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Resumo

RESUMO

O carcinoma hepatocelular (CHC) corresponde a cerca de 75-85% dos tumores primarios
hepaticos e é a neoplasia com a terceira maior taxa de mortalidade no mundo. Ao longo dos
ultimos anos foram aprovados diversos inibidores de tirosinas cinases e checkpoint
imunolodgicos para o tratamento de doentes com CHC em estadio avancado. No entanto,
devido a reduzida taxa de resposta, a elevada toxicidade, a resisténcia aos farmacos e a,
subsequente, recidiva do tumor, o desenvolvimento de novas estratégias antitumorais é
absolutamente fundamental.

Nesse contexto, a terapia génica tornou-se uma ferramenta terapéutica promissora para o
tratamento do cancro. No entanto, para alcangar os efeitos terapéuticos desejados e minimizar
os efeitos secundarios, € crucial desenvolver sistemas de transporte e entrega de material
genético eficientes e especificos para as células alvo. Os nanossistemas com base em
glicopolimeros tém-se destacado devido a sua inerente biocompatibilidade, estabilidade
coloidal e alta afinidade de ligacdo ao recetor das asialoglicoproteinas (ASGPR), um recetor
amplamente expresso na superficie das células de CHC. No entanto, o processo de sintese dos
glicopolimeros, devido a problemas de solubilizacdo e a necessidade de varias etapas de
protecao/desprotecdo, € bastante trabalhoso e complexo.

Neste projeto, foram desenvolvidos nanossistemas de base glicopolimérica para mediar duas
estratégias de terapia génica distintas, as quais foram combinadas com baixas concentracoes
de agentes quimioterapéuticos, de modo a promover um efeito antitumoral mais acentuado e
reduzir potenciais efeitos secundarios.

A primeira parte deste trabalho foi focada no desenvolvimento de um nanossistema de entrega
de genes altamente eficiente e especifico para CHC, de modo a inibir a expressdo do
oncogene c-MYC e a sensibilizar as células tumorais ao sorafenib (SF). Foi desenvolvida uma
biblioteca de glicopolimeros cationicos, a base do poli-2-aminoetil metacrilato (PAMA) e
poli-2-lactobionamidoetil metacrilato (PLAMA), com diferentes composigdes, estruturas
(bloco ou aleatdria) e racios de monomero carbohidrato/cationico, sintetizados através da
técnica de polimerizacdo radicalar por transferéncia de atomo com ativadores regenerados por
transferéncia de eletrdes (ARGET ATRP). Os nanossistemas preparados com o glicopolimero
com estrutura aleatdria PAMA114-c0-PLAMA foram os que demonstraram maior eficiéncia

para a entrega de material genético. Estes nanossistemas exibiram uma relacao de atividade de

Xi



Resumo

transfeccdo/citotoxicidade muito melhor do que o0s nanossistemas preparados com os
glicopolimeros em bloco correspondentes. Os nanovetores preparados com o glicopolimero
PAMA:114-cO-PLAMA, ligam-se especificamente ao recetor das asialogliproteinas e séo
maioritariamente internalizados através da via endocitica de vesiculas revestida por clatrina.
Os niveis de c-MYC foram significativamente diminuidos pela expressdo do short hairpin
RNA contra o ¢c-MYC (MYC shRNA), resultando na inibigé&o eficiente da proliferacdo das
células tumorais e em elevados niveis de apoptose em modelos 2D e 3D de CHC. Além disso,
o silenciamento de c-MYC aumentou a sensibilidade das células de CHC para o SF (ICso para
MYC shRNA+ SF de 1,9 uM em comparagdo com 6,9 uM para 0 controlo ShRNA + SF). De
um modo geral, os resultados obtidos demonstraram o grande potencial dos nanossistemas
PAMA114-CO-PLAMA2/MYC shRNA combinados com reduzidas doses de SF para o
tratamento do CHC.

A segunda parte do trabalho centrou-se no desenvolvimento de um nanossistema para mediar
uma estratégia de terapia de gene suicida. Para avaliar o efeito da amina primaria nas
propriedades fisico-quimicas, atividade biologica, biocompatibilidade e especificidade dos
nanossistemas, uma mini-biblioteca de glicopolimeros a base de polimetacrilato de amina
primaria, com grau de polimerizacéo fixo (DP) do LAMA e diferentes valores de DP para o
AMA, foi sintetizada por ARGET ATRP. Os glicoplexos gerados demonstraram elevada
especificidade para o recetor ASGPR e propriedades fisico-quimicas adequadas,
especialmente em termos de tamanho e carga de superficie, 0 que permitiu a sua
internalizacdo através da endocitose mediada por clatrina. Adicionalmente, a estratégia de
terapia de gene suicida herpes simplex virus-thymidine kinase/ganciclovir (HSV-TK/GCV),
mediada pelos nanossistemas preparados com o glicopolimero PAMA144-CO-PLAMA 19,
resultou numa elevada atividade antitumoral em modelos 2D e 3D de cultura celular de CHC,
que foi significativamente incrementada pela combinagcdo com pequenas quantidades de
docetaxel.

Em conclusdo, os resultados apresentados nesta tese demonstraram o potencial dos
glicopolimeros com base em polimetacrilato de amina primaria como nanossistemas de
transporte e entrega de material genético direcionados ao CHC e destacam a importancia das

estratégias antitumorais combinadas para o tratamento desta neoplasia.
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Abstract

ABSTRACT

Hepatocellular carcinoma (HCC) accounts for approximately 75-85% of primary liver
cancers and is the third leading cause of cancer-related deaths worldwide. In recent years,
multiple kinase and immune checkpoint inhibitors have been approved as treatment options
for patients with advanced-stage HCC. However, due to the low response rate, drug toxicity,
resistance and subsequent tumor relapse, the development of novel strategies against HCC is
urgently needed.

In this context, gene therapy has become a promising therapeutic tool for cancer treatment.
However, to achieve the desired therapeutic effects and minimize off-target effects, the
development of an efficient and targeted gene delivery platform is crucial. In this context,
glycopolymers-based nanocarriers have attracted considerable attention due to their
biocompatibility, colloidal stability and high binding affinity to the asialoglycoprotein
receptor (ASGPR), an overexpressed receptor in HCC cells. However, their synthesis remains
laborious and complex, with problems in solubilization and the need for
protection/deprotection steps.

In this project, nanocarriers based on glycopolymers were developed to mediate two distinct
gene therapy strategies, in combination with low concentrations of chemotherapeutic agents,
to promote a higher anti-HCC effect and reduce potential side-effects.

The first part of this work was focused on the development of a highly efficient and HCC-
specific gene delivery nanosystem that downregulates C-MYC expression and sensitizes
tumor cells to low concentrations of sorafenib (SF). To this end, a library of tailor-made
cationic glycopolymers, based on poly(2-aminoethyl methacrylate hydrochloride) (PAMA)
and poly(2-lactobionamidoethyl methacrylate) (PLAMA), with different compositions,
structures (block or random) and carbohydrate/cationic ratios, was synthesized by activators
regenerated by electron transfer atom transfer radical polymerization (ARGET-ATRP).
Nanocarriers prepared with the random glycopolymer PAMA112-co-PLAMA2o were the most
efficient for gene delivery. Moreover, these nanosystems exhibited a much better transfection
activity/cytotoxicity ratio than the corresponding nanocarriers based on block glycopolymers.
PAMA114-cO-PLAMAo-based nanosystems specifically bound to the ASGPR and were
internalized by the clathrin-coated pit endocytic pathway. The c-MYC levels were
significantly downregulated by c-MYC short-hairpin RNA (MYC shRNA), resulting in

efficient inhibition of tumor cell proliferation and high levels of apoptosis in 2D and 3D
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HCC-tumor models. Moreover, c-MYC silencing increased the sensitivity of HCC cells to SF
(ICso for MYC shRNA + SF 1.9 uM compared with 6.9 uM for control shRNA + SF).
Overall, the data obtained demonstrate the great potential of PAMA114-cO-PLAMA2/MYC
shRNA nanosystems combined with low doses of SF for the treatment of HCC.

The second part of the work focused in the development of a nanocarrier to mediate a suicide
gene therapy strategy. To evaluate the effect of primary amine content on the
physicochemical properties, biological activity, biocompatibility and ASGPR specificity of
nanocarriers, a mini-library of well-defined glycopolymers based on primary amines and
polymethacrylates, with a fixed degree of polymerization (DP) of LAMA and different values
of DP of AMA, was synthesized by ARGET ATRP. The glycoplexes generated showed high
specificity for ASGPR and possessed suitable physicochemical properties, particularly in
terms of size and surface charge, which allowed their internalization via the clathrin-coated
pit endocytic pathway. Moreover, the herpes simplex virus-thymidine kinase/ganciclovir
(HSV-TK/GCYV) suicide gene therapy strategy, mediated by PAMA14s-co-PLAMA19-based
nanocarriers, resulted in high antitumor activity in 2D and 3D cell culture models of HCC,
which was significantly enhanced when combined with small amounts of docetaxel.

Overall, the results presents in this thesis demonstrated the potential of primary-amine
polymethacrylate-containing-glycopolymers as HCC-targeted gene delivery nanosystems and
highlight the importance of the combined antitumor strategies for the treatment of this

disease.
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MOTIVATION AND OBJECTIVES

Cancer ranks as a leading cause of death and an important barrier to increasing life
expectancy in all countries of the world. Hepatocellular carcinoma (HCC) has a high
incidence worldwide and is the third leading cause of cancer mortality. This high mortality
rate is due to the fact that HCC is usually detected only at advanced stages of disease and the
currently available treatment options are associated with multiple limitations. Although
remarkable advances have been made in HCC treatment, the development of new therapeutic
strategies is urgently needed. As a promising therapeutic approach, gene therapy is expected
to be an effective strategy to control tumor growth in the liver. However, the effective
application of this strategy requires the development of nanosystems that allow an efficient
and targeted gene delivery into HCC cells. Moreover, the implementation of a multiple-
therapeutic approach, combining gene therapy and chemotherapy, could result in a strong and
synergistic antitumor activity, with fewer side-effects, thus significantly improving clinical
outcomes of HCC patients.

The main goal of this work was to develop a highly efficient and HCC-specific nanosystem
for gene delivery and to evaluate the potential of different strategies for the treatment of HCC.
These approaches consist of combining gene therapy, mediated by the developed
glycopolymer-based nanocarriers, and low concentrations of chemotherapeutic agents to
achieve an effective antitumor activity, without causing significant side effects. To
accomplish this goal, well-defined lactobionic acid based glycopolymers were synthetized
and their potential as HCC-specific gene delivery nanocarriers was evaluated. Subsequently,
two distinct antitumor combination strategies were developed: 1) inhibition of c-MYC
oncogene to sensitize tumor cells to chemotherapy; and 2) combination of HSV-TK/GCV

suicide gene therapy with a microtubule-inhibitor agent.

Concerning to sensitization of tumor cells to chemotherapy through gene therapy, c-MYC
was downregulated in combination with low concentrations of sorafenib to obtain a powerful

antitumor effect. To address this issue, the following objectives were defined:

e Synthesis and characterization of a library of well-defined cationic glycopolymers,

based on poly (2-aminoethyl methacrylate hydrochloride) (PAMA) and poly(2-
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lactobionamidoethyl methacrylate) (PLAMA), with different compositions, structures

(block or random) and carbohydrate/cationic ratios.

Physicochemical characterization of the polyplexes prepared with the developed

glycopolymers.

Evaluation of the efficiency, biocompatibility and specificity of the glycopolymer-
based gene delivery nanosystems in different HCC cell lines.

Evaluation of the therapeutic potential of c-MYC downregulation in HCC cells,
through delivery of glycoplexes carrying a DNA plasmid encoding a short hairpin

RNA against this protein.

Assessment of antitumor effect of c-MYC inhibition combined with low doses of

sorafenib in 2D and 3D HCC cell culture models.

Regarding the combination of HSV-TK/GCV gene therapy strategy with a microtubule-

inhibitor, the anti-HCC effect of suicide gene therapy, mediated by a glycopolymer-based

nanocarrier, was enhanced when combined with low doses of docetaxel. To accomplish this,

the following objectives were defined:

Synthesis and characterization of a series of tailored made cationic glycopolymers,
based on poly (2-aminoethyl methacrylate hydrochloride) (PAMA) and poly(2-
lactobionamidoethyl methacrylate) (PLAMA), with fixed degree of polymerization
(DP) of LAMA and different DP values of AMA.

Evaluation of the effect of primary amine content on the physicochemical properties,
biological activity, biocompatibility and ASGPR specificity of the nanocarriers.

Evaluation of the effect of docetaxel on the transfection efficiency of the developed

nanocarriers.
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e Assessment of the effect of docetaxel on the antitumor activity of HSV-TK/GCV
suicide gene therapy strategy mediated by PAMA-co-PLAMA-based nanosystems.
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Thesis outline

THESIS OUTLINE

The main goal of this PhD project was the development of a novel HCC-targeted

glycopolymer-based nanosystem to mediate gene therapy with powerful antitumor effect

against HCC cells. The PhD dissertation is organized in four chapters:

Chapter 1 provides a literature review on the
treatment of hepatocellular carcinoma and gene
therapy, = with  especial emphasis  on

glycopolymer-based gene delivery nanocarriers

Glycopolymers synthetized

Chapter 2 describes the synthesis of a library of by ARGET ATRP
tailored cationic glycopolymers, based on PAMA e I
and PLAMA, with different compositions, . @
structures and carbohydrate/action ratios, by N °
ARGET ATRP. The glycoplexes were subjected i

‘i. -

to an extensive physicochemical characterization
and comprehensive evaluation of biological
activity, toxicity and ASGPR specificity. The

antitumor effect resulting from the combination e
. . ale) * ffect
of c-MYC downregulation, mediated by these :,j"::?o‘ rg A
L

HCCcells @RETNED ;
(@® (@ EREN
e ey . LAMA

h

HCC-targeted nanosystems with low High transfection ~ Chemosensitization
! efficiency to sorafenib
He-MYC

concentrations of sorafenib was evaluated.
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Chapter 3 reports the synthesis of well-defined
PAMA-co-PLAMA random glycopolymers,
with fixed degree of polymerization (DP) of
LAMA and different DP values of AMA, to
evaluate the effect of the cationic content on
physicochemical properties, transfection
capacity, cytotoxicity and targeting ability of
glycopolymer-based gene delivery nanocarriers.
The potential of PAMA-co-PLAMA-based gene
delivery nanosystems to mediate HCC-targeted
HSV-TK/GCV suicide gene therapy strategy in

combination with docetaxel was assessed.

Chapter 4 presents the most relevant conclusions

from this PhD research, along with suggestions

for future work.
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Abreviations

ABREVIATIONS

AAVs - Adeno-associated viruses

AKT - Protein kinase B

AKT- Protein kinase B

ARGET - Activators regenerated by electron transfer atom transfer radical
ASGPR - Asialoglycoprotein receptor

ATRP - Atom transfer radical polymerization
c-MET- Mesenchymal epithelial transition factor
CRISPR- Clustered regularly interspaced short palindromic repeats
DP — Degree of polymerization

DTX — Docetaxel

ERK - Extracellular signal-regulated kinase

ERK- Extracellular signal-regulated kinases

FGFR - fibroblast growth factor receptors

FGFRA4 - Fibroblast growth factor receptor 4

GCV - Ganciclovir

HBV - Hepatitis B virus

HBV/HCV — Hepatic B/C virus

HCC — Hepatocellular carcinoma

HCV - Hepatitis C virus

HGF - Hepatocyte growth factor

HSV-TK - Herpes simplex virus-thymidine kinase
IGF - Insulin-like growth factor

MEK - Mitogen-activated protein kinase kinase
MKI - Multikinase inhibitor

MTOR - mammalian target of rapamycin

NAFLD - Non-alcoholic fatty liver disease
NAFLD- Nonalcoholic fatty liver disease

PAMA - Poly(2-aminoethyl methacrylate)

PD-1 - programmed cell death

PDGFRa - platelet-derived growth factor receptor o
PDGFR-J - Platelet-derived growth factor receptor f3
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Abreviations

PD-L1 — POrogrammed cell death ligand 1

PDMAEMA - Poly[2-(dimethylamino)ethyl methacrylate]
pDNA- Plasmid DNA

PEI — Polyethylenimine

PGAAs- Poly(glycoamidoamine)s

PI13K - Phosphatidylinositol 3-kinase

PI3K- Phosphatidylinositol-3 kinase

PLAMA - Poly(2-lactobionamidoethyl methacrylate)
PBAE - Poly(B-amino ester)

RAFT - Reversible addition fragmentation chain transfer
SF — Sorafenib

ShRNA — Short hairpin RNA

siRNA- Small interfering RNA

TACE - Transarterial chemoembolization

TARE - Transarterial radioembolization

TGFp - Transforming growth factor beta

TP53- Tumor suppressor p53

VEGFR - Vascular endothelial growth factor receptors
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CHAPTER 1

GENE THERAPY FOR HEPATOCELLULAR
CARCINOMA: WITH SPECIAL FOCUS ON
GLYCOPOLYMERS-BASED GENE
DELIVERY NANOCARRIERS

This chapter was partially based on a review paper — in preparation.






1.1.Hepatocellular Carcinoma
Cancer is a leading cause of death in all countries of the world and an important barrier

to increasing life expectancy. The World Health Organization (WHO) estimates that
there were 19.3 million new cancer cases and nearly 10.0 million cancer deaths in
2020.1 Liver cancer is the seventh most commonly diagnosed cancer worldwide and the
third most common cause of cancer death, after lung and colorectal cancers.! The main
reasons for the high mortality rate in patients with liver cancer are the lack of good
molecular markers for diagnosis and the tumor resistance to existing anticancer drugs.
For example, there were approximately 906,000 new cases of liver cancer in 2020 that
will result in an estimated 830,000 deaths.! Primary liver cancer include hepatocellular
carcinoma (HCC) (75%-85% of the cases) and intrahepatic cholangiocarcinoma (10%-
15%), as well as other rare forms.! The worldwide incidence and mortality of HCC is
heterogeneous because of differences in the degree of exposure to environmental and
infectious risk factors, availability of healthcare resources, and ability to detect and
effectively treat HCC at an earlier stage. Almost 85% of HCC cases occur in low and
middle-resource countries, particularly in Eastern Asia and sub-Saharan Africa, where
medical and social care resources are often limited.? The occurrence of HCC is usually
observed in males to a greater extent than in females. This differential distribution by
sex is thought to be related to a higher exposure of men to risk factors, as well as a
possible effect of sex hormones on HCC risk. Testosterone is a positive regulator of
hepatocyte cell-cycle regulators, which may promote hepatocarcinogenesis, whereas
estradiol suppresses cell-cycle regulators preventing the development of HCC.2 The age
of onset of HCC varies in different parts of the world, with the average age at HCC
diagnosis being above 60 years in Japan, North America and European countries, and in
the age range of 30-60 years in parts of Asia and most African countries. The incidence
and mortality of HCC continue to grow, particularly due to the obesity pandemic, and

HCC mortality is expected to increase 41% worldwide by 2040.1

1.1.1. Etiology of HCC
HCC is a complex disease associated with multiple pathogenic mechanisms and caused

by a variety of risk factors. The large majority of HCC cases occur as a result of chronic
liver disease.? The main risk factors for HCC are viral (chronic hepatitis B and C),
metabolic (diabetes and nonalcoholic fatty liver disease (NAFLD)), toxic (alcohol and

aflatoxins) and immune system-related disorders.? The major risk factors vary by
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region. In Africa and East Asia, chronic HBV infection is the main cause of HCC,
whereas in the Western world chronic HCV infection is the most common cause of liver
disease. However, the etiology of HCC appears to be changing as the prevalence of viral
hepatitis declines and obesity, diabetes and NAFLD increase in most developed

countries.

1.1.2. Hepatocarcinogenesis
Similar to many other tumors, the development of HCC is a highly complex multistep

process associated with genetic and epigenetic aberrations, and alterations in multiple
molecular signaling pathways.* In general, after hepatic injury caused by one of the
several risk factors, inflammation and the subsequent and continuous cycles of
hepatocyte necrosis-regeneration lead to chronic liver disease that culminates in
cirrhosis. Cirrhosis is characterized by the formation of abnormal liver nodules
surrounded by collagen deposition, and scarring of the liver. Within the fibrotic liver,
alterations in molecular pathways, epigenetic changes, and somatic mutations may
occur leading to HCC (Figure 1).* However, the cellular and molecular basis of
hepatocarcinogenesis may differ among etiological factors.* For example, virus-induced
hepatocarcinogenesis may result from DNA microdeletions, as a consequence of viral
integration into the host genome, oxidative stress, and targeted activation of oncogenic

pathways by various viral proteins.®
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Figure 1- Pathogenesis of Hepatocellular Carcinoma.

The molecular analysis of human HCC has revealed many genetic alterations that result
in the activation of key oncogenes, such as B-catenin, c-MYC, ErbB receptor family
members, mesenchymal epithelial transition factor (c-MET) and its ligand hepatocyte
growth factor (HGF), and in the inactivation or loss of tumor suppressor genes, such as
tumor suppressor protein p53 (TP53). In addition to genetic aberrations, different
epigenetic alterations, such as modification of histone tails (acetylation, methylation,
phosphorylation, etc.) and hypermethylation of various cancer-related genes have also
been identified in human HCC.® Alterations in multiple signaling pathways that regulate
tumor cell proliferation, differentiation, angiogenesis, invasion and metastasis are also
involved in the initiation and progression of HCC. These include the RAF/mitogen-
activated protein kinase kinase (MEK)/extracellular signal-regulated kinases (ERK)
pathway, phosphatidylinositol-3 kinase (PI13K)/protein kinase B (AKT)/mammalian
target of rapamycin (MTOR) cascade, wingless/integrated (Wnt)/B-catenin pathway,
insulin-like growth factor (IGF) pathway, HGF/c-MET pathway and vascular
endothelial growth factor (VEGF) pathway ’(Figure 1). In addition, the tumor immune
microenvironment plays a critical role in the development and progression of HCC.®
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Cancer cells bypass the immune system’s surveillance mechanisms by creating an

immunosuppressive environment and/or avoiding the recognition by immune cells.

1.1.3. Diagnosis and staging
The diagnosis of HCC can be established based on noninvasive imaging without biopsy

confirmation. The American Association for the Study of Liver Diseases (AASLD) and
the European Association for the Study of the Liver (EASL) guidelines state that the
diagnosis of HCC can be made radiologically if a new >1 cm mass is found,
demonstrating arterial phase hyperenhancement and venous washout in a cirrhotic liver,
using either cross-sectional, multiphase, contrast-enhanced computed tomography (CT)
or magnetic resonance imaging (MRI).°

In the majority of solid tumors, staging is determined by pathological examination of
surgically resected tissue, resulting in the tumor-node-metastasis (TNM) classification.
However, the TNM staging system does not take into account the patient’s degree of
liver dysfunction and performance status, which are critical facts that need to be
considered in making clinical decisions for patients with HCC. The Barcelona Clinic
Liver Cancer (BCLC) classification is currently the most widely used standard staging
system for HCC.1° The BCLC staging system classifies HCC into five stages (0, A, B, C
and D) and provides the estimated median survival and recommended treatments for

patients at each stage (Figure 2).
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Figure 2— BCLC staging and treatment strategy. Adaptated from J. Hepatol. 2022, 76 (3), 681-693.

Despite several other staging systems have been proposed, this is the only one with
robust prospective validation and it is routinely used as a main stratifying factor in

clinical trials.

1.1.4. Current treatment strategies
In the last 10 years, there have been significant advances in the treatment of HCC.!! The

available therapeutic options can be divided into curative and noncurative strategies
(Figure 2).° Effective curative therapies include surgical resection, orthotopic liver
transplantation, and ablative techniques, such as thermal ablation. These therapeutic
approaches offer the chance of long-term response and improved survival. On the other
hand, aiming at improving survival by slowing tumor progression, noncurative therapies
include transarterial chemoembolization (TACE), transarterial radioembolization
(TARE) and systemic chemotherapy.

Surgical resection is a recommended treatment option for patients with resectable
disease in the absence of clinically significant portal hypertension (CSPH). However,
nearly 70% of patients develop recurrent HCC after resection.? In patients with
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alcoholic cirrhosis with CSPH and hepatic decompensation with early-stage HCC that
meets Milan criteria (1 tumor up to 5 cm, or two to three tumors with the largest being
<3 cm) liver transplantation is the treatment of choice. This treatment option is very
effective for early-stage HCC, because it removes not only the tumor but also the
diseased liver, which has impaired function and is prone to developing recurrent HCC.
However, transplantation is limited by the extreme shortage of available liver allografts
and the need for lifelong immunosuppression. Local tumor ablation is another
potentially curative treatment used in patients with early-stage HCC. Destruction or
ablation of tumor cells can be achieved by modifying local tumor temperature
(radiofrequency, microwave, laser, cryotherapy) or by the injection of chemical
substances (ethanol, acetic acid, and boiling saline).t® This procedure can be performed
percutaneously or during laparoscopy, and is currently considered the best option for
HCC patients who are not candidates for surgical resection. Locoregional therapies,
such as TACE and TARE, are treatment options for patients with intermediate-stage
HCC who are not eligible for curative treatments!*, TACE combines intra-arterial
infusion of cytotoxic chemotherapeutic agents with delivery of embolization particles
into the tumor-feeding artery to achieve strong cytotoxic and ischemic effects.’® Drug-
eluting beads (DEBs) have been developed to minimize ischemic damage to non-
tumorous tissues and increased tumor concentration of chemotherapeutic agents. TARE
has emerged as an alternative therapy to TACE. This intratumoral brachytherapy
consists of the delivery of radioactive glass or resin microspheres loaded with a -
emitting yttrium-90 isotope into the arteries that supply the HCC tumour.1®

Despite advances in early detection and diagnosis, more than 80% of patients are
diagnosed with advanced disease, because HCC is asymptomatic in the early stages.
These patients usually have a very poor prognosis, and treatment options are mainly
palliative, aiming to reduce or to alleviate a locally advanced disease.!” In addition,
therapeutic options for advanced HCC are limited, due to the resistance of tumor cells to
conventional chemotherapy and the underline liver dysfunction that hinders the delivery
of drugs. Systemic therapy with doxorubicin (DNA-binding alkylating agent), cisplatin
(antimetabolite drug), or docetaxel (microtubule inhibitor) results in low objective

response rates and severe side effects.!81°
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During the past decades, research has shed light on the molecular and genetic profiles of
HCC, leading to a greater number of druggable targets, such as intracellular signaling
proteins, angiogenesis factors, peptide growth factors and their receptors, cell cycle
regulators, and transcription factors.?® Sorafenib is a small-molecule multikinase
inhibitor (MKI) that targets tumor angiogenesis and proliferation pathways by blocking
the vascular endothelial growth factor receptor (VEGFR) 1-3, platelet-derived growth
factor receptor B (PDGFR-P), and myc.2! It was the first agent to achieve a statistically
significant improvement in overall survival in patients with advanced HCC.?? In a
randomized phase Il clinical trial, sorafenib was shown to prolong median overall
survival by 2-3 months in patients with advanced-stage HCC (median overall survival
of 10.7 months in the sorafenib group versus 7.9 months in the placebo group in the
SHARRP trial).?? Based on these results, in 2007 sorafenib was approved by the Food
and Drug Administration (FDA) for advanced HCC as first-line standard treatment.
Although sorafenib provides a remarkable survival benefit in patients with advanced
HCC, its administration causes several adverse effects, including fatigue, diarrhea, skin
irritation, hand-foot syndrome, hypertension, bleeding, weight loss, infection, and
peripheral nerve sensory disorders. These adverse side effects result from the lack of
cell specificity and water insolubility of sorafenib, making it necessary to administer
high doses to ensure an effective treatment. However, in most cases, this leads to dosage
reduction or treatment discontinuation. In a study to predict survival of HCC patients
who permanently discontinued sorafenib, due to tumor progression, liver
decompensation, or adverse effects, the median survival post-sorafenib was only 4.1
months.*®

In recent years, due to improved knowledge of the hepatocarcinogenesis process and
numerous clinical trials in HCC, major breakthroughs have been made in the
development of new molecularly targeted drugs.?® Since 2017, the FDA has approved
several drugs for the treatment of HCC, including MKI (regorafenib, lenvatinib,
cabozantinib, ramucirumab), immune checkpoint inhibitors (ICI) (nivolumab and
pembrolizumab), and two combination regimens (nivolumab plus ipilimumab and

bevacizumab plus atezolizumab) (Table 1).

Table 1- FDA-approved targeted drugs for HCC.
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Drug Thelr_apeuuc Target Indication Approved
ine year
Sorafenib 1 Multl_'lt_atigeted Unresectable HCC 2007
HCC treated
Nivolumab 2 PD-1 previously with 2017
sorafenib
. HCC treated
Regorafenib 2 Multitargeted previously with 2017
TK .
Sorafenib
Lenvantinib 1 MUIt[}_E;EQEtEd Unresectable HCC 2018
Pembrolizuma HCC treated
b 2 PD-1 previously with 2018
sorafenib
. HCC treated
Cabozantinib 2 Multitargeted previously with 2019
TK .
sorafenib
HCC treated
. previously with
Ramucirumab 2 VEGFR sorafenib and AFP > 2019
400 ng/mL
Nivolumab + HCC treated
. 2 PD-1/CTLA-4 previously with 2019
Ipilimumab .
sorafenib
Atezolizumab
+ 1 PD-L1/ VEGF  Unresectable HCC 2020
Bevacizumab
Tremelimumb CTLA-4/ PD-
+ Durvalumab 1 L1 Unresectable HCC 2022

Lenvatinib, a multikinase inhibitor targeting vascular endothelial growth factor receptor
(VEGFR1-3), fibroblast growth factor receptors (FGFR1-4), platelet-derived growth
factor receptor a (PDGFRa) and proto-oncogene tyrosine-protein kinase receptors RET
and KIT, was approved in 2018 as a first-line systemic therapy for HCC. In the phase
1l REFLECT trial, lenvatinib proved to be noninferior to sorafenib and the median
overall survival with lenvatinib was 13.6 versus 12.3 months with sorafenib.?*
Moreover, progression-free survival, time to disease progression and objective response
rate were also improved with lenvatinib compared with sorafenib. Regorafenib is an
oral inhibitor that inhibits many angiogenic and tumorigenic kinases, including
VEGFR1-3, tyrosine kinase with immunoglobulin and epidermal growth factor
homology domain 2 (TIE2), PDGFRf, FGFR1, BRAF, RET, and KIT. In the phase III

RESORCE trial, conducted in patients who had progressed on prior sorafenib treatment,
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regorafenib had a longer overall survival than placebo (mOS, 10.6 vs. 7.8 months).?®
The phase 111 CELESTIAL trial showed that treatment with cabozantinib, an inhibitor
of tyrosine kinases including MET, AXL and VEGF receptors, resulted in a significant
improvement in median overall survival compared with placebo in patients with
advanced HCC previously treated with sorafenib (mOS 10.2 vs. 8.0 months).?
Cabozantinib was approved in 2019 for patients with HCC previously treated with
sorafenib. In 2019, ramucirumab, a human anti-VEGFR-2 monoclonal antibody,
demonstrated to improve overall survival in patients with advanced HCC and serum
AFP levels >400 ng/ml.?’

Improved knowledge of the role of the immune microenvironment in the development
and progression of HCC has changed the treatment landscape for HCC.% ICI have
emerged as a promising treatment option for advanced- stage HCC. In 2017 the FDA
approved the use of nivolumab, a human monoclonal antibody against programmed cell
death protein 1 (PD-1), as a second line treatment for advanced HCC in patients
previously treated with sorafenib.?® The PD-1/programmed cell death ligand 1 (PD-L1)
engagement blocks T cell receptor signal transduction, inhibits T cell proliferation and
secretion of cytotoxic mediators, leading to tumour immune escape. Blocking the PD-1
pathway could promote an antitumor immune response. Pembrolizumab, a monoclonal
antibody that blocks PD-1, demonstrated durable antitumor activity and promising
overall survival (17 months), in the multicenter phase Il KEYNOTE-224 trial, and
received accelerated approval from the FDA in 2018. To achieve more satisfactory
therapeutic response rates than ICI monotherapy, combination therapies based on ICIs
have been extensively explored for the treatment of HCC.*® Nivolumab in combination
with ipilimumab (cytotoxic T-lymphocyte associated protein 4 (CTLA-4) inhibitor)
demonstrated clinically meaningful response rates and long-term survival benefit in
HCC (mOS was 22.2 months), being approved for advanced HCC patients that
progressed on sorafenib treatment.®!Since antiangiogenic multikinase inhibitors or
specific VEGF/VEGFR inhibitors may enhance antitumor immune activity through
multiple mechanisms, namely by promoting the M1 polarization of tumor-associated
macrophages (TAM), increasing CD4+ and CD8+ T cell infiltration and function, and
suppressing regulatory T cells, the combination of antiangiogenics agents and ICIs may

represent an evolution of current treatment approaches.® The combination of
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atezolizumab, an IgG1l monoclonal antibody that specifically binds to PD-L1 and
disrupts its interaction with PD-1, and bevacizumab, a humanized anti-VEGF
monoclonal antibody that suppresses angiogenesis, was the first combination that
proved to be more effective than sorafenib in the first-line treatment of advanced HCC.
The median OS of this combination regime was 19.2 months, 5.8 months longer than
sorafenib.3! The combination of durvalumab and tremelimumab, monoclonal antibodies
against PD-L1 and CTLA-4 immune checkpoints, respectively, was studied in the large
phase 3 HIMALAYA trial. This combination regimen displayed superior efficacy and a
more favorable benefit-risk profile than sorafenib, and was approved by the FDA in
October 2022 for the treatment of HCC.*?

1.1.5. Emerging novel targeted therapies in HCC
Over the past three years, rapid advances in molecular targeted therapies have

dramatically changed the treatment landscape for advanced HCC. The recent FDA
approval of the atezolizumab + bevacizumab and tremelimumab + durvalumab
regimens, as standard treatments, is considered a milestone and an encouraging
breakthrough in the treatment of advanced HCC. In addition to these approved targeted
therapies, several clinical trials are currently testing different molecular therapies for
advanced HCC (Table 2).3*

Table 2— Clinical trials of molecular targeted therapy for advanced HCC.

Target Trial name Drug Setting Phase
NCTO01755767  Tivantinib 2nd Il
c-MET NCT01988493  Tepotinib 1st Ib/I1
NCT01737827 Capmatinib  1st 1
Fisogatinib
FGFR4 NCT02508467 (BLUS54) 1st/2nd |

NCT02834780 H3B-652 2nd I
TFG-B NCT02178358  Galunisertib  2nd 1
c-MYC NCT05497453 OTX-2002 2nd Ib/1l

Mesenchymal epithelial transition factor (c-MET) is a tyrosine kinase receptor for
hepatocyte growth factor (HGF). Abnormal activation of the MET/HGF pathway is

involved in HCC progression by promoting cell proliferation, survival and invasion, and
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even by inducing drug resistance.®® ¢-MET inhibitors are being investigated in several
studies for their potential use in HCC patients as first-or second-line therapy. 26373

The transforming growth factor p (TGFpB) pathway has dual antitumor and protumor
functions: in the early stage, the TFG-B ligand may be beneficial for promoting cell
cycle arrest and apoptosis, whereas in the advanced stage, it promotes cell invasion,
angiogenesis, epithelial-to-mesenchymal transition (EMT), immunosuppression and
drug resistance.® These findings provide an important rationale for blocking the TGFp
pathway to circumvent HCC aggressiveness and resistance to therapies.*

Blocking the fibroblast growth factor receptor 4 (FGFR4) pathway is another promising
approach in HCC.% Activation of this signaling pathway leads to cell proliferation,
EMT, angiogenesis and invasion. While no significant difference was detected in
FGFR4 expression between HCC and surrounding liver cells, FGF19 (one of the three
endogenous ligands) was significantly overexpressed in HCC. Moreover, FGF19
expression was associated with early tumor recurrence and resistance to sorafenib,
making this pathway a promising therapeutic target. 4142

MY C is a transcription factor recognized as a “master regulator” of cell metabolism and
proliferation. Due to its important role as primary oncoprotein regulating many aspects
of hepatocarcinogenesis, namely cell proliferation, growth, differentiation and immune
response, it provides a unique opportunity for the development of novel anti-HCC
therapies.*>* OTX-2002 is an mRNA therapeutic delivered via lipid nanoparticles
designed to pre-transcriptionally downregulate the expression of MYC, through
epigenetic modulation, potentially overcoming MYC autoregulation.*® An open-label
phase 1/2 study (NCT05497453) is evaluating the safety, tolerability, pharmacokinetics,
pharmacodynamics, and preliminary antitumor activity of OTX-2002 in HCC patients,
both as a single agent and in combination with standard therapy.

The results of recent clinical trials indicate that single-drug therapy may not be
sufficient for the treatment of HCC. Therefore these molecular targeted drugs have been
evaluated in combination with other multiple tyrosine kinase inhibitors or ICls.3* In
addition, it is critical to find biomarkers that can predict the treatment response to guide
the systemic therapy strategy.
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1.2.Gene therapy
The completion of the human genome sequence opened the door and paved the way for

the development of gene-based therapeutics to treat human diseases.®® This
unprecedented scientific achievement has enhanced the understanding of the causes of
disease at the molecular level, improved the diagnosis and classification of disorders
based on genetic profiles, and has been enabling the development of new therapeutics.
In this context, gene therapy is a promising avenue to eradicate a wide range of diseases
involving genetic factors such as cancer, cardiovascular diseases, degenerative
neurological disorders, and many others. According to the European Medicines Agency
(EMA), a gene therapy product generally consists of a vector or delivery
formulation/system containing a genetic construct (“therapeutic sequence”) engineered
to regulate, repair, replace, add, or delete a specific genetic sequence associated with the
disease and/or its treatment.*® In 1990, the first clinical trial of gene therapy was started
using retroviral-mediated transfer of the adenosine deaminase (ADA) gene into the T
cells of two children with severe combined immunodeficiency (SCID).*” Since then,
despite the several setbacks suffered in gene therapy clinical trials, research has still
been focused on the development of safe and efficient gene delivery systems for
transferring foreign nucleic acids into human cells, and success stories continue to
accumulate. To date, more than 3180 new gene therapy clinical trials have been
completed, are ongoing or have been approved worldwide. The overwhelming majority
of gene therapy clinical trials have addressed cancer (67.4%) and monogenic diseases
(11.6%) (Figure 3).%8

Indications Addressed by Gene Therapy Clinical Trials

Figure 3- Distribution of completed or ongoing clinical trials according to the targeted
diseases.*®
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Two fundamental strategies have been used in gene therapy: ex vivo or in vivo gene

delivery (Figure 4).%

Ex vivo gene therapy In vivo gene therapy

Viral vector

X cells isolated dgva :‘:@
N\ from patients

' ‘%‘ Therapeutic

nucleic acids
Targeted cells
genetically modified
with therapeutic genes Non-viral vector
in vitro \

\_/

Genetically engineered
cells injected back into
patient

Figure 4— Ex vivo and in vivo approaches to gene therapy.

Ex vivo gene therapy involves taking cells from the patient or a donor, cultured them in
a laboratory, transducing them with a therapeutic gene, and reinfusing them into the
patient. Chimeric Antigen Receptor T cells (CAR-T cells) are the most commonly used
cells in ex vivo protocols. The patient’s T-cells are genetically modified to produce a
new receptor, called Chimeric Antigen Receptor (CAR), hence the name CAR-T cells.
This receptor varies for each cancer type, is specific to molecules overexpressed and/or
exclusively expressed in cancer cells, and gives CAR-T cells the ability to specifically
bind to cancer cells without harming healthy cells.®® Glypican-3, alpha fetoprotein,
cluster of differentiation 147 (CD147), mucin-1, epithelial cell adhesion molecule
(EpCAM) and New York esophageal squamous cell carcinoma 1 (NY-ESO 1) are the
most common CAR to target HCC cells.®® In vivo gene therapy is a strategy in which
genetic material is delivered through a vector in order to alter the genetic repertoire of
target cells for therapeutic purposes. Depending on the cell type to be modified, gene
therapy can be divided into two categories: somatic and germline gene therapy. In
germline gene therapy, the therapeutic genes are integrated into the genome of germ

cells, such as eggs and sperm. This makes the therapy heritable, and can be passed on to
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future generations, which raise several ethical issues and hinders its application in many
countries. In somatic gene therapy, the therapeutic genes are introduced into the somatic
cells and this genetic modification cannot be passed on to descendants.

Thanks to advances in genetic engineering and biotechnology, the field of gene therapy
has exploded in recent years with the approval of diverse drug products by the FDA and
EMA (Table 3)°2. The first oncolytic virus approved by the FDA and EMA as an
anticancer therapy was talimogene laherparepvec (Imlygic®), which was approved in
2015 for the treatment of melanoma.®® It is a modified herpes simplex virus type 1
(HSV-1) that has been engineered to selectively replicate in tumor cell, reducing viral
pathogenicity and promoting immunogenicity through deletion of the viral genes
ICP34.5 and insertion of the gene coding for human cytokine granulocyte macrophage
colony-stimulating factor (GM-CSF).>* Local release of GM-CSF promotes the
recruitment of dendritic cells and macrophages into the tumor, which facilitates antigen

presentation and enhances the tumor specific immune response.

Table 3— Current EMA and FDA approved gene therapy products.
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Drug Year of - Approving Indications Vector Approaches
approval agency
Breyanzi 2021 FDA Refracltory large B-cell Retroviral Ex vivo
ymphoma
Carvykti 2022 FDA Refractory multiple Lentiviral Ex Vivo
myeloma
Abcema 2021 FDA Refractory multiple Lentiviral Ex vivo
myeloma
Refractory mantle cell
lymphoma / . .
Tecartus 2021 FDA refractory  acute Retroviral Ex vivo
lymphoblastic leukaemia
Zynteglo 22%12%/ EMA/FDA B- thalassemia Lentiviral Ex vivo
Vaxzevria 2021 FDA/EMA COVID-19 Adenovirus In vivo
AIOSOV 2021 FDAEMA COVID-19 Adenovirus In vivo
MRNA- Lipid-complex .
1273 2020 FDA COVID-19 MRNA In vivo
. Lipid-complex .
Comirnaty 2020 FDA COVID-19 MRNA In vivo
Zolgensma 2019 FDA Spinal muscular atrophy AAV In vivo
Waylivra 2019 EMA Familial chylomicronemia Oligonucleotide In vivo
syndrome
— Lipid-complex .
Onpattro 2018 FDA Amyloidosis SIRNA In vivo
Tegsedi 2018 EMA Amyloidosis oligonucleotide In vivo
Luxturna 2018 FDA Retinal dystrophy AAV In vitro
2018/ Retroviral — .
Yescarta 2017 EMA/FDA Large B-cell lymphoma CD19 Ex vivo
B-Cell precursor acute
Kymriah 2017 EMA/FDA lymphoblastic leukemia LentiviralCD19 Ex vivo
and large B-Cell lymphoma
Spinraza 2016 FDA/EMA Spinal muscular atrophy  Oligonucleotide In vivo
Exondys 2016 FDA Duchenne muscular Oligonucleotide In vivo
u.S. dystrophy
Zalmoxis Restore s immune system Retroviral-
HSCT ALNGFR/ .
2016 EMA Transplant HSV1-TK Exvivo
Stimvelis 5516 EMA ADA-SCID Retroviral-ADA  Exvivo
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Imlygic 2015

Kynamro 2013

Glybera
UniQure .
. 1998/
Vitravene 1999

FDA/EMA Melanoma HSV1-GM-CSF

Homozygous familial

FDA hypercholesterolemia

Oligonucleotide

Familial lipoprotein lipase
EMA deficiency and pancreatitis rAAV1-LPL
attacks

FDA/EMA  Cytomegalovirus retinitis O '9onucleotide

In vivo

In vivo

In vivo

In vivo

1.2.1. Treatment Modalities Used in Gene Therapy
In the context of cancer, there are three basic gene therapy strategies: gene

augmentation, which consists in the introduction of a specific gene into target cells in

which the endogenous gene is absent/underexpressed, or the introduction of a specific

exogenous gene that expresses a therapeutic protein; gene silencing, which involves the

downregulation of an overexpressed or pathogenic gene; and gene editing, which is the

permanent manipulation of a gene in a patient’s genome (Figure 5).
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Figure 5- Treatment modalities used in gene therapy.

Gene augmentation
Gene augmentation involves the introduction of a new therapeutic gene or the insertion

of a functional gene into a non-specific region of the host genome, to replace a
dysfunctional or deleted gene, in order to achieve a desired therapeutic effect.
Generally, this can be accomplished by the introduction of the required gene or the
messenger RNA (mRNA) that encodes the desired protein (Figure 5). These nucleic
acids are introduced into the target cells to express the functional or therapeutic protein
through viral or non-viral vectors, a process termed transduction or transfection,
respectively. The intracellular delivery of pDNA is challenging because of its large
molecular size and the need to translocate it to the cell nucleus, where it is transcribed
into the corresponding mMRNA. Alternatively, intracellular delivery of mRNA is much
easier than that of pDNA due to its smaller molecular size and to its ability to act
directly in the cytoplasm, eliminating the need for the challenging nuclear delivery.* In
addition, mRNA does not integrate into the host genome, reducing the risk of
mutagenicity. Nevertheless, delivery of pDNA usually results in much higher and more
sustained protein expression than that obtained with mRNA. In the context of cancer,

multiple approaches can be endorsed, such as the delivery of tumor suppressor genes®,
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immune-stimulatory genes®’, apoptotic-related genes®® or suicide genes®. For example,
a phase I/11 clinical trial currently underway to evaluated the safety, immunogenicity,
and preliminary efficacy of GNOS-PV02 (personalized DNA vaccine that encodes up to
40 patient-specific neoantigens), in combination with INO-9012 (plasmid-encoded IL-
12) and Pembrolizumab (ICI) in patients with advanced HCC (NCT04251117).
Preliminary results, obtained with the first 12 patients, indicate that no serious adverse
drug events were reported with the treatment and the objective response rate was 25%
(3/12 partial response, 5/12 stable disease, 4/12 progressive disease).®® In addition,
analysis of peripheral blood and tumor tissue identified novel and significantly
expanded T cell clones after vaccination, which may trigger tumor regression.

HSV-TK/GCV strategy, the most commonly used suicide gene therapy approach in
clinical trials, is based on the insertion into tumor cells of a gene encoding the herpes
simplex virus thymidine kinase (HSV-TK), which converts ganciclovir (GCV) into
ganciclovir monophosphate, which in turn is converted by cellular kinases to
ganciclovir triphosphate.®1:52 Since the latter compound is an analog of deoxyguanosine
triphosphate, inhibition of DNA polymerase and/or incorporation into DNA occurs,
causing chain termination and tumor cell death.® In addition, suicide gene therapy leads
to better therapeutic outcomes because the bystander effect involves the neighboring
cancer cells, thus eliminating the need to deliver the therapeutic gene to all tumor
cells.% This effect is mainly explained by passive diffusion of the activated drug and by
transfer through gap junctions and/or apoptotic bodies generated by dying cells that can

be taken up by non-transfected cells.

Gene Silencing
This approach consists of silencing the expression of pathogenic or overexpressed genes

responsible for supporting pathological conditions of multiple diseases, such as cancer.
Increased expression of several oncogenes promotes tumor cell survival by suppressing
apoptosis and regulation of cell cycle. Therefore, inhibition of oncogenes or their
upstream genes represents an attractive approach for the development of novel
antitumor strategies. In general, antisense oligonucleotides (ASO) or RNA interference
(RNAI) techniques are the most common used for gene silencing.®® Antisense
oligonucleotides are small-sized single-stranded nucleic acids that have a
complementary sequence to a target mMRNA. After binding to the specific mMRNA, they
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inhibit mMRNA translation into the corresponding protein by steric hindrance of
ribosomes and induction of RNase H endonuclease activity to cleave the target mRNA.
ASO can also be engineered to bind to the double-stranded DNA in the nucleus,
forming a triple helix that cannot be transcribed into mRNA. RNA interference (RNAI)
is a post-transcriptional mechanism of gene silencing in which small RNA molecules
(such as small interfering RNA (siRNA); small hairpin RNA (shRNA); or microRNA
(miRNA)) are introduced into the target cells where they interact with specific proteins
in the cytosol to form the RNA-induced silencing complex (RISC) that specifically
binds to the target MRNA and induces its cleavage to prevent its translation into the

corresponding protein, thus resulting in gene silencing (Figure 5).

Gene editing
Gene-editing technology has the potential to cure a variety of diseases involving genetic

factors, such as monogenic diseases and cancer, by directly targeting the genome and
the genetic mutations.®® This technology is based on genetically engineered DNA-
cleaving enzymes, namely zinc finger nucleases (ZFNSs), transcription activator-like
effector nucleases (TALENS), clustered regularly interspaced short palindromic repeats
(CRISPR) and the associated endonuclease Cas9 (CRISPR/Cas9), which can be
reprogrammed to cleave a precise target sequence and create a double-strand break
(DSB) at a specific location (Figure 5).6” Once the target gene has been cleaved by one
of these nucleases, repair of the DSB can occur by two different mechanisms:
nonhomologous end joining (NHEJ) and homology-dependent repair (HDR). In the
NHEJ, the target region is eliminated by joining the DSB, and it can be used to silence
or correct a gene associated with the disease. On other hand, in the HDR method, a
homologous sequence can be introduced into the DSB allowing exogenous DNA to be
inserted either to correct an existing gene or to add a new one. For example, Yu Qi et al
developed a lactose-derived biopolymer to mediate the delivery of pCas9-survivin,
which targets and knocks down survivin oncogene, resulting in efficient gene editing
and high anticancer activity in orthotopic HCC mouse models.%® In contrast to gene
augmentation and suppression, therapeutics based on gene editing promote a permanent
effect on the genome, and have, therefore, raised important ethical issues. Nevertheless,

there have been remarkable progresses in gene editing in recent years, most notably
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with CRISPR/Cas9, and several clinical trials using gene-editing technologies have

been completed or are underway.

1.2.2. Combination of gene therapy with other therapeutic agents for
treatment of HCC
Hepatocellular carcinoma cells developed complex signaling network to escape death

induced by chemotherapeutics agents.”® Therefore, the antitumor efficacy of a single-
target therapeutic strategy is severely compromised. Combination therapy, a treatment
modality that combines two or more therapeutic agents, is a promising approach to
improve the therapeutic index by simultaneously blocking multiple signaling pathways
in tumor cells.” Particularly, combining chemotherapy with gene and/or immunogene
therapy is an effective strategy to sensitize cancer cells to drug response and achieve an
additive/synergistic antitumor effect with a lower chemotherapeutic dose and
consequently with fewer side effects.”""> This approach potentially reduces drug
resistance”’* while providing therapeutic benefits in anticancer therapy, such as
reducing tumor growth and metastatic potential, arresting mitotically active cells,
reducing cancer stem cell population™ and enhancing antitumor immune response’®”.
For example, Zhang Linlin et al. developed N, N, N-trimethyl chitosan nanoparticles
grafted with p-mercaptobenzoic acid for the co-delivery of paclitaxel (PTX), survivin
shRNA-expressing plasmid and recombinant human interleukin-2.”® This redox-
responsive nanocarrier allows the controlled co-delivery release of paclitaxel in the cell
cytoplasm, due to the reductive cleavage of the disulfide crosslinks in their hydrophobic
core, which further improved the antitumor efficacies and decreased the systemic side
effects of PTX. This triple co-delivery system exhibited synergistic in vivo antitumor
efficacies and improved antitumor immune responses. C. Song et al developed a
therapeutic strategy to enhance the anti-HCC effect of sorafenib, by delivering this drug
together with a immunoglobulin mucin-3 (Tim-3) siRNA through chitosan-based
nanoparticles.” Downregulation of TIM-3, an immune checkpoint molecule, not only
inhibited the tumor growth in an orthotopic H22 mouse hepatoma tumor model, but also
induced an immune response improving the recruitment of cytotoxic T cells to kill
tumor cells. In addition, sorafenib induced extensive tumor apoptosis by inhibiting
tumor angiogenesis. In another approach, the antitumor effect was enhanced by

combining an anti-microtubule drug with gene therapy.”® Paclitaxel, one of the most
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commonly used chemotherapeutic agents against cancer, binds to tubulin and promotes
microtubules stabilization avoiding their depolymerization, leading to G2/M cell cycle
arrest and cell death. In addition, because microtubules play a crucial role in
intracellular dynamics, including the transport of nanoparticles to lysosomes after their
internalization by endocytosis, this drug can be used to enhance the transfection ability
of nanocarriers, by helping to overcome the endolysosomal entrapment.?’ Paclitaxel-
mediated enhanced gene transfection was achieved by co-administration of paclitaxel
and p53 gene with a cationic-based nanoparticle. Paclitaxel-enhanced p53 gene
expression resulted in an antitumor synergistic effect, with a large cell population at sub
Gl and G2/M phases, which induced significant cell apoptosis.®! Despite the
additive/synergistic effects of gene therapy combination with other therapeutic agents,
the development of targeted-co-delivery nanocarriers remains challenging, mainly

because of the different physicochemical properties of therapeutic agents.

1.2.3. Vectors for gene therapy
Clinical outcomes of gene therapy are often limited by various technical barriers to gene

delivery. The most critical challenge for successful gene therapy is the safe and
effective delivery of the therapeutic nucleic acid into target cells. A delivery system is
essential to protect the genetic material from enzymatic degradation and to facilitate its
internalization into target cells, as hydrophilic and anionic nucleic acids do not have any
property that confers them specificity to target cells and cannot effectively penetrate the
cell membrane.®? Therefore, several approaches have been developed to deliver the

genetic material into target cells (Figure 6).
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Figure 6— Vectors for delivery of a therapeutic gene into a target cell.

By far, the most popular vehicles for delivering nucleic acids into cells are viral vectors.
Several viruses, in which all or parts of the viral coding regions were replaced with a
therapeutic gene, have been used and engineered to develop delivery vectors. These
vectors can achieve high transfection efficiency, and represent the majority of DNA
delivery systems currently in clinical trials. However, viral vectors have several
drawbacks, including immunogenicity, carcinogenesis, severe inflammatory responses,
low target specificity, limited DNA packaging capacity and high production costs. To
address some of these concerns, particularly with regards to biosafety, non-viral vectors
have been extensively studied. Non-viral vectors are less toxic and far less
immunogenic than their viral counterparts. Other potential advantages of non-viral
vectors include the ability to carry a larger genetic payload, ease of large-scale
production, capability to be repeatedly administered and the ability to be stored without
refrigeration. In addition, the recent approval of two lipid-based mRNA vaccines
against SARS-CoV-2 coronavirus has further sparked the interest in non-viral gene

delivery systems.®
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Viral Vectors
The most common viral vectors used in gene therapy include adenoviruses, adeno-

associated viruses (AAVS), retroviruses, lentiviruses (a subtype of retrovirus) and
herpes simplex virus (HSV).8* Generally, viral vectors have a regulatory cassette, which
controls stable or transient somatic expression of the transgene as an episome or a
chromosomal integrant, and a protein capsid and/or envelope that condense the genetic
payload and the transgene of interest, which produce a therapeutic effect. Several
factors play a role in the choice of a particular vector, such as its packaging capacity, its
host range, its gene expression profile or its tendency to elicit immune responses (Table
4).

Table 4- Summary of viral vectors characteristics.

Adenovirus AAV HSV Retrovirus Lentivirus
Genome dsDNA sSDNA dsDNA SSRNA RNA
Dividingand Dividing and Dividing and Dividing and
Tropism non-dividing  non-dividing non-dividing Dividing cells  non-dividing
cells cells cells cells
Both episomal
Host and
. chromosomal Chromosomal ~ Chromosoma
genome No, episomal . . . . . . ’
intearation insertion No,Episomal insertion | insertion
9 (<0.1%)
Transgene Transient Potentlal_ly Long lasting Long lasting  Long lasting
expression long -lasting
Packaging
capacity 8 <5 >30 8 8
(kb)
. . High Smal_l Transient gene Potential Potential
Limitation immune packaging expression in - .
. oncogenicity ~ oncogenicity
response capacity neurons
_ Efficient _ Non- Largg Long term Long term
Major : inflammatory packaging gene gene
transduction . . A
advantage and non- capacity expression in  expression in
of most cells .
pathogenic most cells most cells

Actually, adenovirus has been the most commonly used vector in gene therapy clinical
trials (17.5%). The main characteristics of this type of vector are: the ability to carry a
large DNA load; the capacity to infect both dividing and nondividing cells; and a high

but transient level of gene expression. Retroviruses can reverse transcribe their genetic
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material (single-stranded RNA) into double-stranded DNA and integrate it into the
genome of host cells. The main advantages of retroviral vectors, which were the first
vectors used in gene therapy clinical trials, are their ability to carry a large DNA load (8
Kb) and their capacity to integrate the transgene into the host genome, resulting in
long-term gene expression. However, retroviral vectors require cell division to integrate
their DNA into the host genome and, therefore, they can only transduce dividing cells.
In addition, retroviral vectors present the risk of randomly inserting their DNA into the
host chromosomes, potentially leading to an insertional mutagenesis. Lentivirus, a
subtype of retrovirus, is another important viral vector for gene therapy, commonly used
in ex vivo applications. These vectors are capable of transducing both dividing and
nondividing cells, allow long-term gene expression, and have a lower risk of
genotoxicity and insertional mutagenesis when compared to retroviral vectors. The
herpes simplex virus is an enveloped virus with a double-stranded DNA genome of over
150 kb. Key characteristics of HSV vectors include their ability to evade the immune
system, their capacity to deliver large amounts of DNA and multiple genes, and their
intrinsic or artificially generated cell-specific lytic property. While viral vectors are very
efficient as gene delivery carriers, they also have some weaknesses, particularly with
respect to safety issues. They can induce host immune and inflammatory responses,
have the potential to form replication-competent virions, induce tumorigenic mutations,
and generate active viral particles through recombination. They also pose problems
related to large-scale manufacture, limitation of the size of inserted foreign transgenes
and high production costs. Considerable efforts have been made to reduce pathogenicity
and immunogenicity, promote site-specific integration and allow regulation of transgene

expression, and this has been shown to ameliorate the safety problems.

Non-Viral Vectors
Non-viral vectors have several important advantages over viral systems, including lower

immunogenicity or inflammatory response; no packaging limitation; construction
flexibility; facile fabrication; low production costs; and reproducibility.®> Non-viral
vectors can be divided into two main groups: physical and chemical approaches.

Physical methods rely on the application of physical forces to temporarily destabilize
the cell membrane and increase its permeability, allowing the internalization of

exogenous molecules, such as DNA.® This destabilization can be achieved through the
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use of high intensity electrical pulses (electroporation), ultrasound (sonoporation),
magnetic fields (magnetofection) or a hydrodynamic force (hydrodynamic delivery).
Since the application of physical-based methods is significantly limited by the observed
cell damage and low levels of transgene expression, gene delivery can be achieved
using chemical-based vectors, which bind and shuttle nuclei acids to target cells.
Chemical vectors can generally be categorized as inorganic-, lipid-, peptide- and
polymer-based systems.” Cationic lipids are the most widely explored alternative to
viral vectors for gene delivery.® Cationic lipids are amphiphilic molecules consisting
of a polar headgroup linked to a hydrophobic tail by a spacer (linker). The cationic
headgroups bind to the negatively charged phosphate groups of the nucleic acids via
electrostatic interactions and, during the self-assembly process, the genetic material
wraps with the amphiphilic molecules in a multilamellar fashion. The lipid/DNA
complexes formed are designated as lipoplexes. Some examples of headgroups of
cationic lipids are: primary, secondary, tertiary, or quaternary amines, guanidine,
imidazole, pyridinium and phosphorus groups. The hydrophobic region is generally
composed of aliphatic chains (saturated or unsaturated), cholesterol, or other steroid
rings. The linkers between the hydrophobic tail and the polar headgroup are usually
amino, carbamate, or ester linkages, which often influence the transfection efficiency,
stability and biocompatibility of the lipid.8® The transfection efficiency of lipoplexes
depends on several parameters, namely the structure of the lipids (headgroup type,
number of cationic charges, linker type, type of hydrophobic tail, or overall geometric
shape), ratio of cationic to neutral lipids, and the lipid/DNA charge ratio.*°

Polymer-based nanoparticles, prepared from natural or synthetic polymers, have
attracted increasing interest for gene delivery, because of their synthetic tunability and
versatility, low production costs, large loading capacity, extended shelf life, and
immunocompatibility.®* In general, the positive charges of cationic polymers interact
with the negative charges of nucleic acids, through electrostatic interactions, to form
nanoscale polyplexes. These interactions should protect the genetic material from
enzymatic degradation, while allowing efficient unpacking and subsequent release of
nucleic acids inside the target cells. Some of the most commonly used cationic
polymers for gene delivery are chitosan®?, poly(L-lysine), polyethylenimine (PEI),

poly(B-amino ester) (PBAE)®, and nitrogen-containing poly(methacrylate)s®. PEI has
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been widely explored for in vitro and in vivo gene delivery and is considered the gold
standard for polymer-based non-viral gene nanocarriers. The relative ease with which
the physicochemical properties of polymer-based nanocarriers can be fine-tuned, by
varying the chemical composition, molecular weight or architecture of the polymers,
makes it possible to overcome a number of extracellular and intracellular barriers
associated with the gene delivery process.®® In addition, the integration of degradable
components, targeting moieties and stimuli-responsive functional groups helps to
overcome these barriers.%®

Despite the attractive properties of these nanosystems, polymer-based nanocarriers are
less efficient than viral vectors and can be cytotoxic. Various approaches such as the use
anionic shielding polymers®, conjugation of peptides® or fluorination of polymers®
have been used to improve transfection efficiency while reducing cytotoxicity.
Moreover, PEGylation of nanocarriers shields the surface charge of nanoparticles,
reducing the opsonization and uptake by mononuclear phagocyte system and
consequently increasing the half-life of nanoparticles, which improves extravasation at
the tumor site through the enhanced permeability and retention effect (EPR). However,
this strategy leads to the development of immunological responses and difficult the
interactions between nanocarriers and cell membranes, reducing the cellular
internalization and the endosomal escape of nanocarriers.’® Alternatively,
functionalization with carbohydrates can camouflage nanocarriers, prolong their
circulation time in the bloodstream and allow their specific cellular uptake, increasing

their gene delivery efficiency and specificity.

1.3. Glycopolymer-based nanoparticles for gene delivery to cancer
cells

1.3.1. Carbohydrate-based nanosystems
In recent years, carbohydrate-based polymers have attracted increasing interest in the

field of drug and gene delivery.!®* Recent innovations in synthetic approaches have
enabled the synthesis of well-defined carbohydrate-based polymers, modification of
their structure and determination of structure—activity relationships.’%? These tailored
polymers can be readily prepared in various formulations, such as nanoparticles,
micelles, and hydrogels, to deliver multiple therapeutic agents. Moreover, they are
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derived from low-cost renewable natural resources, are composed of various repeating
units (i.e., monosaccharides, oligosaccharides, and polysaccharides), and have
functional groups suitable for a wide range of chemical functionalizations. Compared to
other synthetic polymers, carbohydrate-based polymers have inherent tunability,
chirality and unique degradability in vivo. The differences in the stereochemistry of the
hydroxyl groups result in a specific three-dimensional configuration and spatial
arrangement, which brings different biological and pharmacokinetic properties.
Carbohydrate-based nanosystems display numerous desirable properties, such as
reducing toxicity and immunogenicity, improving serum stability, lowering freezing
point, and promoting targeted delivery of cargos. An overview of the advantages and
major challenges in the application of carbohydrate-based polymers as gene delivery

nanosystems is shown in Table 5.

Table 5- Advantages and challenges ahead of the carbohydrate-based nanosystems.

Advantages Challenges
e Surface chemistry can be modulated
to reduce impact in the e Nanoparticles  stability  during
nanoparticles toxicity, storage, in contact with blood and
immunogenicity, and biodistribution tissues
e Increase hydrophilicity of

: e Scale up and time of production
nanocarriers

e High steric stabilization against . -
- . e Low transfection efficiency
opsonisation and phagocytosis
e Improved pharmacokinetics/ e Steric hindrance and charge
pharmacodynamics profile shielding on cationic polymers

o Reduce self-aggregation tendency \ | iried in vivo clinical research
of the nanoparticles

e Effective internalization in target
cells

o Site-specific delivery with reduced
side-effects
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Depending on the role of the carbohydrate in the polymer structure, carbohydrate-based
polymers can be classified into the following categories: polysaccharide derivatives, in
which the carbohydrate is the main polymer composition; sugar-linked polymers, in
which a sugar is used as a branching site or backbone; and glycopolymers, in which
carbohydrate residues are conjugated as pendent groups.'® Polysaccharides, because of
their molecular diversity, are considered promising candidates for non-viral gene
delivery that can be modified to fine-tune their physicochemical properties.® The
naturally-occurring polysaccharides can be easily modified by chemical conjugation due
to their diverse functional groups such as hydroxyl, carboxyl, and amino groups. These
chemical modification methods, such as carboxymethylation, acetylation or
phosphorylation, improve the biological activity of polysaccharides by changing their
properties, namely their degradation profile, molecular weight and solubility.'® For
example, chitosan, one of the most studied polysaccharides as gene delivery
nanocarrier, has been modified to obtain several derivatives with improved transfection
efficiency.1% Sugar linked-polymers, a less exploited type of sugar-based polymer, use
a carbohydrate as a branching site or backbone. For example, Synatschke et al. used a
core-first approach with functionalized sugars with multiple initiation sites for
sequential polymerization of 2-(dimethylamino)ethyl methacrylate (DMAEMA) by
atom transfer radical polymerization (ATRP), to obtain star-shaped polycations for
gene delivery.l®” On the other hand, glycopolymers are synthetic polymers containing
carbohydrate groups, generally monosaccharides and/or oligosaccharides, on their side
chains. Cationic glycopolymers have attracted tremendous attention due to their unique
ability to mimic naturally occurring polysaccharides, promoting the specific recognition
by carbohydrate-binding proteins (lectins) and increasing the biocompatibility of gene
delivery nanosystems.’®® Another approach that has also been widely explored to
prepare carbohydrate-based nanoparticles is the post-functionalization of nanocarriers
(organic, inorganic or hybrid) with carbohydrate derivatives.'% In this work, however,

we focus mainly on gene delivery nanosystems based on glycopolymers.

1.3.2. Synthesis of glycopolymers
In recent years, the development of novel synthesis techniques has led to major

advances in the generation of glycopolymer-based gene delivery nanocarriers.*%? Linear

glycopolymers, with a monosaccharide and/or oligosaccharide pendant group in a
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repeating unit, are the most explored class of carbohydrate-based polymers due to the
simplicity of their synthesis. In general, there are two approaches to synthesize
glycopolymers: by post-functionalization of pre-synthetized polymers or by reversible
deactivation radical polymerizations (RDRP) techniques (

Figure 7).

Post-functionalization of polymeric backbones with sugar unities is the most common
technique for preparing synthetic glycopolymers.!®® This method provides more
flexibility in terms of attaching different carbohydrate units to the pre-synthetized
polymer backbone and is an efficient way to prepare functional polymers that cannot be
polymerized directly from monomers due to low tolerance to functional group during
polymerization. For example, glycosylation can be chemically achieved through
reductive amination, click chemistry or coupling reactions for conjugation via esters or
amides. In particular, click chemistry, namely copper-catalysed azide—alkyne
cycloadditions (CUAAC)!! and radical thiol-ene reaction'?, are the most commonly
used organic reactions either for the synthesis of sugar-based monomers or for the
subsequent modification to prepare glycopolymers.t*3 Moreover, these techniques allow
the precise control over the degree of chemical modification, which is critical for
quantitative analysis of glycosylation of nanocarriers.!* For example, Zhou Ye et al.
developed a highly efficient nanosystem, to mediate a therapeutic strategy for HCC,
based on rhodamine B (RhB) -end-labeled cationic poly[2-(dimethylamino)ethyl
methacrylate] (PDMAEMA) and hydrophobic poly(3-azido-2-hydroxypropyl
methacrylate) (PGMA-N3) segments post-functionalized with galactose for co-delivery
of Bcl-2 siRNA and doxorubicin.!*® The RhB-PDMAEMA-co-PGMA copolymers were
synthetized via atom transfer radical polymerization (ATRP) of DMAEMA and GMA-
N3 using an RhB-based atom ATRP initiator. Then, the target glycopolymers were
prepared by CuAAC click reaction of the corresponding RhB-PDMAEMA-c-PGMA-
N3 with propargyl a-d-galactopyranoside.

In addition to post-polymerization modification technique, glycopolymers have also
been synthesized by RDRP techniques, such as ATRP and reversible addition
fragmentation chain transfer (RAFT) polymerization (

Figure 7). These methods have provided researchers with additional tools to prepare

well-defined carbohydrate-based polymers with a variety of compositions,
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stereochemistry, architectures and end-group functionalities. In general, glycopolymers
are synthetized by polymerization of protected monomers, pre-synthesized by
glycosylation of vinyl compounds, followed by the deprotection reaction of the
resulting glycopolymers.t'® However, incomplete deprotection of carbohydrate residues
can increase the polymer hydrophobicity, which can change the physicochemical
properties of glycopolymer-based nanocarriers and reduce their biological activity.'!
Therefore, to avoid troublesome protection/deprotection procedures efforts have been
made to synthesize glycopolymers without protecting-groups. RAFT is the most
commonly used polymerization technique to prepare well-defined telechelic
glycopolymers for gene delivery applications. RAFT is a useful and versatile approach,
due to its tolerance to a wide range of functional groups, relatively mild reaction
conditions and the absence of metal catalysts. RAFT polymers are synthesized via a
chain transfer process that requires the use of chain transfer agents (CTAS), typically
dithioesther, trithiocarbonate or xanthates compounds. RAFT also requires a radical
initiator, such as azobisisobutyronitrile (AIBN), to start the polymerization. Narain and
Reineke’s groups have synthetized well-defined glycopolymers, with different
architectures, compositions and low polydispersity, using RAFT, to develop gene
delivery nanosystems. The most commonly used are methacrylamide-based
copolymers, containing cationic monomers, such as 3-aminopropyl methacrylamide!®
or 2-amino ethyl methacrylamide!*®*?° and carbohydrate-derived monomers, namely 3-
gluconamidopropyl methacrylamide!?! and 2-lactobionamidoethyl
methacrylamide.'??123 Recently, M.R. Bockman et al. reported the synthesis of a N-
acetyl-D-galactosamine (GalNAc)-derived monomer via a new improved two-step,
high-yielding route and a newly CTA bearing a GalNAc end-group functionality, to
prepare various diblock copolymers with N-(2-aminoethyl) methacrylamide (AEMA)
via RAFT polymerization.1?*
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Figure 7— Carbohydrate-based monomers and cationic monomers most commonly used in
glycopolymer-based gene delivery nanocarriers.

ATRP has proven to be a versatile and robust technique for the synthesis of well-
defined polymers.'?® Through this technique, it is possible to prepare glycopolymers
with controlled molecular weight, low molar mass dispersity (), complex architecture,
and high chain-end functionality. ATRP is mediated by a transition metal, usually
copper, and an alkyl halide initiator for the polymerization of vinyl monomers
containing polar group. The excellent tolerance of ATRP to functional groups allows
direct polymerization of unprotected saccharide monomers. ATRP technique is based
on a reversible electrontransfer reaction from a dormant specie (Pn™), usually a halogen
derivative, to a transition metal salt (Mt™/L) (Scheme 1).1?® This process leads to the
formation of propagating radicals (Pn*) and the metal complex in the higher oxidation
state (X-Mt™?/L). The formed radical species can be added to one or more vinyl
monomer units. Due to the reversibility of the reaction, the radicals can also react with
the oxidized metal complexes, X-Mt™Y/L, restoring the dormant species and the
transition metal complex (Mt™/L) in the lower oxidation state. The rapid chemical
equilibrium between a very low concentration of propagating radicals and a much larger
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concentration of dormant species suppresses bimolecular termination and chain transfer
reactions, and promotes an effective process control allowing the preparation of
polymers with a narrow molecular weight distribution. Armes and Narain reported the
first example of well-defined carbohydrate-based polymers, with low polydispersity,
prepared by the ring-opening reaction of 2-aminoethyl methacrylate with D-
gluconolactone, followed by the atom transfer radical polymerization under mild
conditions without recourse to protecting group chemistry.?’

ka +M k H | :
P,-X + [Cu'L]' —— p, P+ [X-Cu'lL]
kd Pn: E kl :
\ vl
pn'Pm + [X-CUHL] I

Oxidized agent Reducing agent: * Sugar, ascorbic acid

Scheme 1- The general mechanism of ATRP.

Despite the great performance of ATRP in the development of nanocarriers to gene
delivery, due to its robustness, and to composition and architecture versatility of final
polymers, as well as to great cost benefit when compared to RAFT, the need of a
transition metal catalyst, generally copper, is a problem especially in the preparation of
biomaterials'?®. The cytotoxic effect caused by the presence of the metal on the ATRP
based polymers has led to improvements in ATRP technique that have produced new
variants, in which the copper concentration has been lowered to the ppm range, such as
supplemental activator and reducing agent (SARA) ATRP, initiators for continuous
activator regeneration (ICAR) ATRP , electrochemically mediated ATRP (eATRP) and
activators regenerated by electron transfer (ARGET ATRP).}?® This could be a
remarkable step toward the tailored construction of well-defined copolymers for
targeted gene delivery. However, to the best of our knowledge, our work is the first
report of ARGET ATRP synthetized glycopolymers used for this purpose.

ARGET ATRP employs reducing agents to continuously regenerate the activator

complex (Scheme 1).12° In this method ppm amounts of the oxidatively stable Cu"
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species are used to start the reaction, and the rate of reduction by reducing agents
determines the rate of polymerization. Several biocompatible reducing agents such as
ascorbic acid and glucose have been investigated. In addition, to improve tolerance to
oxygen, reducing agents can be added slowly to regulate the rate of polymerization.
ARGET ATRP also reduces some catalyst-induced side reactions and polymers with
high chain end functionality can be prepared, allowing the synthesis of block
copolymers. The synthesis of poly(2-aminoethyl methacrylate) (PAMA) and PEG-b-
PAMA via ARGET ATRP under mild conditions was reported by our research
group.®°3 This method yielded homopolymers and block copolymers with a good
control over molecular weights (B < 1.2) and with high chain-end functionality, which
also showed high potential as gene delivery systems.

1.3.3. Glycopolymer as nuclei acid delivery nanocarriers

Monosaccharides-based nanosystems
Polyamine-based nanosystems, such as PEI-based polyplexes, have been shown a high

ability to deliver DNA, but their transfection efficiency is associated with cytotoxicity.
In contrast, carbohydrate-based nanoparticles stand out as biocompatible nanocarriers,
but their clinical translation is hampered by low transfection efficiency. Therefore,
cationic glycopolymers have been shown to be ideal carriers containing cationic regions
to ensure DNA binding, as well as carbohydrates groups for increased biocompatibility
and colloidal stability. In addition, the incorporation of carbohydrates into cationic
polymers may help promote interactions with lectins involved in several extracellular
and intracellular steps of the gene delivery process, thereby improving the transfection
efficiency of nanocarriers.*>'% To determine whether the biocompatibility of a PEI-
like polymer can be improved upon incorporation of monosaccharides into the polymer
backbone, a library of glycopolymers, designed as poly(glycoamidoamine)s (PGAAS),
was prepared by Reineke group. PGAAs were synthetized by step-growth
polymerization of linear monosaccharides, L-tartarate, D-glucarate, meso-galactarate
and D-mannarate, with linear oligoethyleneamines containing between one and four
secondary amines.**® The number and stereochemistry of hydroxyl groups influence the
cell surface binding and internalization, the mechanism of intracellular trafficking and,

consequently, the biological activity. In general, the galactarate polymer with four
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ethyleneamine units (G4) promoted the greatest cellular internalization of pDNA and
the highest luciferase gene expression among PGAAs.!3* The performance of these
nanocarriers can be explained by their stronger binding affinity with DNA, their
enhanced ability to protect nucleic acids from degradation by DNases, and their stability
under serum rich conditions. Another factor contributing to the efficacy of PGAAs is
their ability to degrade under physiological conditions, which likely promotes gene
expression, through enhanced nucleic acid unpacking and release, and contributes to
their nontoxic nature.'®*® The PGAA G4 has been commercialized as a glycofect
transfection reagent. In addition, this class of glycopolymers was particularly relevant
because the PGAA platform allowed careful tuning of their chemical structure for the
analysis of structure-activity relationships.*¢13313% To evaluate the contribution of
hydroxyl groups to PGAA degradation, hydroxylated monosaccharides were replaced
with analogous structures containing an alkyl chain in place of carbohydrates (oxylate,
succinate, and adipate).’*® These nonhydroxylated polymers did not degrade readily
under aqueous conditions at physiological temperature and were less efficient in
promoting transgene expression than the degradable PGAA 337 Therefore, amines
and hydroxyl groups along the backbone of these polyamides play a synergistic role in
promoting amide degradation. Chen-Chang Lee and colleagues also evaluated the
biological effect of increasing the number of methylene units between amines and
introducing branching structures.*® In general, glycopolymers with higher amine
density in the repeat unit cannot improve transfection efficiency without increasing
cytotoxicity. Branched structures were found to be less toxic but have lower delivery
efficiency than linear analogues of the same molecular weight, possible due to lower
protonation of the amine groups. With the goal of improving the polymer system,
several modifications of the PGAA structures have been explored, such as the use of
ring-closed monosaccharides or guanidium-based charge centers.®®® In addition, to
enhance the nanoparticles/cell interactions, different transfection methodology has been
used.'*® Anderson and co-workers have further modified PGAAs by ring-opening
reactions with epoxides!*! with various lengths of lipophilic alkyl side chains. The
obtained modified polymer-brush materials were formulated into nanoparticles by
combining them with cholesterol, MPEG2000-DMG (1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy-(polyethyleneglycol)2o00]), and siRNA using a
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microfluidic techniques. These vehicles exhibited significant improved delivery
efficiency for siRNA in vivo, demonstrating that the alkyl tails can improve the
transfection performance of PGAA !, The lipophilic modification of the polymers
facilitates the interaction between polyplexes and the cell membrane and subsequently
improves transgene expression. However, these membrane-disrupting properties also
increase the cytotoxicity of the polymers?*2. Although PGAA-based nanocarriers allow
efficient delivery of nucleic acids, both in vitro and in vivo, these nanocarriers aggregate
to about 300 nm in the presence of salt and serum.*3

Colloidal stability under physiological conditions is a crucial parameter for gene
delivery nanocarriers. The carbohydrate decoration of polyplexes confers a hydrophilic
corona to nanosystems, making them less susceptible to opsonisation and providing the
robust serum stability required for their systemic delivery. In an effort to prevent
colloidal aggregation in the presence of serum, Smith and co-workers developed
biocompatible glucose-based core-shell nanocarriers to deliver genetic material to HeLa
(human cervix adenocarcinoma) and U-87 (human glioblastoma) cells.}*® Three
glycopolymers, consisting of a 2-deoxy-2-methacrylamido glucopyranose block (MAG)
of fixed length (n=46) and a primary amine-containing AEMA of varying length (n=21,
39, 49), were synthesized via aqueous RAFT polymerization. In general, the
nanocarriers prepared with these diblock glycopolymers were found to be colloidally
stable in the presence of serum, throughout the transfection period, maintaining constant
the hydrodynamic diameter (~100nm). However, under serum-rich conditions these
nanocarriers exhibited much lower transgene expression than the positive controls
(lipofetacmine and glycofect). Another strategy to improve the colloidal stability and
cryostability of nanocarriers for gene delivery is the incorporation of trehalose, an a-
glucose dimer linked by 1,1-glycosidic bond.'**14 Trehalose-based polymers have been
synthetized by RAFT polymerization'** or via a copper (1) catalyzed click reaction!*.
These structures contain a trehalose moiety to increase biocompatibility and stability
against aggregation, an amide-triazole group to promote nucleic acid binding, and an
oligoamine unit to facilitate DNA encapsulation and interaction with the cell surface.
Srinivasachari et al. developed trehalose-based oligoethyleneamines delivery vehicles
with 1-4 ethyleneamines between the trehalose groups along the backbone and

demonstrated that transfection efficiency increased with increasing amine number.'4
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Kizjakina and co-workers showed that increasing amine density (5 or 6 amines per
repeat unit) did not improve transfection efficiency, but end group functionalization of
trehalose with carboxyl or oligoethyleneamines resulted in higher transgene expression
in primary neonatal human skin fibroblasts and rat mesenchymal stem cells, in the
presence of serum.**’ Another strategy to enhance the transfection efficiency was the
addition of heparin, a negatively charged glycoprotein, to trehalose-based polyplexes to
form ternary complexes!*®. Heparin-treated polyplexes showed improved cell surface
binding, and efficient uptake and intracellular trafficking of polyplexes to the nucleus,
resulting in higher transgene expression in HepG2 (HCC) and U-87 cells and primary
fibroblasts. To deliver a large plasmid encoding for a Cas9 derivative (dCas-VP64),
targeted to the promoter of collagen type VII, trehalose-heparin polyplexes were
coformulated with dexamethasone, a corticosteroid that expands the nuclear pore
complex.**® This formulation was found to increase functional collagen expression in
primary human dermal fibroblasts (HDFs) and to induce pluripotent stem cells (iPSCs)
by 5- and 20-fold, respectively, compared with trehalose-based nanocarriers without the
additive. In another approach, to prepare a series of diblock glycopolymers a
methacrylamido trehalose monomer, 6-methacrylamido-6-deoxy trehalose (MAT) was
polymerized and then chain-extended with AEMA.** These diblock glycopolymers
ensured colloidal stability of polyplexes in the presence of serum and allowed efficient
siRNA-induced luciferase knockdown in U-87 gliobastoma cells without significant
cytotoxicity. Moreover, trehalose-based diblock copolymers allowed the lyophilization
of siRNA polyplexes and their resuspension in a solution, without loss of biological
function and without altering their size and morphology. Furthermore, the
biodistribution and efficacy of gene delivery nanocarriers were studied in vivo, using
two different injection techniques.’*® Whereas slow infusion via the tail vein led to
nonspecific internalization in the liver, kidney, spleen, and lungs, rapid hydrodynamic
injection of the nanocarriers promoted very specific localization of the polyplexes in the
mouse liver and showed excellent transgene expression. In addition to the carbohydrates
or cationic monomers used and their ratios in the copolymers, their distribution in the
glycopolymer sequence plays a crucial role in the physicochemical and biological
properties of gene delivery nanocarriers. In this context, a library of well-defined

glycopolymers composed of 3-gluconamidopropyl methacrylamide (GAPMA) and the
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primary amine 3-aminopropyl methacrylamide (APMA) or AEMA was synthetized
using RAFT polymerization technique.!’® These polymers differ from each other in
their composition (block or random polymers), molecular weights, and monomer ratio
(carbohydrate to cationic segment). The physicochemical and biological properties of
these glycopolymer-based nanocarriers depend on the polymer composition and content
of carbohydrate residues. Under serum-rich conditions, nanosystems based on random
glycopolymers showed lower toxicity and higher transgene expression than those
prepared with the corresponding block copolymers. To evaluate the role of serum
proteins in gene expression as a function of glycopolymer composition, the cellular
uptake of random- and block-based polyplexes was assessed after incubation with or
without FITC-BSA. In the presence of BSA, compared to random copolymer-based
polyplexes, block glycopolymer-based nanocarriers were poorly internalized by cells,
which may explain their lower transfection activity.'*® The lower uptake of block
copolymer-based polyplexes could be due to their lower zeta potential, which is further
reduced in the presence of negatively charged serum proteins. Moreover, increasing
carbohydrate content in the copolymers resulted in a decrease in transfection
efficiency.!8

Mannose is a promising molecule for targeted gene delivery to dendritic cells and
tumor-associated macrophages, which play a key role in tumor invasion, proliferation
and metastasis. In recent years, great efforts have been made to improve the transfection
performance of nanocarriers in macrophages, which are recognized as a hard-to-
transfect immune cell type.r® Different glycopolymers based on linear PEI*®! or
branched PEI conjugated with mannose have been developed for gene delivery to
immune cells.’®? Recently, a cationic diblock copolymer of PEG and poly {N-[N-(2-
aminoethyl)-2-aminoethyl]aspartamide} (pAsp(DET)) was synthetized, by anionic ring
opening polymerization, and conjugated with 2’-azidoethyl-O-o-D-mannopyranoside,
via click reaction, to form polyplexes with pDNA.'* These polyplexes exhibited low
toxicity and much higher transfection activity in 1C-21 macrophages than mannose-free

polyplexes.

Disaccharides-based nanosystems
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Lactobionic acid, known for its biocompatibility and biodegradability, has rapidly
emerged as a strategic functionalization molecule in the development of liver-specific
gene delivery nanocarriers.®® This multifunctional galactosylated moiety display the
ability to form an amide bond between its carboxyl group and the amine groups of
monomers or functional polymers, and is widely used to formulate polymer-based
nanoparticles.’® The most commonly studied glycopolymer, as nanocarrier for gene
delivery, contains the 2-lactobionamidoethyl methacrylamido (LAEMA) and AEMA, a
disaccharide- and primary amine-based methacrylamide monomers, respectively.
Narain group synthetized a library of stable galactose-containing glycopolymers, with
block and random compositions, and different molecular weights, by RAFT, using
LAEMA and AEMA as monomers.!® The physicochemical properties of these
glycopolymers had a significant impact on their toxicity and gene delivery efficiency in
HepG2 cells. The nanocarriers based on diblock glycopolymers showed high colloidal
stability and maintained their size (<150 nm) consistently over 24 hours in the presence
of serum. These nanosystems contain most of the condensed DNA in the core and have
higher carbohydrate content in the shell, avoiding interactions and, consequently,
aggregation with serum proteins. In contrast, in glycopolymer-based random polyplexes
complexation with DNA is random and carbohydrates and cationic segments are equally
likely to be found on the surface of the polyplexes. This work showed that the
incorporation of carbohydrate units into the glycopolymer greatly decreased the
cytotoxicity of nanocarriers, but compromised their transfection efficiency. On the other
hand, increasing the length of the cationic block promoted higher binding affinity,
stable polyplex formation, and high transgene expression, but increased cytotoxicity is a
critical challenge. Therefore, to increase the biocompatibility of the delivery system, an
oxaborole polymer poly(N-isopropylacrylamide-co-5-methacrylamido-1,2-
benzoxaborole), P(NIPAm-co-AAm-co-MAAMBO) was conjugated to a P(LAEMA-
co-AEMA) glycopolymer.’® The strong binding between oxaborole and the cis-
hydroxyl groups of galactose enables rapid crosslinking of the polymer chains, which
improved nucleic acid protection and increased physiological stability. Moreover,
conjugation with oxaborole polymers reduced the intrinsic toxicity of glycopolymer,
probably by reducing the interaction with the cell membranes, due to masking the amine

residues on the surface of polyplexes. Benzoxaborole-glycopolymer polyplexes,
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constituted of AEMA and 2-methacryloyloxyethyl phosphorylcholine (MPC) and 2-
hydroxyethyl methacrylate (HEMA), were also prepared to improve the
biocompatibility of the nanosystems.’® The biocompatibility and low protein
absorption given by MPC and HEMA, combined with the reversible responsiveness of
the oxaborole motifs, resulted in a biodegradable nontoxic nanocarrier, with high
transfection efficiency. To evaluate the potential of poly-[3(Dimethylamino)propyl]
methacrylamido (PDMAPMA) as non-viral vector, Singhsa and co-workers prepared a
series of random and block glycopolymers by aqueous RAFT.'?? These tertiary amine
containing polymers were further extended with AEMA, or with N-(3-aminopropyl)
morpholine methacrylamide (MPMA), a tertiary amine in heterocyclic ring and with
LAEMA. In general, these glycopolymers were characterized by high polydispersity
values (Mn/Myw> 1.4), especially the copolymers composed by all the monomers. All
glycopolymers showed good complexation ability with sSiRNA at low weight ratios, but
in the presence of serum their hydrodynamic diameters were about 300—600 nm and the
zeta potential values were 2—6 mV. In general, all nanocarriers exhibited much better
biocompatibility in HelLa cells, compared with lipofectamine. Regarding the
transfection efficiency, polyplexes prepared with PDMAPMAGgs-b-PLAEMA 5
glycopolymers promoted higher epidermal growth factor receptor (EGFR)
downregulation. However, for the other glycopolymers knockdown of EGFR protein
with control siRNA was also observed, resulting in off-target silencing. In a different
approach to developed disaccharides-based glycopolymers, branched PEI was modified
with lactose, via reductive amination, to generate gene delivery nanocarriers.’®® As
expected, electrophoresis data showed that larger amounts of bPEI-Lac than of bPEI
were required for complete DNA condensation. Despite the substantial increase of
nanocarrier size due to lactose conjugation, these nanosystems exhibited lower
cytotoxicity and higher levels of gene expression in HelLa cells than those obtained with
bPEI.

1.3.4. Glycopolymers physicochemical properties
As indicated by structure-activity relationship studies, the performance of

glycopolymers as gene delivery nanocarriers depends on the type of the charge

center'®®, the type of carbohydrate!3®, the degree of polymerization of both cationic and
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carbohydrate-based monomers'®8, the distribution of monomers on the glycopolymer

sequence®™®, and the N/P ratio of the polyplexes!®® (Figure 8).
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Figure 8- Effect of glycopolymer properties on gene delivery nanosystems performance.

In addition to the electrostatic interaction between the genetic material and the cationic
polymers, hydrogen bonds between secondary amines and/or triazole nitrogens and the
guanine/thymine nucleobases facilitate DNA condensation of polyplexes.t®®®! This
combination of electrostatics and hydrogen bonds reduces the need for excess cationic
charge and, ultimately lowers the cytotoxicity of the nanocarrier. Moreover, the
hydroxyl groups of PGAA, through hydrogen bonding, activate the carbonyl groups of
the amide bond for hydrolysis. This facilitates polymer degradation, resulting in the
release of pDNA from the polyplexes and increased gene expression®?>.

Cationic glycopolymers used for the formation of polyplexes have a different
composition of charge centers, ranging from primary, secondary or tertiary amines. The
different nature of the amines and the arrangement of these charges along the polymer
backbone (random or block) alters the pKa values and the hydrophobicity profiles of the
glycopolymers. These properties can affect the strength of nucleic acid binding,

nanocarriers charge, the interaction with cell membranes and, consequently, the

o2



Chapter 1

cytotoxicity of the carrier. To evaluate the effect of the nature of the charge center on
the biological properties of polyplexes, a series of diblock glycopolymers were
synthetized by polymerizing MAG with methacrylate-based monomers with different
levels of methyl substitution on the cationic amine moieties.*®? Cellular internalization
studies revealed that all of the developed nanosystems were efficiently internalized by
cells. However, with increasing amount of methyl groups on the amine (secondary <
tertiary < quaternary) the transfection efficiency of the nanocarriers in HepG2 cells
decreased. These results were explained by the higher binding affinity of tertiary- and
quaternary-glycopolymers with pDNA, which do not allow its efficient release for gene
expression. MAG was also copolymerized with a methacrylamide monomer containing
primary-amine AEMA and tertiary amine moiety DMAEMA via RAFT, varying the
ratio of primary to tertiary amine.’®® The effect of the tertiary amine content of
glycopolymers on cell membrane integrity was evaluated by propidium iodide (PI)
staining after transfection. The results showed that as the amount of tertiary amine
increased, cell permeability to PI increased, which may be explained by the greater
membrane disruption/destabilization effect of hydrophobic methyl groups of tertiary
amines (especially when not protonated). An optimal balance between high transfection
efficiency and low toxicity was achieved with polyplexes prepared with a glycopolymer
composed of a higher primary amine block and a short tertiary amine block.

In general, increasing the length of the cationic block increases the transfection
efficiency of glycopolymer-based nanocarriers. On the other hand, increasing the
carbohydrate content reduces their transfection ability. Therefore, the ratio of
carbohydrate to cationic block is another critical factor for successful transfection. The
glycopolymers with similar cationic content but high carbohydrate residues showed
decreased gene expression.'*® The increase in sugar content resulted in a decrease in
transfection efficiency due to reduced DNA binding and protection and decreased
cellular uptake of genetic material. Cationic polymers with different degrees of sugar
decoration (0, 9, and 33%) were synthesized by ring-opening reaction of PGMA with
ethanolamine and a lactobionic acid-derived aminosaccharide (Lac-NH2) and were used
to form polyplexes with EGFR siRNA.1% The glycopolymer-based nanocarriers with
the highest sugar content were found to be less effective in EGFR knockdown, which

can be explained by their lower surface charge. An optimal balance between
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biocompatibility and gene transfection efficiency was obtained for PGMA-based
glycopolymers with a sugar decoration degree of 9%.

The number of hydroxyl groups and stereochemistry of carbohydrate components (D-
glucarate, meso-galactarate, D-mannarate or L-tartarate) in PGAA-based nanocarriers
resulted in different gene expression profiles, which was related to differences in
polymer-pDNA binding affinity, DNase protective ability, polyplexes stability, and
cellular internalization profiles.t®> 134 The galactaramide and tartaramide analogs
exhibited higher delivery efficiency than glucaramide and mannaramide structures.'®
Narain and colleagues showed that galactose derived hyperbranched polymers
(PAEMA-co-PLAEMA) promoted high transgene expression than the glucose-derived
analog (PAEMA-co-GAPMA).** The longer carbohydrate chain of galactose derived
polymers masks the charge of the cationic moiety leading to a higher LDso than
glucose-derived polymers. In general, hyperbranched cationic polymers resulted in high
transgene expression and low toxicity, compared to their linear analogs. As mentioned
above, hyperbranched glycopolymers with high galactose content showed improved
transfection activity in the presence and absence of serum. Hyperbranched
glycopolymers (15-38 kDa) were hemocompatible in vitro, and their cytotoxicity was
found to depend on the type of cell line used and the polymer concentration.'®
Hyperbranched PGAA demonstrated to be less toxic than linear versions with a similar
chemical structure, due to a lower density of secondary amines from the branching
units. *3° However, the transfection activity of these glyco-nanocarriers was found to be
less dependent on the shape of the polymers, and stereochemistry of the carbohydrates
moieties dominated their biological effects.

The distribution of carbohydrate and cationic moieties along the glycopolymer sequence
also play a critical role in the gene delivery performance of nanocarriers. A library of
tailor made glycopolymers, with low dispersity, known molecular weight and
composition, was prepared and their transfection efficiency was evaluated in HelLa and
HepG2.118120 Different distributions of monomers on glycopolymers resulted in the
formation of polyplexes with different biophysical properties. Glycoplexes prepared
with random copolymers were larger than polyplexes based on block copolymers.t* In
the presence of serum, nanocarriers prepared with random glycopolymers resulted in

high transgene expression and low toxicity, compared with their block analogs. This
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improvement in transfection efficiency in the presence of serum was explained by the
interaction between serum proteins/polyplex complexes and proteoglycans on the cell
surface, which increased their cellular internalization. However, nanocarriers based on
random glycopolymers showed aggregation, probably due to the exposure of amine
content on the surface of these nanovectors. To reduce the aggregation of random-based
polyplexes and maintain high transgene expression, random-block copolymers were
synthetized.*®” Similarly, Jingjing Sun et al observed that amino-acid-based random
glycopolymers exhibited higher transfection efficiency than the corresponding block
glycopolymers-based nanocarriers.*® Random and diblock copolymers composed by 2-
(a-d-mannopyranosyloxy)ethyl methacrylate (ManEMA), a manose monomer
derivative, and DMAEMA were synthetized by aqueous RAFT polymerization.1®®
Despite their similar ability to condense DNA, random glycopolymers promoted higher
transfection efficiency in HelLa cells than the corresponding diblock copolymers. In
addition, the turbidimetric assay showed that random copolymers are much more
efficient multivalent ligands for clustering of Concanavalin A, a lectin that specifically
binds glucose and mannose, than block copolymers.

Another factor with a strong influence on transfection efficiency, stability,
hemocompatibility, and biodistribution is the N/P ratio (amine to phosphate) of
glycoplexes.?®® Phillips, H. R. and co-workers demonstrated that polyplexes prepared
with the diblock copolymer PMAG-b-MAEMt at an N/P ratio of 5 did not affect
coagulation, while the same nanocarriers prepared at an N/P ratio of 15 induced

coagulation.

1.3.5. Interaction with target cells
The interaction of nanocarriers with target cells and their subsequent intracellular

transport strongly influence their transfection efficiency. An efficient gene delivery
nanosystem must result in a strong accumulation in tumor microenvironment, without
affecting surrounding normal cells. Passive targeting of nanocarriers through the
enhanced permeability and retention effect (EPR effect) has been widely explored in
cancer therapy.’® This effect is based on pathological angiogenesis, in which abnormal
and weakly modulated vascularization results in walls with large pores that allow the

extravasation of nanocarriers into the tumor. Moreover, poor lymphatic clearance of
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tumors, as a consequence of rapid tumor mass development, enhances intratumor
accumulation and retention of nanosystems. However, the EPR effect is only a pathway
for the extravasation of nanoparticles from the bloodstream into the tumor
microenvironment, and its efficacy is highly variable due to the complex and
heterogeneous tumor-milieu. After accumulation in the tumor region, nanocarriers
functionalized with ligands, specifically recognized by membrane receptors on the
surface of cancer cells, are internalized via receptor-induced endocytosis. These
approaches, termed active targeting, increase the specificity of the gene delivery
systems to cancer cells, consequently improving their transfection efficiency in the
target tissue and reducing the side effects usually associated with nonspecific gene

delivery nanocarriers.

1.3.6. Targeting
Glycotargeting is a magic bullet approach for the delivery of genetic material by

receptor-mediated endocytosis due to the interactions between cell-surface lectins and
carbohydrate-based nanocarriers.!® The C-type lectin receptors (CLRS) express single
or multiple carbohydrate recognition domains and bind to different carbohydrates such
as lactose, mannose, fructose, galactose, and N-acetyl-D-glucosamine. In general, tumor
cells have a very high affinity toward sugar moieties such as lactose, fructose, galactose,
and mannose via lectin-like receptors. The asialoglycoprotein receptor (ASGPR) has
attracted enormous attention for active targeting of HCC with glycopolymer-based
nanocarriers.!*>1"* The ASGPR consists of two units: the major ASGPR-1 unit with a
molecular weight of 48 kDa and a minor 40 kDa big subunit, ASGPR-2.17? The role of
ASGPR is to eliminate asialoglycoproteins by specifically recognizing their galactose or
galactosamine residues, a process that is Ca?*-dependent. This receptor is expressed
predominantly on hepatocytes and only to a minor extent in nonhepatic cells.*’? The
non-parenchymal cells, namely liver endothelial and Kupffer cells possess a mannose
receptor. This receptor is also abundant in dendritic cells and macrophages, playing a
critical role in immune response.

Glycopolymers have been widely used to prepare multivalent ligands to target lectin
receptors. These high valency ligands exhibit enhanced binding activity compared with

their corresponding monovalent targeting moieties, a phenomenon designed “cluster
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glycoside effect”.1”® For example, compared to monovalent structures, the triantennary
structures have more than a thousand-fold higher affinity for the ASGPR, as measured
by the half-maximum inhibitory concentration (ICso).}’* However, the synthesis of these
triantennary structures requires multiple reaction steps that are time and labor intensive,
making imperative the development of alternative ligands. Reineke and co-workers
conjugated azide-modified B-D-galactose units to a PGAA backbone by a copper (1)-
catalyzed/azide alkyne “click” reaction and evaluated the effect of galactose substitution
and carbohydrate linker length on ASGPR-mediated cell uptake in the HCC HepG2 cell
line.l™ The distance between carbohydrate functionality and polymer backbone
showed no correlation with targeting ability, as demonstrated by other authors.'’®
Although, polymers with a high degree of carbohydrate substitution were internalized
mainly by ASGPR-mediated endocytosis, non-specific endocytosis by charge mediated
cell surface interactions was also observed. However, high conjugation densities were
difficult to achieve due to the limitation of modification after polymerization. To
overcome this limitation, a methacrylamido GalNac monomer was synthetized and
copolymerized with AEMA to obtain well-defined PMAGalNAc-b-AEMA block
copolymers.’®? These block glycopolymers formed polyplexes with pDNA that were
more colloidally stable than nanocarriers formed with polycations copolymerized from a
PEG block. Moreover, these glycopolymers resulted in higher transgene expression in
ASGPR-rich cells (HepG2) compared to ASGPR-free cells (HeLa). The PMAGalNAc-
based nanocarriers showed an exceptional strong binding affinity to ASGPR, which was
two orders of magnitude higher than ASF and five orders of magnitude higher than
monomeric GalNAc. Biodistribution experiments in mice revealed that PMAGalNAc-
based nanovectors accumulated in the liver via interactions with ASGPRs, whereas PEI
and the glucose-derived nontargeted control showed higher uptake in the lungs. The
MAGalNAc was also copolymerized with the monomer 3-guanidinopropyl
methacrylamide (GPMA) to obtain block glycopolymers with high membrane
permeability. 1’7 Nanocarriers obtained with GPMA homopolymers were shown to be
internalized via both energy-dependent and independent pathways, whereas polyplexes
formed with block glycopolymers were internalized by endocytosis. The higher cellular
internalization of guanidinium homopolymer-based polyplexes at 4°C and their higher

cytotoxicity, as compared with glycoplexes, suggest that they were taken up by direct
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membrane penetration. Notably, the incorporation of a hydrophilic carbohydrate block
significantly reduced the toxicity and promoted higher transfection efficiency in HepG2
cells. 17 As mentioned before, the Narain group developed a series of block and random
galactose-based copolymers that exhibited high gene transfection efficiency and low
cytotoxicity in HepG2 and Huh7.5 cells.®™® The transfection efficiency of these
nanocarriers was negligible in ASGPR deficient cells (HeLa and SK-HEP-1), whereas
PEI and PAEMA-based polyplexes still exhibited high reporter gene expression in those
cells. Thus, the internalization of homopolymer based polyplexes was driven by the
electrostatic interaction between polyplexes and cell membrane, whereas the uptake of
glycoplexes is due to the strong interactions of the galactose residues of the nanocarrier
with the overexpressed ASGPR. Moreover, uptake of glycopolymer-based nanocarriers
decreases significantly in the presence of free asialofetuin, confirming that these
nanocarriers were recognized and internalized by ASGPR. To further strengthen the
ability to target hepatocytes, dual-targeting nanocarriers have been developed.!’81” For
example, Zheng et al. synthetized a dual-targeting chitosan-based nanosystem,
containing galactose of lactobionic acid and glycyrrhetinic acid, which are effective
ligands of the overexpressed hepatocyte receptors, the ASGPR and glycyrrhetinic acid
receptor, respectively.1&

Macrophage-targeted gene therapy is a promising alternative approach to polarize M2-
like macrophages into M1-like macrophages, which have antitumor effects. Qijing Chen
et al prepared a series of nanoparticles based on a cationic lipid-like compound G0-C14
and PLGA-PEG modified with different carbohydrates, including mannose, galactose,
dextran, and a mixture of mannose and galactose.!8! Incorporation of carbohydrate
moieties, particularly mannose and dextran, improved active targeting to macrophages
and transfection efficiency of nanocarriers.’® Nadine Leber et al synthetized
amphiphilic block copolymers bearing an a-mannosyl moiety to prepare nanohydrogel
particles for specific targeting of Mz2-polarized macrophages, through the
overexpressed mannose receptor CD206.18% Effective ManNP-guided siRNA delivery
was confirmed by sequence-specific gene knockdown of CSF-1R exclusively in M2-
type macrophages, whereas the expression level in M1-polarized macrophages was not
affected.
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1.3.7. Intracellular trafficking of glycoplexes
After ligand-receptor interaction, the nanocarriers must be internalized by the cell to

deliver the genetic material. Cellular internalization of polyplexes has been shown to
occur via an energy-independent pathway, such as direct cell penetration, or via energy-
dependent endocytic pathways.” The best characterized endocytosis routes include
clathrin-mediated endocytosis, caveolin -dependent endocytosis, clathrin- and caveolin-
independent pathways, macropinocytosis, and phagocytosis. Clathrin-mediated
endocytosis is the main method for internalization of ASGPR-targeted nanocarriers,
because recognition and binding of a ligand to the receptor triggers the membrane
budding with the formation of clathrin-coated vesicles. Subsequently, these clathrin-
coated endocytic vesicles lose their coating and fused with early endosomes that
become late endosomes, as their pH decreases (pH 5.0-6.0). If nanocarriers fail to
escape from the endocytic pathway they are likely transported via the late endosomes to
lysosomes, whose acidic lumen (pH ~ 4.5) and high digestive enzymes content facilitate
the payload degradation. Therefore, effective endosomal escape of DNA into the
cytoplasm is necessary for efficient gene delivery and subsequent transgene expression.
Endolysosomal escape of polymer-based nanocarriers has been mainly explained by the
proton sponge hypothesis or by direct membrane permeabilization. The proton sponge
theory states that the amino groups of polymers, which have a broad buffering capacity
in the pH range of endosomes (pH 4—7), act as potent “proton sponges” during the
ATPase-driven acidification of endosomes. Buffering against this acidification results in
a passive influx of chloride ions that cause osmotic swelling of the endosome leading to
its rupture and subsequent release of the entrapped nanocarriers into the cytosol.
Alternatively, free polymer chains present together with the polyplexes, intercalate into
the endosomal membrane, leading to its destabilization and the formation of nano-holes
that allow the escape of the polyplexes. PGAA polymers were used as a model system
to study the cellular pathways that are associated with successful transfection.'®
Cellular internalization of PGAA-based polyplexes occurs primarily through actin- and
dynamin-dependent pathways, such as caveolae- and clathrin-mediated endocytosis.
The author observed that caveolae/raft-mediated endocytosis was the predominant
uptake route leading to efficient nuclear delivery and transgene expression. Using

confocal microscopy, Ingle et al demonstrated that filopodia, actin projections extending
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from the cell surface, actively detect glycoplexes in the extracellular milieu, steer
toward them, and internalize these particles into vesicles, that are then transported along
actin to the main cell body to deliver the nucleic acids near to the nucleus.'®
Intracellular trafficking has been shown to involve a combination of proton-sponge-
mediated endosomal release or active transport to the Golgi and the endoplasmic
reticulum, which is adjacent to the outer nuclear membranes and provides transport to
the nucleus and subsequent transgene expression.'®® In addition, PGAA-based
nanocarriers that exhibited the highest nuclear envelope permeability also displayed the
highest transfection efficiency.’®” This enhanced nuclear import of glycosylated
nanocarriers may be explained by the interaction between the glycopolymers present on
the particles surface and the nuclear shuttling lectins.®

To overcome the obstacles of cellular internalization and endosomal entrapment, Yi-
Yang Peng and co-workers have prepared different galactose-based nanocarriers
conjugated with arginine-rich cell-penetrating peptides.’®® Block P[LAEMA(2-
lactobionamidoethyl methacrylamide)s7]-b-P[FPMA(4-formyl phenyl methacrylate),-
co-DMA(N,N-dimethylacrylamide)z] and two random [P(LAEMA23-co-FPMAg3) and
P(LAEMA2s-co-FPMA>-co-DMA?)] glycopolymers were synthetized by RAFT
followed by the conjugation with an arginine-rich peptide via a Schiff base reaction.
The peptide incorporation clearly enhanced the cellular internalization of polyplexes,
leading to efficient sSiRNA delivery and, consequently, EGFR silencing in a cervical
cancer cell line. The efficient escape from the endosomes was promoted by an acid

degradable imine bond, which is cleaved in the acidic environment of the endosomes.

1.3.8. Stimuli-responsive glycopolymers
To enhance the successful systemic delivery of nucleic acids, polymeric materials can

be designed to respond to an internal or external stimulus, such as pH, redox state,
enzyme levels, light or temperature, resulting in controlled release of the loaded genetic
material.!®® Delivery and release of nucleic acids into the cytoplasm (siRNA and
mRNA) or nucleus (plasmid DNA) is a crucial step and a major challenge in the gene
delivery process.

Thermoresponsive polymers modify their physical properties in a response to

temperature changes, which makes them excellent candidate nanocarriers for drug and
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gene delivery, because the temperature of the tumor microenvironment is different from
that of healthy tissues. For example, thermoresponsive glycopolymers were prepared by
RAFT and crosslinked with acid labile crosslinks, to obtain dual sensitivity (pH and
thermosensitive) nanocarriers for efficient delivery of nuclei acid.’® These
glyconanogels showed high DNA complexation efficiency at physiological temperature,
low toxicity and degradation in acidic environments. Moreover, these nanosystems
allowed simultaneous encapsulation of proteins and DNA plasmid, and exhibited high
transgene expression in HepG2 cells.'®?

Differences in pH in various intracellular environments, such as the cytoplasm,
endosomes, lysosomes, endoplasmic reticulum, Golgi bodies, mitochondria, and nuclei,
have been explored to improve gene delivery. Glycopolymers with acid-labile bonds or
protonatable functionalities can be used to facilitate the endosomal release of
nanocarriers by increasing the rate of hydrolysis or by changing the polymer
protonation.!®® To allow endosomal pH-responsive protonation and the subsequent
release of the entrapped nucleic acids into the cytosol, the pKa of cationic polymers
should be low (4-7). Degradable galactose-based cationic hyperbranched polymers
bearing an acid sensitive crosslinker, 2,2-dimethacroyloxypropane (DEP), were
synthetized via RAFT and their ability to mediate EGFR knockdown in cervical
carcinoma was evaluated.”® The crosslinker incorporated into these glycopolymers
contains a hydrolysable ketal group, which allows degradation of the polymer into
smaller fragments in an acidic environment, thereby reducing cytotoxicity. Moreover,
the faster release of the siRNA from the endolysosomal pathway improved transfection
efficiency. Additionally, to reduce cytotoxicity by lowering the cationic charge
distribution in these nanocarriers, cationic hyperbranched polymers, based on
di(ethylene glycol) methyl ether methacrylate (DEGMA), were also prepared from the
RAFT copolymerization of AEMA, DEGMA and DEP.! Due to the temperature
responsiveness of DEGMA, incubation of polyplex components at a temperature below
the lower critical solution temperature (LCST), can easily allow complexation of SIRNA
with the cationic polymer. Then, with the subsequent increase in temperature, above the
LCST, more stable and compact polyplex nanoparticles can be obtained. These acid
degradable cationic nanocarriers based on hyperbranched polymer resulted in 95% of

EGFR silencing in HeLa cells. Oxaborole-based polymers, due to their stimuli-
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responsive properties, are another class of gene delivery vectors, in which the
methacrylamide benzoxaborole (MAAmMBO) residues with the hydroxyl groups of the
glycopolymer sugars allow reversible crosslinking of the polymer chains in response to
temperature, pH, and the presence of free glucose. This reversible interaction has shown
to provide effective release of the siRNA cargo inside the cancer cells displaying 60%
of gene silencing.!®®

Furthermore, disulfide linkages are often incorporated into the glycopolymer chain to
form highly cross-linked polyplexes that prevent dissociation under extracellular
conditions and promote gene release at the target sites. In intracellular reductive
environments, where the glutathione concentration is 50-1000 fold higher than in the
extracellular environment, these polyplexes dissociate and facilitate the release of the
genetic cargo. For example, Peng and coworkers developed an efficient, biocompatible,
and redox-responsive nanocarrier for EGFR siRNA delivery in cervical carcinoma.®
For this purpose, hyperbranched polymers were synthesized by RAFT using LAEMA,
AEMA and a redox-responsive crosslinker N,N-bis(methacryloyl) cystamine (BMAC).
The high intracellular concentration of glutathione triggered the reduction of the
disulfide bond of the crosslinker, cleaving the glycopolymers, which promoted the rapid
release of the payloads in the cytosol. These redox-responsive galactose-based
nanocarriers exhibited excellent colloidal stability, high transfection efficiency and

minimal toxicity in HeLa cells.

1.3.9. Gene therapy mediated by glycopolymer—based nanocarriers
Cationic glycopolymers have improved the properties and delivery capabilities of

polymeric-based nanosystems for gene delivery in unprecedented ways, including
colloidal stability, reduced cytotoxicity, lyoprotection and tissue-specific targeting.
Despite their promising properties, there are few examples of glycopolymers as gene
delivery nanocarriers for in vivo gene therapy approaches. Expression of microRNA-
99a (miR-99a) is substantially downregulated in HCC and significantly correlated with
poor prognosis of HCC patients.'® To restore miR-99a expression, Cai et al. developed
dual-targeted nanoparticles, based on the (polyethylene glycol)-poly(D,L-lactide-co-
glycolide)-poly(L-lysine)-lactobionic acid (mPEG-PLGA-PLL-LA) glycopolymer,

which were additionally post-functionalized with the antibody against vascular
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endothelial growth factor.!”® The targeted nanoparticles showed excellent specificity
for HepG2 cells and their transfection efficiency was proved by the suppression of
mTOR expression, a target gene of miR-99a. Downregulation of this target gene
resulted in suppression of proliferation and inhibition of the migration and invasion of
HepG2 cells. Moreover, in vivo results showed that transfection via dual-targeted
functionalized nanoparticles resulted in the inhibition of tumor xenograft growth in
HCC-bearing mice without systemic toxicity. The miR-122, another critical tumor
suppressor microRNA, could inhibit hepatocarcinogenesis, epithelial-mesenchymal
transition, and angiogenesis by targeting a myriad of genes, namely Bcl-2, ADAM17,
Wntl and AKT3.1% To achieve a synergistic antitumor effect, Q. Ning and coworkers
developed a galactosylated-chitosan-5-fluorouracil-based nanosystem to codeliver the
anticancer drug fluorouracil (5-FU) and miR-122.2%" This glycopolymer-prodrug-based
nanocarrier showed high blood and salt stability and an excellent biocompatibility in
both normal liver cells (L0O2 cells) and endothelial cells. The combination of gene
therapy and chemotherapy induced HepG2 cells apoptosis, cell cycle arrest, inhibited
cell proliferation, migration and invasion and downregulated the expression of Bcl-2
and ADAM17, as well as suppressed tumor growth in vivo. Overexpression of p21-
activated protein kinase 1 (PAK1) positively correlates with tumor progression,
metastasis and poor prognosis in HCC patients. To downregulated the expression of
PAKZ1, Zheng and coworkers modified chitosan with lactobionic acid and glycyrrhetinic
acid and produced nanoparticles, that complexed a PAK1siRNA, using the ionic
gelation method.'® PAK1 silencing significantly decreased cell proliferation, invasion,
and migration, and led to an obvious increase of apoptosis levels in Hep3B and HepG2
cells. In addition, the intravenous administration of nanoparticles/PAK1siRNA via tail
vein in a HCC xenograft mouse model resulted in the accumulation of nanocarriers in
the tumor tissue via the EPR effect, followed by dual-ligand-receptor-mediated
endocytosis. The effective gene delivery mediated by the nanocarriers provided
downregulation of PAK1, leading to apoptosis of HCC cells via the PAK1/MEK/ERK
signalling pathway. A novel copolymer consisting of branched PEI cross-linked by
myo-inositol and conjugated with a galactose-grafted PEG chain (LA-PegPl) was
synthetized by Liu et al to develop HCC-targeted nanoparticles to deliver a plasmid

DNA containing the IL-15 gene (pIL-15), a cytokine that is involved in the activation of

53



Chapter 1

antitumor effector cells.!™ These polyplexes exhibited low cytotoxicity and high
transfection efficiency in ASGPR-expressing cells (HepG2). Moreover, plL-15 loaded
nanoparticles effectively inhibited tumor growth and prolonged the survival time of
tumor-bearing mice through innate and adaptive antitumor immune responses, namely
by the activation of antitumor CD8+ T cells and NK cells and by the upregulation of the
cytokines IFN-y, TNF, and IL12. In a different strategy, Ganbold T. and coworkers
conjugated mannose with 6-amino-6-deoxy-curdlan to develop nanoparticles that
targeted primary macrophages with siRNA against tumor necrosis factor a (TNFa).*%
Competitive blocking experiments, with mannan (a natural ligand for the mannose
receptor (CD206) on the surface of macrophage) showed that these glycopolymer-based
nanocarriers were internalized by macrophages through receptor-mediated endocytosis.
These nanosystems efficiently delivered siRNA against TNFa to lipopolysaccharide-
stimulated primary mouse peritoneal macrophages in vitro and in vivo and induced

significant silencing of TNFa at both the mRNA and protein levels.

1.4. Conclusion
Hepatocellular carcinomais a global health problem due to its increasing prevalence

and high mortality worldwide. Despite the great progress made in recent years in the
fields of targeted molecular therapy, immunotherapy and combinatorial approaches, the
goal is far from being achieved. The accumulation of knowledge regarding genetic and
epigenetic factors is crucial to elucidate the biological features of hepatocarcinogenesis
and to develop new therapeutic approaches to overcome this disease. Gene therapy is
emerging as a promising therapeutic strategy that circumvents the limitations of
pharmacological treatments, namely the chemoresistance and the potential side effects.
However, the development of a scalable gene delivery nanosystem, with high
transfection efficiency, low toxicity and tumor cell-specificity, is the critical step for the
clinical translation of this therapeutic strategy. Glycopolymer-based nanosystems have
attracted considerable attention due to their high biocompatibility, selective-delivery
and colloidal stability. Particularly, the introduction of new polymerization methods has
yielded well-defined glycopolymers with different compositions and architectures,
which are being used to prepare novel nanosystems for gene delivery with better

targeting capability to HCC cells and high transfection efficiency.
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Chapter 2

2.1.Introduction
Hepatocellular carcinoma (HCC) represents about 75-85% of primary liver cancers and

is the third leading cause of cancer-related deaths worldwide.! Although remarkable
progress has been made in recent years, the therapeutic efficacy of current treatments is
still not satisfactory, with a very low 5-year survival rate (16.6%).2 Sorafenib (SF),
approved as the first-line therapy for unresectable HCC, blocks multiple receptor
tyrosine kinase signaling pathways, inhibiting downstream kinases activity to prevent
tumour growth by anti-angiogenic, antiproliferative and/or pro-apoptotic effects.
However, this chemotherapeutic drug exhibits low therapeutic efficacy and it
therapeutic outcome is severely limited by drug resistance and severe side effects.*
Therefore, novel antitumor strategies that have both higher therapeutic efficiency and
lower side effects are urgently needed for HCC.

c-MYC is a transcription factor that regulates the expression of a myriad of gene
products involved in cell proliferation, apoptosis, differentiation and other critical
biological processes associated with carcinogenesis.® c-MYC amplification is frequently
observed in HCC patients at younger age and with poor prognosis.® Several studies have
shown that inhibition of c-MYC induces the regression and differentiation of liver
tumors.” In addition, Che-Pin Lin and co-workers demonstrated that c-MYC inhibition
by 10058-F4, a small-molecule c-MYC inhibitor, enhances the chemosensitivity of
tumor cells to low-doses of chemotherapeutic agents.2 However, the low concentration
of these small-molecule inhibitors in tumors, due to rapid metabolism, limits their
clinical application. Therefore, gene therapy capable of specifically silencing c-MYC
may be considered a potentially useful chemosensitization strategy to improve the
response of HCC cells to chemotherapy.

Despite the significant advances in the field of gene therapy, the development of
efficient and targeted gene delivery platforms is crucial to achieve the desired
therapeutic effects and minimize off-target effects.>'® In this context, cationic
glycopolymers, cationic copolymers with pendant carbohydrate groups, have attracted
considerable attention due to their unique ability to mimic naturally occurring
polysaccharides, to increase the biocompatibility of gene delivery nanosystems and to
promote carbohydrate-specific recognition by cell surface receptors.?2*34 In particular,
nanocarriers functionalized with lactobionic acid exhibit high binding affinity with the
asialoglycoprotein receptor (ASGPR), a target receptor overexpressed in tumour cells,

making these nanovehicles a promising tool for HCC-specific gene delivery.®>'%1" The
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glycocluster effect promoted by the multivalence of glycopolymers can circumvent the
weak binding affinity of these glycoproteins to the receptor, enhancing the cellular
internalization.'®!® Reineke’s and Narain’s groups have extensively worked on the
synthesis of cationic glycopolymers and on the evaluation of their efficiency in gene
delivery as a function of various polymer properties, such as molecular weight®,
cationic content?!, carbohydrate content?? and architecture?®. Some of the most
commonly used glycopolymers are methacrylamide-based copolymers, prepared by
copolymerization between primary amine monomers, such as 3-aminopropyl
methacrylamide®® or 2-amino ethyl methacrylamide®®? and carbohydrate-derived
monomers, namely 3-gluconamidopropyl methacrylamide?® and 2-lactobionamidoethyl
methacrylamide.?”?¢2° The positive charges of these glycopolymers interact with the
negative charges of nucleic acids through electrostatic interactions, while the
carbohydrate residues can facilitate DNA condensation through hydrogen bonding, to
form stable glycoplexes.®® In general, nanocarriers prepared with random cationic
glycopolymers showed high transgene expression with low cytotoxicity compared to
their block counterparts.®>*? Nevertheless, most reports have shown that nanosystems
based on glycopolymers have lower transfection ability than the corresponding
polyplexes based on cationic homopolymers 3324

In this work, a highly efficient ASGPR-targeted glycopolymer-based gene delivery
nanosystem was developed to downregulate the expression of ¢c-MYC and further
sensitizes tumor cells to sorafenib. First, a library of well-defined cationic
glycopolymers, based on poly (2-aminoethyl methacrylate hydrochloride) (PAMA) and
poly(2-lactobionamidoethyl methacrylate) (PLAMA), with different compositions,
structure (block or random) and carbohydrate/cationic ratios, was synthesized by
activators regenerated by electron transfer atom transfer radical polymerization
(ARGET ATRP) (Scheme 2). The best formulations of glycoplexes were subjected to
extensive physicochemical characterization and comprehensive evaluation of biological
activity, toxicity and ASGPR specificity. The antitumor effect of c-MYC
downregulation, promoted by a short hairpin RNA against this protein, in combination

with low concentration of SF was evaluated in 2D and 3D tumor models of HCC.
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Synthesis of well-defined glycopolymers by

'ARGET ATRP Glycoplexes formation
Block glycopolymers Random glycopolymers o ood T e
PAMA-b-PLAMA PAMA-co-PLAMA +

- A . e 7

e 3 «

@ plasmid DNA (u(_)
v r

b
a Q ¢
g o
o r
b

OH M &
OH [~ Ho_C 0. o~ OHY
Ho o. Yo" oH° o> oH

Novel therapeutic combination strategy to combat HCC

@9 PAMA-co-PLAMA/ MYC shRNA % Sorafenib

=
W
i T, —LAMA . o
- g ) [ ) b
LD { _
p y
\ )

r/"-/K.K S ascem
r N
é;!j.-
\ol®)e)
ASGPR-mediated High transfection
internalization efficiency

Strong
antitumor
effect

Sensitization
of HCC cells
to sorafenib

Scheme 2— Random and block methacrylate-based glycopolymers were synthetized by ARGET
ATRP. ASGPR-specific internalization and clathrin-mediated endocytosis lead to high
transfection efficiency in HCC cells. Downregulation of c-MYC expression by MYC shRNA
resulted in a high sensitization of HepG2 cells to SF.

2.2.Materials and methods

Materials

2-Aminoethyl methacrylate hydrochloride (AMA; >95%, Polysciences), ascorbic acid
(AscA; Sigma-Aldrich), ASGPR Monoclonal Antibody (Thermo Fisher), asialofetuin
(Sigma-Aldrich), amiloride hydrochloride (Sigma-Aldrich), bovine serum albumin
(BSA,; Sigma-Aldrich), chlorpromazine (Sigma-Aldrich), copper(ll) bromide (CuBr2;
99.999%, Sigma-Aldrich), deuterium oxide (D-2O; +99.9% D, Euroiso-top), DC protein
assay kit (Bio-Rad), 4,6-diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific),
dimethylformamide (DMF, Fisher Scientific), Dulbecco’s modified Eagle’s medium-
high glucose (DMEM-HG; Sigma-Aldrich), D-luciferin sodium salt (99%, Synchem),
ethyl a-bromophenyl acetate (EBPA; Alfa Aesar), filipin (Sigma-Aldrich), fluorescein
o-methacrylate monomer (FMO, Sigma-Aldrich), fluoroshield (Sigma-Aldrich), Green
Safe (Nzytech), lactobionic acid (Thermo Scientific), Lysotrack Red DND-99 (Thermo
Fisher Scientific), PEI (branched, Mw 25000, Sigma-Aldrich), plasmids DNA encoding
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luciferase (pCMV.Luc), green fluorescent protein (GFP, pCMV.gfp) (Vical), resazurin
sodium salt (Sigma-Aldrich) and 2-propanol (Fisher Scientific) were used as received.
Methanol (Fisher Chemical) was dried over CaH. and distilled before use.
Triethylamine (>99.5%, Sigma-Aldrich) was distilled before use. Tris(pyridine-2-
ylmethyl)amine (TPMA) was synthesized as reported in the literature.>*

Synthesis and characterization of glycopolymers

Techniques
A syringe pump (KDS Scientific, Legato 101) was used for the continuous feeding of

the reducing agent (AscA) at the rate of 1 uL/min during ARGET ATRP.

The molecular weight parameters of the polymers were determined by a size exclusion
chromatography (SEC) system equipped with an online degasser, a refractive index (RI)
detector and the set of columns: Shodex OHpak SB-G guard column, OHpak SB-
804HQ and OHpak SB-802.5HQ. The polymers were eluted at a flow rate of 0.5
mL/min with 0.1 M Na>SOs (aq)/1 wt% acetic acid/0.02% NaNs at 40 °C. Before the
injection, the samples were filtered through a polytetrafluoroethylene (PTFE)
membrane with 0.2 um pore. The system was calibrated with five narrow polyethylene
glycol (PEG) standards and the polymers number-average molecular weight (Mn>E©)
and dispersity (B = Mw/M») were determined by conventional calibration using the
Clarity software version 2.8.2.648.400

MHz *H NMR spectra were recorded on a Bruker Avance I11 400 MHz spectrometer,
with a 5-mm TIX triple resonance detection probe, in D2O. Conversion of monomers
was determined by integration of monomers and internal standard (dimethylformamide)

NMR signals using the MestRenova software version: 10.0.1-14719.

Synthesis of 2-lactobionamidoethyl methacrylate (LAMA)
LAMA was synthesized according to a previously described procedure.® First,

lactobionic acid was converted into the corresponding lactobionolactone. For this
purpose, lactobionic acid (4.0 g, 11.2 mmol) was dissolved in anhydrous methanol (25
mL) at 50 °C, in the presence of trifluoroacetic acid as a catalyst (0.1 g, 1.1 mmol),
followed by wvacuum distillation to recover lactobionolactone. After that,
lactobionolactone (1.5 g, 4.5 mmol) was dissolved in methanol at 50 °C, followed by
the addition of 2-aminoethyl methacrylate hydrochloride (1.5 g, 9.0 mmol),
triethylamine (1.27 mL) and hydroquinone (0.05 g) at room temperature. The mixture
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was stirred for 6 h, concentrated by rotary evaporation and precipitated in 2-propanol.
The white solid formed was filtered, washed with 2-propanol and dried under vacuum.
The final yield of LAMA after purification was 81%.

Typical procedure for the synthesis of PAMA-co-PLAMA by ARGET ATRP
AMA (2.18 g, 13.8 mmol), LAMA (1 g, 2.13 mmol), CuBr; (11.8 mg, 53.5 pmol),

TPMA (61.8 mg, 213 umol) and EBPA (25.9 mg, 106 pumol) were dissolved in
water/dimethylformamide (DMF) mixture (50/50, V/V) (3.5 mL). The mixture was
added to a 10 mL round-bottom Schlenk flask, equipped with a magnetic stir bar, and
purged with nitrogen for 30 min. The flask was placed in an oil bath at 60 °C and a
deoxygenated ascorbic acid (AscA) aqueous solution (43 mM) was continuously
injected into the reaction medium using a syringe pump at the rate of 1 uL/min. The
reaction was stopped after 3 h, and a sample was collected for *H nuclear magnetic
resonance (NMR) spectroscopy to determine the monomer (AMA/LAMA) conversion
and for aqueous size exclusion chromatography (SEC) to determine the molecular
weight and dispersity of the copolymer. The final reaction mixture was dialyzed
(dialysis membrane MWCO = 3500) against deionized water, and the glycopolymer

was recovered by freeze-drying.

Typical procedure for synthesis of PAMA-b-PLAMA by “one-pot” ARGET ATRP
Briefly, AMA (0.3 g, 1.72 mmol), CuBr2 (1.7 mg, 7.8 pmol), TPMA (9.0 mg, 31 umol)

and EBPA (3.8 mg, 15.6 pmol) were dissolved in 1.2 mL of water/DMF mixture (50/50,
V/V). The mixture was added to a 10 mL Schlenk flask, equipped with a magnetic stir
bar, and purged with nitrogen for 30 min. The flask was placed in an oil bath at 35 °C
and a deoxygenated AscA aqueous solution (10 mM) was continuously injected into the
reaction medium, using a syringe pump, at the rate of 1 uL/min. When the monomer
conversion reached more than 90%, a degassed mixture of LAMA (0.15g, 312 umol) in
2 mL of water/DMF (50/50, V/V) was added to the Schlenk flask, under a nitrogen
atmosphere, and the temperature was increased to 60 °C. The reaction was allowed to
proceed until maximum LAMA conversion was achieved. Monomer conversion was
determined by 'H NMR spectroscopy and the molecular weight and dispersity were
determined by aqueous SEC. The final reaction mixture was dialyzed (dialysis
membrane MWCO = 3500) against deionized water, and the glycopolymer was

recovered by freeze-drying.
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Synthesis of fluorescein-labeled glycopolymer
AMA (0.54g, 3.7 mmol), LAMA (0.25 g, 532 umol), FMO (53.3 mg, 133 pmol), CuBr>

(2.97 mg, 13.3 umol), TPMA (15.5 mg, 53 umol), and EBPA (6.5 mg, 26 umol) were
dissolved in water/DMF mixture (50/50, V/V) (3.5mL). The mixture was added to a 10
mL round-bottom Schlenk flask, equipped with a magnetic stir bar, and purged with
nitrogen for 30 min. The flask was placed in an oil bath at 60 °C and a deoxygenated
AscA aqueous solution (43 mM) was continuously injected into the reaction medium,
using a syringe pump, at the rate of 1 uL/min. The reaction was stopped after 3 h and a
sample was collected for *H NMR spectroscopy to determine the monomer (AMA and
LAMA) conversion. The final reaction mixture was dialyzed (dialysis membrane
MWCO = 3500) against deionized water and the glycopolymer was recovered by

freeze-drying.

Formulation of polyplexes
Polymers were dissolved in Milli-Q water and mixed with 1ug of pCMV.Luc,

pCMV.gfp or pshRNA at the desired polymer/DNA N/P (+/-) charge ratio. The mixture
was incubated at room temperature for 15 min. The complexes were used immediately

after their preparation.

Physicochemical characterization of the polyplexes
Polyplexes were characterized using different techniques, including dynamic light

scattering (DLS), electrophoresis, and transmission electron microscopy (TEM).

The particle size distribution and average hydrodynamic diameter were determined by
DLS on a Zetasizer Nano-ZS (Malvern Instruments Ltd. UK), with Zetasizer 7.13
software. The zeta potential measurements were performed using a Zetasizer Nano-ZS
(Malvern Instruments Ltd., UK) coupled to laser Doppler electrophoresis and
determined using a Smoluchovski model. To further analyze the particle size and
morphology, TEM was performed as previously described®.

The accessibility to DNA of polyplexes was analyzed using the Green Safe
intercalation assay. The polyplexes were prepared as described above, and after 15 min,
50 uL of each sample was transferred into a black 96-well plate. Then, 50 uL of Green
Safe solution (0.00002 % (V/V)) was added to polyplexes. Following 10 min

incubation, fluorescence was measured in a SpectraMax Gemini EM fluorometer
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(Molecular Devices, Sunnyvale, CA, USA) at the excitation wavelength of 490 nm and
emission wavelength of 530 nm. The fluorescence scale was calibrated such that the
initial fluorescence of Green Safe (50 uL of Green Safe solution was added to 50 uL of
Milli-Q water) was set as residual fluorescence. The value of fluorescence obtained with
1 pg of naked DNA (control) was set as 100%. The amount of DNA available to
interact with the probe was calculated by subtracting the values of residual fluorescence
from those obtained for the samples and expressed as the percentage of the control. To
evaluate the complexation of DNA with copolymers, electrophoresis was performed in

agarose gel, as previously described® .

Cell culture
Human hepatocellular carcinoma cells (HepG2, Hep3B and HuH-7 cell lines) and

human epithelial cervical carcinoma cells (HeLa cell line) were maintained at 37 °C,
under 5% CO3, in DMEM-HG cell culture medium, supplemented with 10% (V/V) heat
inactivated fetal bovine serum (FBS, Sigma-Aldrich, MO, USA), penicillin (100 U/mL)
and streptomycin (100 pg/mL). All cells were grown in monolayers and were detached
by treatment with a 0.25% trypsin solution (Sigma-Aldrich, MO, USA).

Transfection activity
The biological activity of the different polyplexes was determined by luminescence,

using a plasmid containing the reporter gene luciferase ()CMV.Luc), in HepG2, Hep3B,
HuH-7 and HeLa cells®’. Briefly, the HepG2 (8 x 10* cells/well), Hep3B (3.5 x 10*
cells/well), HuH-7 (3.5 x 10* cells/well) and HeLa (5 x 10* cells/well) cells were seeded
onto 48-well culture plates 24 h prior to incubation with polyplexes. After 4 h of
incubation with polyplexes, the transfection medium was replaced with fresh DMEM-
HG and the cells were further incubated for 48 h. At this time, the cells were washed
with PBS solution lysed. The quantification of luciferase expression in cell lysates was
evaluated by measuring the light production by luciferase in a Synergy HT luminometer
(Biotek, USA). The protein content of the lysates was measured by the DC protein
assay reagent (Biorad, CA, USA) using BSA as a standard. The data were expressed as
relative light units of luciferase per milligram of the total cell protein. For the
competitive studies, the cell culture medium, containing 1 mg/mL of asialofetuin or 40
pg/ml of antibody against the ASGPR, was added to cells 30 min before the addition of

nanosystems and maintained during the 4 h of transfection. In the endocytic pathway
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studies, the culture medium containing various endocytosis inhibitors (50 uM
Chlorpromazine, 0.25 mM amiloride or 2 pug/mL Filipin) was added to cells 1 h before

the polyplex addition and maintained during the 4 h of transfection.

Transfection efficiency
To evaluate the transfection efficiency of the formulations, GFP expression was

analyzed in the transfected cells by fluorescence microscopy.®® Briefly, 1.5 x 10°
HepG2 cells/well were seeded on 24-well plates (the wells were previously covered
with a coverslip) and, after 24 h, polyplexes containing 2 pg of pCMV.gfp were added
to the cells. After 4 h of incubation (5% CO; at 37 °C), the transfection medium was
replaced with DMEM-HG containing 10% (V/V) FBS and antibiotics and the cells were
further incubated for 48 h. Then, the cells were washed with PBS, fixed with 4%
paraformaldehyde for 15 min at room temperature, and mounted in Fluoroshield
medium. The images (original magnification x20) were obtained on an Axio Imager Z2
microscope (Zeiss, Munich, Germany) using an AxioCam HRc camera (Zeiss,
Germany). For the flow cytometry analysis of GFP expression after 48h of transfection
the cells were washed and resuspended in PBS and immediately analyzed in a
FACSCalibur flow cytometer (Becton Dickinson, NJ, USA). Live cells were gated by
forward/side scattering from a total of 20 000 events and the data were analyzed using
FlowJo software.

Cell viability assay
Cell viability under different experimental conditions was assessed by an Alamar Blue

assay. After 48 h of transfection, the cells were incubated with DMEM containing 10%
(VIV) Alamar Blue dye, prepared from a 0.1 mg mL™! stock solution of Alamar Blue.
After 1 h incubation period at 37 °C, the absorbance of the medium was measured at
570 and 600 nm in SPECTRAmax PLUS 384 spectrophotometer (Molecular Devices,
USA). Cell viability was calculated, as percentage of the nontreated control cells,
according to the formula: [(As7o — Asoo) Of treated cells x 100]/[(As7o — Asoo) of control

cells].

Cell uptake
Polyplexes were prepared with 1% of fluorescein-labeled FMO2-co-PAMA13-CO-

PLAMA at their optimal N/P ratio. HepG2 cells were seeded on 24-well plates at a
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density of 1.6 x 10° cells/well and, after 24 h, polyplexes containing the glycopolymer
labeled with fluorescein were added to cells previously covered with 0.5 mL of DMEM-
HG with serum. After 4 h of incubation (5% CO. at 37 °C), cells were washed twice
with PBS, detached with trypsin and then washed and resuspended in PBS. In the
competitive studies, the culture medium containing 2 mg/mL of asialofetuin was added
to cells 30 min before the addition of the nanosystems and maintained during the 4 h of
transfection. Live cells were gated by forward/side scattering from a total of 20 000

events and data was analyzed using FlowJo software.

Intracellular distribution of polyplexes
Confocal laser scanning microscopy was used to visualize the intracellular distribution

of polyplexes prepared with 1% of fluorescein-labeled glycopolymer at their optimal
N/P ratio. The HepG2 cells were seeded in 24-well culture plates (previously covered
with a coverslip) at an initial density of 1.5 x 10° cells/well and, after 24 h, polyplexes
were added. In the competitive studies, the culture medium containing 2 mg/mL of
asialofetuin was added to cells 30 min before the addition of the nanosystems and
maintained during the 4 h of transfection. After this period of incubation (5% CO. at 37
°C), the transfection medium was removed and the cells were washed with PBS and
incubated for 30 min with 200 nM Lysotrack Red DND-99, which labels the acidic
compartments of living cells. Cells were then washed three times with PBS and fixed
with 4% paraformaldehyde solution for 15 min at room temperature. Nuclei labeling
was accomplished through 5 min of incubation at room temperature with the fluorescent
DNA binding dye DAPI (1 pg/mL). The cells were then mounted in Fluoroshield
medium, and images were taken in a Zeiss LSM 710 Axio Observer microscope (Zeiss,
Gottingen, Germany) with a Plan-Apochromat 63x/1.40 oil differential interference
contrast (DIC) M27 objective at the excitation wavelengths of 405 nm for DAPI (blue),
488 nm for fluorescein (green) and 561 nm for Lysotracker (red).

3D Multicellular tumor spheroids preparation and transfection efficiency evaluation
HepG2 cells, suspended in complete cell culture medium, were seeded at a density of

3x10% cells/well in 96-well round-bottomed ultra-low attachment microplates
(Corning® Costar®), spun down at 500 rpm for 3 min and incubated at 37°C in a
humidified atmosphere of 5% CO». After the initial 3 days of formation, spheroids were
incubated with PAMA114-cO-PLAMA2:- and PEGas-b-PAMAes-based polyplexes,
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prepared at 50/1 N/P ratio with 0.5 pug of pCMV.gfp, for 72 hours at 37°C in a
humidified atmosphere of 5% CO,. To assess the transfection efficiency of the
formulations, GFP expression was evaluated in these spheroids by confocal laser
scanning microscopy. Firstly, the spheroids were gently washed with PBS and fixed
with 4% paraformaldehyde solution for 1 h at room temperature. After that, nuclei
labeling was accomplished through 30 min of incubation, at room temperature, with the
fluorescent DNA binding dye DAPI (1 ug/mL). The spheroids were then carefully
transferred with a tip for a coverslip and mounted in Fluoroshield medium. The Z-Stack
images were taken in a Zeiss LSM 710 Axio Observer microscope (Zeiss, Gottingen,
Germany) with a Plan-Apochromat 20x/0.8 and Plan-Apochromat 40%/1.40 oil
differential interference contrast (DIC) M27 objectives, at the excitation wavelengths of
405 nm for DAPI (blue) and 488 nm for fluorescein (green).

Antitumor activity
The in vitro antitumor activity promoted by c-MYC inhibition, SF or their combination

was evaluated in HepG2 cells. shRNA-mediated knockdown of human c-MYC was
performed with the pLKO.1 lentiviral plasmids containing a c-MYC shRNA (pMYC
shRNA) or a scrambled control (pScr shRNA) sequence (Sigma). PAMA114-CO-
PLAMA2-based polyplexes, loading 1 pg of pScr shRNA or pMYC shRNA, were
added to HepG2 cells. Following 4 h of incubation the medium was replaced with fresh
DMEM-HG. Twenty-four hours after, the medium was replaced with DMEM-HG with
0, 2, 4, 6 or 8 uM of sorafenib and cells were further incubated for 5 days under the
normal culture conditions (5% CO; at 37 °C).

For quantification of c-MYC mRNA expression levels, real-time polymerase chain
reaction (RT-PCR) assay was performed. Briefly, after 48 h of transfection, RNA was
isolated using NucleoSpin® RNA Plus (Macherey-Nagel) according to manufacturer
instructions. Then, cDNA was synthesized using SuperScript™ IV VILO™ Master Mix
(ThermoFisher). The forward and reverse primer sequences of the c-MYC gene were
GGCTCCTGGCAAAAGGTCA and CTGCGTAGTTGTGCTGATGT, respectively
(Quiagen). RT-PCR was performed in a reaction mixture containing specific primers,
FastStart Universal SYBR Green Master in a StepOnePlus™ Real-Time PCR System,
from Thermo Fisher. Each reaction was performed in duplicate, by adding 6 pl of
master mix to 4 ul of template cDNA. Threshold values for threshold cycle
determination (Ct) were generated automatically by the StepOne™ software v2.2.2.
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Relative mRNA levels were determined following the Pfaffl method in comparison with
control cells.

The cell viability was assessed at 48, 72, 96 and 120 hours by the Alamar Blue assay.
After each measurement, the medium, with or without SF, was replaced. The effect of
the developed therapeutic strategy on HepG2 cells proliferation was measured by
hemocytometer cell counting method after 48, 72 or 96 hours of treatment.

The cell death mechanisms involved in the studied therapeutic strategies were
evaluated, in 24-well culture plates, by flow cytometry using FITC-Annexin and PI
probes. After 96 h of incubation with PAMA114-CO-PLAMA2/pMYC shRNA,;
PAMA114-cO-PLAMA20/pScr ShRNA; PAMA114-CO-PLAMA20/pMYC shRNA + SF;
PAMA114-cO-PLAMA/pScr shRNA + SF; or SF alone (4uM), cell media and detached
cells were harvested, washed with PBS and resuspended in 100 pL of binding buffer (10
mM HEPES (pH 7.4), 2.5 mM CaClz, 140 mM NaCl) to which 2 uL of FITC annexin V
and 1 uL of PI (0.05 mg/mL) were added. Samples were incubated for 5 min in the dark
at RT and then analyzed (10,000 events) in a FACSCalibur flow cytometer (Becton
Dickinson, USA). The data were analyzed using FlowJo software.

For fluorescence images, live/dead staining of HepG2 cells was carried out using
fluorescein diacetate (5 mg/mL in acetone) and propidium iodide (2mg/mL in PBS).
After incubating for 15 minutes, the cells were washed with PBS and DMEM without
phenol red was added. The images (original magnification x10) were immediately
acquired in an Axio Observer Z1 widefield microscope using a digital CMOS camera
(ORCA Flash 4.0) (Zeiss®, Germany).

To evaluate the antitumor effect of the developed therapeutic strategy in a 3D cell
culture model, 3x10% HepG? cells per well were seeded in 96-well culture round-bottom
ultralow attachment microplates. After the initial 3 days of formation, spheroids were
incubated with PAMA144-co-PLAMA19-based polyplexes, prepared at 50/1 N/P ratio
with 0.5 pg of pMYC shRNA or pScr shRNA per well. Following 48 h of incubation,
the medium was replaced by medium with or without SF (4 puM) every 48 h.
Microscopy images were taken at 0 h and 168 h. The images (original magnification:
x20 (plan apochromat objectives)) were acquired in an Axio Observer Z1 widefield
microscope using a digital CMOS camera (ORCA Flash 4.0) (Zeiss®,Germany) and
processed with Zen Blue software (Zeiss®, Germany). Analysis of spheroid areas was
performed using a well-established image analysis algorithm of the Zen Blue software.

For fluorescence images, live/dead staining of spheroids was carried out using
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fluorescein diacetate (5 mg/mL in acetone) and propidium iodide (5 mg/mL in PBS).
After incubating for 45 minutes, the spheroids were washed with PBS and visualized

immediately.

Statistical analysis
All the results correspond to mean + standard deviation SD, achieved from triplicates,

are representative of at least three independent experiments and analyzed using
GraphPad Prism (version 6.01 GraphPad Software Inc., San Diego, CA, USA). The
statistical significance of differences between data was evaluated by one-way analysis
of variance (ANOVA) using Dunnett test or by two-way ANOVA using Dunnett, Sidak
or Turkey tests. p-Values < 0.05 were considered as statistically significant.

2.3.Results and discussion

2.3.1. Synthesis and characterization of PAMA-b-PLAMA and PAMA-co-
PLAMA glycopolymers
To prepare well-defined methacrylate-based glycopolymers and further develop a

highly efficient and HCC-specific gene delivery nanosystem, a series of PAMA-co-
PLAMA random and PAMA-b-PLAMA block glycopolymers were synthetized by
ARGET ATRP. Lactobionic acid stands out as a multifunctional galactosylated
molecule with unique biocompatibility, biodegradability, functionality and
asialoglycoprotein receptor specificity.’>% In this work, LAMA, am inexpensive
lactobionic-acid derivative monomer, was synthetized by reacting AMA with
lactobionolactone without using protecting group chemistry (Scheme A1, Appendix
A).35
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Figure 9— 400 MHz *H and *C NMR spectra in D,O of LAMA monomer.

The chemical structure of LAMA monomer was confirmed by 'H and *C NMR

spectroscopy  Figure 9 and it is in accordance with literature.®® Then, AMA, a

recognized hard-to-polymerize primary amine methacrylate-containing monomer,

which ensures the polyplex formation via electrostatic interactions with genetic the
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material, was further polymerized with LAMA through ARGET ATRP. Previously,
LAMA and AMA were polymerized by ATRP in 3:2 methanol/water or in isopropanol
(IPA)/water mixtures, using CuBr/ bipyridine complex as a catalyst, to obtain different
AMA- and LAMA-block copolymers.®%° However, due to the lack of chain-end
functionality of PAMA-Br, the preparation of well-defined block copolymers was not
possible.”® To overcome this critical problem, the synthesis of well-defined copolymers
was carried out using ARGET ATRP in a 1:1 DMF/water mixture, using a slow feeding
of ascorbic acid for the regeneration of the activator.** Compared to the normal ATRP,
the synthesis of glycopolymers using this method may be more advantageous because it
allows control over the molecular weight of the polymers using a much lower
concentration of the metal catalyst.*? In addition, this synthesis approach enabled the
copolymerization of both monomers without the problematic multistep
protection/deprotection reactions typical for the synthesis of glycopolymers.

To evaluate the effects of glycopolymer composition and carbohydrate/cationic ratio on
transfection capacity, cytotoxicity and targeting ability of the obtained polyplexes,
different carbohydrate homopolymers, cationic homopolymers, random and diblock
copolymers with different degrees of polymerization (DP) values of AMA and LAMA
were synthetized (Table 6).

Table 6 - Composition and molecular weight parameters of glycopolymers synthetized by
ARGET ATRP.

Polymer composition Mythx 1032 M SEC x 103° b
PLAMAo 33.1 37.7 1.03
PAMA6; ¢ 25.7 26.9 1.10

PEGus-b-PAMA 165° 29.9 28.8 1.10

PAMA3s-co-PLAMA7 29.9 28.8 1.10

PAMAg7-co-PLAMA 34.3 26.0 1.18

PAMAGg;-co-PLAMAg 20.1 21.0 1.15

PAMAI114-CO-PLAMA 28.5 35.1 1.05

PAMAg,-co-PLAMAgs 60.3 494 1.15

PAMAGso-b-PLAMA 9 32.1 321 1.21

PAMAGg7-b-PLAMA 4 37.1 345 1.11
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PAMA10s-b-PLAMA 14 24.5 26.0 1.20
PAMA11s-b-PLAMAs 21.7 23.7 1.21
PAMAg-b-PLAMA 113 73.1 52.5 1.05

M,, number-average molecular weight; B, dispersity (Mw/M,). * Determined from monomer
conversion. For random glycopolymers M, = [(AMA conversion/100) x DPava X Mwawma] +
[(LAMA conversion/100) x DPiama X Mw Lama] + Mw, esea For diblock glycopolymers: My =
[(LAMA conversion/100) x DPama X Mw Lama] + Mw, pama-sr; ° Determined by SEC using
conventional calibration with PEG standards. ¢ The synthesis and characterization of PAMA 161
and PEGus-b-PAMA 65 can be found in a previous report.*’

The PAMA-b-PLAMA diblock copolymers were prepared by “one-pot” ARGET
ATRP, i.e. AMA was first allowed to react until a near quantitative conversion was
achieved (> 91%), and then LAMA was added to the reaction mixture to form the
second block (Scheme 3). For comparative purposes, analogous PAMA-co-PLAMA
random copolymers (similar DP value of both blocks) were also synthetized by ARGET
ATRP to evaluate the effect of polymer structure on the performance of the

nanosystems.
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Scheme 3— ARGET ATRP of AMA and LAMA for the synthesis of random (a) and block (b)
glycopolymers.

The PAMA homopolymer and PEG-b-PAMA block copolymer were also synthesized
by the same method, to serve as control samples, as we previously confirmed their
potential as gene delivery systems.3” The polymers were purified by dialysis against
water and then lyophilized yielding solids with high water solubility, which allowed
their application as gene delivery systems. The structure of the polymers was confirmed
by 'H NMR spectroscopy (Figure 10, Figure Al and Figure A2, Appendix A) and the
molecular weights were determined by SEC (Figure 10, Figure Al and Figure Al,
Appendix A ).The obtained results showed that the developed ARGET ATRP method
yielded homopolymers, random glycopolymers and block glycopolymers with good
control over molecular weight, as illustrated by representative monomodal SEC
chromatograms (Figure 10, Figure Al and Figure A2, Appendix A), and the low
dispersity values (P < 1.2,Table 6).
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Figure 10400 MHz *H NMR spectrum in D,O (a) and SEC trace (b) of the PAMA14-CO-
PLAMA, random copolymer prepared by ARGET ATRP.

To the best of our knowledge, galactose methacrylate-based copolymers synthetized by
ARGET ATRP have never been investigated for the preparation of gene delivery

carriers.

2.3.2. Physicochemical characterization of the nanosystems
The physicochemical properties of the polymeric-based nanosystems have a major

impact on their ability to mediate gene delivery into target cells. To correlate the
biological activity with the physicochemical properties of the developed glycopolymer-
based nanosystems, we evaluated their ability to condense and protect DNA, their size,

and their surface charge (Figure 11).
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Figure 11— Physicochemical properties of the nanosystems: (a) hydrodynamic diameter, (b)
zeta potential, (¢) TEM imaging, (d) agarose gel electrophoresis assay and (e) DNA
complexation efficiency. (a,b) Nanosystems were prepared with 1 ug of plasmid DNA at 50:1
N/P ratio. Statistical analysis of results is available in Table Al and Table A2 of Appendix A.
(c) For TEM analysis, PAMA114-co-PLAMA-based polyplexes were prepared with 1 pg of
plasmid DNA at 50:1 N/P ratio (scale bar = 200 nm). (d) Polyplexes prepared with different
glycopolymers  (1-PAMAss-c0-PLAMA47, 2— PAMAs-b-PLAMA, 3— PAMAg;-co-
PLAMA,, 4— PAMAg-b-PLAMAs, 5— PAMAg-co-PLAMAg, 6— PAMA13-b-PLAMAs, 7—
PAMA14-cO-PLAMA o, 8—PAMA108-b-PLAMA14, 9— PAMAg-co-PLAMAgs, 10— PAMAgg-b-
PLAMA13, 11-PLAMA), at 50/1 N/P ratio, were analyzed by gel electrophoresis. (e)
Quantification of Green Safe access to DNA of the different formulations.
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From the DLS measurements, presented in Figure 11, it is evident that the size of the
developed nanosystems depends on both the DP value of AMA and the composition of
the glycopolymers. The results show that glycopolymers with a low DP of AMA, such
as PAMAgzs-co-PLAMA7, form larger polyplexes than copolymers with a higher
cationic content. The increase of AMA content in the glycopolymers improved their
DNA condensation ability and decreased the size of the nanocarriers, even for
copolymers with higher carbohydrate content. Morphological characterization by TEM
imaging (Figure 11c) revealed that PAMA114-co-PLAMAz0-based polyplexes had a
spherical shape and a small particle size, confirming the DLS data. Moreover, the
results presented in Figure la showed that the size of the developed nanosystems
depends on the structure of the glycopolymer. In general, polyplexes prepared with
block copolymers were smaller than the corresponding random glycopolymers,
suggesting that the complexation of DNA by both types of macromolecules is different.
In the case of the PAMA-b-PLAMA glycopolymers, the plasmid DNA was complexed
by the PAMA segment of the glycopolymer in the core of the nanocarrier, leaving a
shell of the PLAMA block.

Regarding the zeta potential of the developed nanosystems, the results presented in
Figure 11b shows that their surface charge depends on their carbohydrate/cationic ratio
and the composition of the glycopolymer. The nanocarriers prepared at N/P ratio of
50/1, exhibited a positive surface charge, ranging from +10 to +40 mV. As expected,
the nanocarriers prepared with PLAMA homopolymer exhibited lower zeta potential
than the nanosystems prepared with a cationic containing glycopolymer. The latter
nanocarriers exhibited high positive zeta potential values, similar to those obtained for
PEGu4s-b-PAMAss-based polyplexes, regardless the glycopolymer composition. These
galactose-containing polyplexes were prepared at an N/P ratio of 50/1, corresponding to
an excess of positive charge that could justify the cationic surface of these PAMA-co-
PLAMA- and PAMA-b-PLAMA- based nanocarriers. Some authors have studied the
influence of glycopolymer carbohydrate/cationic ratio on the physicochemical
properties of polyplexes, showing that the incorporation of carbohydrate moieties in
nanocarriers leads to a decrease in their surface charge compared to the corresponding
cationic polymer-based nanosystems.®® However, in these studies, the nanocarriers were
formulated using glycopolymers with a typical carbohydrate/cationic ratio of 0.9 - 1.0
and were prepared at N/P ratios lower than 10/1.2* Moreover, our results showed that

random glycopolymers produced polyplexes with higher positive zeta potential values
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than their corresponding block copolymers. This fact could be justified by their different
structural rearrangement during polyplex formation. While diblock glycopolymers
assemble in a core-shell configuration, the random glycopolymers exhibit a random
distribution of cationic and carbohydrate moieties, with equal probability of displaying
these segments on the surface of the polyplexes.®

The Green Safe intercalation assay was performed to evaluate whether the developed
nanocarriers are able to condense the plasmid DNA. The results presented in Figure 11e
show a decrease in the green safe fluorescence with the increase in the N/P ratio of the
polyplexes for all the developed nanosystems, except for the PLAMA-based
nanocarriers. This shows that increasing the content of cationic segments in the
glycopolymers leads to a higher degree of condensation and protection of DNA. The
glycoplexes prepared with PLAMA homopolymers, in which the condensation of DNA
occurs only via hydrogen bonds, presented the highest levels of intercalating agent
access. This very low condensation ability, observed for all tested N/P ratios of
PLAMA-based glycoplexes, could result in a poor performance in terms of gene
delivery, possibly releasing DNA earlier than expected or allowing its degradation
before it reaches the nucleus. In addition, it was found that the PAMAg2-co-PLAMAGgs.
based polyplexes exhibited a high degree of green safe access, which could be explained
by the high content of LAMA and the random distribution of cationic charges. The data
obtained in the green safe accessibility assays were confirmed by the agarose gel

electrophoresis assay (Figure 11d).

2.3.3. Transfection activity and cytotoxicity of glycopolymer-based
polyplexes
To evaluate the potential of PLAMA-based glycopolymers as gene delivery

nanocarriers, a preliminary study was performed in HepG2 cells using luciferase as a

reporter gene.
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Figure 12— Biological activity of random- (a) and block- (b) based glycoplexes in HepG2 cells.
Nanosystems were prepared by complexing the glycopolymers with 1 pg of plasmid DNA
encoding luciferase (pCMV.Luc) at different N/P ratios. Statistical analysis of results is
available in Table A3 of Appendix A.

As shown in Figure 12, the ability of the different nanosystems to effectively deliver

genetic material into HepG2 cells depends on their composition and N/P ratio. For
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polyplexes prepared with random glycopolymers, transgene expression was enhanced
with increasing N/P ratio (Figure 12a). Moreover, the results showed that polyplexes
based on PAMAsg7-co-PLAMA42- and PAMA114-co0-PLAMA2 exhibited higher
transgene expression than nanocarriers based on PAMAazs-co-PLAMA7. This suggests
that in nanosystems prepared with glycopolymers of similar molecular weight, the
transfection activity is enhanced by increasing the content of the cationic component
(PAMA). This fact can be possibly justified by the higher DNA condensation ability as
well as by the final structure of the nanosystems, which could allow an improved
interaction with the cells, leading to a higher gene delivery efficiency. Moreover, these
polyplexes prepared from glycopolymers with a higher content of AMA could most
likely be involved in a greater interaction with the endosomal membrane, promoting
their efficient escape from the endolysosomal pathway into the cytoplasm, thus leading
to an increase in their transfection capacity.*

For diblock glycopolymers, transgene expression was also improved by the increase of
the N/P ratio (Figure 12b). The results also showed that glycoplexes prepared with
block copolymers generally exhibited lower level of transgene expression than those
prepared with the corresponding random copolymers. In contrast to what was observed
with random-based glycoplexes, the transfection activity obtained at high N/P ratios
was not improved by the increase in the AMA content. For example, nanocarriers
prepared with PAMAso-b-PLAMAg, the glycopolymer with shortest chain length of
PAMA, had similar transfection levels as PAMAg7-b-PLAMAu4-based polyplexes. The
higher condensation of genetic material by diblock glycopolymers may lead to limited
DNA unpacking inside the cells, which could partially justify the lower transfection
ability when compared to that obtained with polyplexes prepared with random
glycopolymers (Figure 11e).

The cell viability studies, performed in HepG2 cells, showed that the cytotoxicity of the
developed nanosystems was dependent on their N/P ratio, on the composition and

carbohydrate/cationic ratio of the glycopolymers (Figure 13).
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Figure 13- Cytotoxicity of random- (a) and block- (b) based glycoplexes in HepG2 cells.
Polyplexes were prepared by complexing the glycopolymers with 1 pg of plasmid DNA
encoding luciferase (pCMV.Luc), at different N/P ratios. Statistical analysis of results is
available in Table A4 of Appendix A.

For both random and block glycopolymers-based nanosystems, cell viability decreased

with the increase of N/P ratio and with the increase of DP from AMA. The significant
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cytotoxicity observed with polyplexes prepared at the highest N/P ratios and DP of
AMA can be explained by the multiple and strong interactions that can occur between
glycoplexes and the cytoplasmic membrane or intracellular organelles, causing
membrane destabilization, which in turn affects the metabolic activity of the cells.** On
the other hand, the data also showed that the increase in the proportion of carbohydrates
relatively to the cationic content improves the biocompatibility of the developed
nanosystems. It is expected that the increase of the LAMA content decreases the density
of the positive charge of the cationic polymer, thus reducing the cytotoxicity of the
polyplexes. The structure (block versus random) of the glycopolymers also played a
crucial role in the cytotoxicity of the developed nanocarriers, as reported by other
authors.®*3! The polyplexes prepared with block copolymers exhibited higher
cytotoxicity than the nanosystems prepared with random copolymers, suggesting that
the block configurations are less able to mask the cationic content of the glycopolymers
than the corresponding random copolymers.

To evaluate the robustness of the developed nanocarriers as gene delivery systems to
HCC, transfection assays were performed in two other hepatocellular carcinoma cell
lines, Hep3B and Huh-7 cells (Figure 14).
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Remarkably, in both Hep3B and Huh-7 cells, PAMA114-co-PLAMAo-based
nanosystems, prepared at 25/1 and 50/1 N/P ratios, showed the highest level of
luciferase expression. Regarding cytotoxicity, as observed in HepG2 cells, the data
obtained showed that increasing the N/P ratio of the nanosystems and increasing the
cationic content of the glycopolymer resulted in lower cell viability (Figure A3,
Appendix A).

In general, incorporation of carbohydrate moieties into polymer-based nanocarriers
reduces their transfection efficiency. For example, Nairin’s group investigated the
potential of methacrylamide-based glycopolymers as nanosystems for gene delivery and
showed that incorporation of carbohydrate units reduced both toxicity and transfection
activity.® The authors demonstrated that the glycopolymers-based nanosystems resulted
in lower transgene expression than poly (2-amino ethyl methacrylamide) PAEMAgo-
based polyplexes. However, as shown in the data presented in Figure 15a, the biological
activity of PAMA114-C0-PLAMA2- and PAMA10s-b-PLAMA14-based nanosystems,
was much higher than that of polyplexes based on PAMA61- and PEGas-b-PAMA s,
suggesting that the gene delivery capacity of nanocarriers prepared with methacrylate-
based glycopolymers can be significantly enhanced by these hydrophilic moities (at
least for certain carbohydrate/cationic ratios). These results may be partially justified by
the higher susceptibility of methacrylate-based copolymers to hydrolysis compared to
their acrylamide counterparts, which may facilitate the release of DNA for transcription
in the nucleus. *° In addition, methacrylamide-based copolymers generally have higher
pKa values, which have a lower buffering capacity and, consequently, a lesser ability to
promote the endolysosomal escape of nanocarriers and thus transgene expression.*®
Regarding to carbohydrate/cationic moieties distribution, in general random-based
glycopolymers exhibited higher potential as gene delivery nanocarrier than their
corresponding block-based glycopolymers.*” However, for most of the developed
nanocarriers, with the exception of PAMA114-CO-PLAMA2- and PAMA1s-b-
PLAMA4-based nanosystems, it was not found a significant difference in terms of
biological activity between the block- and random-based glycoplexes (Figure 15a). In
addition, the results showed that further increasing the carbohydrate content, as in the
case of PAMAg2-co-PLAMAGgs-based nanocarriers, resulted in lower transgene
expression. As shown by other authors, the decrease in transfection activity with
increasing carbohydrate content could be explained by the stereo effect promoted by

galactose units, which could reduce cellular internalization and endosomal escape.?® In
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this context, polyplexes based on PAMA114-CO-PLAMA2 showed the highest

transfection activity at a carbohydrate/cationic molar ratio of 0.2.
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Figure 15- Biological activity (a), cell viability (b) and transfection efficiency of different
glycoplexes in HepG2 cells (¢) and in tumor spheroids (d). Polyplexes were prepared by
complexing glycopolymers, PAMA161 and PEGus-b-PAMA6s with 1 pg of pCMV.Luc (a and b)
or pCMV.gfp (c), at 50/1 N/P ratio. Asterisks (****p < 0.0001, ***p < 0.001, **p < 0.01, and
*p < 0.05) and cardinals (####p < 0.0001, ###p < 0.001, and #p < 0.05) indicate values with
statistical significance when compared to those obtained with the standard formulation, PEI-
based nanosystem at 25/1 N/P ratio, or with PEG4s-b-PAMA6s-based polyplexes, respectively.
(d) Polyplexes were prepared by complexing PAMA11-co-PLAMA-based polyplexes with 0.5
ug of pPCMV.gfp, at 50/1 N/P ratios. The cell nucleus was stained by DAPI (blue). Scale bar =
100 um.

The results presented in Figure 15b show that PEI-, PAMA161- and PEGas-b-PAMA 16g-
based polyplexes exhibit higher cytotoxicity than most PLAMA containing
nanocarriers, confirming the high ability of carbohydrate moieties to mask the cationic
charge of nanosystems, and thus improve their biocompatibility. To evaluate the effects

of glycopolymer composition and carbohydrate/cationic ratio on the percentage of
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transfected cells, flow cytometry analysis was performed after transfection of cells with
the developed glycoplexes prepared with pCMV.gfp (Figure 15c). The obtained results
showed that transfection of HepG2 cells with PAMA114-co-PLAMA20- and PAMA10s-b-
PLAMAuu-based polyplexes resulted in a large number of GFP-expressing cells.
Moreover, these nanocarriers promoted a much higher percentage of transfected cells
than the PEl-based polyplexes, which are recognized as the gold standard for
polymerbased gene delivery nanosystems.*®

Taking together the results of biological activity and cytotoxicity in different HCC cell
lines, it was demonstrated that the PAMA114-cO-PLAMA0-based polyplexes are the
best formulation, promoting the highest transfection activity with lower cytotoxicity.
Since 3D tumor spheroids provide more realistic spatial and pharmacologically relevant
information and bridge the experimental gap between in vivo and in vitro results, we
investigated the potential of PAMA114-CO-PLAMA2-based polyplexes as gene
nanocarrier in tumor spheroids obtained with HepG2 cells.*®* The results shown in
Figure 15d demonstrate that PAMA114-co-PLAMA20-based polyplexes could transfect
not only the surface cells of tumor spheroids, but also cells in the nucleus of the
spheroids. In contrast, nanocarriers based on PEGass-b-PAMA1es showed reduced
transfection capacity, being observed only a slight GFP expression in the spheroids
surface (Figure A4, Appendix A). The accentuated difference between these two
formulations was even more pronounced in 3D HepG2 cell cultures than in 2D ones cell
cultures, which may be due to an increase in ASGPR levels in tumor spheroids.®
Therefore, this novel nanocarrier revealed a high ability to penetrate and deliver genetic

material into 3D tumor masses.

2.3.4. Asialoglycoprotein receptor-targeted glycoplexes
The ASGPR binds specifically to galactose or N-acetylgalactosamine terminal residues

of desialylated glycoproteins and the binding affinity increases with the valence of the
sugar residues via a phenomenon known as the cluster effect.>! To determine whether
the developed nanosystems are specifically recognized by the ASGPR of HCC cells, the
effect of a high concentration of free asialofetuin (a specific ligand of the ASGPR used
as a competitive agent) and an antibody against the ASGPR, on the biological activity

of the glycoplexes was investigated.
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Figure 16— Effect of the presence of asialofetuin (a,b) and an antibody against the ASGPR (c)
on the biological activity of different nanosystems in HepG2 cells. The biological activity was
assessed by luminescence (a,c) and fluorescence microscopy (b) in HepG2 cells transfect with
different nanosystems. Biological activity of polyplexes in Hela cells (d). Asialofetuin or
antibody against the ASGPR were added to HepG2 cells 1 h before the addition of polyplexes.
Polyplexes were prepared by complexing the polymers with 1 pg of pCMV.Luc (a,c,d) or
pCMV .gfp (b), at their optimal N/P ratios. Asterisks (****p < 0.0001, ***p < 0.001 and **p <
0.01) correspond to values that differ significantly from those obtained with the same
formulations in the absence of asialofetuin or Ab against ASGPR. (b) Fluorescence microscopy
(I) and overlapping of fluorescence microscopy and phase contrast images (Il) of cells
transfected with different formulations at 50:1 N/P ratio (scale bar = 50 um). (d) Asterisks (*p <
0.05) and cardinals (#p < 0.05) indicate values with statistical significance when compared to
those obtained with the standard formulation, PEI-based nanosystem at 25/1 N/P ratio, or with
PEG.s-b-PAMAgs-based polyplexes, respectively.
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The results presented in Figure 16a showed that the presence of asialofetuin drastically
reduces the transgene expression of PAMA114-CO-PLAMA2- and PAMA10s-b-
PLAMA-based polyplexes, whereas it did not significantly alter the biological activity
of PEG4s-b-PAMA6s- and PEI-based nanocarriers. This assay was also performed in
Huh-7 and Hep3B cells, ASGPR-rich cell lines, where a similar decrease in the
biological activity of the developed glycoplexes was observed in the presence of
asialofetuin (Figure A5, Appendix A). Fluorescence microscopy data also indicated that
asialofetuin binds to the ASGPR, blocking the internalization of the developed
glycoplexes and thus resulting in a notably lower number of GFP-expressing cells than
in the absence of asialofetuin (Figure 16b). On the other hand, the transfection
efficiency of the nanosystems prepared with PEI was not significantly affected by
incubation with asialofetuin, supporting the observation that the developed glycoplexes
are specifically recognized by the ASGPR on the surface of HepG2 cells (Figure 5,
Appendix A). In addition, transfection activity was also assessed in the presence of an
antibody against the ASGPR. A strong reduction in the biological activity of the
PAMA112-co-PLAMA-based polyplexes, but not with the PEGas-b-PAMA16s-based
ones, was observed (Figure 16¢). Moreover, the biological activity of these formulations
was also examined in ASGPR-deficient cells (Hela cells) (Figure 16d).52* The obtained
results showed that the higher transfection activity of galactose-containing nanocarriers,
achieved in HepG2, Hep3b and Huh-7 cells, compared to PEI-based nanosystems, was
not observed in Hela cells. Therefore, all these results clearly indicate that the
developed glycoplexes have the ability to specifically bind to the ASGPR, via the
galactose residues, which significantly enhances their cell internalization and

consequently their transfection activity.

2.3.5. The endocytosis and intracellular fate of glycoplexes
The ASGPR specifically binds to the galactose terminal residues of desialylated

glycoproteins and then internalizes them via clathrin-coated pit endocytosis. To
elucidate the endocytic mechanism involved in the cell internalization of PAMA114-CO-
PLAMAo- and PAMA10s-b-PLAMA14-based polyplexes, their biological activity was
studied in the presence of various endocytosis inhibitors: chlorpromazine, which
inhibits clathrin-mediated endocytosis; filipin, which prevents caveolae-mediated
endocytosis; and amiloride, which inhibits macropinocytosis. Several concentrations of
each inhibitor were tested to determine the lowest drug concentration at which the
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inhibitor is active, without causing high cytotoxicity (Figure A7 and Figure AS,

Appendix A).
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Figure 17— Effect of endocytosis inhibitors on the transfection ability of PAMA114-co-
PLAMA2- (a) and PAMA;,s-b-PLAMAwL- (b) based polyplexes and the influence of
asialofetuin in their cell binding and cell internalization (c,d). (a,b) HepG2 cells were treated or
not treated (Nt) with endocytosis inhibitors: CPZ (50mM), Fil (1ug/mL) and Amil (0.25mM).
Asterisks (***p < 0.001 and **p < 0.01) indicate values with statistical significance when
compared to those measured in the control (cells non-treated). (c) Cellular binding /uptake
evaluated by flow cytometry, asterisks (**p < 0.01) correspond to values that differ
significantly from those obtained with the same formulations in the absence of asialofetuin. (d)
Representative confocal microscopic images of cells treated with different nanosystems
formulated at 50/1 N/P ratio (scale bar = 10 um). The acidic cell compartments were labeled
with Lysotracker Red DND-9 (red), the cell nucleus was stained by DAPI (blue) and polyplexes
were prepared with 1% fluorescein-labeled glycopolymer (green).

+109-



Chapter 2

As shown in Figure 17a and Figure AT7a, preincubation of HepG2 cells with
chlorpromazine resulted in a significant decrease in luciferase expression, suggesting
that the clathrin-coated pit endocytic pathway is associated with the internalization of
the developed PAMA114-co-PLAMA0-based nanosystems. This observation confirms
the involvement of ASGPR in their cellular internalization due to the specific binding of
the galactose molecules to this receptor. Regarding the PAMA10s-b-PLAMA14-based
polyplexes, the obtained results (Figure 17b and Figure A8a) showed that the transgene
expression was negatively affected by the preincubation with chlorpromazine and
filipin, suggesting the involvement of both clathrin- and caveolae-mediated endocytic
pathways. This inhibition was not due to the cytotoxicity of the endocytic inhibitors,
since no significant changes in cell viability were observed at the selected
concentrations (Figure A7 and Figure A8, Appendix A). Therefore, the higher
transfection activity of the polyplexes prepared with the PAMA114-cO-PLAMA2g
random glycopolymer, compared with the polyplexes prepared with the block
glycopolymer PAMA10s-b-PLAMA14 may also be due to their different internalization
mechanisms.

The cellular uptake of the developed nanosystems containing 1% of fluorescein-labeled
PAMA-co-PLAMA glycopolymer was assessed by flow cytometry and confocal
microscopy, in the presence or absence of asialofetuin (Figure 17). The results
presented in Figure 17d show that a substantial amount of PAMA114-co-PLAMA20- and
PAMA10s-b-PLAMA1s-based nanocarriers, prepared at 50/1 N/P ratio, was observed
inside almost all cells. Moreover, cellular uptake of polyplexes prepared with galactose-
containing copolymers was significantly inhibited after pretreatment with asialofetuin,
whereas PEGus-b-PAMA1ss-based polyplexes showed a similar extent of cellular
internalization, regardless of preincubation with asialofetuin (Figure A9, Appendix A).
Moreover, the developed formulations did not colocalize with lysosomal compartments
(red fluorescence), suggesting that they efficiently escape from the endolysosomal
pathway to the cytoplasm, preventing the nucleic acid degradation inside the lysosomes
(Figure 17d and Figure A9). These nanosystems has a high content of PAMA, which
contains primary amines that can potentially interact with and disrupt endosomal
membranes, promoting the release of the polyplexes into the cell cytoplasm.>® This fact
also contributes to the great potential of PAMA-based polyplexes as nanosystems for
gene delivery. Moreover, ASGPR-mediated cell binding and internalization of the

engineered nanocarriers was confirmed by flow cytometry (Figure 17c). As expected,
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the uptake of PAMA114-c0-PLAMA20- and PAMA10s-b-PLAMA1s-based nanocarriers
decreased drastically in the presence of asialofetuin. On the other hand, asialofetuin
pretreatment did not significantly affect the cellular internalization of PEGus-b-
PAMA16s-based polyplexes (Figure 17c and Figure A10, Appendix A).

Overall, these results demonstrate that PAMA114-cO-PLAMA20-based polyplexes bind
specifically to the ASGPR, being internalized via clathrin mediated endocytosis, and

efficiently escape from endolysosomal pathway, resulting in high transfection activity.

2.3.6. c-MYC downregulation to enhance sorafenib antitumor effect
c-MYC has been found to be highly expressed in HCC, and its overexpression has been

associated with proliferation, differentiation and apoptosis inhibition of HCC cells.>* To
downregulate c-MYC expression in HCC cells, in order to sensitize them to SF, HepG2
cells were transfected with PAMA114-co-PLAMA:1-based glycoplexes carrying a DNA
plasmid that encodes a short hairpin RNA against this protein. RT-PCR assays were
performed to investigate the inhibition extent of c-MYC mRNA levels in HepG2 cells
and, as illustrated in Figure 18a, a strong (72% decrease with MYC shRNA) and
specific (no significant effect with Scr shRNA) reduction in c-MYC mRNA levels was

observed.
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Figure 18— Antitumor activity promoted by the combination of c-MYC downregulation with
sorafenib. HepG2 cells were treated with different therapeutic strategies: ¢-MYC inhibition
mediated by the developed nanosystems (MYC shRNA), chemotherapy (SF), gene therapy
combined with chemotherapy (MYC shRNA+ SF), and non-targeting ShRNA combined or not
with SF (Scr shRNA and scr shRNA + SF). a) c-MYC mRNA levels determined by qRT-PCR.
b) Cell viability measured 120 h after transfection with MYC shRNA or Scr shRNA combined
or not with 4uM of SF. c¢) Influence of sorafenib concentration on cell viability following 120 h
of MYC silencing. d) Effect of the different treatment approaches on cell proliferation.
Cardinals (####p < 0.0001, ###p < 0.001, ##p < 0. 01 and #p< 0. 05) correspond to data from
cells treated with the various antitumoral strategies which significantly differ from those
obtained with non-treated control. Asterisks (****p <0.0001 and ***p<0.001) correspond to
data from cells treated with the combined therapy (MYC shRNA+ SF) which significantly
differ from those obtained with cells treated with SF or scr SARNA+SF. e,f) Flow cytometry
analysis of apoptosis and necrosis levels using FITC-annexin V/Pl double-staining. Q)
Representative images of overlapping fluorescence microscopy and phase contrast of cells using
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fluorescein diacetate (green) and propidium iodide (red) staining for imaging live and dead
cells, respectively (scale bar = 50 um).

The sensitization of tumor cells to chemotherapeutic agents by gene therapy modulation
has been explored to improve the antitumor effect.>*® The cytotoxicity of different
concentrations of SF in combination with MYC shRNA or Scr shRNA was measured to
clarify whether c-MYC downregulation could enhance the sensitivity of HepG2 cells to
SF (Figure 18b). The results showed that the combined treatment exhibited much higher
cytotoxicity than the strategy that included only SF (ICso of 9.6 uM). For example, at a
SF concentration of 4 uM, the viability of HepG2 cells treated with Scr shRNA was
70%. In contrast, cell viability decreased significantly to 33% when cells were
transfected with MYC shRNA (Figure 18c). The ICs values of SF combined with Scr
shRNA or MYC shRNA were 6.97 uM and 1.99 uM, respectively. The sensitization
factor (SFso), defined as the 1Cso of SF for Scr shRNA-treated control cells divided by
the ICso of SF in combination with gene silencing treatment (MYC shRNA) was 3.5.
The main advantage of this combinatorial strategy is the reduction in the
chemotherapeutic drug concentration required to induce cell-death, thereby increasing
the therapeutic effect and reducing the possibility of adverse effects. However, most of
the combinatorial strategies developed use non-targeted nanocarriers to deliver genetic
material.>” Herein, the developed nanocarriers have the ability to specifically deliver the
DNA plasmid into HCC cells, decreasing the expression of c-MYC, which sensitize the
tumors cells to SF and reduce the concentration of this cytotoxic drug. In general,
suppression of c-MYC expression leads to a migration, invasion and tumor cell
proliferation inhibition®®. Therefore, the effect of the developed combinatorial
therapeutic strategy on tumor cells proliferation was evaluated (Figure 18d). The results
showed that c-MYC downregulation significantly decreased the tumor cell proliferation,
while treatment with the non-targeting shRNA did not affect the cell division ability,
presenting a proliferation profile similar to non-treated controls cells. Moreover, this
anti-proliferative effect was significantly enhanced by the combination with SF, which
has slight only a slight effect when used as single-therapy.

To clarify the mechanisms involved in the antitumor activity of the individual and
combined strategies, the extent of apoptosis and necrosis/late apoptosis was evaluated
by cell staining with annexin V and PI. As illustrated in Figure 18e and 18f, after 120 h
of treatment, the levels of apoptotic cells obtained with the proposed combined
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therapeutic strategy (MYC shRNA + SF) were much higher than those registered with
the single-therapies (MYC shRNA or SF). Moreover, for the combined strategy more
necrotic/late apoptotic (red) than viable cells (green) were observed, in contrast to the
single therapeutic strategies (Figure 18g). Most importantly, SF, as single therapy, did
not induce significantly cell death at the tested concentration (4uM), as shown by the
absence of necrotic/late apoptotic cells and by the normal cell morphology. These data
further demonstrate that SF-induced apoptosis was synergistically enhanced by c-MYC
downregulation.

To further verify the robustness of the developed therapeutic approach, the antitumor
effect of the combined strategy (MYC shRNA+ SF) and the individual approaches,
gene therapy (MYC shRNA) or chemotherapy (SF), was evaluated in HepG2 tumor

spheroids.
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Figure 19- Effect of the c-MYC downregulation combined with SF on tumor spheroids growth.
HepG2-spheroids were treated with different antitumor strategies: c-MYC inhibition mediated
by glycopolymer-based nanosystems (MYC shRNA), chemotherapy (SF), gene therapy
combined with chemotherapy (MYC shRNA+ SF), and non-targeting ShRNA combined or not
with SF (Scr shRNA and Scr shRNA + SF). a) The microscopic images (scale bar = 200 um)
for O h are phase contrast images, and the microscopic images for 168 h are fluorescence images
using fluorescein diacetate (green) and propidium iodide (red) staining for imaging live and
dead cells, respectively. b) Asterisks (****p <0.0001, ***p<0.001) correspond to data achieved
with spheroids treated with each individual strategy, non-targeted shRNA or non-treated
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control, which significantly differ from those obtained with spheroids treated with the combined
therapy (MY C shRNA + SF).

The results showed that after 168 hours of treatment with our combined antitumor
strategy the area of tumor spheroids decreased by ~19%, whereas the area of non-
treated tumor spheroids increased by 8% (Figure 19 and Figure A10, Appendix A).
Moreover, at the end of the treatment with the combination of MYC shRNA and SF the
ratio of necrotic (red)/viable cells (green) was much higher than that obtained with the
single treatments, chemotherapy (SF) or gene therapy (MYC shRNA), demonstrating

the therapeutic potential of this combined strategy.

2.4.Conclusion
In this study, we developed a novel lactobionic acid-based nanocarrier and evaluated the

antitumor effect resulting from the combination of c-MYC downregulation, mediated by
these HCC-targeted nanosystems, with low concentration of sorafenib. A library of
well-defined random and block glycopolymers was synthesized by ARGET ATRP.
These polymethacrylate-based glycopolymers demonstrated the ability to form gene
delivery nanocarriers with suitable physicochemical properties, high transfection
efficiency, biocompatibility and ASGPR-specificity. Among the different synthesized
glycopolymers, it was found that the PAMA114-cO-PLAMA20-based nanocarrier
exhibited higher transfection activity than the corresponding block-glycopolymers- and
cationic homopolymer-based nanosystems. Moreover, the expression of c-MYC was
significantly inhibited by PAMA114-cO-PLAMA2/MYC shRNA nanosystems, which
markedly increased the sensitivity of tumor cells to SF treatment, resulting in a
substantial decrease of tumor cells proliferation and a significant enhancement of
apoptosis/necrosis levels. Overall, the obtained results demonstrated the potential of
PAMA114-cO-PLAMA-based nanocarriers as a HCC-targeted gene delivery
nanosystem and showed that sensitization of tumor cells to SF through c-MYC silencing

IS a promising strategy for the treatment of HCC.

Acknowledgment
This work was financed by the European Regional Development Fund (ERDF) through

the COMPETE 2020 program (Operational Program for Competitiveness and
Internationalization) and Portuguese national funds via FCT — Fundacao para a Ciéncia

e a Tecnologia, under projects: IF/01007/2015, POCI-01-0145-FEDER-30916,
115



Chapter 2

UIDB/04539/2020 and UIDP/04539/2020. Daniela Santo acknowledges FCT for the
Grant: SFRH/BD/132601/2017.

The *H NMR data was collected at the UC-NMR facility which is supported in part by
FEDER — European Regional Development Fund through the COMPETE Programme
(Operational Programme for Competitiveness) and by National Funds through FCT
(Portuguese  Foundation for  Science and Technology) through grants
REEQ/481/QUI/2006,  RECI/QEQ-QFI/0168/2012,  CENTRO-07-CT92-FEDER-
002012, and Rede Nacional de Ressonancia Magnetica Nuclear (RNRMN).

2.5.References

(1) Sung, H.; Ferlay, J.; Siegel, R. L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.;
Bray, F. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA. Cancer J. Clin. 2021,
71 (3), 209-249.

(2) Huang, A.; Yang, X. R.; Chung, W. Y.; Dennison, A. R.; Zhou, J. Targeted
Therapy for Hepatocellular Carcinoma. Signal Transduct. Target. Ther. 2020, 5
D).

(3) Llovet, J. M.; Ricci, S.; Mazzaferro, V.; Hilgard, P.; Gane, E.; Blanc, J.-F.; de
Oliveira, A. C.; Santoro, A.; Raoul, J.-L.; Forner, A.; et al. Sorafenib in
Advanced Hepatocellular Carcinoma. N. Engl. J. Med. 2008, 359 (4), 378-390.

(4) Tang, W.; Chen, Z.; Zhang, W.; Cheng, Y.; Zhang, B.; Wu, F.; Wang, Q.; Wang,
S.; Rong, D.; Reiter, F. P.; et al. The Mechanisms of Sorafenib Resistance in
Hepatocellular Carcinoma: Theoretical Basis and Therapeutic Aspects. Signal
Transduct. Target. Ther. 2020, 5 (1), 87.

(5) Chen, H.; Liu, H.; Qing, G. Targeting Oncogenic Myc as a Strategy for Cancer
Treatment. Signal Transduct. Target. Ther. 2018, 3 (1), 5.

(6) Kaposi-Novak, P.; Libbrecht, L.; Woo, H. G.; Lee, Y.-H.; Sears, N. C.; Conner,
E. A.; Factor, V. M.; Roskams, T.; Thorgeirsson, S. S. Central Role of C-Myc
during Malignant Conversion in Human Hepatocarcinogenesis. Cancer Res.
2009, 69 (7), 2775-2782.

(7) Lin, C. P, Liu, C. R.; Lee, C. N.; Chan, T. S.; Liu, H. E. Targeting C-Myc as a
Novel Approach for Hepatocellular Carcinoma. World J. Hepatol. 2010, 2 (1),
16-20.

116



Chapter 2

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

Lin, C. P,; Liu, J. D.; Chow, J. M.; Liu, C. R.; Eugene Liu, H. Small-Molecule c-
Myc Inhibitor, 10058-F4, Inhibits Proliferation, Downregulates Human
Telomerase Reverse Transcriptase and Enhances Chemosensitivity in Human
Hepatocellular Carcinoma Cells. Anticancer. Drugs 2007, 18 (2), 161-170.

Ning, Q.; Liu, Y.-F.; Ye, P.-J.; Gao, P.; Li, Z.-P.; Tang, S.-Y.; He, D.-X,; Tang,
S.-S.; Wei, H.; Yu, C.-Y. Delivery of Liver-Specific MiRNA-122 Using a
Targeted Macromolecular Prodrug toward Synergistic Therapy for
Hepatocellular Carcinoma. ACS Appl. Mater. Interfaces 2019, 11 (11), 10578-
10588.

Park, S.-C.; Heo, H.; Jang, M.-K. Polyethylenimine Grafted-Chitosan Based
Gambogic Acid Copolymers for Targeting Cancer Cells Overexpressing
Transferrin Receptors. Carbohydr. Polym. 2022, 277, 118755.

Sharma, D.; Arora, S.; Singh, J.; Layek, B. A Review of the Tortuous Path of
Nonviral Gene Delivery and Recent Progress. Int. J. Biol. Macromol. 2021, 183,
2055-2073.

Van Bruggen, C.; Hexum, J. K.; Tan, Z.; Dalal, R. J.; Reineke, T. M. Nonviral
Gene Delivery with Cationic Glycopolymers. Acc. Chem. Res. 2019, 52 (5),
1347-1358.

Zhang, Y.; Chan, J. W.; Moretti, A.; Uhrich, K. E. Designing Polymers with
Sugar-Based Advantages for Bioactive Delivery Applications. J. Control.
Release 2015, 219, 355-368.

Zhao, L.; Li, Y.; Pei, D.; Huang, Q.; Zhang, H.; Yang, Z.; Li, F.; Shi, T.
Glycopolymers/PEI Complexes as Serum-Tolerant Vectors for Enhanced Gene
Delivery to Hepatocytes. Carbohydr. Polym. 2019, 205, 167-175.

Lu, J.; Wang, J.; Ling, D. Surface Engineering of Nanoparticles for Targeted
Delivery to Hepatocellular Carcinoma. Small 2018, 14 (5), 1702037.

Warrier, D. U.; Dhanabalan, A. K.; Krishnasamy, G.; Kolge, H.; Ghormade, V.;
Gupta, C. R.; Ambre, P. K.; Shinde, U. A. Novel Derivatives of Arabinogalactan,
Pullulan & Lactobionic Acid for Targeting Asialoglycoprotein Receptor:
Biomolecular Interaction, Synthesis & Evaluation. Int. J. Biol. Macromol. 2022,
207, 683-699.

Perrone, F.; Craparo, E. F.; Cemazar, M.; Kamensek, U.; Drago, S. E.; Dapas, B.;
Scaggiante, B.; Zanconati, F.; Bonazza, D.; Grassi, M.; et al. Targeted Delivery

of SIRNAs against Hepatocellular Carcinoma-Related Genes by a Galactosylated

117



Chapter 2

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

Polyaspartamide Copolymer. J. Control. Release 2021, 330, 1132-1151.

Miura, Y.; Hoshino, Y.; Seto, H. Glycopolymer Nanobiotechnology. Chem. Rev.
2016, 116 (4), 1673-1692.

Gonzalez-Cuesta, M.; Ortiz Mellet, C.; Garcia Fernandez, J. M. Carbohydrate
Supramolecular Chemistry: Beyond the Multivalent Effect. Chem. Commun.
2020, 56 (39), 5207-5222.

Ahmed, M.; Narain, R. The Effect of Molecular Weight, Compositions and
Lectin Type on the Properties of Hyperbranched Glycopolymers as Non-Viral
Gene Delivery Systems. Biomaterials 2012, 33 (15), 3990—4001.

Dhande, Y. K.; Wagh, B. S.; Hall, B. C.; Sprouse, D.; Hackett, P. B.; Reineke, T.
M. N-Acetylgalactosamine Block-Co-Polycations Form Stable Polyplexes with
Plasmids and Promote Liver-Targeted Delivery. Biomacromolecules 2016, 17
(3), 830-840.

Chen, Y.; Diaz-Dussan, D.; Peng, Y.-Y.; Narain, R. Hydroxyl-Rich PGMA-
Based Cationic Glycopolymers for Intracellular SiRNA Delivery:
Biocompatibility and Effect of Sugar Decoration Degree. Biomacromolecules
2019, 20 (5), 2068-2074.

Peng, Y. Y.; Diaz-Dussan, D.; Kumar, P.; Narain, R. Tumor Microenvironment-
Regulated Redox Responsive Cationic Galactose-Based Hyperbranched
Polymers for SIRNA Delivery. Bioconjug. Chem. 2019, 30 (2), 405-412.

Ahmed, M.; Narain, R. The Effect of Polymer Architecture, Composition, and
Molecular Weight on the Properties of Glycopolymer-Based Non-Viral Gene
Delivery Systems. Biomaterials 2011, 32 (22), 5279-5290.

Quan, S.; Kumar, P.; Narain, R. Cationic Galactose-Conjugated Copolymers for
Epidermal Growth Factor (EGFR) Knockdown in Cervical Adenocarcinoma.
ACS Biomater. Sci. Eng. 2016, 2 (5), 853-859.

Ahmed, M.; Deng, Z.; Liu, S.; Lafrenie, R.; Kumar, A.; Narain, R. Cationic
Glyconanoparticles: Their Complexation with DNA, Cellular Uptake, and
Transfection Efficiencies. Bioconjug. Chem. 2009, 20 (11), 2169-2176.
Diaz-Dussan, D.; Nakagawa, Y.; Peng, Y. Y.; Sanchez, L. V.; Ebara, M.; Kumar,
P.; Narain, R. Effective and Specific Gene Silencing of Epidermal Growth Factor
Receptors Mediated by Conjugated Oxaborole and Galactose-Based Polymers.
ACS Macro Lett. 2017, 6 (7), 768-774.

Singhsa, P.; Diaz-Dussan, D.; Manuspiya, H.; Narain, R. Well-Defined Cationic

118



Chapter 2

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

N-[3-(Dimethylamino)Propyl]Methacrylamide Hydrochloride-Based
(Co)Polymers for SIRNA Delivery. Biomacromolecules 2018, 19 (1), 209-221.
Peng, Y. Y.; Diaz-Dussan, D.; Kumar, P.; Narain, R. Acid Degradable Cationic
Galactose-Based Hyperbranched Polymers as Nanotherapeutic Vehicles for
Epidermal Growth Factor Receptor (EGFR) Knockdown in Cervical Carcinoma.
Biomacromolecules 2018, 19 (10), 4052-4058.

Prevette, L. E.; Kodger, T. E.; Reineke, T. M.; Lynch, M. L. Deciphering the
Role of Hydrogen Bonding in Enhancing PDNA-Polycation Interactions.
Langmuir 2007, 23 (19), 9773-9784.

Sun, J.; Sheng, R.; Luo, T.; Wang, Z.; Li, H.; Cao, A. Synthesis of
Diblock/Statistical Cationic Glycopolymers with Pendant Galactose and Lysine
Moieties: Gene Delivery Application and Intracellular Behaviors. J. Mater.
Chem. B 2016, 4 (27), 4696-4706.

Sprouse, D.; Reineke, T. M. Investigating the Effects of Block versus Statistical
Glycopolycations Containing Primary and Tertiary Amines for Plasmid DNA
Delivery. Biomacromolecules 2014, 15 (7), 2616-2628.

Thapa, B.; Kumar, P.; Zeng, H.; Narain, R. Asialoglycoprotein Receptor-
Mediated Gene Delivery to Hepatocytes Using Galactosylated Polymers.
Biomacromolecules 2015, 16 (9), 3008-3020.

Britovsek, G. J. P.; England, J.; White, A. J. P. Non-Heme Iron(Il) Complexes
Containing Tripodal Tetradentate Nitrogen Ligands and Their Application in
Alkane Oxidation Catalysis. Inorg. Chem. 2005, 44 (22), 8125-8134.

Narain, R.; Armes, S. P. Synthesis and Aqueous Solution Properties of Novel
Sugar  Methacrylate-Based Homopolymers and Block  Copolymers.
Biomacromolecules 2003, 4 (6), 1746-1758.

Santo, D.; Cordeiro, R. A.; Sousa, A.; Serra, A.; Coelho, J. F. J.; Faneca, H.
Combination of Poly[(2-Dimethylamino)Ethyl Methacrylate] and Poly(B-Amino
Ester) Results in a Strong and Synergistic Transfection Activity.
Biomacromolecules 2017, 18 (10), 3331-3342.

Santo, D.; Mendonga, P. V; Lima, M. S.; Cordeiro, R. A.; Cabanas, L.; Serra, A.;
Coelho, J. F. J.; Faneca, H. Poly(Ethylene Glycol)-Block-Poly(2-Aminoethyl
Methacrylate Hydrochloride)-Based Polyplexes as Serum-Tolerant Nanosystems
for Enhanced Gene Delivery. Mol. Pharm. 2019, 16 (5), 2129-2141.

Cordeiro, R. A.; Santo, D.; Farinha, D.; Serra, A.; Faneca, H.; Coelho, J. F. J.

119



Chapter 2

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

High Transfection Efficiency Promoted by Tailor-Made Cationic Tri-Block
Copolymer-Based Nanoparticles. Acta Biomater. 2017, 47, 113-123.

Alonso, S. Exploiting the Bioengineering Versatility of Lactobionic Acid in
Targeted Nanosystems and Biomaterials. J. Control. Release 2018, 287 (August),
216-234.

Read, E. S.; Thompson, K. L.; Armes, S. P. Synthesis of Well-Defined Primary
Amine-Based Homopolymers and Block Copolymers and Their Michael
Addition Reactions with Acrylates and Acrylamides. Polym. Chem. 2010, 1 (2),
221-230.

Mendonga, P. V.; Averick, S. E.; Konkolewicz, D.; Serra, A. C.; Popov, A. V.;
Guliashvili, T.; Matyjaszewski, K.; Coelho, J. F. J. Straightforward ARGET
ATRP for the Synthesis of Primary Amine Polymethacrylate with Improved
Chain-End Functionality under Mild Reaction Conditions. Macromolecules
2014, 47 (14), 4615-4621.

Baker, S. L.; Kaupbayeva, B.; Lathwal, S.; Das, S. R.; Russell, A. J;
Matyjaszewski, K. Atom Transfer Radical Polymerization for Biorelated Hybrid
Materials. Biomacromolecules 2019, 20 (12), 4272—-4298.

Bus, T.; Traeger, A.; Schubert, U. S. The Great Escape: How Cationic
Polyplexes Overcome the Endosomal Barrier. J. Mater. Chem. B 2018, 6 (43),
6904-6918.

Tan, Z.; Dhande, Y. K.; Reineke, T. M. Cell Penetrating Polymers Containing
Guanidinium Trigger Apoptosis in Human Hepatocellular Carcinoma Cells
Unless Conjugated to a Targeting N-Acetyl-Galactosamine Block. Bioconjug.
Chem. 2017, 28 (12), 2985-2997.

Li, H.; Cortez, M. A.; Phillips, H. R.; Wu, Y.; Reineke, T. M. Poly(2-Deoxy-2-
Methacrylamido Glucopyranose)-b -Poly(Methacrylate Amine)s: Optimization of
Diblock Glycopolycations for Nucleic Acid Delivery. ACS Macro Lett. 2013, 2
(3), 230-235.

Van De Wetering, P.; Moret, E. E.; Schuurmans-Nieuwenbroek, N. M. E.; Van
Steenbergen, M. J.; Hennink, W. E. Structure-Activity Relationships of Water-
Soluble Cationic Methacrylate/Methacrylamide Polymers for Nonviral Gene
Delivery. Bioconjug. Chem. 1999, 10 (4), 589-597.

Sun, J.; Sheng, R.; Luo, T.; Wang, Z.; Li, H.; Cao, A. Synthesis of

Diblock/Statistical Cationic Glycopolymers with Pendant Galactose and Lysine

120



Chapter 2

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

Moieties: Gene Delivery Application and Intracellular Behaviors. J. Mater.
Chem. B 2016, 4 (27), 4696-4706.

Chen, Y.; Liu, C.; Yang, Z.; Sun, Y.; Chen, X.; Liu, L. Fabrication of Zein-Based
Hydrophilic Nanoparticles for Efficient Gene Delivery by Layer-by-Layer
Assembly. Int. J. Biol. Macromol. 2022, 217, 381-397.

Leong, D. T.; Ng, K. W. Probing the Relevance of 3D Cancer Models in
Nanomedicine Research. Adv. Drug Deliv. Rev. 2014, 79-80, 95-106.

Kim, Y.; Jo, M.; Schmidt, J.; Luo, X.; Prakash, T. P.; Zhou, T.; Klein, S.; Xiao,
X.; Post, N.; Yin, Z.; et al. Enhanced Potency of GalNAc-Conjugated Antisense
Oligonucleotides in Hepatocellular Cancer Models. Mol. Ther. 2019, 27 (9),
1547-1557.

D’Souza, A. A.; Devarajan, P. V. Asialoglycoprotein Receptor Mediated
Hepatocyte Targeting — Strategies and Applications. J. Control. Release 2015,
203, 126-139.

Park, J.-H.; Cho, E.-W.; Shin, S. Y.; Lee, Y.-J.; Kim, K. L. Detection of the
Asialoglycoprotein Receptor on Cell Lines of Extrahepatic Origin. Biochem.
Biophys. Res. Commun. 1998, 244 (1), 304-311.

Palermo, E. F.; Lee, D.-K.; Ramamoorthy, A.; Kuroda, K. Role of Cationic
Group Structure in Membrane Binding and Disruption by Amphiphilic
Copolymers. J. Phys. Chem. B 2011, 115 (2), 366-375.

Ally, A.; Balasundaram, M.; Carlsen, R.; Chuah, E.; Clarke, A.; Dhalla, N.; Holt,
R. A.; Jones, S. J. M.; Lee, D.; Ma, Y.; et al. Comprehensive and Integrative
Genomic Characterization of Hepatocellular Carcinoma. Cell 2017, 169 (7),
1327-1341.e23.

Lozano, E.; Macias, R. I. R.; Monte, M. J.; Asensio, M.; del Carmen, S.;
Sanchez-Vicente, L.; Alonso-Pefia, M.; Al-Abdulla, R.; Munoz-Garrido, P.;
Satriano, L.; et al. Causes of HOCT1-Dependent Cholangiocarcinoma Resistance
to Sorafenib and Sensitization by Tumor-Selective Gene Therapy. Hepatology
2019, 70 (4), 1246-1261.

Younis, M. A.; Khalil, I. A.; Abd Elwakil, M. M.; Harashima, H. A
Multifunctional Lipid-Based Nanodevice for the Highly Specific Codelivery of
Sorafenib and Midkine SiRNA to Hepatic Cancer Cells. Mol. Pharm. 2019, 16
(9), 4031-4044.

Sun, W.; Wang, Y.; Cai, M.; Lin, L.; Chen, X.; Cao, Z.; Zhu, K.; Shuai, X.

«121.



Chapter 2

(58)

Codelivery of Sorafenib and GPC3 SiRNA with PEI-Modified Liposomes for
Hepatoma Therapy. Biomater. Sci. 2017, 5 (12), 2468-2479.

Zhao, Y.; Jian, W.; Gao, W.; Zheng, Y.-X.; Wang, Y.-K.; Zhou, Z.-Q.; Zhang,
H.; Wang, C.-J. RNAi Silencing of C-Myc Inhibits Cell Migration, Invasion, and
Proliferation in HepG2 Human Hepatocellular Carcinoma Cell Line: C-Myc
Silencing in Hepatocellular Carcinoma Cell. Cancer Cell Int. 2013, 13 (1), 23

*122-



CHAPTER 3

GLYCOPOLYMERS MEDIATE SUICIDE
GENE THERAPY IN ASGPR-EXPRESSING
HEPATOCELLULAR CARCINOMA CELLS

IN TANDEM WITH DOCETAXEL

The contents of this chapter were adapted from:

Santo, D.; Cordeiro, R. A.; Mendonca, P. V; Serra, A. C.; Coelho, J. F. J.; Faneca, H.
Glycopolymers Mediate Suicide Gene Therapy in ASGPR-Expressing Hepatocellular
Carcinoma Cells in Tandem with Docetaxel. Biomacromolecules 2023
https://doi.org/10.1021/acs.biomac.2c01329



https://doi.org/10.1021/acs.biomac.2c01329




Chapter 3

4.1.Introduction
Hepatocellular carcinoma (HCC) represents approximately 75-85% of primary liver

cancers and is third most common cause of cancer death worldwide.! In recent years,
multiple kinase and immune checkpoint inhibitors have been approved as therapy
approaches for patients with late-stage HCC.2® However, due to their restricted
indications, low response rate, drug toxicity/resistance and subsequent tumor relapse,
the development of new antitumor strategies that can provide improved efficacy and
reduce unexpected side effects is imperative.*

In this regard, gene therapy has become a promising therapeutic tool for cancer
treatment.® Particularly, suicide gene therapy represents approximately 6.1% (194 out of
3180) of all gene therapy clinical trials performed worldwide in 2021.5 The Herpes
Simplex Virus thymidine kinase gene (HSV-TK) is the most commonly used suicide
gene and involves the concomitant treatment with the antiviral prodrug ganciclovir
(GCV).”® This nontoxic prodrug is converted into activated toxic metabolites by the
action of HSV-TK followed by endogenous kinases, causing cell death either by
inducing chain termination during DNA synthesis or by affecting cell cycle
progression.® Unfortunately, the clinical translation of suicide gene therapy is still
limited by the poor therapeutic outcome and the low cancer cells specificity.*
Therefore, the development of a high-performance suicide gene therapy strategy for the
treatment of HCC requires the development of highly efficient and targeted gene
delivery nanocarriers.

In this regard, sugar-based nanocarriers have been considered an appealing approach for
the delivery of genetic material due to their inherent biocompatibility, colloidal stability
and tissue-specific targeting.'*'> The development of reversibly deactivated radical
polymerization (RDRP) techniques, namely atom transfer radical polymerization
(ATRP) and reversible addition—fragmentation chain transfer polymerization (RAFT),
allowed the synthesis of well-defined glycopolymers with precise molecular weight,
diverse end-group functionalities, different compositions and a variety of architectures,
could be readily prepared.*®* Lactobionic acid-functionalized nanocarriers, which are
recognized by their biocompatibility and selective binding affinity, stand out as
platforms for liver-specific gene delivery.’® These multifunctional galactosylated
molecules display high binding affinity with the asialoglycoprotein receptor (ASGPR),

an endocytic cell surface receptor overexpressed on liver cancer cells compared to
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hepatocytes,'®1’ which make lactobionic-based nanocarriers a powerful tool to deliver
therapeutic genes into tumour cells to combat HCC. Reineke and Narain’s groups have
conducted a remarkable development on the research study of cationic glycopolymers
and evaluation of their transfection ability as a function of various synthetic parameters,
such as molecular weight,'® cationic content,'®?° carbohydrate content,?® and
glycopolymer composition (random/block copolymers).?2111314 Methacrylamide-based
copolymers, synthetized by copolymerization between primary amine monomers, such
as 3-aminopropyl methacrylamide?® or 2-amino ethyl methacrylamide,?*?® and
carbohydrate-derived monomers, namely 3-gluconamidopropyl methacrylamide?® and
2-lactobionamidoethyl — methacrylamide,?*?® are the most commonly used
glycopolymers. Recently, Bockman et al. reported the synthesis of a N-acetyl-D-
galactosamine (GalNAc)-derived monomer through a novel improved two-step route
with high vyield to prepare different diblock copolymers with 2-amino ethyl
methacrylamide via RAFT polymerization. The transfection efficiency of the
nanocarriers prepared with these glycopolymers was evaluated in HepG2 cells and
depends on the GalNAc block length, which increases with the degree of
polymerization of carbohydrate moiety 2°. In an another study, to understand the role of
charge type of glycopolymers on transfection efficiency, Haibo Li and co-workers
synthetized various poly(2-deoxy-2-methacrylamido glucopyranose)-b-
poly(methacrylate amine) block copolymers, bearing primary, secondary, tertiary, or
quaternary amine functionality.*® Their results indicated that secondary-amine
polymethacrylate-based copolymers exhibited higher gene delivery efficiency and lower
cytotoxicity than glycopolymers containing more highly substituted amines. However,
the potential of primary-amine polymethacrylate-containing glycopolymers as gene
delivery nanosystems was not evaluated, as this polymer was not hydrosoluble, a crucial
characteristic of polymers for biomedical applications.3!

In this work, we proposed the development of a novel HCC-targeted glycopolymer-
based nanocarrier to mediate suicide gene therapy, with powerful antitumor effect
against HCC cells (Scheme 4). First, a mini-library of well-defined primary-amine
polymethacrylate-based glycopolymers, with fixed degree of polymerization (DP) of 2-
lactobionamidoethyl methacrylate (LAMA) and different DP values of 2-aminoethyl
methacrylate (AMA), were synthesized by ARGET ATRP. The effect of primary amine

content on the physicochemical properties, biological activity, biocompatibility and
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ASGPR specificity of the nanocarriers were investigated. To boost the transfection
efficiency and, thus the therapeutic potential of our best PAMA-co-PLAMA-based
nanocarriers, HCC cells were pre-treated with a low concentration of docetaxel (DTX),
a chemotherapeutic drug belonging to the category of microtubule depolymerization
inhibitors.®? This drug binds to the B-subunit of the tubulin protein of the microtubules
and promotes the hyperstabilization of microtubule assemblies, which impairs the
mitotic progression and, consequently, leads to cell cycle arrest. Furthermore, as
microtubules play a critical role in intracellular dynamics transport, including the
trafficking of nanocarriers to lysosomes after their uptake by endocytosis this drug may
also be used to improve the transfection ability of nanocarriers by decreasing the
entrapment inside the endosomal/lysosomal compartments.®® Therefore, our hypothesis
was that DTX at low concentration could enhance the antitumor effect of HSV-
TK/GCV suicide gene therapy, by increasing the transfection efficiency of glycoplexes
and inhibiting mitosis. To the best of our knowledge, this was the first research study
that combines DTX with suicide gene therapy-mediated by methacrylate-based
glycoplexes to combat HCC.

1. Synthesis of tailor-made glycopolymers
by ARGET ATRP
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Scheme 4- Schematic illustration of the proposed anti-HCC therapeutic strategy based on the
combinatorial effects of DTX with suicide gene therapy-mediated by PAMA-co-PLAMA-based

glycoplexes.
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4.2.Materials and Methods
Materials

Information regarding materials and methods is described in the Appendix B.

Synthesis and characterization of glycopolymers

Details about techniques and equipment are described in the Appendix B.

Typical procedure for the synthesis of PAMA-co-PLAMA by ARGET ATRP

AMA (1.51 g, 9.6 mmol), LAMA (0.6 g, 1.3 mmol), copper(Il) bromide (CuBrz) (7.13
mg, 32 umol), tris(pyridine-2-ylmethyl)amine (TPMA) (37.1 mg, 127 umol), and ethyl
a- bromophenyl acetate (EBPA) (15,5 mg, 64 umol) were dissolved in
water/dimethylformamide (DMF) mixture (50/50, V/V) (3.5mL). The mixture was
purged with nitrogen for 30 min in Schlenk flask. Then, the flask was placed under
magnetic stirring at 60 °C and a previously deoxygenated ascorbic acid (AscA) solution
(43 mM) was continuously added to the mixture via syringe pump at 1 pL/min during 4
h. The final reaction mixture was analyzed by *H nuclear magnetic resonance (NMR)
spectroscopy and by aqueous size exclusion chromatography (SEC). After that, it was
dialyzed (dialysis membrane MWCO = 3500) against deionized water and the

glycopolymer was collected after freeze-drying process.

Formulation of polyplexes
Polymers were dissolved in ultra-pure water at pH 3 and blended with 1 pg of DNA
plasmids encoding luciferase (pLuc), green fluorescent protein (pGFP) or HSV-TK
(pTK) at the desired polymer/DNA N/P (+/—) charge ratio. The mixture solution was

incubated for 15 min and was immediately used.

Transfection activity and interaction with target cells

The biological activity, transfection efficiency, cell viability and intracellular trafficking
of the developed nanocarriers were evaluated according to Santo et al. and the

procedures were described in the Supporting Information®®.

Antitumor activity
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The in vitro antitumor effect induced by non-viral HSV-TK/GCV gene therapy, DTX
or their combination was assessed in HepG2 cell line. Following 4 h incubation of
HepG2 cells with PAMA144-co-PLAMA19-based polyplexes, in the presence or absence
of different concentrations of DTX (0.006; 0.003; 0.0125; 0.0250;0.5; 0.1 uM) the cell
culture medium was renewed with DMEM-HG containing 10% (V/V) FBS. 24 hours
after, the cell culture medium was renewed with DMEM-HG with or without 100 uM of
GCV and cells were further incubated for 5 days in 5% CO; at 37 °C. The cell viability
was evaluated at 24 h, 72 h and 120 h by the Alamar Blue assay. After each
measurement, the cell culture medium (with or without GCV) was renewed. In addition,
the cell viability was also assessed at 120 h through sulforhodamine B (SRB) assay.®*
The cell death mechanisms were assessed by flow cytometry using FITC-Annexin V
and propidium iodide (PI) probes in 24-well culture plates. After 72 h of incubation
with  PAMAu144-co-PLAMA1/pTK; PAMA144-cO-PLAMA/pTK + GCV; DTX:
PAMA144-C0-PLAMA1o/pTK + DTX; and PAMA144-cO-PLAMA1o/pTK + GCV + DTX
cells were harvested, washed and resuspended in 100 pL of binding buffer (10 mM
HEPES (pH 7.4), 2.5 mM CaCl,, 140 mM NaCl) containing 2 pL of FITC-annexin V
and 1 pL of PI (0.05 mg/mL). Cells were incubated at RT and protected from light for 5
min and then analyzed (10,000 events) in a FACSCalibur flow cytometer (Becton
Dickinson, USA). The data were analyzed using FlowJo software. Fluorescence images
were obtained using fluorescein diacetate (5 mg/mL in acetone) and Pl (2 mg/mL in
PBS) for live/dead staining of HepG2 cells. After incubating for 15 minutes, the cells
were washed and fixed with 4% paraformaldehyde solution (15 min, RT). The images
were acquired with x20 magnification on an Axio Imager Z2 microscope (Zeiss,
Munich, Germany) coupled to AxioCam HRc camera (Zeiss, Germany).

To evaluate the antitumor effect of the developed therapeutic strategy in a 3D cell
culture model, 3x10% HepG? cells/well were placed in 96-well cell culture round-bottom
ultralow attachment microplates. After the initial 3 days of formation, spheroids were
incubated, in the presence or absence of DTX (0.006 uM), with PAMA14-CO-
PLAMA9-based polyplexes, prepared at 50/1 N/P ratio with 0.5 pg of pTK per well.
After 24 h of incubation, the cell culture medium was renewed by culture medium with
or without GCV (100 uM) every 48 h. Microscopy images were obtained at 72 h, 120 h
and 168 h. The images were acquired with x20 magnification (planapochromat

objectives) in an Axio Observer Z1 widefield microscope coupled to digital CMOS
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camera (ORCA Flash 4.0) (Zeiss®,Germany) and analyzed with Zen Blue software
(Zeiss®, Germany). Analysis of spheroid areas was performed using the Zen Blue
software. Fluorescence images were obtained using fluorescein diacetate (5 mg/mL in
acetone) and PI (5 mg/mL in PBS) for live/dead staining of spheroids. After 45 min of
incubation, the spheroids were washed and observed immediately. The Pl mean
fluorescence intensity (MFI) per spheroid area was calculated using ImageJ software.
Six spheroids per treatment condition were analyzed and the results are representative

of three independent experiments.

Statistical Analysis
All the results correspond to mean * standard deviation (SD), achieved from triplicates
and are representative of at least three independent experiments. Data were analyzed by
GraphPad Prism (version 6.01 GraphPad Software Inc., San Diego, CA, USA) using
one-way analysis of variance (ANOVA) followed by Dunnett test or using two-way
ANOVA followed by Dunnett or Sidak tests. For all tests, statistical significance was

considered for p-values < 0.05.

4.3.Results and Discussion
3.3.1. Synthesis and characterization of PAMA-co-PLAMA glycopolymers

To prepare new methacrylate-based glycopolymers with well-defined, functionalized
and controlled structures and further developed a highly efficient and hepatocyte-
specific gene delivery nanocarrier, a series of random PAMA-co-PLAMA
glycopolymers were synthetized by ARGET ATRP. Lactobionic acid displays high
binding affinity with the ASGPR and is capable of forming an amide bond between its
carboxyl group and the amine groups of monomers or functional polymers, making
lactobionic acid an ideal molecule for selectively target HCC cells.”*® In this regard,
LAMA, an inexpensive lactobionic-acid derivative monomer, was synthetized by
reacting AMA with lactobionolactone, without protecting group chemistry.**The
chemical structure of the LAMA monomer was confirmed by 'H and *C NMR
spectroscopy (Figure B1, Appendix B) and it is in agreement with data reported in the
literature.®® Then, LAMA and AMA, a primary amine-containing monomer that will
ensure the polyplex formation via electrostatic interaction with genetic material, were

further polymerized through ARGET ATRP. Armes’ group reported the polymerization
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of LAMA and AMA, by ATRP in 3:2 methanol/water mixtures or in isopropanol/water
mixtures using the CuBr/bipyridine complex as catalyst, to obtain different AMA- and
LAMA-block copolymers.®®3" However, for biomedical applications, the synthesis of
glycopolymers by ARGET ATRP is advantageous, as it allows control over the
molecular weight of the polymers using a much lower concentration of the metal
catalyst.®® Here, the synthesis of well-defined random copolymers was performed using
a slow feeding of AsCA as reducing agent in 1:1 DMF/water mixture at 60 °C, without
protecting group chemistry, avoiding the typically troublesome multistep

protection/deprotection reactions of glycopolymers synthesis (Scheme 5).
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Scheme 5- Synthesis of for the random PAMA-co-PLAMA glycopolymers by ARGET ATRP.

The chain length of LAMA was fixed (DP = 20) and different DP values of AMA (DP
= 55, 73, 88 and 144) were targeted to evaluate the effect of cationic content on the
physicochemical properties, transfection capacity, cytotoxicity and targeting ability of

the methacrylate-containing glycopolymers-based gene delivery nanocarriers (Table 7).

Table 7— Composition and molecular weight parameters of glycopolymers prepared by ARGET
ATRP.

DP

Polymer sample My x 10% M,SEC x 10%° b
AMA LAMA

PLAMAG3s - 38 18.4 25.4 1.05
PAMA6:° 161 N/A 25.7 26.9 1.10
PEGus-b-PAMA 165° 168 N/A 29.9 28.8 1.10
PAMAss-co- PLAMA; 55 21 19.4 18.9 1.37
PAMA7s-co- PLAMA: 73 21 22.0 234 1.36
PAMAgs-co- PLAMA 88 20 24.0 27.6 1.32
PAMA144-cO0- PLAMA g 144 19 33.0 38.7 1.31
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Mn, number-average molecular weight; D, dispersity (Mw/Mn). ?Determined from monomer
conversion. Mn™"=[(AMA conversion/100)xDPama X MWaua] + [(LAMA conversion/100) x
DPLama X MW ama] + Mwespa;  Determined by SEC using conventional calibration with PEG
standards. ¢ The synthesis and characterization of PAMAs and PEGas-b-PAMAies was

previously reported.*

A PAMA1e homopolymer and a PEGuss-b-PAMAsgs block copolymer were also
synthesized through the same technique, to be used as control samples, as we previously
confirmed the potential of these polymers as gene delivery nanocarriers.®® All polymers
were purified by dialysis against water and collected by freeze—drying process, yielding
solids with high water solubility, which enabled their application in gene delivery.
Then, their chemical structure was analyzed by *H NMR spectroscopy and SEC (Figure
B2 and Figure B4, Appendix B).

The results showed that the developed ARGET ATRP method yielded homopolymers
and random glycopolymers with good control over molecular weight (B<1.4), as
illustrated by representative monomodal SEC chromatograms (Figure B3, Appendix B)
(Table 7).

The synthesis of these copolymers with controlled structure is very important to clarify
the relationship between chemical structure and biological properties.

3.3.2. Physicochemical Characterization of Nanosystems
The physicochemical characteristics of polymeric-based nanocarriers play an important
role in their capacity to mediate gene delivery into target cells. These include the ability
to condense and protect DNA, the size, and the surface charge of the developed
polyplexes. Thus, the physicochemical properties of PAMA-co-PLAMA-based
nanocarriers were determined to evaluate their influence on transfection activity (Figure
20).
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Figure 20— Physicochemical characterization of PAMA-co-PLAMA-based polyplexes. (a)
Hydrodynamic diameter and (b) zeta potential of PAMAGss-Co-PLAMA-, PAMA;3-Co-
PLAMA:1-, PAMAgs-CO-PLAMA2-, PLAMA7-, PAMAi- and PEGas-b-PAMA6s-based
polyplexes prepared at 50:1 N/P ratio, and PAMA1-cO-PLAMA,- based polyplexes
formulated at 25:1 N/P ratio. Asterisks (****p < 0.0001, **p < 0.01, and *p < 0.05) indicate
values with statistical significance when compared to those obtained with PEGuss-b-PAMA6s-
based polyplexes. (c) DNA complexation efficiency. (d) Gel electrophoresis of polyplexes
prepared with different glycopolymers: L- DNA ladder (1 kb plus), DNA - Plasmid only, 1 -
PAMAss-co-PLAMA:;, 2 - PAMA73-c0-PLAMA?;, 3 - PAMAgs-co-PLAMA, 4 - PAMA144-
co-PLAMAg, 5 - PLAMAv.

The DLS measurements, presented in Figure 20a, revealed that all PAMA-co-PLAMA
glycopolymers were able to efficiently condense pDNA into nanosized (130-150 nm)
polyplexes. In addition, the results showed that the nanocarriers prepared with
glycopolymers with different cationic contents presented similar hydrodynamic
diameter, which may be justified by the fact that at the tested N/P ratios, a maximum
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condensation of genetic material was reached and, consequently, no significant changes
in size were observed. Moreover, PLAMA7c homopolymer generated larger
nanoparticles than cationic-containing glycopolymers, suggesting that they have a
limited ability to condense genetic material.

Regarding the zeta potential of the developed nanocarriers, the results illustrated in
Figure 20b, showed that their surface charge is positive, ranging between +10 and +35
mV. In addition, the results revealed that all the developed PAMA-co-PLAMA-based
nanocarriers exhibited similar surface charge, which was slightly lower than that
obtained for PAMA- and PEGass-b-PAMAges-based polyplexes. Moreover,
nanocarriers prepared with the carbohydrate homopolymer exhibited lower zeta
potential than polyplexes prepared with cationic-containing copolymers. These results
indicate that carbohydrate-based nanosystems, when compared to PEGylated
nanovehicles, provide a superior hydrophilic hindrance, which improves their capability
to mask the excess of positive charge of nanocarriers.

To evaluate if the developed nanocarriers were able to condense the plasmid DNA, the
Green Safe intercalation assay was performed. The results showed a decrease of Green
Safe fluorescence with the increase of the N/P ratio of glycoplexes for all the developed
formulations, except for PLAMA70-based nanocarriers (Figure 20c). The glycoplexes
generated with PLAMA homopolymer had the highest levels of intercalating agent
access. This fact can be explained by the nature of the interactions of this glycopolymer
with DNA, which probably occurs mostly via hydrogen bonding. On the other hand, for
all developed PAMA-co-PLAMA-based polyplexes prepared at 25/1 and 50/1 N/P
ratios, the results showed that these nanocarriers provided almost complete DNA
condensation and protection.

The data obtained in the Green safe accessibility assays are consistent with those

obtained in the agarose gel electrophoresis assays (Figure 20d).

3.3.3. Transfection activity and cytotoxicity of PAMA-co-PLAMA-based
polyplexes

To the best of our knowledge, the effect of primary amine content on the transfection

activity and cytotoxicity of methacrylate-based glycoplexes in gene delivery has never

been studied. Therefore, to evaluate the potential of PAMA-co-PLAMA glycopolymers
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as gene delivery nanosystems, a preliminary study was performed in HepG2 cells using

luciferase as a reporter gene (Figure 21).
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Figure 21- Transfection activity (a) and cytotoxicity (b) of PAMA-co-PLAMA-based

nanocarriers in HepG2 cells. Polyplexes were prepared by complexing glycopolymers,
PAMA:s1 and PEGss-b-PAMAes with DNA plasmid encoding luciferase, at different N/P
ratios. Asterisks (****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05) and cardinals
(####p < 0.0001, ###p < 0.001, and #p < 0.05) indicate values with statistical significance when
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compared to those obtained with the standard formulations, PEI-and PEGus-b-PAMAes-based
polyplexes, respectively.

As shown in Figure 21a, the ability of the different nanocarriers to effectively deliver
plasmid DNA into HepG2 cells depends on their N/P ratio and composition. The
transfection activity of the developed PAMA-co-PLAMA-based polyplexes was
generally improved by the increase of the tested N/P ratios. Nanocarriers prepared with
PAMAss-co-PLAMA: and PAMA73-co-PLAMA:1 copolymers presented the highest
gene reporter expression for 50/1 N/P ratio, while nanovehicles prepared with PAMAsgg-
co-PLAMA2o- and PAMA144-c0-PLAMA 9 glycopolymers, which have higher content of
AMA, exhibited high levels of biological activity even for 25/1 N/P ratio. This fact
could be related to higher amounts of cationic polymer, which establish multiple
electrostatic interactions with endosomal membranes, facilitating the escape of genetic
material from the endolysosomal pathway to the cytoplasm.® In addition, the results
showed that the carbohydrate homopolymer PLAMA3g-based nanosystems promoted
low transgene expression. This poor performance as gene delivery nanocarriers can be
explained by their low ability to condense the genetic material, consequently allowing
the premature release of DNA and/or enabling its degradation before reaching the
nucleus (Figure 20d). Moreover, the results demonstrate that PAMA142-cO-PLAMA 19-
based nanosystems presented the highest biological activity, exhibiting higher transgene
expression than that PAMAsei- and PEG-b-PAMAses-based polyplexes. This is a
remarkable result because it has been reported that the glycopolymer-based
nanosystems usually present lower transfection efficiency than the corresponding
cationic homopolymers-based nanocarriers.?%?2

Additionally, all the developed formulations exhibited higher transfection activity than
that obtained with the gold-standard polymer for gene delivery application — the
polyethylenimine (PEI). Cytotoxicity is one of the most common shortcoming of
polymeric-based gene delivery nanosystems.®* To overcome this drawback, without
affecting the gene delivery efficacy, some modification of cationic polymers with
different biocompatible molecules, such as PEG, have been explored.® In this regard,
functionalization of cationic polymers with carbohydrates, ubiquitous components of
biological systems, has been considered an attractive strategy to improve the
biocompatibility of polymeric-based nanosystems.**
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As illustrated in Figure 21b, the viability of HepG2 cells depends on the N/P ratio of
polyplexes and their composition. In general, PAMA-co-PLAMA-based nanocarriers
induced low cytotoxicity, with cell viability exceeding 80% for all formulations, except
for PAMA14s-co-PLAMAe-based complexes, which were prepared at N/P/ratio of 50/1
and exhibited a cytotoxicity of 30%. This reduction in cell viability can be explained by
the multiple and strong interactions of the nanosystems with the cytomembranes,
causing their destabilization and, consequently, influencing the metabolic activity of the
cells.*? Nevertheless, the data obtained showed that polyplexes based on PAMA144-CO-
PLAMA9 prepared at 25/1 N/P ratio presented an excellent biocompatible profile and
induced much lower cytotoxicity than PAMA161-, PEGas-b-PAMA16s and PEI-based
nanocarriers.

To assess the influence of AMA content on transfection efficiency of PAMA-co-
PLAMA-based nanocarriers, fluorescence microscopy was performed after transfection
of HepG2 cells with glycoplexes prepared with plasmid DNA encoding green
fluorescent protein (pgfp) (Figure 22).

PAMA-co-PLAMA,,
Il :

PAMA.,,-co-PLAMA,, PAMAg-co-PLAMA ,,

Figure 22— Transfection efficiency assessed by fluorescence microscopy in HepG2 cells.
Typical fluorescence images (I) and overlapping (I1) of fluorescence microscopy and phase
contrast images of cells after transfection with different glycopolymers-based nanocarriers

(scale bar =50 um).
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The obtained results revealed that the transfection efficiency was improved by the
increase of the polymerization of AMA, with the highest number of GFP-expressing
cells being observed after transfection with PAMA 144-co-PLAMA19-based polyplexes
(Figure 22). In addition, these nanosystems promoted a large number of transfected
cells than that obtained with PEG4s-b-PAMA16s- or PEI-based polyplexes (Figure B6,
Appendix B).

3.3.4. ASGPR mediated targeted gene delivery to HCC cells
To improve the biocompatibility of cationic-based nanosystems, glycopolymers have
been widely used as multivalent ligands to target lectin receptors overexpressed on the
surface of cancer cells. The ASGPR binds specifically galactose moieties of
desialylated glycoproteins and the binding affinity augments with the valence of the
carbohydrate residues, a phenomenon termed as cluster glycoside effect.*® To determine
whether the developed PAMA-co-PLAMA-based polyplexes are specifically
recognized by the ASGPR of HCC cells, a competition assay of transfection in the
presence of asialofetuin, a natural ligand of ASGPR, or an antibody against the ASGPR

was performed.
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Figure 23— Effect of the presence of asialofetuin and an antibody against the ASGPR on
biological activity of PAMA-co-PLAMA-based polyplexes in HepG2 cells. Biological activity
of polyplexes in Hela cells. (a, b) Asterisks (****p < 0.0001, ***p < 0.001, **p < 0.01, and *p
< 0.05) correspond to values that differ significantly from those obtained with e same
formulations in the absence of asialofetuin or Ab against ASGPR. (c) Typical fluorescence
images (1) and overlapping of fluorescence microscopy and phase contrast images (I1) of cells
transfected with different nanocarriers in the presence and absence of asialofetuin (scale bar =
100 pum). d) Asterisks (**p < 0.01 and *p < 0.05) and cardinals (###p < 0.001 and ##p < 0.01
indicate values with statistical significant differences when compared to those obtained with
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PEl-based nanosystem at 25/1 N/P ratio, or with PEG.s-b-PAMAsgs-based polyplexes,
respectively.

The data presented in Figure 23a showed that the pretreatment of HepG2 cells with
asialofetuin drastically reduced the transfection activity of PAMA-co-PLAMA-based
polyplexes, while it did not significantly change the biological activity of PEI-, and
PEGus-b-PAMAss-based nanocarriers. In addition, the effect of the preincubation of
HepG2 cells with an antibody against the ASGPR on the biological activity of
PAMA141-co-PLAMAo-based nanocarriers revealed that this pretreatment induced a
strong reduction in their transfection activity. However, it did not affect the biological
activity of PEGas-b-PAMAss-based nanocarriers (Figure 23b). To further confirm that
our most promising formulation, PAMA144-co-PLAMAz9-based nanocarriers prepared
at 25/1 N/P ratio, was specifically recognized by the ASGPR of HepG2 cells, the effect
of asialofetuin on transfection efficiency was also evaluated by fluorescence
microscopy (Figure 23c). The results confirmed that asialofetuin bound to the ASGPR
blocks the internalization of the developed formulation, consequently resulting in a
significantly lower number of GFP-expressing cells than that observed in the absence of
asialofetuin. On the other hand, the data showed that PEG-b-PAMA16s-- or PEI-based
nanocarriers promoted similar transfection efficiencies, regardless the presence or
absence of asialofetuin, which highlights the fact that the developed glycoplexes are
specifically recognized by the ASGPR expressed on the surface of HepG2 cells (Figure
23c and Figure B6). These assays were also performed in Hep3B cells and a similar
decrease in the transfection activity of the developed glycoplexes was observed in the
presence of ASGPR-competition agent, being this effect more pronounced with
PAMA144-c0-PLAMA9-based nanocarriers (Figure B7, Appendix B). In addition, the
biological activity of PAMA-co-PLAMA-based polyplexes was also investigated in
cells not expressing ASGPR (Hela cells) (Figure 23d)?2. The results showed that the
higher transfection activity of PLAMA-containing nanocarriers obtained in HepG2 and
Hep3B cells, compared with PEI-based nanosystems, was not observed in Hela cells. In
fact, in these cells the highest transfection efficiency was obtained with the non-targeted
nanocarriers PEG-b-PAMA:es-based polyplexes. Overall, these results demonstrated
that the developed nanocarriers with galactose residues have the ability to specifically
bind ASGPR, enhancing both their cell internalization and transfection activity.
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3.3.5. The intracellular pathway of PAMA-co-PAMA-based nanocarriers
The transfection efficiency of non-viral vectors is conditioned by multiple intracellular
barriers, as cellular uptake and endolysosomal escape to nuclear internalization.*#® The
interaction of nanocarriers with cells, and consequently their internalization, is affected
by several parameters, in particular by their physicochemical properties and
glycopolymer composition.?!The cellular internalization of the developed nanocarriers,
containing 1% fluorescein-labeled PAMA-co-PLAMA glycopolymer, was evaluated by
confocal microscopy and flow cytometry, in the presence or absence of asialofetuin

(Figure 24).
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Figure 24- Effect of the presence of asialofetuin on cellular uptake of PAMA 144-CO-PLAMA 1o-
and PEGus-b-PAMA;gs-based polyplexes, evaluated by confocal microscopy (a) and flow

cytometry (b) and the influence of endocytosis inhibitors on their transfection ability (c). (a)
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Representative confocal microscopic images of HepG 2 cells treated with PAMA14s-CO-
PLAMAo-based nanocarriers (scale bar = 10 um): (1) cell nucleus stained by DAPI (blue); (I1)
acidic cellular compartments stained with Lysotracker Red DND-99 (red); (II1) polyplexes
prepared with 1% fluorescein-labeled glycopolymer (green); and (IV) overlay of images I-1II.
(b) Asterisks (*p < 0.05) correspond to values which differed significantly from those obtained
with the same formulations in the absence of asialofetuin. (c) HepG2 cells were treated or not
treated (Nt) with endocytosis inhibitors: chlorpromazine (50 mM), filipin (1 pg/mL) and
amiloride (0.25 mM). Asterisks (***p < 0.001 and *p < 0.05) indicate values with statistical

significance compared to those measured in untreated cells (control).

The results shown in Figure 24a indicated that cellular internalization of PAMA144-co-
PLAMAe-polyplexes was significantly inhibited by pretreatment with asialofetuin. In
addition, it was not observed colocalization between the developed glycoplexes and
lysosomal compartments (red fluorescence), which suggests that they have the ability to
efficiently escape from the endolysosomal pathway to the cytoplasm, avoiding the
subsequent DNA degradation in acidic cellular compartments. This observation can
probably be explained by the high content of PAMA, a polymer containing primary
amines that may interact and disrupt the endocytic membranes promoting the release of
nanocarriers into the cell cytoplasm.*® Furthermore, ASGPR-mediated cellular
internalization of the developed nanocarriers was confirmed by flow cytometry (Figure
24b). As expected, the cellular internalization of PAMA144-cO-PLAMA9-based
nanocarriers decreased significantly in the presence of asialofetuin, whereas the uptake
of PEG4s-b-PAMA6s-based polyplexes was not affected by the pretreatment with this
glycoprotein. This result can be explained by the binding of asialofetuin to the ASGPR,
which blocks the internalization of the LAMA-containing nanosystems, but not the
internalization of PEGas-b-PAMA6s-based nanocarriers, since the latter do not interact
with the ASGPR. The extension of the interaction between glycopolymers and specific
lectins depends on their molecular weight, composition, arrangement in the nanoparticle
structure, and length of spacer groups between polymer backbone and the pendant
carbohydrate groups.?®*’ For a fixed amount of carbohydrates, the increase of DP value
of AMA resulted in a substantial decrease of the cellular internalization of PAMA-co-
PLAMA-based nanocarriers (Figure B8, Appendix B). Despite the higher cellular
internalization of PAMAss-co-PLAMA:-based polyplexes when compared to
PAMA144-cO-PLAMA10-based ones, their transfection activity was much lower,

suggesting that the higher ability of our best formulation to effectively overcome the
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multiple intracellular barriers. The pKa values of PAMA-co-PLAMA glycopolymers
likely help to explain these differences between nanocarriers with different DP of AMA
(Figure BS, Appendix B). The PAMA144-co-PLAMAA19 glycopolymer has the lower pKa
value and, consequently, the lower degree of protonation at physiological pH, resulting
in a higher buffering capacity. The endocytic pathway has a critical role in the
intracellular trafficking of nanocarriers and, consequently, in the transfection
efficiency.”® To evaluate the endocytic pathway involved in the cellular uptake of
PAMA141-co-PLAMA1o-based nanocarriers, their transfection activity was measured in
the presence of various endocytic inhibitors (Figure 24c). Clathrin-mediated
endocytosis was inhibited using chlorpromazine, caveolae-mediated endocytosis was
blocked through the treatment with filipin, and amiloride was used to hinder
macropinocytosis. Different concentrations of each endocytic inhibitor were used to
define the lower drug concentration at which the inhibitor was efficient, without
provoking significant toxicity (Figure B9 and Figure B10, Appendix B). In addition, the
endocytic pathways engaged in the cellular uptake of non-targeted nanocarriers — PEG-
b-PAMA1es-based nanosystems, was also evaluated. As shown in Figure 24c,
pretreatment of HepG2 cells with chlorpromazine resulted in a significant reduction on
transgene expression, suggesting that the clathrin-coated pit endocytic pathway is
involved in the uptake of the developed PAMA14s-co-PLAMA19.-based nanocarriers.
The physicochemical properties of these glycoplexes, namely their size of
approximately 144 nm, were compatible with their internalization by clathrin-mediated
endocytic pathway (Figure 20a). Moreover, this result confirmed the ASGPR-mediated
cellular internalization, due to the specific binding of the galactose residues to this
receptor. Regarding the PEGas-b-PAMA 16s-based polyplexes, the obtained data showed
that the transgene expression was also negatively affected by the preincubation with
chlorpromazine, indicating the involvement of clathrin-mediated endocytosis. This
transfection activity reduction was not due to the toxicity of the endocytic inhibitors, as
no significant changes in cell viability were observed for the selected concentrations
(Figure B9 and Figure B10, Appendix B).
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3.3.6. DTX as enhancer of antitumor activity mediated by suicide gene
therapy

DTX is a standard first-line chemotherapeutic drug for the treatment of various cancers.
However, clinical trials indicate that DTX does not seem to be safe and effective
enough for patients suffering from advanced HCC.* This anticancer agent has multiple
target processes, including apoptotic, angiogenic, and gene expression ones.*? In
addition, as an inhibitor of microtubule depolymerization, this second-generation taxane
may also decrease the intracellular traffic of polyplexes to lysosomes, enhancing the
transfection efficiency of non-viral vectors.>®%! The HSV-TK/GCV gene therapy
strategy focus on the delivery into tumor cells of a gene encoding the enzyme HSV-TK
that metabolizes GCV to ganciclovir monophosphate, which in turn is phosphorylated
to the triphosphate form by cellular kinases.>? Since the latter compound is an analog of
deoxyguanosine triphosphate, it will occur the inhibition of DNA polymerase and/or
incorporation into DNA, resulting in chain termination and tumor cell death.>
Moreover, suicide gene therapy yields better therapeutic outcomes due to the bystander
effect involving the neighboring cancer cells, thus suppressing the necessity to deliver
therapeutic genetic material to all tumor cells.”
Considering that one of the goals of this work was to develop an effective anti-HCC
strategy, we investigated whether DTX as a transfection enhancer, together with its
anticancer activity, would improve the therapeutic potential of the suicide gene therapy
strategy mediated by the developed glycoplexes. To this end, we analyzed the effect of
different DTX concentrations on luciferase gene expression in HepG2 cells transfected
with PAMA144-c0-PLAMA10/DNA nanosystems prepared at 25/1 N/P ratio (Figure 25).
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Figure 25— Effect of DTX concentration on the biological activity (a) and cytotoxicity (b) of
PAMA4s-cO-PLAMAg-based glycoplexes, prepared at 25/1 N/P ratio, in HepG2 cells.
Asterisks (****p < 0.0001, ***p < 0.001, **p < 0.01 and *p < 0.05) indicate values that
significantly differ from those measured for PAMA14:-co-PLAMAo-based nanocarriers in the

absence of DTX.

The data presented in Figure 25a showed that pretreatment of HCC cells with DTX
resulted in an increase of the biological activity of the nanocarriers. This booster effect

was concentration-dependent and reached the highest effect at 0.1 uM DTX, under the
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conditions tested and limited by the drug cytotoxicity. The cytoskeleton plays a pivotal
role in different cellular processes, namely the maintenance of cell shape, mitosis, cell
motility and intracellular trafficking of nanoparticles. Filopodia, actin projections that
extend from the cell surface, actively detect glycoplexes in the extracellular milieu and
internalize these nanoparticles into clathrin-coated vesicles, which are then transported
along microtubules to the main cell body to deliver nucleic acids to the nucleus.>* As
DTX binds to the B-subunit of the tubulin protein of the microtubules and promotes the
hyperstabilization of microtubule assemblies, it probably prevents the transport of
glycoplexes to lysosomes. Thus, as previously reported by several authors, the increase
in transgene expression induced by microtubule-targeting agents is probably due to the
enhancement of intracellular trafficking from the endocytic pathway to the nucleus
rather than an increase in cellular binding and internalization of nanosystems.®>°®
Increasing the concentration of DTX resulted in high levels of cytotoxicity, and as
DTX treatment was performed in free form, it was critical to select a concentration that
enhanced transfection activity without affecting the cell viability (Figure 25b).
Therefore, the concentration of 0.006 pM, which tripled the transgene expression of the
developed nanocarriers, was selected for further studies, namely those involving the

delivery of the therapeutic gene.

In this regard, to evaluate the therapeutic potential resulting from the combination of
suicide gene therapy strategy with a low concentration of DTX, HepG2 cells were
treated with free drug or with PAMA144-co-PLAMA1e-based nanosystems carrying the
pTK plasmid, in the presence (combined therapy) or absence of DTX, followed by
incubation for five days with 100 uM of ganciclovir (Figure 26).
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Figure 26- Therapeutic potential of the suicide gene therapy strategy mediated by the

glycopolymer-based nanocarrier combined with DTX. Effect on viability (a) and apoptosis
levels of HepG2 cells (b, ¢ and d). HepG2 cells were treated with different antitumor strategies:
suicide gene therapy (PAMA14-cO-PLAMAL/pTK + GCV), chemotherapy (free DTX) and
suicide gene therapy combined with chemotherapy (PAMA144-CO-PLAMA1/pTK + GCV +
DTX). a) The data are expressed as the percentage of cell viability with respect to untreated
cells (control). Asterisks (****p <0.0001, ***p<0.001) indicate values that significantly differ
from those measured for cells transfected with PAMA14-co-PLAMA1g-based nanocarriers,
containing 1 pg of pTK plasmid. Cardinals (####p < 0.0001 and ###p < 0.001) correspond to
data from cells treated with each individual strategy (PAMA14-CO-PLAMA/pTK + GCV or
DTX) which significantly differ from those obtained with cells treated with the combined
therapy (PAMA4-co-PLAMAL/pTK + GCV + DTX). b) Percentage of viable, early apoptotic,
late apoptotic/necrotic and necrotic cells obtained from flow cytometry analysis, measured after
72 h of treatment. c) Representative scatter plots of FITC-annexin V vs Pl. Q1, necrotic cells;
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Q2, late apoptotic/necrotic cells; Q3, early apoptotic cells, Q4, viable cells. d) Representative
images of overlapping fluorescence microscopy and phase contrast of cells using fluorescein
diacetate (green) and propidium iodide (red) staining for imaging live and dead cells,

respectively (scale bar = 50 um).

As shown in Figure 26a, the cytotoxic effect promoted by the HSV-TK/GCV gene therapy
strategy or the combined approach is time-dependent, being the highest cytotoxic effect
observed at the fifth day of treatment. After transfection with PAMA14-CO-PLAMAo/pTK-
based nanocarriers, followed by five days of treatment with 100 uM GGV, 68% of cell death
was achieved. On the other hand, the treatment of non-transfected cells with DTX resulted only
in a slight decrease of cell viability. However, the preincubation of cells with 0.006 uM DTX,
followed by five days of treatment with 100 uM GGV resulted in 85% of cytotoxicity, showing
an additive effect promoted by the combination of these two therapeutic approaches. As shown
in Figure 26a, GCV was not toxic to non-transfected cells, either per se or in the presence of
DTX, and no significant toxicity was measured upon transfection of cells in the absence of
GCV treatment. To confirm these data, cytotoxicity was also measured through the SRB assay,
which allows determination of cell viability in terms of cell proliferation, based on protein
content relatively to untreated control cells, instead of metabolic activity. The results showed
that the combined therapeutic strategy indeed produced a higher level of toxicity than that
obtained with the individual approaches (Figure B11b, Appendix B). This additive effect was
probably a consequence of the multiple effects associated with the combined strategy. Most
notably, the small amount of DTX, which by itself does not cause a significant toxicity, could
enhance the effect of the gene therapy strategy, by binding to beta-tubulin, inhibiting
microtubule depolymerization, and consequently enhancing gene expression HSV-TK.
Moreover, DTX many not only improve gene therapy strategy, but also directly contribute to
antitumor effect by arresting the cell cycle at the mitosis level and reducing the expression of
anti-apoptotic genes.**The molecular mechanism of cell death involved in the antitumor activity
of the combined and individual strategies was evaluated by cell staining with annexin V and PI.
As shown in Figure 26b and c, cells treated with our proposed combined therapeutic strategy
(PAMA144-cO-PLAMA1/pTK + GCV + DTX) had a higher percentage of non-viable apoptotic
and/or necrotic cells after 72 h of incubation than cells treated with the individual strategies
(PAMA144-cO-PLAMA/pTK + GCV or DTX). Furthermore, the negligible toxic effect of
0.006 uM DTX, confirmed the hypothesis that this chemotherapeutic drug, at this concentration,
merely enhances the transfection ability of the developed glycoplexes, thereby increasing the
success of the suicide gene therapy strategy. Moreover, a large number of necrotic (red) than
viable cells (green) were observed with the developed combined strategy, compared with the

individual therapeutic strategies (Figure 26d and Figure B11, Appendix B)
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3D tumor spheroids have been used to overcome 2D culture constraints, by providing
more realistic spatial/structural architecture and biophysiological relevant information,
bridging the experimental gap between in vivo and in vitro results.>”*® In order to
evaluate the robustness of these therapeutic approaches, the antitumor effect of the
combined strategy (PAMA144-c0-PLAMA1/pTK + GCV + DTX) and of the individual
approaches, suicide gene therapy (PAMAu4-cO-PLAMAL/pTK + GCV) and
chemotherapy (DTX), was examined in HepG2 tumor spheroids.
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Figure 27— Effect of the suicide gene therapy strategy mediated by the glycopolymer-based
nanocarriers combined with DTX on the tumor spheroid growth. HepG2-spheroids were treated
with different antitumor strategies: suicide gene therapy (PAMA142-cO-PLAMA/pTK + GCV),
DTX and suicide gene therapy combined with DTX (PAMA144-CO-PLAMA1o/pTK + GCV +
DTX). a) Asterisks (****p <0.0001, ***p<0.001) correspond to data achieved with spheroids
treated with each individual strategy and non-treated control, which significantly differ from
those obtained with spheroids treated with the combined therapy (PAMA141-cO-PLAMA/pTK
+ GCV + DTX) . b) The microscopic images (scale bar = 200 um) from 0 h to 120 h are phase

contrast images, and the microscopic images for 168 h are fluorescence images using
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fluorescein diacetate (green) and propidium iodide (red) staining for imaging live and dead
cells, respectively. c) PI Mean Fluorescence Intensity (MFI) per spheroid area.

The results presented in Figure 27a and 27b show that after 168 h of transfection with
PAMA144-c0-PLAMA1o/pTK- based nanocarriers, followed by treatment with 100 pM
of GGV, the size of tumor spheroids decreased by 30%, whereas no significant change
in their diameter was observed in non-transfected cells treated with 0.006 uM DTX.
However, tumor spheroids treated with our proposed combined therapeutic strategy
(PAMA14-co-PLAMA1o/pTK + GCV + DTX) showed a reduction of 38% in the size.
In addition, the PI mean fluorescence intensity (MIF) measurements showed that
spheroids treated with PAMA144-co-PLAMA19/pTK + GCV or with PAMA144-co-
PLAMAL9/pTK + GCV + DTX exhibited a higher PI MIF per spheroid area than those
treated with DTX or non-treated ones (Figure 27c), demonstrating the high therapeutic

potential of suicide gene therapy combined with docetaxel.

4.4.Conclusion
In summary, we developed a novel glycopolymer-based nanocarrier and evaluated the

antitumor effect resulting from the combination of HSV-TK suicide gene therapy,
mediated by these HCC-targeted nanosystems, with low concentrations of DTX. To this
end, a series of water-soluble PAMA-co-PLAMA random glycopolymers were
synthesized by ARGET ATRP (without protection/deprotection chemistry). These
polymethacrylate-based glycopolymers have shown to be capable of forming
nanosystems for gene delivery with suitable physicochemical properties, high
transfection efficiency, biocompatibility and ASGPR-specificity. In addition, our best
formulation, PAMA144-co-PLAMA19-based polyplexes, showed excellent performance
as suicide gene therapy mediators, with substantial antitumor effects enhanced by
combination with DTX, even in hard-to-transfect multicellular tumor spheroids.
Overall, the obtained results show the great potential of the PAMA141-co-PLAMA19
glycopolymer as an effective nanoplatform for gene delivery and that their combination
with docetaxel represents a promising strategy for the treatment of HCC.
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Concluding remarks and future perspectives

4.1.Concluding remarks

Hepatocellular carcinoma is a challenging global health concern due to rising
prevalence and high mortality worldwide. The future advances in the field of cancer
gene therapy are largely dependent on the development of efficient and targeted gene
delivery platforms that allow the achievement of the desired therapeutic effects and the
reduction of the off-target effects. Cationic glycopolymers stand out as gene delivery
nanosystems due to their biocompatibility and high binding affinity to the ASGPR, a
target receptor overexpressed in HCC cells. The most commonly used glycopolymers
are the methacrylamide-based ones that are prepared by copolymerization of primary
amine monomers and carbohydrate-derived monomers. However, the lower
susceptibility of these copolymers to hydrolysis, compared to their methacrylates
counterparts, reduces their ability to promote the endolysosomal escape of genetic
material and, thus, decreases their efficacy as gene delivery nanocarriers. Therefore,
primary amine containing polymethacrylate-based glycopolymers exhibit higher
potential as gene delivery nanosystems. Nevertheless, their synthesis procedure remains
laborious and complex, with problems of solubilization and the need for
protection/deprotection steps.

In this context, it was proposed the development of a highly efficient and HCC-specific
polymethacrylate-based gene delivery nanosystem, and the evaluation of the antitumor
effect resulting from the combination of gene therapy, mediated by these nanosystems,
with low concentrations of different chemotherapeutic agents.

Thus, the first aim of this thesis was the synthesis of a library of tailor-made cationic
glycopolymers, based on PAMA and PLAMA, with different compositions (block or
random) and carbohydrate/cationic ratios. The synthesis of these well-defined
glycopolymers was performed by ARGET ATRP, using a slow feeding of ascorbic acid
for the regeneration of the activator, without protecting group chemistry, avoiding the
typically troublesome multistep protection/deprotection reactions of glycopolymer
synthesis. The results showed that the developed ARGET ATRP method yielded
homopolymers, and random and diblock glycopolymers with good control over
molecular weight. Among the different glycopolymers prepared, it was found that the
nanocarriers generated with the random PAMAA114-c0O-PLAMAo copolymer presented
higher transfection activity than that obtained with the PAMA161-, PEGas-b-PAMA 16s-

and PEI-based nanocarriers used as reference. These nanosystems exhibited higher
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biological activity and biocompatibility than the glycoplexes prepared with the
corresponding block glycopolymer. In addition, the inhibition of the transfection
activity of these nanosystems in the presence of asialofetuin or an antibody against the
ASGPR, in HCC cells, and the negligible biological activity in ASGPR-deficient cells,
clearly demonstrated that PAMA114-co-PLAMA0-based polyplexes specifically bind to
the ASGPR, being internalized by clathrin-mediated endocytosis. The expression of c-
MYC was significantly inhibited upon transfections of HCC cells with PAMA114-co-
PLAMA2/MYC shRNA nanosystems, which markedly increased the sensitivity of
tumor cells to sorafenib (SF) treatment. Furthermore, the obtained results showed that c-
MYC downregulation promoted a significantly decrease on tumor cell proliferation that
was further reduced by combination with SF, which had only a slight effect by itself.
Moreover, the data demonstrated that SF-induced apoptosis was synergistically
enhanced by c-MYC downregulation in 2D and 3D HCC-tumor models.

The obtained results demonstrated the potential of PAMA114-cO-PLAMAo-based
nanocarriers as a HCC-targeted gene delivery nanosystem, and showed that the
sensitization of tumor cells to SF, through c-MYC silencing, is a promising strategy for
the treatment of HCC.

In the second part of this work, a wide range of well-defined primary amine
polymethacrylate-based glycopolymers, with fixed DP of LAMA and different DP
values of AMA, was synthesized by ARGET ATRP, to determine the effect of primary
amine content on the physicochemical properties, biological activity, biocompatibility,
and ASGPR specificity of the developed nanocarriers. These glycopolymers
demonstrated to be capable of forming nanosystems for gene delivery with suitable
physicochemical properties, high transfection efficiency, biocompatibility and ASGPR-
specificity. Among the different glycopolymers produced with PLAMA2o and different
degrees of polymerization of AMA, it was shown that nanocarriers generated with
PAMA144-cO-PLAMA o presented the highest transfection activity, when compared to
those prepared with glycopolymers with lower content of AMA. In addition, these
nanocarriers exhibited excellent performance as suicide gene therapy mediators,
promoting a substantial antitumor effect that was further enhanced by combination with
docetaxel (DTX), even in hard-to-transfect multicellular tumor spheroids. DTX, which
by itself does not cause a significant toxicity at the used concentration, enhanced the

effect of the gene therapy strategy, by binding to beta-tubulin, inhibiting microtubule
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depolymerization and, consequently, enhancing HSV-TK gene expression. The obtained
results demonstrated the great potential of the PAMA144-co-PLAMA 19 glycopolymer as
an effective nanoplatform for gene delivery, and that combination of HSV-TK/GCV
suicide gene therapy, mediated by these nanosystems, with low amounts of docetaxel
represents a promising strategy for the treatment of HCC.

To sum up, this PhD work allowed the development of new HCC-targeted gene delivery
nanosystems and their application in the generation of different therapeutic strategies
with high potential to treat HCC.

4.2.Future perspectives
The results presented in this project constitute an important basis to explore new

avenues in the area of glycopolymer-based gene delivery nanocarriers and in their
potential to mediate combined antitumor strategies for HCC treatment. Among several
possibilities to continue this work, the following ideas are considered to be of particular

relevance:

e To evaluate the polyplex stability (such as, against heparin replacement or
DNase | agarose gel) as well as polyplex colloidal stability (i.e., in serum-rich
cell culture medium);

e To evaluate the in vivo transfection capacity of PAMA114-Co-PLAMA2o- and
PAMA144-c0-PLAMA1o-based polyplexes in an orthotopic animal model of
HCC,

e To explore the c-MYC sensitization effect, namely by analyzing the levels of
multiple target proteins associated with sorafenib resistance after the transfection
with PAMA114-c0-PLAMA20/MY C shRNA;

e To assess the antitumor effect of PAMA114-CO-PLAMA2/MYC shRNA
combined with low concentrations of sorafenib, including the involved
antitumor mechanisms, in an orthotopic animal model of HCC,;

e To further explore the antitumor effect of the developed suicide gene therapy

strategy and its enhancement by combination with docetaxel;
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e To evaluate the antitumor effect of the suicide gene therapy approach, mediated
by the PAMA144-co-PLAMA19 glycopolymer, combined with docetaxel in an
orthotopic animal model of HCC;

» 162+



* 163+



. 164



APPENDIX A

SUPPORTING INFORMATION
THE SUPPLEMENTARY INFORMATION OF CHAPTER 2 IS

PRESENTED IN THIS APPENDIX.
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Appendix A

Synthesis and characterization of PAMA-b-PLAMA and PAMA-co-PLAMA
glycopolymers
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Scheme Al- Synthesis of 2-lactobionamidoethyl methacrylate (LAMA).a) Lactobionic acid
was dissolved in anhydrous methanol at 50 °C, in the presence of trifluoroacetic acid
(CoHF30,), to obtain lactobionolactone. b) Lactobionolactone was dissolved in methanol,
followed by the addition of 2-aminoethyl methacrylate hydrochloride, triethylamine (Net3) and

hydroquinone at room temperature.
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Figure A2— 400 MHz *H NMR spectrum in D,O (a) and SEC trace (b) of the PAMA0s-b-
PLAMA4 block copolymer prepared by ARGET ATRP.

Physicochemical characterization of the nanosystems

Table Al- Statistical analysis of data presented in Figure 11a.

Experimental conditions p?

*

PAMAs-co-PLAMA7 vs. all the other formulations
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PAMAso-b-P LAMA9VSs. PAMA114-cO-PLAMA

PAMAGs,-b-PLAMAg vs. PAMA10s-b-PLAMA 14

*k*x

PAMAGso-b-PLAMA4 Vs. PAMAgs-co- PLAMA

*k*k

PAMAGso-b-PLAMAs vs. PAMA11s-b-PLAMAs

*kk*k

PAMAso-b-P LAMA9 vs. PAMAg7-co-PLAMA42

**

PAMAGs-b-PLAMAg vs. PAMAg7-b-PLAMA44

**

PAMAso-b-P LAMA9 vs. PAMAGg-co-PLAMAgs

PAMAGso-b-PLAMAg vs. PAMAgs-b-PLAMA 113

PAMAGso-b-PLAMAg vs. PAMAs61

PAMAGs,-b-PLAMAg vS. PEG4s-b-PAMA 68

**

PAMA114-cO-PLAMA VS. PAMAlog-b-PLAMA14

PAMA\114-CO-PLAMA2 vs. PAMA113-b-PLAMAs

PAMA114-CO-PLAMAz vs. PAMAg,-c0-PLAMAgs

PAMA114-CO-PLAMAy vs. PAMA61

PAMAlog-b-PLAMA14 VS. PAMAg4-CO- PLAMAg

PAMAlog-b-P LAMA4 vs. PAMA87-CO-P LAMA,

PAMA108-b-PLAMA 14 vS. PAMAg,-c0-PLAMAGs

PAMA10s-b-PLAMA14 vS. PAMAgg-b-PLAMA 113

PAMA0s-b-PLAMA4 vs. PLAMA7

PAMA0s-b-PLAMA14 vs. PAMA61

PAMA10s-b-PLAMA14 vS. PEG45-b-PAMA 68

PAMAGg;-co- PLAMAg vs. PAMA113-b-PLAMAs

PAMAg4-co- PLAMAg vs. PAMAg,-c0-PLAMAgs

PAMAGg;-co- PLAMAg vs. PLAMA7g

PAMAgs-co- PLAMAg vs. PAMA 61

PAMAlls-b-PLAMAe vsS. PAMAg7-co-PLAMA,

PAMAlls-b-PLAMAe vS. PAMAg,;-co-PLAMAgs

PAMAlls-b-PLAMAe VS. PAMAgg-b-P LAMA13

PAMA1s-b-PLAMAG vs. PLAMA7o

PAMA115-b-PLAMAG vs. PAMA 61

PAMAlls-b-PLAMAe VS. PEG45-b-PAMA158

PAMAGg7-co-PLAMA, vs. PAMAGg,-co-PLAMAGgs

PAMAGg-co-PLAMA, vs. PLAMAg

PAMAg7-co-PLAMA, vs. PAMA 61

PAMAg7-b-PLAMA44 VS. PLAMA70

PAMAGg-co-PLAMAs VS. PAMAgg-b-P LAMA13

PAMAGg-co-PLAMAgs Vvs. P EG45-b-PAMA168

PAMAgg-b-PLAMA113 vs. PAMA 61

Table A2- Statistical analysis of data presented in Figure 11b.

The statistical significance of differences between data was evaluated by one-way ANOVA using
Turkey multiple comparisons test. Asterisks (****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05)
indicate values that differ significantly.

Experimental conditions

pa

PAMAGzs-co-PLAMA; vs. PAMA14-co-PLAMA

**

PAMAzs-co-PLAMA 7 VS. PAMAgg-b-PLAMA14

*k*k

PAMAzs-co-PLAMA 7 VS. PAMAgg-b-PLAMAn:;

*kk*k

PAMAzs-co-PLAMA; vs. PLAMAg

*kk*k

PAMAso-b-P LAMA9 vS. PAMA114-cO-PLAMA

*kk*k

PAMAGso-b-PLAMAg vs. PAMAg;-co- PLAMAg

**
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PAMAso-b-P LAMA9 vs. PAMAg7-co-PLAMA42

*kkk

PAMAGs,-b-PLAMAgvs. PAMAgs-b-PLAMA 113

**

PAMAGso-b-PLAMAg vs. PLAMA7o

*kk*k

PAMAGso-b-PLAMAg vs. PAMAs61

*kk*k

PAMAGs,-b-PLAMAg vS. PEGss-b-PAMA 68

*kkk

PAMA114-cO-PLAMA VS. PAMAlog-b-P LAMA4

*kkk

PAMA114-cO-PLAMA Vs. PAMAllg-b-PLAMAs

*kkk

PAMA114-C0-PLAMA2 vS. PAMAg7-b-PLAMA44

*k*k

PAMA114-C0-PLAMAz vs. PAMAg,-c0-PLAMAgs

*kk*k

PAMA14-cO-PLAMA VS. PAMAgg-b-P LAMA13

*kkk

PAMA114-CO-PLAMAy, vs. PLAMA7g

*k*k*k

PAMA10s-b-PLAMA4 vs. PAMAg;-co- PLAMA9

*kk*k

PAMA10s-b-PLAMA14 vS. PAMAg-c0-PLAMA,,

*kk*k

PAMA10s-b-PLAMA4 vS. PAMAg7-b-PLAMA44

**

PAMAlog-b-P LAMA4 vs. PAMAGg,-co-PLAMAGgs

PAMA0s-b-PLAMA4 vs. PLAMA7

*k*k*k

PAMA10s-b-PLAMA4 vs. PAMA61

*kk*k

PAMA108-b-PLAMA4 vs. PEGus-b-PAMA 168

*kk*k

PAMAGg;-co- PLAMAg vs. PAMA11s-b-PLAMAs

**

PAMAGg4-co- PLAMAg VS. PAMAgg-b-PLAMA113

*k*k*k

PAMAg4-co- PLAMAg vs. PLAMA7o

**k*k*k

PAMA113-b-PLAMAs vs. PAMAg;-co-PLAMA 2

*kk*k

PAMAlls-b-PLAMAe VS. PAMAgg-b-P LAMA13

**

PAMA1s-b-PLAMAG vs. PLAMA7o

*kk*k

PAMA115-b-PLAMAG vs. PAMA 61

*kk*k

PAMAlls-b-PLAMAe VS. PEG45-b-PAMA158

*kk*k

PAMAGg7-co-PLAMA, vS. PAMA97-b-PLAMA44

**

PAMAGg7-co-PLAMA, vs. PAMAGg-co-PLAMAgs

**

PAMA87-CO-PLAMA42 VS. PAMAgg-b-PLAMA113

*kk*k

PAMAsg7-co-PLAMA, vs. PLAMA7g

*kk*k

PAMA97-b-P LAMAu4 VS. PAMAgg-b-P LAMA13

*kk*k

PAMA97-b-P LAMAus vs. PLAMAg

*kk*k

PAMA97-b-PLAMA44 vs. PAMA 61

**

PAMA97-b-P LAMAs vs. P EG45-b-PAMAleg

**

PAMAGg,-co-PLAMAgs VS. PAMAgg-b-PLAMA113

*kk*k

PAMAg-co-PLAMAGgs vs. PLAMAg

*kk*k

PAMAg:-co-PLAMAs vs. PAMA 61

**

PAMA,-co-PLAMAGgs5 vs. P EG45-b-PAMA163

**

PAMAgo-b-PLAMA113 vS. PLAMA7

*kk*k

PAMAgg-b-P LAMA113 vS. PAMA61

*kk*k

PAMAgs-b-PLAMA113 vS. PEG45-b-PAMA 68

*kk*k

PLAMA7, vs. PAMA61

*kk*k

PLAMA7, vs. PEG45-b-PAMA168

*kk*k

The statistical significance of differences between data was evaluated by one-way ANOVA using
Turkey multiple comparisons test. Asterisks (****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05)

indicate values that differ significantly.

Transfection activity and cytotoxicity of glycopolymers-based polyplexes

Table A3- Statistical analysis of data presented inFigure 12a and 10b..
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N/P ratio |

Experimental conditions

Rndom glycopolymers

PAMA3s-co-PLAMAY7 vs. PAMA114-co0-PLAMA

*k*k

PAMAg7-co-PLAMA; vs. PAMA114-co-PLAMA

**

50/1

PAMAg4-c0-PLAMAs vs. PAMA114-c0-PLAMA

**

PAMA114-CO-PLAMAz vs. PAMAg,-c0-PLAMAgs

*k*k

PAMA33-c0-PLAMA7 vs. PAMAg7-Co-PLAMA,2

PAMAss-co-PLAMA7 vs. PAMA114-co-PLAMA

*kkk

75/1

PAMAg7-co-PLAMA4; vs. PAMA114-co-PLAMA

*kkk

PAMAg4-cO-PLAMAg vs. PAMA114-c0-PLAMA29

*kkk

PAMA114-CO-PLAMAz vs. PAMAg,-c0-PLAMAgs

*kkk

PAMAs3-c0-PLAMA7 vS. PAMA114-CO-PLAMA2o

*kkk

PAMAs7-c0-PLAMA; vs. PAMA114-C0-PLAMA

**k*k*k

100/1

PAMAg4-co-PLAMAs vs. PAMA114-c0-PLAMA

**k*k*

PAMA114-C0-PLAMA vs. PAMAg,-c0-PLAMAgs

*kkk

Block glycopolymers

PAMAGs-b-PLAMAg vs. PAMA10s-b-PLAMA 14

**k*k

50/1

PAMA10s-b-PLAMA14 vs. PAMAgs-b-PLAMA 113

*k*k

PAMAGso-b-PLAMAg vs. PAMA10s-b-PLAMA 14

*k*k

PAMAGse-b-PLAMAg vs. PAMAgs-b-PLAMA 113

**

75/1

PAMA97-b-P LAMA4 VS. PAMAlog-b-PLAMA14

PAMAlls-b-PLAMAe VS. PAMAlos-b-PLAMAM

*x*k

PAMAlls-b-PLAMAe VS. PAMAgg-b-P LAMA13

**

PAMAso-b-P LAMA9 VS. PAMAlos-b-PLAMAM

*

100/1

PAMA97-b-P LAMA4 VS. PAMAlog-b-PLAMA14

*

PAMAlog-b-PLAMA14 VS. PAMAgg-b-PLAMA113

*

aThe statistical significance of differences between data was evaluated by two-way ANOVA
Turkey multiple comparisons test. Asterisks (****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05)

indicate values that differ significantly.

Table A4 Statistical analysis of data presented in Figure 13.

using

N/P ratio |

Experimental conditions

Random glycopolymers

PAMAsz3-c0-PLAMA4; vs. PAMAgr-co-PLAMA,

10/1

PAMAg7-CO-PLAMA,2 vs. PAMAg4-co-PLAMAS

PAMAg7-c0-PLAMA; vs. PAMA114-C0-PLAMA2

PAMAG3s-C0-PLAMA4; vs. PAMAgs-Co-PLAMA,

PAMAzs-co-PLAMA7 vs. PAMA14-co-PLAMA

PAMAs7-co-PLAMA, vs. PAMA114-cO-PLAMA

50/1

PAMA87-CO-P LAMA, Vvs. PAMAgz-CO-P LAMAgs

PAMAg;:-c0-PLAMAg vs. PAMAg,-c0-PLAMAgs

PAMA14-co-PLAMA,; vs. PAMAGg-co-PLAMAs

PAMAsz3-c0-PLAMA4; vs. PAMAg-co-PLAMA,

PAMAz3-c0-PLAMA,7 vs. PAMAgs-co-PLAMAS

PAMAzs-co-PLAMA7 vs. PAMA114-cO-PLAMA

75/1

PAMAg7-CO-PLAMA,2 vs. PAMAg4-co-PLAMAg

PAMAsg7-co-PLAMA, vs. PAMAGg-co-PLAMAGs

PAMAg4-c0-PLAMAs vs. PAMAg,-c0-PLAMAgs

PAMA14-co-PLAMA,; vs. PAMAGg-co-PLAMAGs
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100/1

PAMAsz3-c0-PLAMA4; vs. PAMAgr-co-PLAMA;,

*kkk

PAMAz3-c0-PLAMA,7 vs. PAMAgs-co-PLAMAS

*kkk

PAMAs3-c0-PLAMA7 vs. PAMA114-c0-PLAMA2o

*kkk

PAMAg7-CO-PLAMAs2 vs. PAMAg;-co-PLAMAGs

*kkk

PAMAg4-c0-PLAMAs vs. PAMAg,-c0-PLAMAgs

*kkk

PAMA14-cO-PLAMA Vs. PAMAg,-cO-PLAMAgs

*kkk

Block glycopolymers

10/1

PAMAGso-b-PLAMA vs. PAMAg7-b-PLAMA44

*kkk

PAMAg7-b-PLAMA4 vs. PAMA11s-b-PLAMAs

*k*k

PAMAg7-b-PLAMA4 vs. PAMA10s-b-PLAMA 14

*

PAMAg7-b-PLAMAs vs. PAMAge-b-PLAMA113

*

25/1

PAMAGg7-b-PLAMA44 vS. PAMA1s-b-PLAMA 14

*

50/1

PAMA11s-b-PLAMAs vs. PAMAgg-b-PLAMA13

*k*k

PAMA10s-b-PLAMA14 vs. PAMAgs-b-PLAMA113

*

100/1

PAMAGso-b-PLAMAs vs. PAMA118-b-PLAMAg

**k*k

PAMA-b-PLAMA44 vs. PAMAge-b-PLAMA.13

**k*k

PAMA11s-b-PLAMAs vs. PAMA1s-b-PLAMA14

*k*k

PAMA115-b-PLAMAs vs. PAMAgs-b-PLAMA113

*kkk

@The statistical significance of differences between data was evaluated by two-way ANOVA using
Turkey multiple comparisons test. Asterisks (****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05)

indicate values that differ significantly.
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Appendix A

Figure A3- Cytotoxicity of random- and diblock-based glycoplexes in Hep3B (a) and Huh-7
(b) cells. Polyplexes were prepared by complexing the glycopolymers with 1 pg of plasmid
DNA encoding luciferase (pCMV.Luc), at different N/P ratios. The results correspond to mean
+ SD, achieved from triplicates, and are representative of at least three independent
experiments.

PEG,-b-PAMA

... |

viil

Figure A4— Representative Z-stack confocal microscopic images of tumor spheroids treated
with PEGus-b-PAMAss.based nanosystems formulated at 50/1 N/P ratio. Polyplexes were
prepared by complexing the copolymer with 0.5 pg of pCMV.gfp, at 50/1 N/P ratios. The cell
nucleus was stained with DAPI (blue). Scale bar = 100 pum.
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a) b)
_ HuH-7 -
2 504105 o . Hep3B
2 _ £ 1007y L,
. £ i
B 4.0x10% s S 80106 -
£ g
3 3.0410% 3 6.0x10%
s S > .
2 <105
2 2.0x10% g 800 *
Q -—
< 3]
L= 4
@ 1.0x10% 5 4010
g g i
E 0 [ ] i | i £ 04
3
> ® N > > & >
F & & N S &
& & o\ E ¥
o 0 pod fod °© <
: & & &
S ¥ <& N = <
4 S < a ¥
& ¥ ?

Figure A5- Effect of the presence of asialofetuin on the biological activity Huh-7 (a) and
Hep3B cells transfected with different polyplexes. Asialofetuin was added to cells 1 h before the
addition of polyplexes. Polyplexes were prepared by complexing the polymers with 1 pg of
pCMV.Luc, at their optimal N/P ratio. The results correspond to mean + SD, achieved from
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triplicates, and are representative of at least three independent experiments. Asterisks (****p <
0.0001, ***p < 0.001, **p < 0.01 and *p < 0.05) correspond to values that differ significantly
from those obtained with the same formulations in the absence of asialofetuin.

PEI

Figure A6- Effect of the presence of asialofetuin on the transfection efficiency of HepG2 cells
transfected with PEI-based polyplexes and untreated control. Asialofetuin was added to cells 1 h
before the addition of polyplexes. Polyplexes were prepared by complexing the polymers with 1
pg of pPCMV.GFP, at their optimal N/P ratio. Fluorescence microscopy (I) and overlapping of
fluorescence microscopy and phase contrast images (1) of cells transfected with different
formulations at 50:1 N/P ratio (scale bar = 50 um).
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Figure A7- Effect of endocytosis inhibitors on the transfection activity (a), (b), (c) and toxicity
(d), (e), (f) of PAMA114-cO-PLAMAo-based polyplexes. HepG2 cells were pretreated with
chlorpromazine (50; 75; 100 uM), amiloride (0.25; 0.5; 1 mM) or filipin (0.5; 1; 2 pg.mL™?) and
transfected with PAMA114-co-PLAMA:1-based polyplexes prepared with 1 pg of pCMV.Luc at
50/1 N/P ratio. The results correspond to mean = SD, achieved from triplicates, and are
representative of at least three independent experiments. Asterisks (****p <0.0001, ***p <
0.001, **p < 0.01 and *p < 0.05) indicate values that differ significantly from those measured in
the control (cells not-treated with endocytosis inhibitors).
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Figure A8- Effect of endocytosis inhibitors on the transfection activity (a), (b), (c) and toxicity
(d), (e), (f) of PAMAs-b-PLAMA4-based polyplexes. HepG2 cells were pretreated with
chlorpromazine (50; 75; 100 uM), amiloride (0.25; 0.5; 1 mM) or filipin (0.5; 1; 2 pg.mL™) and
transfected with PAMA10s-b-PLAMA4-based polyplexes prepared with 1 pug of pCMV.Luc at
50/1 N/P ratio. The results correspond to mean + SD, achieved from triplicates, and are
representative of at least three independent experiments. Asterisks (****p <0.0001, ***p <
0.001, **p < 0.01 and *p < 0.05) indicate values that differ significantly from those measured in
the control (cells not-treated with endocytosis inhibitors).
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Figure A9- Effect of asialofetuin on cellular uptake of polyplexes in HepG2 cells evaluated by
confocal microscopy. Asialofetuin was added to the cells 1 h before the addition of the
polyplexes. Polyplexes were prepared by complexing the polymers, containing 1% of
fluorescein-labeled glycopolymer, with 1 ug of pCMV.Luc, at their optimal N/P ratio. Scale bar
= 10 um. (1) cell nucleus stained by DAPI (blue); (I1) acidic cell compartments labeled with
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Lysotracker Red DND-99 (red); (I11) polyplexes were prepared with 1% fluorescein-labeled
glycopolymer (green); (IV) overlay of images I-1I1.

— NT
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Figure A10- Effect of asialofetuin on cellular internalization of polyplexes on HepG2 cells.
Asialofetuin was added to cells 1 h before the addition of polyplexes. Polyplexes were prepared
by complexing the polymers, containing 1% of fluorescein-labeled glycopolymer, with 1 pg of
pCMV.Luc, at their optimal N/P ratio. The uptake was evaluated by flow cytometry, in terms of
percentage of positive cell population, compared to untreated control cells.

c-MYC downregulation to enhance sorafenib antitumor effect

scr ShRNA scr sShRNA + SF

B . . .

Figure A10- Effect of the non-targeting ShRNA combined or not with SF (Scr shRNA and Scr
shRNA + SF) on tumor spheroids growth. The microscopic images (scale bar = 200 um) for 0 h
are phase contrast images, and the microscopic images for 168 h are fluorescence images using
fluorescein diacetate (green) and propidium iodide (red) staining for imaging live and dead
cells, respectively.
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Materials
2-Aminoethyl methacrylate hydrochloride (AMA; >95%, Polysciences), ascorbic acid

(AscA; Sigma-Aldrich), ASGPR monoclonal antibody (Thermo Fisher), asialofetuin
(Sigma-Aldrich), amiloride hydrochloride (Sigma-Aldrich), bovine serum albumin
(BSA; Sigma-Aldrich), chlorpromazine (Sigma-Aldrich), copper(Il) bromide (CuBr2;
99.999%, Sigma-Aldrich), deuterium oxide (D20; Euroiso-top, +99.9% D), DC protein
assay (Bio-Rad), 4,6-diamidino-2-phenylindole (DAPI, 1 pg mL—1) (Thermo Fisher
Scientific), dimethylformamide (DMF, Fisher Scientific), docetaxel solution (DTX,
HIKMA), Dulbecco’s modified Eagle’s medium-high glucose (DMEM-HG; Sigma-
Aldrich), D-luciferin sodium salt (Synchem, 99%), ethyl a- bromophenyl acetate
(EBPA; Alfa Aesar), filipin (Sigma-Aldrich), fluorescein o-methacrylate monomer
(FMO, Sigma-Aldrich), fluorescein diacetate (Sigma-Aldrich ) FluoroshieldTM
(Sigma-Aldrich), Green Safe (Nzytech), lactobionic acid (Thermo Fisher Scientific),
Lysotrack Red DND-99 (Thermo Fisher Scientific), PEI (branched, Mw 25 000)
(Sigma-Aldrich), DNA plasmids encoding luciferase (pLuc), green fluorescent protein
(GFP, pgfp) and HSV-TK (pTK) (Vical), resazurin sodium salt (Sigma-Aldrich), 2-
propanol (Fisher Scientific), propidium iodide (Sigma-Aldrich). Methanol was dried
over CaH2 and distilled before use. Triethylamine (>99.5%, Sigma-Aldrich) was
distilled before use. Tris(pyridine-2-ylmethyl)amine (TPMA) was synthesized as

reported in the literature.'

Methods

Synthesis and characterization of glycopolymers
Techniques

A syringe pump (KDS Scientific, Legato 101) was used for the continuous feeding of
the reducing agent at the rate of 1 pL/min. The molecular weight parameters of the
polymers were determined by using a size exclusion chromatography (SEC) system
equipped with an online degasser, a refractive index (RI) detector and a set of columns:
Shodex OHpak SB-G guard column, OHpak SB-804HQ and OHpak SB-802.5HQ
columns. The polymers were eluted at a flow rate of 0.5 mL/min with 0.1 M Na>SO4
(ag)/1 wt% acetic acid/0.02% NaN3z at 40 °C. Before the injection, the samples were
filtered through a polytetrafluoroethylene (PTFE) membrane with 0.45 pum pore. The
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system was calibrated with five narrow PEG standards and the polymers number-
average molecular weights (Mn>E°) and dispersity (B = Mw/M,) were determined by
conventional calibration using the Clarity software version 2.8.2.648.400. MHz 'H
NMR spectra were recorded on a Bruker Avance Il 400 MHz spectrometer, with a 5-
mm TIX triple resonance detection probe, in D,O. Conversion of monomers was
determined by integration of monomers NMR signals using the MestRenova software
version: 10.0.1-147109.

Synthesis of 2-lactobionamidoethyl methacrylate (LAMA)

LAMA was synthesized according to a previously reported procedure.? Firstly,
lactobionic acid was converted to the corresponding lactobionolactone. For that,
lactobionic acid (4.0 g, 11.2 mmol) was dissolved in anhydrous methanol (25 mL) at 50
°C, in the presence of trifluoroacetic acid as a catalyst (0.1 g, 1.1 mmol), followed by
vacuum distillation to recover lactobionolactone. After that, lactobionolactone (1.5 g,
4.5 mmol) was dissolved in methanol at 50 °C, followed by the addition of 2-
aminoethyl methacrylate hydrochloride (1.5 g, 9.0 mmol), triethylamine (1.27 mL) and
hydroquinone (0.05 g) at room temperature. The mixture was stirred for 6 h,
concentrated by rotary evaporation and precipitated in 2-propanol. The white solid
(LAMA) formed was filtered, washed with 2-propanol and dried under vacuum (yield =
81%).

Then, their chemical structure was characterized by 1H NMR spectroscopy (Figure 1a
and Figure S2a, Supporting Information) and SEC (Figure 1b and Figure S2b,

Supporting Information).

Synthesis of fluorescein-labeled glycopolymer
AMA (0.54qg, 3.7 mmol), LAMA (0.25 g, 532 umol), fluorescein o-methacrylate (FMO)
(53.3 mg, 133 umol), CuBr2 (2.97 mg, 13.3 pumol), TPMA (15.5 mg, 53 umol), and
EBPA (6.5 mg, 26 pmol) were dissolved in water/DMF mixture (50/50, V/V) (3.5mL).
The mixture was added to a 10 mL round-bottom Schlenk flask, equipped with a
magnetic stir bar, and purged with nitrogen for 30 min. The flask was placed in an oil
bath at 60 °C and a deoxygenated AscA solution (43 mM) was continuously injected
into the reaction medium using a syringe pump at the rate of 1 pL/min. The reaction

was stopped after 3 h, and a sample was collected for 'H NMR spectroscopy to
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determine the monomers (FMO, AMA and LAMA) conversion. The final reaction
mixture was dialyzed (dialysis membrane MWCO = 3500) against deionized water and
the glycopolymer was recovered by freeze-drying.

Physicochemical characterization of polyplexes

Green Safe Intercalation Assay
The accessibility to DNA of the polyplexes was analyzed using Green Safe intercalation
assay. The polyplexes were prepared as described above and after 15 min, 50 uL of
each sample was transferred into a black 96-well plate (Costar, Cambridge, CA, USA).
Then, 50 puL of Green Safe solution (0.00002 % (V/V)) was added to polyplexes.
Following 10 min incubation, fluorescence was measured in a SpectraMax Gemini EM
fluorometer (Molecular Devices, Sunnyvale, CA, USA) at the excitation wavelength of
490 nm and emission wavelength of 530 nm. The fluorescence scale was calibrated
such that the initial fluorescence of Green Safe (50 uL of Green Safe solution was
added to 50 pL of Milli-Q water) was set as residual fluorescence. The value of
fluorescence obtained with 1 pg of naked DNA (control) was set as 100%. The amount
of DNA available to interact with the probe was calculated by subtracting the values of
residual fluorescence from those obtained for the samples and expressed as the

percentage of the control.

Agarose Gel Electrophoresis Assay

To evaluate the complexation of the DNA with the copolymers an electrophoresis in
agarose gel was performed. Polyplexes were prepared and, after 15 min, 20 uL of each
sample was added to 5 pL of loading buffer. 20 pL of each blend were transferred to a
1% agarose gel prepared in TBE solution and containing 1.5 pL of Green Safe. The
electrophoresis was set to 30 min at 80 mV. Sample visualization takes place in a
GelDoc® (BioRad®, USA) system using the QuantityOne® program.

Dynamic Light Scattering and Zeta Potential Analysis

Dynamic light scattering (DLS) measurements were performed on a Zetasizer Nano-ZS
(Malvern Instruments Ltd. UK). The particle size distribution (in intensity) and average
hydrodynamic diameter (z-average) were determined with Zetasizer 7.13 software.
Measurements were made at 25 °C and at a backward scattering angle of 173°. (-
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Potential measurements were performed using a Zetasizer Nano-ZS (Malvern
Instruments Ltd., UK) coupled to laser Doppler electrophoresis and determined using a

Smoluchovski model.

Cell Culture

Human hepatocellular carcinoma cells (HepG2 and Hep3B cell lines) and human
epithelial cervical carcinoma cells (HeLa cell line) were maintained at 37 °C, under 5%
CO2, in Dulbecco’s modified Eagle’s medium-high glucose (DMEM-HG, Sigma-
Aldrich), supplemented with 10% (V/V) heat inactivated fetal bovine serum (FBS,
Sigma-Aldrich), penicillin (100 U/mL), and streptomycin (100 pg/mL). All cells were
grown in monolayers and were detached by treatment with a 0.25% trypsin solution
(Sigma-Aldrich).

Transfection Activity

The biological activity of the different polyplexes was determined by luminescence,
using luciferase as a reporter gene (pLuc plasmid), in HepG2 and Hep3B cells. Briefly,
the HepG2 (8x10* cells/well), Hep3B (3.5x10* cells/well) and HeLa (5 x 10 cells/well)
cells were seeded onto 48-well culture plates 24 h prior to incubation with polyplexes.
The cells were used at 70% confluence, and polyplexes containing 1 pug of p.Luc were
added to the cells previously covered with DMEM-HG containing 10% (v/v) FBS.
After 4 h of incubation, the transfection medium was replaced with fresh DMEM-HG,
and the cells were further incubated for 48 h. At this time, the cells were washed twice
with PBS, and 100 pL of lysis buffer was added to each well. The quantification of
luciferase expression in cell lysates was evaluated by measuring the light production by
luciferase in a FLUOstar Omega Microplate Reader (BMG Labtech, USA). The protein
content of the lysates was measured by the DC protein assay reagent (Biorad, CA,
USA) using BSA as a standard. The data were expressed as relative light units of
luciferase per milligram of total cell protein. For the competitive studies, the culture
medium containing 1 mg/mL of asialofetuin (ASF) or 40 pg/ml of antibody against the
ASGP-R (ASGPR1 Ab) was added to cells 1 h before the addition of nanosystems and
maintained during the 4 h of transfection. In the endocytic pathway studies, the culture
medium containing different inhibitors (75 M chlorpromazine, 0.25 mM amiloride or 2

pg/mL filipin) was added to cells 1 h before the polyplex addition and maintained
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during the 4 h of transfection. To evaluate the effect of docetaxel (DTX) as enhancer of
transfection activity, the culture medium containing different concentrations of DTX
(0.003; 0.006; 0.0125; 0.025; 0,05 or 0.1 uM) was added to cells 1 h before the addition

of nanosystems and maintained during the 4 h of transfection.

Transfection Efficiency

To evaluate the transfection efficiency of our formulations, green fluorescent protein
(GFP) expression was evaluated in HCC cells by fluorescence microscopy. Briefly, the
HepG2 (1.1 x 10° cells/well) and Hep3B (7.5x 10* cells/well) cells were seeded on 24-
well plates (the wells were previously covered with a coverslip), and after 24 h,
polyplexes containing 2 pg of pgfp were added to the cells previously covered with 0.5
mL of DMEM-HG with serum. After 4 h of incubation (5% CO, at 37 °C), the
transfection medium was replaced with DMEM-HG containing 10% (V/V) FBS and
antibiotics, and the cells were further incubated for 48 h. After that, the cells were
washed twice with PBS, fixed with 4% paraformaldehyde for 15 min at room
temperature, and then mounted in Fluoroshield medium. The images (original
magnification x20) were obtained on an Axio Imager Z2 microscope (Zeiss, Munich,
Germany) using an AxioCam HRc camera (Zeiss, Germany).

Cell Viability Assay

Cell viability under different experimental conditions was assessed by an Alamar Blue
assay. After 48 h of transfection, the cells were incubated with DMEM containing 10%
(V/V) Alamar Blue dye, prepared from a 0.1 mg.mL™! stock solution of Alamar Blue.
After 1 h incubation period at 37 °C, the absorbance of the medium was measured at
570 (As70) and 600 (Asoo) nm in SPECTRAmax PLUS 384 spectrophotometer
(Molecular Devices, USA). Cell viability was calculated, as percentage of the
nontreated control cells, according to the formula: [(As7o — Asoo) Of treated cells x
100]/[(As70 — Asoo) of control cells].

Cell uptake

Polyplexes were prepared with 1% of fluorescein-labeled FMO,-co-PAMA103-CO-
PLAMAo at their optimal N/P ratio. HepG2 cells were seeded on 24-well plates at a
density of 1.6x10° cells/well and, after 24 h, polyplexes containing the glycopolymer
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labeled with fluorescein were added to cells previously covered with 0.5 mL of DMEM-
HG with serum. After 4 h incubation (5% CO- at 37 °C), cells were washed twice with
PBS, detached with trypsin, and then washed and resuspended in PBS. To quench
external fluorescence, trypan blue was added to each sample 1 min before FACSCalibur
flow cytometer (Becton Dickinson, NJ, USA) analysis, at a final concentration of 0.05%
(VIV). In the competitive studies, the culture medium containing 2 mg/mL of
asialofetuin was added to cells 30 min before the addition of nanosystems and
maintained during the 4 h of transfection. Live cells were gated by forward/side

scattering from a total of 20000 events, and data was analyzed using FlowJo software.

Intracellular distribution of polyplexes

Confocal laser scanning microscopy was used to visualize the intracellular distribution
of polyplexes prepared with 1% of fluorescein-labeled glycopolymer at their optimal
N/P ratio. The HepG2 cells were seeded in 24-well culture plates (previously covered
with a coverslip) at an initial density of 1.5x10° cells/well and, after 24 h, polyplexes
were added to the cells previously covered with 0.5 mL of DMEM-HG with serum. In
the competitive studies, the culture medium containing 2 mg/mL of asialofetuin was
added to cells 30 min before the addition of nanosystems and maintained during the 4 h
of transfection. After this period of incubation (5% CO; at 37 °C), the transfection
medium was removed, and the cells were washed with PBS and incubated for 30 min
with 200 nM Lysotrack Red DND-99, which labels the acidic compartments of living
cells. Thereafter, the cells were washed three times with PBS and fixed with 4%
paraformaldehyde solution for 15 min at room temperature. Nuclei labeling was
accomplished through 5 min of incubation at room temperature with the fluorescent
DNA binding dye DAPI (1 pg/mL). The cells were then mounted in Fluoroshield
medium, and images were taken in a Zeiss LSM 710 Axio Observer microscope (Zeiss,
Gottingen, Germany) with a Plan-Apochromat 63x/1.40 oil differential interference
contrast (DIC) M27 objective at the excitation wavelengths of 405 nm for DAPI (blue),

488 nm for fluorescein (green), and 561 nm for Lysotracker (red).
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Figure B1-'H (a) and *3C (b) NMR spectra (D0, 400 MHz) for the LAMA monomer.
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Figure B2— 'H NMR spectrum (DO, 400 MHz) (a) and SEC trace (b) of the PAMA44-CO-
PLAMA s random copolymer prepared by ARGET ATRP.
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Figure B3- SEC traces of the PAMA-co-PLAMA random copolymers prepared by ARGET
ATRP.
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Figure B4- 'H NMR spectrum (D0, 400 MHz) (a) and SEC trace (b) of the PLAMAzs-Br
homopolymer prepared by ARGET ATRP.
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Figure B5- Potentiometric titration curves of PAMA-co-PLAMA glycopolymers.
Glycopolymers were dissolved in acidic water (pH=3) and the polymeric solutions were
acidified to pH 2 with 1% (V/V) HCI and titrated with 0.1M NaOH.
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Figure B6— Effect of the presence of asialofetuin on the transfection efficiency of PEI- and
PEGus-b-PAMAgs based polyplexes in HepG2 cells. Typical fluorescence images (I) and

overlapping of fluorescence microscopy and phase contrast images (I1) of cells (scale bar = 10

um).
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Figure B7- Effect of the presence of asialofetuin and an antibody against the ASGPR on
biological activity of PAMA-co-PLAMA-based polyplexes in Hep3B cells. (a, b) Asterisks
(****p < 0.0001, **p < 0.01 and *p < 0.05) correspond to values that differ significantly from
those obtained with the same nanocarrier in the absence of ASGPR-competition agent. (c)
Typical fluorescence images (1) and overlapping of fluorescence microscopy and phase contrast
images (I1) of cells transfected with different nanocarriers and non-treated cells in the presence
and absence of asialofetuin (scale bar = 50 um). Typical fluorescence images (I) and
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overlapping (I1) of fluorescence microscopy and phase contrast images of cells transfected with

different glycopolymers-based nanocarriers (scale bar = 50 um).
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Figure B8 Cellular internalization of PAMA-co-PLAMA-based polyplexes evaluated by flow
cytometry. Polyplexes were prepared by complexing the copolymers, containing 1%
fluorescein-labeled glycopolymer, with 2 pg of DNA plasmid encoding luciferase at their

optimal N/P ratios.
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Figure B9— Effect of endocytosis inhibitors on the transfection activity (a), (b), (c) and toxicity
(d), (e), (f) of PAMA114-co-PLAMA1-based polyplexes. HepG2 cells were pretreated with
chlorpromazine (50; 75; 100 uM) or amiloride (0.25; 0.5; 1 mM) or filipin (0.5; 1; 2 pg.mL™?)
and transfected with PAMA11s-cO-PLAMA:-based polyplexes prepared with 1 pg of
pCMV.Luc at 25/1 N/P ratio. Asterisks (****p <0.0001, ***p < 0.001, **p < 0.01 and *p <
0.05) indicate values that differ significantly from those measured in the control (cells not-

treated with endocytosis inhibitors).
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Figure B10- Effect of endocytosis inhibitors on the transfection activity (a), (b), (c) and
toxicity (d), (e), (f) of PEG45-b-PAMAL168-based polyplexes. HepG2 cells were pretreated with
chlorpromazine (50; 75; 100 puM) or amiloride (0.25; 0.5; 1 mM) or filipin (0.5; 1; 2 pg.mL-1)
and transfected with PEG45-b-PAMA168-based polyplexes prepared with 1 pug of pCMV.Luc
at 50/1 N/P ratio. Asterisks (****p <0.0001, ***p < 0.001, **p < 0.01 and *p < 0.05) indicate
values that differ significantly from those measured in the control (cells not-treated with

endocytosis inhibitors).
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Figure Bl11-Therapeutic potential of the suicide gene therapy strategy mediated by the
glycopolymer-based nanocarrier combined with docetaxel in HepG2 cells. a) Representative
images of fluorescence microscopy and phase contrast of cells using fluorescein diacetate
(green) and propidium iodide (red) staining for imaging live and dead cells, respectively (scale
bar = 50 um). b) Cell viability evaluated by the SRB assay. Asterisks (****p <0.0001,
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*xxP<0.001) indicate values that significantly differ from those measured for cells transfected

with PAMA144-co-PLAMA19-based nanocarriers, containing 1 pg of pTK plasmid.
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