated as gene delivery
systems to HCC cells. Moreover, some strategies to improve transgene expression were

applied, with the final objective of developing a therapeutic approach for HCC treatment.
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Chapter 2
Materials and Methods

1 Synthesis of the glycopolymers

The glycopolymers used to prepare the different nanosystems were previously
synthesized in the Polymer Synthesis and Characterization group, PolySyc, at the Chemical
Engineering Department of FCTUC. The synthesis process followed an atom transfer radical
polymerization (ATRP) method and then the molecular weight parameters were measured

through nuclear magnetic resonance spectroscopy (‘"H RMN).

2 Preparation of polymeric micelles and micelleplexes

Polymeric micelles were produced through the nanoprecipitation method, using two
amphiphilic glycopolymers, PAMA p3-co-PLAMA19-0-PDEAEMA¢;  (Polymer 1) and
PAMAso-co-PLAMA10--PDEAEMA s (Polymer 2). Briefly, these glycopolymers were
dissolved in the organic solvent, TFE (trifluoroethanol) (Fisher Scientific, NH, USA), for
one hour at 30°C, and then, were added dropwise to carbonate buffer pH 10. This solution
was kept under stirring for 30 minutes, at 30°C. Afterwards, the organic solvent was removed
using the rotary evaporator and the colloidal solution was left in dialysis, overnight, against
water.

These polymeric micelles were used to produce micelleplexes according to the
pretended polymer/DNA (N/P, +/-) chatge ratio. For this purpose, 1 pug of the genetic
material, a plasmid that codes for luciferase, pLUC, was added to the micelles colloidal
solution, followed by a 15 minutes incubation at room temperature. Micelleplexes were

immediately used after preparation.

3 Preparation of sorafenib-loaded micelles

As polymeric micelles are intended to be used for drug delivery, sorafenib was loaded
into the micelles produced as described above. In parallel with the dissolution of the

glycopolymers, 1 mg of sorafenib was dissolved in TFE, in the same conditions, and the
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solutions were mixed. The final solution was kept under stirring for 2 hours, at 30°C. After
that, the same procedure as described to produce empty micelles was followed.

In order to determine loading efficiency and loading capacity, the loaded micelles
were lyophilized overnight. These parameters were calculated using a calibration curve of
absorbance based on the concentrations of free sorafenib in TFE, through the formulas
presented below.

Weight of the drug in nanoparticles

. .. o) —
Loading ef ficiency (%) Weight of the feeding drugs * 100

) ) Weight of the drug in nanoparticles
Loading capacity (%) = Weight of the nanoparticles x 100

4 Preparation of polymer-DNA complexes

To produce polymer-DNA complexes, the so-called polyplexes, the polymer
PAMA73-co-PLAMA,; (Polymer 3) was used. This polymer was dissolved in water at pH 3
and 1 ug of pLLUC was added, in slow and circular motions, to the desired amount of polymer
according to the required polymer/DNA (N/P, +/-) charge ratio. The mixture was

incubated at room temperature, for 15 minutes, and polyplexes were used immediately after.

5 Physicochemical characterization
5.1 Dynamic light scattering and { potential analysis

Dynamic light scattering (DLS) measurements were performed in Zetasizer Nano-
ZS (Malvern Instruments Ltd., UK). The particle size distribution (in intensity) and average
hydrodynamic particle size average were both determined with Zetasizer 7.02 software.
Measurements were made at 25 °C and a backward scattering angle of 173°.

The same equipment, Zetasizer Nano-ZS (Malvern Instruments Ltd., UK), coupled
to laser Doppler electrophoresis, was also used to measure { potential. Polyplexes were

prepared immediately before analysis.

5.2  Agarose gel electrophoresis

The evaluation of the condensation degree of the DNA into the polymeric

nanosystems was performed using agarose gel electrophoresis. The gel was prepared using
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1% (m/v) of agarose in TBE solution and allowed to polymerize before the addition of the
nanosystems. Nanosystems were prepared using 1 pg of pLUC at the indicated
polymer/DNA N/P ratios.

For polyplexes, the evaluation of the resistance to DNase I action was performed in
parallel. The samples were mixed with 10 units of the enzyme, followed by a 10-minute
incubation, at 37 "C. Free plasmid DNA was used as a control. All samples were placed in
the gel immediately after preparation and the electrophoresis was set to 45 minutes at 80 mV.

Samples visualization took place in a GelDoc system (BioRad, USA).

6 Cell culture

The cytotoxicity and biological activity of the different nanosystems were evaluated
in various human hepatocellular carcinoma cell lines: HepG2, Hep3B and Huh-7. These cells
were maintained at 37 “C, under 5% CO., in Dulbecco's modified Eagle's medium (DMEM)
(Sigma—Aldrich, MO, USA) supplemented with 10% (v/v) heat-inactivated fetal bovine
sertum (FBS) (Sigma—Aldrich, MO, USA), penicillin (100 U/ml) and streptomycin (100
mg/ml). Cells were grown in a monolayer and wetre detached by treatment with trypsin

solution (Sigma, St. Louis, MO), two times per week, for sub-cultivation purposes.

7 Transfection activity

To evaluate transfection activity of the polymeric micelles, micelleplexes and
sorafenib-loaded micelles, HepG2 cells (8 x 10* cells/well), at approximately 70%
confluence, were seeded onto 48-well culture plates, 24 hours before the addition of
nanosystems. In the case of polyplexes, three cell lines were used, HepG2 (4,5 x 10°
cells/well), Hep3B (2,5 x 10* cells/well) and Huh-7 (2,5 X 10* cells/well), also at 70%
confluence, that were seeded onto 48-well culture plates, 48 hours before the addition of
polyplexes.

After the addition of the different nanosystems, cells were incubated for 4 hours, at
37 °C, in 5% CO; and then the incubation medium was replaced by DMEM containing 10%
(v/v) FBS and antibiotics. Cells were further incubated again for 48 hours to allow

internalization and gene expression.
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After this period, biological activity was determined by luminescence 48 hours post-
transfection with the different nanosystems containing 1 ug of pLUC, used as a reporter
gene. Briefly, cells were washed twice with phosphate-buffered saline solution (PBS) and 100
uL of lysis buffer were added to each well. The plates were frozen for at least 10 minutes, to
promote lysis, and after that the content of each well was transferred to identified
eppendorfs, followed by centrifugation for 5 minutes, at 10 000 rpm. The quantification of
luciferase expression in the cell lysates was using a SPECTRAmax iD3 luminometer
(Molecular Devices, USA). During the measurement, the equipment injects luciferin and
ATP into each well. The luciferase gene encodes a 61-kDa enzyme that oxidizes luciferin in
the presence of ATP, yielding a fluorescent product, oxyluciferin, that can be quantified by
measuring the released light, at 560 nm (Figure 13). Then it is possible to correlate the
quantity of release light with the quantity of luciferase, by quantifying the protein of the
lysates, using bovine serum albumin (BSA) as a standard, by the DC Protein Assay kit
(Biorad, CA, USA). Results are expressed as relative light units (RLU) of luciferase per mg

of total cell protein.
o]
i Luciferase o s N °
) /N . > > </ j/ +
N/> <s TATP 7 . (560nm)

Luciferin Oxyluciferin

Figure 13 | Reaction catalyzed by luciferase.

8 Cell viability

Cell viability under different experimental conditions was assessed by the Alamar
Blue Assay, 48 hours after transfection, performed as described above. Cells were incubated
at 37 °C with 0.3 mL of DMEM containing 10% (v/v) of Alamar Blue dye, from a 0.1
mg/mlL stock solution. This blue dye, called resazurin, is reduced by mitochondrial and
cytoplasmic enzymes, present in metabolically active cells, turning into a fluorescent pink
product, resorufin.

After observing the color exchange in the untreated control cells, the assay was
stopped, meaning that 180 uL of each well was transferred to a transparent 96-well plate, and
absorbance was measured, at 570 and 600 nm, using a SPECTRAmax PLUS 384

spectrophotometer (Molecular Devices, USA). Cell viability for each condition was
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calculated, as a percentage of untreated control cells, according to the formula presented
below.

Lo (As79 — Agoo) Of treated cells
9 = X
Cell viability (% of control) (A — Agog) of control cells 100

9 Transfection efficiency

In order to evaluate the transfection efficiency of the generated polyplexes, the green
fluorescent protein (GFP) expression was assessed by flow cytometry. Briefly, Huh-7 cells
(1 X 10° per well in 4 mL. of DMEM) wete seeded on 12-well plates, and 48 hours later,
polyplexes corresponding to 4 pg of plasmid encoding GFP (pGFP) per well were added to
the cells. After 4 hours of incubation (at 37 °C, 5% COy), the transfection medium was
replaced by DMEM containing 10% (v/v) FBS and antibiotics, followed by incubation for
48 hours.

After, cells were washed twice with PBS and trypsin was used to detach them,
following incubation for approximately 2 minutes, at 37 “C. Then, to inhibit trypsin action,
avoiding toxicity, culture medium was added and the content of each well was transferred to
cytometry tubes, followed by centrifugation, at 950 rpm, for 5 minutes, at 4 °C.
Centrifugation was repeated twice, washing the pellets with PBS. At last, cells were
resuspended in PBS and kept at 4 °C, until measurement, using FACSCalibur flow cytometer
(Becton Dickinson, Franklin Lakes, NJ, USA). Live cells were gated by forward/side
scattering from a total of 20 000 events, and data were analyzed using FlowJo software.

The transfection activity of the generated nanosystems was evaluated qualitatively by
fluorescence microscopy. For that purpose, polyplexes were prepared with pGFP, at 40/1
N/P ratio. Huh-7 cells (6,5 X 10* per well in 2 mI. of DMEM) were seeded onto 24-well
plates containing coverslips and, 48 hours later, the polyplexes were added. After incubation,
for 4 hours (at 37 °C, 5% CO,), the transfection medium was replaced by new culture
medium, followed by another incubation for 48 hours. After, cells were washed twice with
PBS and fixed with 4% paraformaldehyde solution, for 15 minutes, at room temperature,
under stirring. After washing again with PBS, cells were mounted in Fluoroshield and images
were taken in Zeiss LSM 510 Meta microscope (Zeiss, Gottingen, Germany) with Plan-

Apochromat 63X /1.4 oil DIC M27 objective at excitation wavelength of 488 nm for GFP
(green).
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10 Cellular uptake and intracellular distribution of the polyplexes

Cellular uptake and intracellular distribution of the polyplexes, containing 2% of the
fluorescein-labelled polymer and prepared at 40/1 N /P ratio, was assessed through confocal
laser scanning microscopy (CLSM). Huh-7 cells were seeded in 12-well culture plates (6,5 X
10* cells per well in 4 mL of DMEM) 48 hours before the addition of polyplexes. Cells wete
incubated with the nanosystems (at 37 °C, 5% COy), for 4 hours. Then, the transfection
medium was removed, cells were washed twice with PBS and incubated for 30 minutes with
200 nM of Lysotrack Red, which presents the ability to label acidic compartments of living
cells. Cells were washed once again with PBS and fixed with 4% paraformaldehyde solution,
for 15 minutes, at room temperature, under stirring. Nuclei labelling was achieved through
5 minutes of incubation with the fluorescent DNA binding dye DAPI (1 pg/mL). Cells were
mounted in Fluoroshield and images were taken in Zeiss LSM 510 Meta microscope (Zeiss,
Gottingen, Germany) with Plan-Apochromat 63X /1.4 oil DIC M27 objective at excitation
wavelengths of 405 nm for DAPI (blue), 488 nm for FITC (green), and 561 nm for Lysotrack
(red).
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Chapter 3

Results and Discussion

In this chapter, it is presented and discussed the results obtained during the present
work. With the aim of producing a novel polymeric nanosystem able to effectively and
specifically deliver genetic material to hepatocarcinoma cells, new copolymers containing
pLAMA, Poly(lactobion-amidoethyl methacrylate), were developed in order to target a
receptor overexpressed on the surface of these cells. Therefore, the first main section of this
chapter refers to the ability of polymeric micelles, produced with amphiphilic glycopolymers,
to co-deliver drugs and genes in HCC cells. In the following section, the ability of polyplexes,
produced with a cationic glycopolymer, to deliver genetic material in different
hepatocarcinoma cell lines was evaluated. Additionally, the implementation of a strategy to
improve the transfection activity of the formed polyplexes was also investigated. In the last
section of this chapter, it was analyzed the potential of the generated polyplexes to mediate

a therapeutic approach for HCC treatment.

1 Polymeric micelles for co-delivery of drugs and genes

1.1 Polymeric micelles production and physicochemical characterization

Initially, polymeric micelles were produced using two amphiphilic glycopolymers,
PAMA 03-co-PLAMA 1o-0-PDEAEMA; and PAMAs-co-PLAMA,0-0-PDEAEMA ¢, which
were coded as Polymer 1 and Polymer 2, respectively, for simplification purposes. These
polymers were previously synthesized following an ARGET ATRP method, and their
molecular weight parameters and chemical structure are presented in Table 7 and Figure
14, respectively. This method allows the obtention of the most adequate polymers according
to the type of nanosystems that are intended to produce, since it is possible to control the
final characteristics of the polymers, such as molecular weight, composition, and

architecture.!!

Both polymers are composed of a monomer containing galactose, obtained from
lactobionic acid, LAMA (Lactobion-amidoethyl methacrylate). Since PLAMA contains this

sugar group, it will be able to bind to ASGPR, which was found to be overexpressed on the
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surface of hepatocarcinoma cells, allowing the specific targeting of these cells.'**"”” On the
other hand, PAMA is a cationic polymer, which allows the complexation/ condensation of
genetic material and whose long polymer chains were found to potentiate transfection
efficiency, due to higher levels of cellular internalization and nuclear uptake of DNA
plasmid.”*"" Along with PLLAMA, this polymer form the hydrophilic part of polymeric
micelles, consisting of the outer shell. The hydrophobic part of the glycopolymer is
composed of PDEAEMA, which constitutes the core of the micelles, in which it is possible
to encapsulate hydrophobic drugs. PDEAEMA is a pH-responsive polymer and presents a
pK. of 7.2, which means that in acidic conditions, as in the endocytic pathway, protonation
makes the polymer hydrophilic. This fact promotes the disintegration of the polymeric

micelles and, therefore, contributes to the specific release of their content.”

Table 7 | Molecular weight parameters of PAMA-co-PLAMA-bh-PDEAEMA glycopolymers.

Glycopolymer Mn® x 103  MnSEC x 103

Composition architecture (g/mol) (g/mol) b Code
PAMA103- CO—PLAMAlg- b-

PDEAEMAg Random-block 37.9 34.4 1.2 Polymer 1
P sr-co-P 10-b- Random-block 16.1 * * Polymer 2

PDEAEMA;4
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Figure 14 | Chemical structure of PAMA-co-PLAMA-b-PDEAEMA glycopolymers.

Polymeric micelles were produced using both polymers, as described in “Materials
and Methods” chapter. After, these micelles were characterized through DLS, which
provides the values for the hydrodynamic diameter and respective polydispersity index, and

in terms of zeta potential. The obtained results are presented in Table 8. Hydrodynamic
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diameter refers to the size of the polymeric micelles and was about 70 nm for both
formulations. Both polymers originated polymeric micelles with reduced polydispersity, as
could be confirmed in the size distribution by intensity presented in Figure 15. Zeta
potential, which refers to the surface charge of the nanosystems, was positive for both micelle
formulations. The positive charge of the formed micelles is advantageous not only to
electrostatically bind negatively charged genetic material but could also promote

internalization through the electrostatic interaction between these nanosystems and cellular

membranes.”

Table 8 | Characterization of polymeric Micelles 1 and Micelles 2 through DLS. Results cortespond to
the medium value of 3 independent measurements.

Hydrodynamic  Polydispersity = Zeta potential
Code Polymer diameter (nm) index (mV)
. PAMA p3-co-PLAMA 9- b-
Micelles 1 PDEAEMAg 73,42 0,184 + 11,2
. PAMAso- CO-PLAMA10-b—
Micelles 2 PDEAEMA 61,19 0,216 + 283

Intensity (Percent)

1000 10000
Size (d.nm)

Intensity (Percent)

1000 10000
Size (d.nm)

Figure 15 | Size distribution by intensity. a) Polymeric Micelles 1. b) Polymeric Micelles 2. The different
lines correspond to 3 independent measurements.
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Polymer 2 presents a smaller hydrophilic block and, therefore, it could be expected
that the surface charge would be inferior for Micelles 2, comparing to Micelles 1. However,
the opposite was observed. This could be not only due to a rearrangement of the molecules
inside the polymeric micelle but also to the hydrophobic/hydrophilic ratio. This ratio is
30/70 for Polymer 1 and 20/80 for Polymer 2, meaning that Polymer 2 presents a higher
proportion of hydrophilic segments than Polymer 1, which could explain the superior zeta
potential in Micelles 2. Besides, Polymer 1 contains more PLAMA monomers and,
consequently, more sugar groups, which could mask positive charge and justify the inferior

zeta potential.

1.2 Micelleplexes physicochemical characterization

Since polymeric micelles were intended to be used for gene delivery, micelleplexes
were produced as described in “Materials and Methods”, using Micelles 1. A plasmid
encoding for luciferase (pLUC) was complexed with the micelles, at different polymer/DNA
N/P charge ratios.

These nanosystems were characterized through DLS and the obtained results show
a hydrodynamic diameter between 150 and 200 nm, which is within what was expected for
this type of nanosystems (Figure 16 a). A size increase was registered compared to empty
micelles, which indicates that, in fact, genetic material was complexed. In terms of zeta
potential, no obvious alterations were observed compared to empty micelles and the
measurements indicated a positively charged sutface that was around 15 mV for all N/P

charge ratios (Figure 16 b).

The condensation and protection of the genetic material by the nanoparticle was as
well evaluated, using electrophoresis in agarose gel (Figure 16 c¢) and a GreenSafe assay
(Figure 16 d), respectively. The agarose gel showed no migration of the DNA complexed
by the micelles, independently of the charge ratio, demonstrating that the condensation of
the genetic material successfully occurred. On the other hand, results from the GreenSafe
assay showed that probe access occurred solely for superior ratios (50/1, 75/1, and 100/1),
increasing with the increase of polymer quantity. It is unlikely that the observed fluorescence
is the result of the intercalation of GreenSafe with the DNA encapsulated into the
micelleplexes, and this could be confirmed with the results of the electrophoresis in agarose
gel. This fact could be due to an interaction between the probe and the polymer, causing an
increase of fluorescence in agreement with the increase of the amount of polymer. In any
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case, even considering the observed GreenSafe access to DNA, it is possible to state that the

genetic material was condensed and protected by the formed micelles.
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Figure 16 | Size and associated polydispersity (a), zeta potential (b), agarose gel electrophoresis (c),
and GreenSafe access (d) to DNA of Micelleplexes 1. The micelleplexes were prepared with 1 ug of
pLUC at the indicated polymer/DNA N/P ratios. Hydrodynamic diameter is expressed in nanometers (mean
+ SEM, n=3) and zeta potential in mV (mean £ SEM, n=3). The hydrodynamic diameter graph shows the
associated polydispersity for each value.

1.3 Evaluation of micelleplexes cytotoxicity

To apply the developed nanosystems in gene therapy the evaluation of their safety
and toxicity is crucial. Despite it has been reported that the electrostatic interactions,
established between the cationic surface of nanosystems and the anionic cell surface, can
promote the internalization of cationic polymeric-based gene delivery systems, these
interactions with cell membranes or intracellular organelles could also cause cytotoxicity,

which often limits these nanosystems 7 v7vo application."

Accordingly, the cytotoxicity of Micelleplexes 1 and 2, prepared at different
polymer/DNA N/P ratios, was evaluated in HepG2 cells by the Alamar blue assay. For the
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ratios 5/1 and 10/1, promising results were obtained, the values for cell viability being above
90%. However, the results showed that cell viability decreased along with the increase of the
N/P ratio and, for the highest ones, cell viability is around 60% or below (Figure 17 a).
Several studies have been shown that cationic polymeric based-gene delivery systems strongly
interact with cellular membranes, causing a structural destabilization.'”"” Accordingly, for
superior N/P charge ratios, it can be stated that the registered cytotoxicity is due to the
destabilization of cytoplasmatic membranes caused by the addition of higher quantities of

polymer to the cells.
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Figure 17 | Viability of HepG2 cells in the presence of Micelleplexes 1 and 2 (a), and Empty micelles
1 and 2 (b). The micelleplexes were prepared with 1 pg of pLUC at the indicated polymer/DNA N/P ratios.
The concentrations of polymer used in Empty micelles 1 and 2 correspond to the amounts used to produce
Micelleplexes 1 and 2 at 25/1, 35/1 and 50/1 chatge ratios. Cell viability is expressed as a percentage of
untreated control cells (mean + SEM, obtained from triplicates) and was measured through the Alamar blue
assay. The results are representative of 3 independent experiments.
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To determine if the registered toxicity was related to the nanosystem by itself, empty
micelles were also incubated with cells, using polymer concentrations corresponding to the
ratios 25/1, 35/1, and 50/1 of the micelleplexes (Figute 17 b). The obtained results showed
superior values of cell viability registered with empty micelles, compared to that observed
with micelleplexes in the respective ratio, particularly using Polymer 2, demonstrating the
biocompatibility of this formulation. The cytotoxicity profile of the empty micelles is
different for the two polymers. A proportionality relationship between the high molecular
weight of cationic polymers and their toxicity to the cells has been reported.'*’ Taking this
into account and knowing that the molecular weight of Polymer 1 is more than the double

of Polymer 2, it was confirmed the expected higher cytotoxicity of Micelles 1.

1.4 Evaluation of micelleplexes transfection activity

In addition to the safety and non-toxic characteristics of nanosystems, it is essential
that they effectively deliver the genetic material in the target cells, in order to achieve a
therapeutic effect. Accordingly, transfection activity of Micelleplexes 1 and 2 was evaluated,
for different N/P ratios, using a plasmid encoding for luciferase. The transgene expression
on HepG2 cells was measured following a luminescence assay. The obtained results showed
that none of the micelleplexes formulations present significant transfection activity, being
practically null compared to the commercial control, PEI (Figure 18 a). However, since the
DNA plasmid is complexed (Figure 16), the absence of signal is possibly due to the inability
of the plasmid to be released from the nanosystem, making it impossible to be expressed.
Furthermore, the cationic polymeric based-gene delivery systems can cause a structural
destabilization of cytoplasmatic membranes, resulting in higher levels of cytotoxicity. This
could also affect the metabolic capacity of the cells, leading to lower levels of transfection

activity."”

Given these results, polyplexes were produced using the same polymers and the
luminescence assay was performed with those nanosystems. Nevertheless, no luciferase
expression was registered, confirming that neither micelleplexes nor polyplexes present

biological activity (Figure 18 b).
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Figure 18 | Luciferase gene expression in HepG2 cells transfected with Micelleplexes 1 and 2 (a) and
Polyplexes 1 and 2 (b). The micelleplexes and polyplexes were prepared with 1 ug of pLLUC at the indicated
polymer/DNA N/P ratios. Levels of gene expression are expressed as RLU of luciferase petr mg of total cell
protein (mean £ SEM, obtained from triplicates) and was determined as described in “Materials and
Methods”. The results are representative of 3 independent experiments.

1.5 Polymeric micelles for sorafenib delivery

As previously mentioned, polymeric micelles could be used for drug delivery since
their hydrophobic core can be used to encapsulate hydrophobic agents, protecting them,
avoiding their degradation, and transporting them from the injection site to the target cells.
Therefore, sorafenib, a first-line drug used for HCC treatment, was encapsulated into
Micelles 2, produced with the polymer PAMAsy-co-PLAMAo-b-PDEAEMA 6. These
micelles were chosen due to their lower levels of toxicity, comparing to Micelles 1. The new
nanosystems were physicochemically characterized through DLS and the results showed a
slight increase of approximately 10 nm in the hydrodynamic diameter, compared to empty
micelles (Table 9). This suggests that the drug encapsulation had no obvious effect on the
self-assembly of the polymer when micelles were produced. In terms of zeta potential, it was

observed a decrease comparing to empty micelles.
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Table 9 | Characterization of sorafenib-loaded polymeric Micelles 2. Hydrodynamic diameter is
expressed in nanometers (mean £ SEM, n=3) and zeta potential in mV (mean = SEM, n=3).

Hydrodynamic
diameter (nm)

Zeta potential

Code Polymer (mV)

Polydispersity

PAMAso- CO-PLAMAm- b-

Micelles SF PDEAEMA

82.68 0,193 - 14.00

After lyophilization of the micelles containing sorafenib, micelles were dissolved in

TFE and a calibration curve depending on the concentration of the drug in the same organic
solvent was constructed. Based on this, the loading efficiency and loading capacity were
determined (Table 10). The results for loading capacity reported in the literature with
micelles are usually below 10 %, given the limited encapsulation capacity of this type of
nanosystems.'"'”” Therefore, the obtained value for loading capacity, 4 %, was in agreement
with the expected.

Table 10 | Capacity and efficiency of loading of sorafenib into polymeric Micelles 2. Sorafenib

concentration into micelles was calculated after lyophilization and is expressed in mg of drug per mL of

organic solvent. Loading efficiency and loading capacity were calculated as described in “Materials and
Methods” and are expressed in percentage.

Cod SF concentration Loading efficiency Loading capacity
ode (mg/mL) (%) (%)
Micelles SF 0.50 15.00 4.00

To evaluate the cytotoxicity of the micelles an Alamar blue assay was performed.
These nanosystems were added to HepG2 cells, as well as the free drug, in order to obtain
final concentrations of 1, 5, and 10 uM of the drug. Empty micelles were also used as control
in order to obtain the same concentration of polymer used with Micelles SF. It was observed
that the levels of toxicity of these new nanosystems, prepared with or without drug, were
effectively higher than the levels produced by the free drug (Figure 19). In fact, when
comparing the results using micelles loaded with sorafenib and empty micelles, it can be
observed similar levels of cytotoxicity, which means that the concentration of polymer added
to the cells was extremely elevated, resulting in lower levels of cell viability. Overall, the
obtained results showed the limitations of these nanosystems that further restrict their

application for drug delivery purposes.
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Figure 19 | Effect of Sorafenib concentration and amount of micelles on the viability of HepG2 cells.
Micelles SF were produced as described in “Materials and Methods” using 1 mg of Sorafenib. The
appropriate concentration of Micelles SF was used so that the final concentration of the drug was the
indicated (1, 5, and 10 pM). As control, free sorafenib at the indicated concentrations and Empty micelles
were used. Empty micelles were used in the same concentrations as Micelles SF. Cell viability is expressed as a
percentage of untreated control cells (mean £ SEM, obtained from triplicates) and was measured through an
Alamar blue assay.
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2 Polyplexes for gene delivery

The results presented in the previous section, regarding the development and
production of polymeric micelles for the co-delivery of drugs and genes, showed a major
limitation of these nanosystems, their cytotoxicity. It has been reported that hydrophobic
polymers, such as PDEAEMA, usually present high electropositivity, because of the
existence of amine groups, tresulting in increased toxicity."" However, the monomers
constituting the hydrophilic part of the glycopolymers used to produce the polymeric
micelles, AMA and LAMA, have been involved in studies showing promising results in the
field of gene delivery. AMA is a cationic monomer that has been used for the production of
polyplexes showing a high transfection efficiency, which was found to be directly related to
the polymer chain length.”® On the other hand LAMA is a carbohydrate monomer with the
ability to promote targeting to the hepatocytes, through the binding to the ASGPR, resulting
in the specific delivery of the nanosystems content.'” Additionally, this type of monomers
can contribute to the increase of hydrophilicity, resulting in highly biocompatible

nanosystems.m

2.1 Polyplexes production and physicochemical characterization

Taking this into account, polyplexes were produced using a new glycopolymer,
PAMA73-co-PLAMA, coded as Polymer 3. This polymer contains the cationic monomert,
AMA, and the carbohydrate monomer, LAMA, abdicating from the hydrophobic part
present in the previously used polymers (Table 11).

Table 11 | Molecular weight parameters of PAMA73-co-PLAMA;; glycopolymer.

Glycopolymer Mn® x 103  MnSEC x 103

architecture (g/mol) (g/mol) b Code

Composition

PAMA73-co-PLAMA; Random 22.0 19.8 1.30 Polymer 3

Polyplexes were produced at different polymer/DNA N/P charge ratios, following
the procedure described in “Materials and Methods” chapter. These nanosystems were
characterized through DLS and laser doppler electrophoresis, and the values obtained for

hydrodynamic diameter and zeta potential, respectively, are presented in Figure 20.
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Polyplexes diameter is around 150 nm, and no obvious differences were registered
between ratios. The surface charge is near +40 mV, indicating that most probably no genetic

material was exposed.

To evaluate the condensation of the genetic material complexed by the polyplexes
and its resistance to DNase I, an electrophoresis in agarose gel was performed. For
polyplexes prepared at ratio 10/1 incubated with inactive DNase I a very tenuous band is
visible when compared to the one observed with the control (free DNA incubated with
inactive DNase I), suggesting that most, but not all, of the genetic material is condensed
(Figure 20 c). For the remaining ratios, both in the presence or absence of DNase I, no
bands were observed, showing that DNA had been completely complexed by the polyplexes.
This was an expected result since the quantity of polymer increases with the N/P ratio,

resulting in a higher degree of condensation of DNA for higher ratios.
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Figure 20 | Size (a), zeta potential (b), condensation of DNA and resistance to DNase I action(c), of
Polyplexes. The polyplexes were prepared with 1 pg of pLUC at the indicated polymer/DNA N/P ratios.
Hydrodynamic diameter is expressed in nanometers (mean = SEM, n=3) and zeta potential in mV (mean £

SEM, n=3). Agarose gel electrophoresis and digestion with DNase was performed as described in “Materials

and Methods”.
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Additionally, the hydrodynamic diameter was measured through DLS over time, for
4 hours, at 1-hour intervals, in order to evaluate the stability of the generated polyplexes at
40/1 chatrge ratio in culture medium, DMEM. The objective was to evaluate polyplexes
stability mimicking physiological conditions during the incubation period used in the
transfection assays. As expected, a size increase was registered, since the culture medium
contains serum proteins (FBS), which are negatively charged. These proteins will
electrostatically interact with the formed polyplexes, affecting their stability and causing
structural changes, such as aggregation.”” A hydrodynamic diameter increase, from
approximately 150 to 600 nm, was observed (Figure 21). However, polyplexes remain this

size for 4 houts.
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Figure 21 | Influence of time and environment on the stability of Polyplexes. The polyplexes were
prepatred with 1 pug of pLUC at 40/1 N/P ratio and diluted in DMEM. Hydrodynamic diameter is expressed
in nanometers (mean = SEM, n=3) and was measured at 1-hour intervals for 4 h.

2.2 Evaluation of polyplexes transfection activity

To evaluate the transfection activity, polyplexes were produced at different N/P
charge ratios using a plasmid encoding for luciferase and were incubated with three
hepatocarcinoma cell lines, HepG2, Hep3B, and Huh-7. After, the levels of luciferase
expression were measured by a luminescence assay. The obtained results demonstrated that
these nanosystems had the ability to efficiently transfect the different cell lines, resulting in a
similar profile of transfection activity (Figure 22). It was also observed that transgene
expression increased along with the N/P charge ratio, which was consistent in all cell lines.

For higher N /P ratios, the amount of polymer is bigger and, therefore, the density of positive
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charges is also higher. Not only these polyplexes will interact more strongly with cellular
membranes, promoting internalization, but also this high density of positive charges will
provide them the capability to overcome the neutralization promoted by serum proteins, that
most probably occurred at inferior N/P ratios.” This results in higher levels of transgene
expression for superior ratios. For Hep3B and Huh-7 cells, a decrease of biological activity
at the 75/1 N/P ratio was registered, which is probably due to cell damage caused by supetior
amounts of polymer.'” Overall, the results showed great levels of biological activity,

particularly in Huh-7 cells.
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Figure 22 | Transfection activity of polyplexes in different cell lines: HepG2 (a), Hep3B (b) and
Huh-7 (c). The polyplexes wete prepated with 1 ng of pLUC at the indicated polymer/DNA charge N/P
ratios. Levels of gene expression are expressed as RLU of luciferase per mg of total cell protein (mean *
SEM, obtained from triplicates) and were determined as described in “Materials and Methods”. The results
are representative of 3 independent experiments.
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2.3  Evaluation of polyplexes cytotoxicity

Cytotoxicity of cationic polymers is one of the major limitations to the application of
cationic polymer-based nanosystems in the clinical field. To overcome this limitation, several
strategies have been developed, such as PEGylation” and the addition of carbohydrate
groups. Carbohydrates, such as LAMA, were found to be involved not only in the binding
and cellular internalization of nanosystems, but also in the condensation of genetic material
through hydrogen bonding, reducing the need of using an excess of cationic polymer,

consequently reducing the toxicity.'*
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Figure 23 | Effect of the polyplexes on the viability of different cell lines: HepG2 (a), Hep3B (b),
and Huh-7 (c). The polyplexes wete prepared with 1 pg of pLUC at the indicated polymer/DNA N/P
charge ratios. Cell viability is expressed as a percentage of untreated control cells (mean £ SEM, obtained
from triplicates) and was measured through an Alamar blue assay. The results are representative of 3
independent experiments.

Taking this into account, evaluation of polyplexes cytotoxicity was performed in the
different cell lines, using the Alamar blue assay. Cytotoxicity was not significant in HepG2
cells, while on the other cell lines, Hep3B and Huh-7, the levels of cell viability are
substantially reduced beyond the 40/1 N/P charge ratio (Figure 23).
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Overall, a similar profile was observed for these two cell lines, in which cell viability
decreased along with the increase of the N/P charge ratio. This is due to the fact that at
superior N/P charge ratios, the quantity of polymer added to the cells is higher, resulting in
excessive positive charges that can structurally destabilize cellular membranes, causing cell

damage.

2.4  Transfection efficiency of polyplexes

Flow cytometry and fluorescence microscopy were used to evaluate the transfection
efficiency of the polyplexes, in a quantitative and qualitative manner, respectively. These
assays were performed using Huh-7 cells since in this cell line polyplexes presented greater
levels of biological activity. Polyplexes prepared with a plasmid encoding for GFP at 40/1
N/P charge ratio were used in these transfection experiments. This N/P charge ratio was
chosen given the balance between biological activity and cytotoxicity observed in the
previous luminescence and Alamar blue assays, respectively. In other words, this N/P ratio
provides high levels of transgene expression without substantially compromising the viability

of the cells.
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Figure 24 | Effect of the polyplexes composition on the green fluorescent protein gene expression
evaluated by flow cytometry (a) and fluorescence microscopy (b), using Huh-7 cells. PAMA-¢o-
PLAMA-based polyplexes wete prepared with 4 ng of pGFP, at the 40/1 N/P charge ratio, while PEI-based
polyplexes were prepared with 4 pug of pGFP, at the 25/1 N/P charge ratio. (a) Data are expressed as a
percentage of transfected cells. (b) Fluorescence microscopy images: (1) cells treated with polyplexes and (2)
cells treated with PEI-based polyplexes (scale bar = 10 pm).
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Flow cytometry provided the percentage of fluorescent Huh-7 cells after transfection
with polyplexes produced with PAMA-co-PLAMA or PEIL The results showed that, after
transfection with the PAMA-co-PLAMA-based polyplexes, the percentage of cells with
fluorescence was approximately 40%. This represents a transfection efficiency 10 times
superior than that obtained with polyplexes produced with PEIL which is considered a gold
standard (Figure 24 a). The results were confirmed through fluorescence microscopy, which
showed that the intensity of fluorescence after transfection with the PAMA-co-PLAMA-
based polyplexes is visibly superior than after transfection with PEI-based polyplexes
(Figure 24 b).

2.5 Evaluation of polyplexes specificity

In an attempt to identify if the developed polyplexes were internalized in a specific
manner, a competition assay was performed in the different hepatocarcinoma cell lines. Cells
were incubated with asialofetuin, the natural ligand of ASGPR, before the addition of
polyplexes, followed by a luminescence assay to evaluate transfection activity. It was expected
a decrease of transgene expression in the presence of asialofetuin, since this protein presents
a higher affinity towards ASGPR than PAMA-co-PLAMA copolymer, blocking polyplexes
binding to the receptor on the cell membrane, and consequently decreasing their
internalization. The results showed almost complete inhibition, resulting in very reduced
levels of luciferase expression in the presence of asialofetuin, when compared to the levels
in the absence of the protein (Figure 25). As previously mentioned, for superior ratios, it
would be expected that polyplexes internalization occurred mainly through electrostatic
interactions with the negatively charged membranes, given the higher concentration of
polymer and, therefore, superior positive charge density. However, this assay showed that,
independently of the N/P chatge ratio, polyplexes are mainly internalized through the

receptor.
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Figure 25 | Effect of the presence of asialofetuin on the luciferase gene expression in the 3 cell lines:
HepG2 (a), Hep3B (b), and Huh-7 (c). The polyplexes were prepared with 1 ug of pLUC at the indicated
polymer/DNA N/P ratios. For the conditions in the presence of asialofetuin, cells were preincubated with
DMEM containing 1 mg of asialofetuin. Levels of gene expression are expressed as RLU of luciferase per mg
of total cell protein (mean £ SEM, obtained from triplicates) and were determined as described in “Materials
and Methods”. The results are representative of the remaining experiments. The results are representative of
3 independent experiments.

These results were confirmed through flow cytometry and fluorescence microscopy,
using Huh-7 cells, and PAMA-w0-PLAMA-based polyplexes prepared with a plasmid
encoding for GFP, at 40/1 N/P charge ratio. The flow cytometry assay showed that the
percentage of cells with fluorescence, after transfection with these polyplexes in the presence
of asialofetuin, is approximately 10 times lower than that observed in the absence of the
glycoprotein. Fluorescence microscopy showed decreased intensity of fluorescence after
transfection with polyplexes in the presence of asialofetuin. Overall, the obtained results
showed reduced levels of transgene expression after transfection with PAMA-c0-PLAMA-
based polyplexes in the presence of asialofetuin, demonstrating the specificity of the

generated nanosystems towards ASGPR.
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Figure 26 | Effect of the presence of asialofetuin on the green fluorescent protein gene expression
evaluated by flow cytometry (a) and fluorescence microscopy (b), using Huh-7 cells. The polyplexes
(N/P charge ratio = 40/1) wete prepared with 4 ug of pGFP. For the conditions in the presence of
asialofetuin, cells were preincubated with DMEM containing 4 mg of asialofetuin. (a) Data are expressed as a
percentage of transfected cells. (b) Fluorescence microscopy images: (1) cells treated with polyplexes and (2)
cells treated with polyplexes in the presence of asialofetuin (scale bar = 10 um).

2.6 Cellular uptake and intracellular distribution of polyplexes

In order to effectively result in a therapeutic effect, the genetic material transported
by the nanosystems needs to reach the nucleus of the target cells, in which it would be
transcripted. Therefore, nanosystems should promote binding to the cellular membrane and
cellular internalization, and then, should avoid degradation and clearance, which mainly

happens in the endocytic vesicles.

Taking this into account, the intracellular distribution of the PAMA-co-PLAMA-
based polyplexes, in the presence or absence of asialofetuin, was observed in Huh-7 cells by
confocal laser scanning microscopy (Figure 27). In the case of the cells pre-incubated with
asialofetuin it is possible to visualize a clear decrease in the amount of polyplexes (labelled in
green) inside the cells. Asialofetuin presents a high affinity towards ASGPR, competing with
the polyplexes, which resulted in an almost complete inhibition of their binding to the
receptor on the cell surface, hindering their internalization. Therefore, it is possible to state
that the lower levels of transgene expression observed by luminescence assay (Figure 25), in

the presence of asialofetuin, are due to the accentuated decrease of polyplexes internalization.
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Figure 27 | Effect of the presence of asialofetuin on the intracellular distribution of polyplexes in

Huh-7 cells observed by confocal microscopy. The polyplexes were prepared with 2% of the fluorescein-
labelled polymert, at a 40/1 N/P charge ratio with pLUC. For the conditions in the presence of asialofetuin,
cells were preincubated with DMEM containing 4 mg of asialofetuin for 1 h. After, cells were labelled and
fixed as described in “Materials and Methods”. (1) Cells treated with polyplexes and (2) cells treated with
polyplexes in the presence of asialofetuin. (I) red fluorescent image of acidic compartments labelled with
Lysotracker Red DND-99; (II) green fluorescent image of polyplexes prepared with fluorescein-labelled
polymer; (III) blue fluorescent image of cell nucleus stained by DAPI; (IV) overlay image of images I—1I1
(scale bar = 10 um).

Acidic compartments were stained with LysoTracker (red) to determine lysosomal
localization during polyplex trafficking. The obtained images showed that polyplexes seem
to be evenly distributed throughout the cytoplasm and some of them are co-localized with
the acidic compartments, which leads to the appearance of small yellow dots in the overlaying
images. This demonstrates the need to further promote endosomal escape, in order to avoid
degradation of the polyplexes into the endocytic vesicles and enhance gene delivery

efficiency.

This assay demonstrated that the main form of PAMA-w-PLAMA-based polyplexes
internalization is through the ASGPR and confirmed the specificity of these nanosystems
towards this receptor. Additionally, it was observed that some of the internalized polyplexes

are being targeted for degradation, demonstrating the need to promote endosomal escape.
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3 Strategies to improve transfection activity

In an attempt to increase the transfection activity and promote the endosomal escape
of the PAMA-co-PLLAMA-based polyplexes, it was evaluated the effect of the presence of
docetaxel, a microtubule-stabilizing taxane. This type of drug was found to affect the
transport from early to late endosomes and, therefore, could have a direct impact on the
intracellular trafficking of polyplexes.'** Combining the developed polyplexes with docetaxel
could facilitate the endosomal escape of the genetic material and its transportation to the

nucleus, enhancing transfection efficiency."*>'*

Taking this into account, polyplexes prepated with pLUC at 40/1 N/P chatge ratio
were added to Huh-7 cells after pre-incubation with different concentrations of docetaxel.
Cell viability was assessed by Alamar blue assay, and the obtained results were compared
with the cell viability registered in the presence of the docetaxel alone. It was possible to
observe that the different concentrations tested of docetaxel caused a similar impact on cell
viability and that the addition of the drug to polyplexes promotes a decrease of around 20%
in cell viability (Figure 28). Furthermore, there were no significant differences between the

presence and absence of polyplexes in the toxicity.
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Figure 28 | Effect of the different concentrations of docetaxel and the combination with polyplexes
on the viability of Huh-7 cells. Cells were preincubated with DMEM with or without different
concentrations of docetaxel (0.1, 0.25, 0.5, 1, 2, and 4 uM). The polyplexes (N/P chatge ratio = 40/1) were
prepared with 1 ug of pLUC (conditions identified with “With PPX). Cell viability is expressed as a
percentage of untreated control cells (mean + SEM, obtained from triplicates) and was measured through an
Alamar blue assay.

Biological activity was also assessed using these polyplexes, in the same conditions,
by a luminescence assay. The obtained results showed a slight increase of transfection activity
in the presence of docetaxel, which proved to be independent of the tested concentrations.

Therefore, the minimum concentration (0.1 uM) was used to evaluate the impact of the drug
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on the percentage of transfected cells with polyplexes prepared with a plasmid encoding for
GPF, by flow cytometry. The percentage of cells with fluorescence was approximately 40%
for both conditions, cells transfected with polyplexes alone or transfected with polyplexes in
the presence of docetaxel. It was concluded that the pre-incubation of the cells with
docetaxel does not lead to an increase of the percentage of transfected cells. However, and
according to the literature, the main advantage of the use of microtubule-stabilizing taxanes
is the promotion of the polyplexes endosomal escape and not necessarily the increase of the

percentage of transfected cells.'”
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Figure 29 | Effect of the pre-treatment of Huh-7 cells with docetaxel on the luciferase gene
expression (a), and green fluorescent protein gene expression evaluated by flow cytometry (b) and
fluorescence microscopy (c). (a) The polyplexes (N/P charge ratio = 40/1) wete prepared with 1 ug of
pLUC. Cells were preincubated with DMEM with or without different concentrations of docetaxel (0.1, 0.25,
0.5, 1, 2, and 4 uM). Levels of gene expression are expressed as RLU of luciferase per mg of total cell protein
(mean £ SEM, obtained from triplicates) and were determined as described in “Materials and Methods”. (b,
¢) The polyplexes (N/P chatge ratio = 40/1) were prepared with 4 ug of pGFP. Cells were preincubated with
DMEM with or without 0.1 uM of docetaxel. (b) Data are expressed as a percentage of transfected cells. (c)
Fluorescence microscopy images: (1) cells treated with polyplexes and (2) cells treated with polyplexes in the
presence of 0.1 pM of docetaxel (scale bar = 10 pum)
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In order to confirm the flow cytometry results, fluorescence microscopy was
petformed using polyplexes prepared with the plasmid encoding for GFP, at the 40/1 N/P
charge ratio. The obtained images showed no significant differences in the fluorescence
intensity of the cells transfected with the polyplexes and the cells transfected after pre-
incubation with 0.1 uM of docetaxel, opposite to what was observed in terms of luciferase

expression.

As previously mentioned, microtubule-stabilizing drugs could influence the
intracellular trafficking of polyplexes.'” As components of the cytoskeleton, microtubules
are involved in the vesicles and organelles transport, including the endocytic pathway and
nuclear migration.'* Therefore, the use of these therapeutics can promote polyplexes
endosomal escape, by avoiding the fusion between the late endosomes and lysosomes.'*
After polyplexes escape from the endocytic pathway, avoiding degradation, they can
effectively migrate to the nucleus, which provides the necessary machinery for transcription

of the delivered genetic material, leading to transgene expression enhancement. .'*

In order to prove this hypothesis, confocal laser scanning microscopy was performed
after transfection with solely the polyplexes and the polyplexes in the presence of 0.1uM of
docetaxel. Polyplexes were prepared with 2% of the fluorescein-labelled polymer and pLUC,
at 40/1 N/P charge ratio. The obtained results showed a slight increase of yellow dots in the
overlaying images, which means that the co-localization of the polyplexes (green) with the
acidic compartments (red) increased after pre-incubation of the cells with docetaxel (Figure
30). Since docetaxel inhibits the fusion of endosomes with lysosomes, the polyplexes could
be inside the endosome, but will not necessarily be degraded. Therefore, docetaxel could still
be promoting polyplexes endosomal escape, which would explain the increase of transgene

expression, registered in the luminescence assay (Figure 29 a).
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Figure 30 | Effect of the pre-treatment with docetaxel on the intracellular distribution of polyplexes
in Huh-7 cells observed by confocal microscopy. The polyplexes were prepared with 2% of the
fluotescein-labelled polymer, at a 40/1 N/P charge ratio with pLUC. Cells were preincubated with DMEM
with or without 0.1 uM of docetaxel. After, cells were labelled and fixed as described in “Materials and
Methods”. (1) Cells treated with polyplexes and (2) cells treated with polyplexes in the presence of 0.1 uM of
docetaxel. (I) red fluorescent image of acidic compartments labelled with Lysotracker Red DND-99; (II)
green fluorescent image of polyplexes prepared with fluorescein-labelled polymer; (III) blue fluorescent image
of cell nucleus stained by DAPI; (IV) overlay image of images I—III (scale bar = 10 um).
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4 Development of a therapeutic strategy

p53 is an endogenous tumor suppressor gene that presents the ability to control cell-
cycle arrest, apoptosis, and DNA repair, besides suppressing angiogenesis.*"™* Likewise,
PTEN, a dual-specificity phosphatase, acts as a tumor supptessor by inhibiting PI3K/AKT
signaling pathway, involved in cell survival.””" Both genes were found to be dystegulated in

several cancers, including HCC.*»**”

In order to evaluate the potential of the PAMA-c-PLAMA-based polyplexes to
mediate an antitumor strategy, a preliminary test was performed using polyplexes at 40/1
N/P chatge ratio, prepared with DNA plasmids encoding p53 or PTEN. The objective was
to restore the normal levels of expression of these genes. Cell viability of Huh-7 cells was
measured 48 and 72 hours after transfection and the results were compared to the ones

obtained in the presence of polyplexes prepared with pLUC, in the same conditions.

The obtained results showed that the polyplexes prepared with these plasmids lead
to a similar profile of toxicity in Huh-7 cells. In fact, at 48 hours of incubation, polyplexes
containing the plasmid encoding p53 or PTEN did not lead to an increase of toxicity when

compared with polyplexes prepared with pLUC (Figure 31 a).

This means that there was no antitumor effect. It was also observed that the drug by
itself does not present high toxicity (70 % of cell viability). However, when combined with
the polyplex formulation, cell viability decreases to 54 %. In terms of the combination of
docetaxel with the polyplexes prepared with the therapeutic plasmids, the obtained results
showed no significant antitumor effect, since the decrease in cell viability was less than 10 %
when compared with the results obtained with the combination of docetaxel with polyplexes

prepared with pLLUC.

On the other hand, after 72 hours of incubation, it was observed a decrease of cell
viability from 80 %, in the presence of the formulation prepared with pLUC, to 59%, after
transfection with polyplexes prepared with the therapeutic plasmids (Figure 31 b). Here, the
effect of the therapeutic genes on cell viability was more notorious, probably due to the
increase of incubation time, which enabled a more extended expression of these genes,
enhancing the antitumor effect. In what concerns the combination with docetaxel, it was
observed that the levels of cell viability after transfection with the formulation in the presence

of docetaxel are close to the ones obtained with the drug alone.

57



Opverall, the results demonstrated that the developed formulation can effectively
deliver the therapeutic plasmids, p53 and PTEN, resulting in a decrease of cell viability, 72
hours after transfection. The antitumor effect obtained after transfection with polyplexes
prepared with the plasmid encoding p53 or PTEN was similar. The obtained results did not
allow to show an evident benefit of combining the formed polyplexes with docetaxel, since
72 hours after transfection the observed cell damage was mostly caused by the drug. Despite
the transgene expression enhancement registered using polyplexes prepared with pLUC in
the presence of docetaxel (Figure 31 c) the strong impact of this drug on cell viability

restricts the application of this combination.
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Figure 31 | Effect of the polyplexes prepared with p53, PTEN and pLUC, and the combination of
polyplexes with docetaxel, on the viability of Huh-7 cells, (a) 48 h and (b) 72 h after transfection, and
(c) on the luciferase gene expression in Huh-7 cells, 48 and 72 h after transfection. The polyplexes
wete prepated with 1 pg of the indicated plasmids at a 40/1 N/P charge ratio. Cells were preincubated with
DMEM containin or not 0.1 pM of docetaxel. Cell viability is expressed as a percentage of untreated control
cells (mean £ SEM, obtained from triplicates) and was measured through an Alamar blue assay. Levels of
gene expression are expressed as RLU of luciferase per mg of total cell protein (mean + SEM, obtained from
triplicates) and was determined as described in “Materials and Methods”.
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Chapter 4

Conclusions

Gene therapy has been extensively studied to treat, prevent or even eliminate several
diseases, including cancer. In this regard, it refers to the delivery of genetic material to the
target cells to induce a antitumor effect, preventing adverse side effects, which are a major
limitation of the traditional systemic chemotherapy. Over the years, several gene delivery
systems have been developed and engineered and, despite viral gene delivery systems being
most commonly used, non-viral gene delivery systems stand out due to their safety and
versatility. This type of delivery systems includes polymeric nanoparticles, which present
several advantages making them extremely attractive. In the context of cancer, polymeric
nanoparticles are suitable not only for gene delivery but also for the delivery of other
therapeutic agents, such as drugs and proteins, allowing prolonged circulation times and
targeted delivery, resulting in higher therapeutic efficacy. The unique properties of these
nanosystems are mainly due to specific characteristics of the polymers, including

biocompatibility, controllable molecular weight, and tunable chemical structure.

Taking this into account, the main purpose of this study was to develop a new
polymer-based nanosystem able to effectively and specifically deliver genetic material into
hepatocellular carcinoma cells. Accordingly, the copolymers used for the preparation of these
nanosystems were synthesized through a controlled polymerization method, ARGET ATRP,
which offers the possibility to obtain polymers with well-defined properties. Moreover, these
copolymers contained LAMA, a monomer with galactose, able to target ASGPR,
overexpressed in the surface of hepatocarcinoma cells, allowing the specific targeting of these

cells.

Initially, polymeric micelles were prepared using amphiphilic glycopolymers,
PAMA 03-co-PLAMA1o--PDEAEMAg and PAMAsp-co-PLAMA1-6-PDEAEMA;6, and
extensively characterized through DLS and zeta potential, demonstrating that both micelle
formulations presented a size around 70 nm and positive surface charge. To produce
micelleplexes, a DNA plasmid encoding luciferase was complexed with the micelles, which
proved to effectively condense and protect the genetic material. The cytotoxicity of these
nanosystems was evaluated and the obtained results showed that superior N/P charge ratios

were associated with higher levels of cytotoxicity, given the increased amount of polymer.
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After, the ability of these nanosystems to deliver genetic material into HepG2 cells was
evaluated. Transfection activity results showed that none of the formulations present
significant transgene expression. Therefore, despite the polymeric micelles ability to
condense and protect the genetic material, their application is limited most probably due to
the plasmid inability to be released from the nanosystem, which makes it impossible to be
expressed. At last, to evaluate the potential of the polymeric micelles for drug delivery,
sorafenib was loaded into PAMA5o-co-PLAMA 10-0-PDEAEMA ¢-based micelles, resulting in
high levels of cytotoxicity caused by the high amount of polymer, which showed another

major limitation of these nanosystems, restricting their application for drug delivery.

In the second approach, PAMA7:-c0-PLAMA,i-based polyplexes were produced and
characterized through DLS, presenting a size around 150 nm and a positive surface charge.
Moreover, these nanosystems proved to effectively condense and protect genetic material
(pLUC), maintaining their stability over time. The ability of these polyplexes to deliver
genetic material into different hepatocellular carcinoma cell lines (HepG2, Hep3B and Huh-
7) was evaluated, and the obtained results showed great levels of transgene expression,
particularly in Huh-7 cells. For the tested charge ratios, transgene expression increased along
with the N/P chatge ratio, since for these cases the high amount of polymer and,
consequently, high density of positive charges, contribute to overcoming the neutralization
promoted by the interaction with negatively charged serum proteins. In terms of cytotoxicity,
the obtained data showed a similar profile in all cell lines, demonstrating that supetior N/P
charge ratios caused higher levels of cytotoxicity, resulting from the high amount of positive
charges, which can structurally destabilize cellular membranes, causing cell damage.
Transfection efficiency of the PAMA73-co-PLAMA2i-based polyplexes, evaluated by flow
cytometry, resulted in a 10-fold increase of the percentage of transfected cells comparing to
the commercial control, PEL After, a competition assay performed with the natural ligand
for the ASGPR, asialofetuin, demonstrated that these nanosystems interact specifically with
these cells, since the presence of this protein blocked the internalization of the polyplexes,

resulting in no expression of the transgene.

The ability of the nanosystems to escape from endocytic vesicles is a major step to
avoid degradation and clearance, enhancing gene delivery efficiency. Since cellular uptake
and intracellular distribution analysis by confocal microscopy showed that some polyplexes
were co-localized with acidic compartments, docetaxel, a microtubule-stabilizing taxane was

used to promote endosomal escape. Different concentrations of this drug were tested and
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the preincubation of Huh-7 cells with docetaxel before transfection with the generated

polyplexes showed increased levels of transgene expression.

At last, in order to evaluate the potential of PAMA7;-co-PLAMA,;-based polyplexes
to mediate an antitumor strategy, a preliminary assay showed a decrease of cell viability after
transfection of Huh-7 cells with polyplexes prepared with the therapeutic plasmids encoding
p53 or PTEN, comparing to the result obtained after transfection with polyplexes prepared
with pLUC. These results demonstrated that the polyplex formulation could effectively
deliver the therapeutic plasmids, resulting in a similar profile of toxicity in Huh-7 cells. Levels
of toxicity were also assessed in the presence of docetaxel, showing that the strong impact
of the drug in cell viability restricts the application of the combined strategy in the tested

experimental conditions.
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