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Resumo

A azurina é uma proteina bacteriana com propriedades anticancerigenas. Esta
caracteristica singular resulta de um conjunto Unico de caracteristicas estruturais, que
incluem uma estrutura ger al eas imsnaghodulinasccobne umb s e me
dominio hidrofébico e uma grande hélice U anfipatica, ambas localizadas na superficie
desta proteina. Um péptido bioativo derivado da azurina (denominado p28) que abrange
a hélice U jtem propriedades de penetracéo celular e exerce atividade anticancerigena
por reconhecimento seletivo de células cancerigenas. Este péptido foi avaliado em dois
ensaios clinicos de fase | em humanos. Inicialmente, neste trabalho, o residuo de
fenilalaninai14 localizado no centro do dominio hidrofébico exposto da azurina foi
substituido por um residuo de alanina. Com esta substituicdo de um Unico aminoécido, foi
demonstrado, dependente da dose, que esta regido da proteina € importante para a sua
entrada preferencial nas células cancerigenas. Além disto, verificou-se que o
reconhecimento inicial de células cancerigenas parece ser mediado, pelo menos em
parte, pela caveolina-1 (Cav-1) e pelo gangliosideo-1 (GM-1), componentes pertencentes
a microdominios de jangadas lipidicas dispostos nas membranas plasméticas. Apos
tratamento com a azurina nativa, foi observada uma diminuicdo da ordem membranar, ao
contrario do tratamento com a proteina mutada. Em segundo lugar, foi estudado o
potencial anticancerigeno de um péptido (CT-p19LC) derivado do C-terminal da azurina.
Os dados indicaram que este péptido exibe propriedades ativas de membrana e induz a
morte de células cancerigenas. Por fim, o p28 foi pela primeira vez associado a um
nanosistema de entrega de farmacos para terapia direcionada ao cancro de pulmao. A
funcionalizacdo de nanoparticulas (NPs) com este péptido, permitiu aumentar a sua
internalizagdo em células cancerigenas A549, bem como foi capaz de diminuir a
viabilidade destas células, sem qualquer efeito em células ndo cancerigenas 16HBE140-
In vivo, os estudos com xeno-enxerto subcutdneo de A549 mostraram que NPs
funcionalizadas com p28 e carregadas com gefitinib (GEF), um inibidor da atividade
tirosina quinase do recetor do fator de crescimento epidérmico (EGFR), frequentemente
superexpresso em células de cancro de pulméo, reduziram a carga tumoral primaria de
A549 e a formacdo de metastases pulmonares. Assim, foi possivel concluir que a
seletividade intrinseca do p28 manteve-se mesmo este estando ligado a NPs, sendo esta
caracteristica utilizada como uma mais valia neste tipo de aplicacdes, enquanto que o
GEF foi entregue as células-alvo. Com base no trabalho desta tese, considerou-se a

azurina, uma fonte de péptidos bioativos anticancerigenos capazes de serem associados



a estratégias de entrega de farmacos para o desenvolvimento de terapias mais eficazes,

e possiveis de serem aplicadas a qualquer tipo de cancro.

Palavras chave: azurina; p28; nanosistemas de entrega de farmacos; seletividade; efeito

anti-tumoral.



Abstract

Azurin, a protein from bacterial origin, has been found to exhibit anticancer properties. This
singular characteristic results from a unique set of structural features, which include an
overall immunoglobulin-l i k-gandwich scaffold with a hydrophobic patch and a large
amphipathic a-helix, both located on the surface of the protein. A bioactive azurin derived
peptide (termed p28) encompassing the a-helix has cell penetrating properties and exerts
anticancer activity by selective recognition of cancer cells. The p28 peptide is being
evaluated in two phase | human clinical trials. Initially, in this work, the phenylalanineiis
residue located on the center of the exposed hydrophobic patch of azurin was replaced
with an alanine residue. With this single amino acid substitution, it was shown that this
region of the protein is important for its preferential entry into cancer cells in a dose-
dependent manner. In addition, it was found that the initial recognition of cancer cells
appears to be mediated, at least in part, by caveolin-1 (Cav-1) and ganglioside-1 (GM-1),
components belonging to lipid rafts microdomains arranged in plasma membranes. After
treatment with wild-type azurin, a decrease in membrane order was observed, unlike
treatment with the mutated protein. Secondly, the anticancer potential of a peptide (CT-
pl9LC) derived from the C-terminal of azurin has been studied. Data indicated that this
peptide exhibits membrane-active properties and induces cancer cell death. Lastly, p28
was associated for the first time with a drug delivery nanosystem for targeted lung cancer
therapy. The functionalization of nanoparticles (NPs) with this peptide increased its
internalization in A549 cancer cells, as well as was able to decrease the viability of these
cells, without any effect in 16HBE140- non-cancer cells. In vivo, the studies using A549
subcutaneous xenograft showed that p28-functionalized NPs loaded with gefitinib (GEF),
an inhibitor of tyrosine kinase activity of epidermal growth factor receptor (EGFR), often
overexpressed in lung cancer cells, reduced A549 primary tumor burden and lung
metastases formation. Thus, it was possible to conclude that the intrinsic selectivity of p28
was maintained even though it was linked to NPs, being this characteristic used as an
asset in this type of applications, while GEF was delivered to target cells. Based on the
work of this thesis, azurin was considered a source of bioactive anticancer peptides
capable of being associated with drug delivery strategies for the development of more

effective therapies, and possible to be applied to any type of cancer.

Key words: azurin; p28; drug delivery nanosystems; selectivity; anti-tumor effect.
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|. INTRODUCTION




l.1. The etiology of cancer

In the 215t century, cancer is expected to become the leading cause of death, being a
barrier to increasing life expectancy worldwide. Each year, more than 18 million cases are
diagnosed and 10 million deaths occur (Bray et al., 2018). The International Agency for
Research on Cancer (IARC) forecasts predict that by 2040 there will be more than 29
million new cases and 16 million deaths (Wild et al., 2020). Lung cancer is one of the most
commonly diagnosed cancer (11.4% of the total cases) and the leading cause of cancer
death (18.0% of the total cancer deaths), closely followed by female breast cancer
(11.7%), colorectal cancer (10.0%) and prostate cancer (7.3%) for incidence, and
colorectal cancer (9.4%), stomach cancer (7.7%) and liver cancer (8.3%) for mortality
(Figure 1.1-1; GLOBOCAN, 2020).
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Figure 1.1-1: Worldwide distribution of new cases and deaths caused by different types of cancer.
Source: GLOBOCAN, 2020.

This rising problem is mostly due to rapid growth and an aging population. Also, societal,
economic and lifestyle changes related to human development may contribute to the
increase in scale, and alter the profile of cancer in the next years. Only 5-10% of all cancers

are owing to highly penetrant inherited mutations (Fidler et al., 2018; Wild, 2019).

The most developed countries have the highest cancer incidence, while low-income and
middle-income countries have the bigger cancer mortality rate (Bray et al., 2012; Wild et
al., 2020). This is explained by the limited access to prevention, early detection, treatment
and care in these countries (Fidler et al., 2018; Wild, 2019).

The cancer hallmarks include sustaining proliferative signaling, evading growth
suppression, avoiding immune destruction, enabling replicative immortality, resisting

apoptosis, deregulating cellular energetics, inducing angiogenesis, and activating invasion



and metastasis (Wild et al., 2020). Frequently, this occurs due to the activation of
oncogenes and/or deactivation of tumor suppressor genes leading to uncontrolled cell
cycle progression and inactivation of apoptotic events. Mechanisms such as mutations,
chromosomal translocations or deletions, and dysregulated expression or activity of
signaling pathways are involved in these genetic and cellular changes. Studies also
suggest that epigenetic alterations can cause cancer due to its role in the generation of
cancer progenitor cells (Sarkar et al., 2013).

The complexity and heterogeneity of the carcinogenesis hampers the development of a
single effective therapy. Currently, surgical intervention, radiotherapy and chemotherapy
are the three most common treatments of this disease. Although these treatments have
saved many lives, they have major limitations, including the risk of damaging healthy
tissues owing to their non-specific targeting, inadequate drug concentration at the lesion
site, high toxicity (hepatic, renal, bone marrow, pulmonary, gastrointestinal and cardiac
toxicities), multi-drug resistance (MDR) development, and not being able to effectively

eradicate the disease (Damyanov et al., 2018; Gurunathan et al., 2018).

Thus, due to the lack of specificity and effectiveness of conventional treatments, the
investigation and development of new anti-tumor approaches has gained extreme
importance in the cancer therapy field. Immunotherapy, nanotechnology based-targeting
therapy, microbial based-therapy including the use of bacterial products as scaffolds for
novel anticancer drugs, are some of the examples currently being studied (Attia et al.,
2019; Bernardes et al., 2010; Byrne et al., 2008; Inthagard et al., 2019; Martinez-Montiel
et al., 2016).

|.2. The anticancer potential of the bacterial protein azurin

Azurin is a bacterial periplasmic copper-containing small protein (14 kDa; 128 amino acids;
Figure 1.2-1), remarkably stable and water-soluble, belonging to the cupredoxin family, a
group of type | redox proteins. This is produced by Pseudomonas aeruginosa, and in this
organism is involved in the electron transfer during the denitrification process (Baker, 1994;
De Rienzo et al., 2000; Fialho et al., 2016; Van de Kamp et al., 1990; Yamada et al., 2009).
In addition to its biological function, azurin has therapeutic characteristics probably
associated with its structure. This protein is str.
domains, demonstrating a single antibody-like structure composed by one U-helix and
ei gkstheet s, f-barrehmatifgTheaunifue structural features of azurin allows it

to mediate high-affinity interactions with various unrelated mammalian proteins relevant in
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cancer, being azurin considered a non-antibody scaffold (Figure 1.2-1; Fialho et al., 2007).
Normally, non-antibody scaffolds are small single-domain proteins with recognition
properties that reveal immunoglobulin-like binding features as is the case of certain
domains of albumin and fibronectin (Hey et al., 2005; Gk r letealk, 2015). The ability to
bind many different proteins makes it more difficult to trigger resistance, habitually
observed with the successive application of other drugs (Bernardes et al., 2013a;
Bernardes et al., 2014; Fialho et al., 2007). The bindings result mainly from electrostatic
and hydrophobic interactions, and occur specifically through distinct binding regions on its
surface: one face with two charged clusters (one large negative nearby to one small
positive), and a prominent neutral aromatic-rich hydrophobic patch centered on
phenylalaninei14, occupying a region around the copper ion (Fialho et al., 2016;
Yanagisawa et al., 2006).

Azurin has been considered a potential anticancer agent due to its preferential entry into
cancer cells, as it is able to exert in vitro cytotoxicity effects against numerous cancer cell
lines, promotes tumor regression in in vivo, and inhibits cancer-induced angiogenesis. The
selectivity of this protein appears to be dependent on the cholesterol-enriched
microdomains, named lipid rafts and generally overexpressed in cancer cells (Figure 1.2-
1; Mehta et al., 2011; Punj et al., 2004; Taylor et al., 2009; Yamada et al., 2004; Yamada
et al., 2002a; Zaborina et al., 2000).

It has also been shown that this protein can interact and stabilize the levels of the tumor-
suppressor protein p53, as well as increase the pro-apoptotic genes expression,
preventing cell proliferation and triggering apoptosis (Figure 1.2-1; Punj et al., 2003;
Yamada et al., 2004; Yamada et al., 2005). Azurin binds to the NH>-terminal domain of
p53 with nanomolar affinity in a 4:1 stoichiometry, as well to the deoxyribonucleic acid
(DNA)-binding domain of this protein through a copper-independent mechanism of action
(Apiyo and Wittung-Stafshede, 2005; Goto et al., 2003; Taranta et al., 2009; Yamada et
al., 2005). In fact, studies supported by site-directed mutagenesis propose that a region of
azurin constituted by amino acids Met-44 to Met-64, located in its hydrophobic patch, is
important for the interactions with p53. The substitutions performed led to a change in the
formation of this complex, showing the dependence of this interaction with the hydrophobic
character of azurin (Goto et al., 2003; Yamada et al., 2002b; Yamada et al. 2009).

In addition, it is known that the azurin treatment leads to an up-regulation of genes

associated with cellular processes, like membrane organization, endocytosis, vesicle

transport and pathways associated with lysosomes in cancer cells. This protein also
4



causes a down-regulation of an important number of genes coding for cell surface
receptors that frequently sustain cell proliferation and aberrant constitutive signaling
(Figure 1.2-1; Bernardes et al., 2014). This was verified in the case of EGFR, normally
overexpressed in several types of cancer (Bernardes et al., 2016; Cadranel et al., 2013;
Nakamura et al., 2006). Besides this, it was also verified that azurin is able to decrease
the cellular invasion, a crucial step in the cancer progression. After its treatment, this
protein can modulate the levels of P-c a d h e r i n-integnnd twobatlhesion proteins,
limiting communication between cancer cells, thus disturbing their ability to invade (Figure
[.2-1; Bernardes et al.,, 2013a; Bernardes et al., 2014; Bernardes et al., 2016).
Furthermore, the matrix metalloproteases activity and the activation of the intracellular
non-receptor tyrosine kinases focal adhesion kinase (FAK) and Src, that regulate a wide
number of signaling pathways involved in cell spreading, adhesion, migration, invasion,
survival, proliferation, differentiation and angiogenesis were also affected by azurin action
(Bernardes et al., 2013a; Bernardes et al., 2014).

The anticancer potential of azurin has also been combined with anticancer drugs, and a
synergistic effect has been documented (Figure 1.2-1; Bernardes et al., 2016; Bernardes
et al., 2018; Choi et al., 2011). A possible explanation for this phenomenon is that after the
treatment with this protein, changes in the biophysical properties of the plasma
membranes of cancer cells occur, such as increased elasticity, which possibly will facilitate
the entry of co-administered drugs, facilitating its action on intracellular targets (Bernardes

et al., 2016).
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Figure 1.2-1: Summary of the anticancer activity of the bacterial protein azurin.
In turn, based on the characteristics of its regions, azurin has been explored in the form of
anticancer bioactive peptides. From C-terminal, several peptides were prepared and

shown to be able to bind to ephrin tyrosine kinases receptors, often overexpressed in
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cancer, preventing the binding of their ephrinB2 ligand, interfering with their
phosphorylation at the tyrosine residue, inhibiting cell signaling and cancer growth. This
action translates into an advantage in therapeutic terms, since the commercially available
drugs that target these receptors bind to the ATP binding pockets kinases, and this is often
unspecific due to the inhibition of other receptors with tyrosine kinase domains unrelated
to cancer, leading to toxicity (Chaudhari et al., 2007). In addition, one of these peptides
was also linked to a radiotherapeutic compound called nicotinamide, and the combination

increased the effectiveness of radiotherapy (Micewicz et al., 2011).

Beyond this, the exposed amphipathic U-helix of azurin (azurin 50-77 amino acids) has
also been extensively studied in the form of a peptide called p28, which also presents anti-

tumor activity, and enters preferentially in cancer cells (Taylor et al., 2009).

1.2.1. The discovery of p28 and its domains

In 2005, Yamada et al. conducted a study with 8 fragments of azurin fused with glutathione
SZ4ransferase (GST) to find out if any of them had the ability to promote the entry into
cancer cells. These fragments were tested on a number of types of cancer cells, and found
that one of these fragments, consisting of 28 amino acids, was more internalized than the
others, and able to translocate the cargo protein. This fragment was termed p28, and it
has been shown to be identified in cancer cells 3-6-fold higher than in normal ones (Figure
[.2-2; Taylor et al., 2009; Yamada et al., 2005).

p28 is a cell-penetrating peptide (CPP), also known a protein transduction domain (PTD),
which is, in part, responsible for mediating the entrance of the azurin protein into cells
(Figure 1.2-2). This peptide has an overall net negative charge, and forms an extended
amphipathic U-helix with both hydrophobic amino acids (azurin 50-66) in its N-terminal
domain, and hydrophilic amino acids in its C-terminal domain (azurin 67-77; Figure 1.2-2;
Yamada et al., 2005). In 2009, Taylor et al. studied these domains separately. In a first
phase, they refined the N-terminal domain, calling it p18, and applied it to five types of
human cancer cells (melanoma, prostate, colon, lung, and ovarian), as well as in their
normal tissue matches. The results showed that this minimal fragment can be more
translocated to the inside of cancer cells than normal ones. Beyond this, it has also been
described that the penetration of both p28 and pl8 is dependent on temperature,
presenting a slower entry at 4 °C than at 22 and 37 °C, as well as being translated into a
saturable process, where possibly receptors, cell surface proteins or specific residues may

be responsible, at least in part, for the initial entry of them. In addition, proliferation studies
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exhibited that p28 inhibited cell survival, but p18 did not cause any cytotoxic effect.
Regarding the C-terminal domain, it was also refined and referred to as pl2. The
application of this fragment demonstrated that its interaction with cells was less than that
obtained with p18 and p28, suggesting that the hydrophilicity of this domain contributes to
the decrease of selectivity of cell penetration. Beyond this, since p28 has anticancer
activity, responsible for cell cycle inhibition and apoptotic activity, and p18 does not, p12
is then considered responsible for this. Thus, it was defined that the N-terminal domain of
p28 influences the preferential entry of azurin into cancer cells and its C-terminal domain,
its anti-proliferative activity (Figure 1.2-2; Taylor et al., 2009; Yamada et al., 2005).

(2.8 kDa; 28 amino acids)
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Figure 1.2-2: p28 protein transduction domain (PTD) of azurin, its domains and respective activities.

[.2.1.1. Preferred mechanism of entry into cancer cells

p28 is also a tumor-homing peptide, but most of the mechanisms that promote its
preferential entry remain to be unveiled. The penetration of this peptide into cells is
dependent on the amount of cholesterol in the plasma membranes, on a type of lipid rafts
with unique characteristics and biological properties called caveolae, as well as on the
activity of late endosomes and lysosomes (Taylor et al., 2009). In fact, it has been shown
that the entire protein and p28 bind to components such as Golgi apparatus as well as
Cav-1 protein and GM-1, which are overexpressed in caveolae (Bernardes et al., 2018;
Parton, 2018; Taylor et al., 2009). These evidences suggest that p28 penetrates the
plasma membrane, in part, via caveolae-mediated endocytic pathway. In addition, the
levels of lipid rafts are increased in several types of cancers (Irwin et al., 2011; Murali,
2015), which suggests that the p28 preferential entry is related to higher proportion of
these lipid domains on the surface of cancer cells than in normal ones. However, this
should not be the only basic principle used by the protein and its derived peptide, since
fibroblasts and some types of normal cells also have a significant number of caveolae in

their plasma membranes (Parton and Richards, 2003). A study with inhibitors of energy-
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dependent transport mechanisms, also demonstrated that the p28 penetration was not
inhibited suggesting non-endocytic pathways might also be involved in this process.
Beyond this, the entry of p28 is not dependent on membrane bound glycosaminoglycans
or clathrins. In a first phase of recognition, it is assumed that N-glycosylated cell surface
proteins are involved (Taylor et al., 2009; Yamada et al., 2009). It has also been shown
thatD-aminoaci d subst it udihélicalackbone thanges the pASchirdlity that
may be critical to its entry, but not for its selectivity (Yamada et al., 2015).

[.2.1.2. Control of cancer proliferation

Upon entering in cancer cells, p28
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Figure 1.2-3: Control of cancer proiiferétion by p28via escapes the ubiquitination promoted by
p53 pathway.

its assembly with COP1 (Santini et al.,
2011; Yamada et al., 2009; Yamada et al., 2013a; Yamada et al., 2013b). It was also
discovered that the binding of p28 to the DBD of p53 is partial, allowing this domain to be
available for functional interactions and controlling cell proliferation (Bizzarri et al., 2019).
Thus, there is a post-translational increase of p53 in the cytoplasm and nucleus, that
therefore rise the cyclin-dependent kinase inhibitors p21 and p27 levels, which in turn
reduces the intracellular amounts of cyclin-dependent kinase 2 (CDK2) and cyclin Al,
important proteins in the mitotic process, as well as forkhead box M1 (FOXM1), a
transcription factor for G2/M phase progression. Subsequently, the decrease in the levels

of CDK2, cyclin A1 and FOXM1, and the increased expression of pro-apoptotic genes like
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Bax and Bcl-2 leads to apoptosis (Figure 1.2-3; Yamada et al., 2009). Studies have also
shown that p28 is also able to interact and bind with p53 mutants, and with other members
of its family, namely p63 and p73 (Bizzarri et al., 2011; Coppari et al., 2014, Signorelli et
al., 2017; Yamada et al., 2013b).

p28 also has an anti-angiogenic effect, essentially related to the inhibition of vascular
endothelial growth factor receptor 2 (VEGFR-2) tyrosine kinase activity, and basic
fibroblast growth factor (bFGF)-induced migration, capillary tube formation and neo-
angiogenesis. This translates into a therapeutic advantage, since anti-angiogenic
treatment in many cancers involves the vascular endothelial growth factor
(VEGF)/VEGFR2 pathway inhibition. Moreover, the p28 application leads to a downstream
phosphorylation of FAK and Akt that typically are responsible for cellular repositioning of
the cytoskeletal, focal adhesion, and cell to cell junction. All this enables the reduction of

motility, migration, matrix attachment and cell survival (Mehta et al., 2011).

1.2.2. p28 preclinical pharmacokinetic studies and clinical trials

Pharmacokinetic studies play a fundamental role in the development of new drugs (Nishant
et al., 2011). In this sense, the pharmacokinetic and metabolic profiles of p28 in mouse,
dog, non-human primates and human serum and hepatic microsomes were investigated
(Jia et al., 2011). In a first evaluation, the stability of p28 in serum was determined. They
found that this peptide is stable at 4 °C for 48 h, but at 37 °C a degradation of about 45%,
45%, 79%, and 65% was found in the mouse, dog, non-human primates and human
serum, respectively. These results suggested that p28 metabolism is temperature
dependent, namely due to enzymatic processes. Regarding the stability of this peptide in
hepatic microsomes, it was determined that it is more stable in human hepatic microsomes
(41%) than in mouse and non-human primates microsomes (19% and 10%, respectively).
In vitro and in vivo studies were also carried out to determine the metabolites of p28. In
vitro, after 2 h of incubation, the main metabolite was loss of the N-terminal leucine from
p28 that appeared 63%, 63%, and 12% in mouse, monkey and human hepatic
microsomes, respectively. The same metabolite was lost on day 1, in the in vivo study. It
should be noted that both degradation and metabolism of p28 are less accelerated in
human hepatic microsomes (Jia et al., 2011). In addition, it was also determined that
although p28 is eliminated almost exclusively by the kidneys, this peptide distributes
extensively in the species under study, and the entry of p28 into cancer cells is quite rapid,
reaching its maximum level after 2 h of exposure (Jia et al., 2011; Taylor et al., 2009;

Yamada et al., 2009). The findings also suggest that p28 does not exhibit toxicity (non-
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toxic peptide), nor does it trigger immune responses (non-immunogenic peptide). The no
observed adverse effect level (NOAEL) for mice was 120 mg/kg/dose, and for monkey
following intravenous administration of p28 at 30, 60, and 120 mg/kg three times per week
for four consecutive weeks was 120 mg/kg. In relation to the maximum-tolerated dose

(MTD), in a mouse was 0240 mg/ kg/ doseetal.,and

2011). These data were useful to predict therapeutic dose levels in clinical trials. The
authors propose that a 10 mg/ kg (p8ntfdreflicacy

in a human trial in patients with solid tumors (Jia et al., 2011).

To date, two phase | clinical trials with p28 were performed, both demonstrated that p28
is a safe therapeutic compound for human cancer patients. The first study (NCT00914914)
involved 15 adult patients with progressive, refractory or recurrent solid tumors (seven
melanomas, two sarcomas, four colon, one pancreatic and one prostate carcinomas), that
received at least one dose level of p28 (intravenous administration) as a short infusion 3x
per week for 4 weeks (followed by 2 weeks of rest) for a minimum total of 12 doses (Warso
et al., 2013). None of the patients presented dose-limiting toxicities (DLTSs), significant side
effects or showed an immune response to the peptide, consistent with animal models (Jia
et al., 2011; Warso et al., 2013). Thus, the NOAEL and MTD were determined above the
highest single (50 mg/kg/dose) and cumulative (140 mg/kg/dose) doses studied. The
response to the target lesions and survival evaluation demonstrated that one patient had
a complete response, three patients had a partial response, seven patients had stable
disease, and the median overall survival was 28 weeks. In addition, after administration,
the p28 pharmacokinetic behavior confirmed a rapid tissue uptake, an improved terminal
phase half-life, a low interpatient variability, and also recommend a dose of 30 mg/kg of
this peptide for phase Il clinical trials (Warso et al., 2013). In this study, it was also verified
that there is no relationship between p53 expression and patient response or survival after
treatment with p28 (Bizzarri et al., 2011; Warso et al., 2013; Yamada et al., 2009).

The other clinical trial (NCT01975116) was performed in 12 children (age 3 to 19) with
progressive central nervous system malignancies (Lulla et al., 2016), based on the fact
that p28 can cross the blood-brain barrier (BBB) and saturates the brain parenchyma in a
dose-related manner (Hong et al., 2010). After p28 intravenous administration, the results
exhibited that this drug was safe and well tolerated, since the most common side effects
were flushing, hot flashes, dizziness, headache and changes in blood pressure, which are
events that are usually short and rarely require medical intervention. However, one patient

with metastatic pineoblastoma showed evidence of neutropenia and thrombocytopenia. In
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addition, the pharmacokinetic study demonstrated profiles similar to those obtained in adult
patients (Lulla et al., 2016). Thus, this study led the Food and Drug Administration (FDA)
to approve p28 as an orphan drug for the treatment of brain tumor glioma (Fialho et al.,
2016; Lulla et al., 2016). Beyond this, although the authors have also shown that the
anticancer activity of p28 is independent of the status of p53, as in the first phase | clinical
trial (Warso et al., 2013), they argue that p28 as a single cytostatic agent is not probable
to be effective against progressive central nervous system malignancies developed by
pediatric patients. For this reason, they suggest combining p28 with other therapeutic

strategies, such as the one presented in the next section (Lulla et al., 2016).

1.2.3. Combination of p28 with anticancer drugs

The combination of the p28 with anticancer drugs has proved to be a promising

combinatorial strategy for cancer treatment (Lulla et al., 2016).

Yamada et al., 2016 simultaneously applied p28 with low concentrations of DNA-damaging
drugs (doxorubicin [DOX], dacarbazine, temozolamide) and anti-mitotic agents (paclitaxel
[PTX] and docetaxel) in various cancer cell types expressing wild-type or mutated p53
(prostate cancer [LNCaP, DU145 and PC-3], breast cancer [ZR-75 and MDA-MB-231],
glioblastoma [U87 and LN229], melanoma [Mel-29 and Mel-23], and neuroblastoma [IMR-
32 and SK-N-BE2] human cell lines). Through proliferation assays, the authors concluded
that the combined treatment reflected a more pronounced decrease in proliferation rate
when the cells were treated with p28 and drug than when the cells were treated with only
p28. By pull-down assays, it was further shown that the chemotherapeutic agent s 6
application in combination with p28 did not alter the interaction of this peptide with p53. In
addition, the results of in vivo assays showed that inhibition of tumor growth was more
effective after combined treatment than each of these compounds alone. All this was
clearly associated with an increase in p53 and p21 levels, as revealed in western blot
analysis. In this case, it was concluded that this combined treatment improved the cytotoxic
effect of the drugs due to the enhancer action of p28 on p53/p21/CDK2 pathway, leading
to apoptosis (Yamada et al., 2016). Overall, this combinatorial strategy allows to overcome
the limitations associated with the higher doses and consecutive administration of
anticancer drugs, such as the MDR development and the associated toxicity (Damyanov
et al., 2018; Yamada et al., 2016).
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1.2.4. p28 as a transport anticancer agent

Due to its property of preferential entry into cancer cells (Taylor et al., 2009), as well as
the internalization advantages associated with the fact that it is also CPP, p28 has been
considered as a possible cell-penetrating transport peptide. Similar to the first work carried
out by Yamada et al., where they used fusion proteins and imaging agents to define which
portion of the azurin would be responsible for its entry (Yamada et al., 2005), several
studies also suggest that p28 can be fused with proteins/peptides or other interest
compounds, and is able to delivery and direct them to cancer cells (Jia et al., 2011; Noei
et al., 2019; Raber et al., 2020; Shahbazi and Bolhassani, 2018; Soleimani et al., 2019).

The first study documented in this context proposed the fusion of p28 CPP with the HPV16
E7 oncoprotein as an antigenic model (Shahbazi and Bolhassani, 2018). The HPV16 E7
is expressed constitutively by human papillomavirus (HPV)-infected cells, and was
determined as a therapeutic vaccine target. The HPV is related to most cervical cancers,
and the existing vaccines have some limitations, namely the weak ability to promote the
penetration of proteins and DNA constructs (Yang et al., 2016a). This study demonstrated
that p28 complexed with HPV16 E7 allowed its effective and controlled delivery to cancer
cells, both in vitro and in vivo, eliciting immune responses with highest levels of interferon-
gamma (IFN-2) and Granzyme B secretion, and eradicating them. In addition, this immune
activity promoted complete tumor-free protection and maintenance after >60 days of
treatment. Thus, these findings proposed that p28 is a promising protein delivery system

for development of HPV therapeutic vaccines (Shahbazi and Bolhassani, 2018).

Beyond this, p28 was combined with the NRC peptide, an antimicrobial peptide with
cytotoxic effect in vitro and in vivo on various breast cancer cell lines (Soleimani et al.,
2019). The main mechanism of action of this peptide is mitochondrial membrane damage
(Hilchie et al., 2011). The findings displayed that the treatment with this chimeric protein
promoted significant cytotoxicity in a dose-dependent manner with the ICso value of about
2 ¢M on the breast camngdr tchel Ip 218i nas,atwleinlte wale
It was also verified that the cell death mechanism was via apoptosis, and through real-time
reverse transcription polymerase chain reaction (RT-PCR) was demonstrated a
significantly increase in the expression of pro-apoptotic genes, and a decrease in anti-
apoptotic genes. In addition, it was possible to define that the cytotoxic effects of p28-NRC
protein were caused by mitochondrial caspase-dependent and i independent apoptotic

pathways. Finally, the cytotoxicity caused by this chimeric protein was different between
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non-cancer and cancer cells, indicating that the use of p28 in this construction is an asset,

promoting a selective mechanism (Soleimani et al., 2019).

A similar study was performed with p28 fused to apoptin, a protein that can induces
apoptosis in a large number of human cancer cells in a p53-independent manner, and acts
in a concentration-dependent manner (Noei et al., 2019). However, it is questioned if the
apoptin action occurs in both cancer and non-cancer cells (Tavassoli et al., 2005). Thus,
with - t his combination (419 k Bagetingstrategy (Mogiethlor s def
2019). Initially, a bioinformatics analysis was performed, which allowed the development
of a model of this chimeric protein, where a cleavable linker including furin cleavage sites
was inserted. This linker can be recognized and cleaved by furin that is expressed in the
microenvironment of several types of cancer cells. With this action they predict that the
two moieties can separate from each other, being able to carry out their independent
intracellular action. Based on this analysis, a plasmid vector was constructed, which was
expressed in Escherichia coli BL21(DE3), and the chimeric protein obtained through
purification steps. Treatment with the p28-apoptin complex demonstrated higher
cytotoxicity in the breast cancer cells under study than in the HEK-293 non-cancer cell
line, which suggests that p28, despite being linked to another component, did not lose its
your selection property. In addition, this decrease in cell proliferation was more
pronounced when the cells were treated with the chimeric protein than when treated with

apoptin alone, suggesting a synergistic effect (Noei et al., 2019).

More recently, p28 was combined with a photosensitizer (EcFbFP) to be tested as a
possible photodynamic therapy (PDT). This study thus described the first genetically
engineered hybrid fusion of a short CPP with high cancer cell specificity and a protein
photosensitizer. The new compound waktainedal | ed .
through the transformation of competent cells like Escherichia coli BL21(DE3) with a
plasmid containing a synthetic gene consisting of fused gene sequences of EcFbFP and
p28. In a first approach, the authors found that the fusion of p28 to the photosensitizer did
not affect the functionality of this compound, and then proved a more efficient uptake of
the construction, compared to the observed uptake of EcFbFP alone, with internalization
occurring quickly in the first incubation hour. The findings also demonstrated that Azulitox
uptake depends principally on caveolae-mediated endocytosis as p28 uptake, which
suggested that p28 transport domain was fully intact and functional in the fusion complex.
Overall, the results indicated that p28 was able to specifically direct and translocate the

fused EcFbFP into cancer cells. In addition, the excitation of this photosensitizer after the
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application of light led to the production of reactive oxygen species (ROS), which induced
a decrease in cell viability of about 90%, compared to the extracellular application of the
same photosensitizer (Raber et al., 2020). Based on this research, it becomes clear that
similar combinations can be studied with other types of photosensitizers and drugs that
can be better tolerated by each of the patients.

Thus, these strategies validated the possibility of developing new and promising
therapeutic delivery approaches based on the use of p28, taking advantage of its tumor-
targeting capacity, since all these studies indicated that a chimeric protein can be
produced, without affecting the biological function of each of the moieties. It was also
possible to verify that the use of bioinformatics tools for the design of these compounds
can be applied allowing to reduce the consumption time, and it is less laborious and

expensive (Agrawal et al., 2020).

In summary, the use of p28 bacterial peptide is a promising strategy in the cancer
treatment. This CPP has been shown to have essential features that make it a potential
anticancer agent, namely its preferential cell internalization (tumor-homing peptide) and its
anticancer activity (Figure 1.2-4). These properties are associated with the hydrophobic
domain located at the N-terminal, and with the hydrophilic domain located at the C-terminal
of this peptide, respectively. Moreover, studies suggest that p28 combined with other
compounds, is also an anticancer transporter and enhancer (Figure 1.2-4). The first allows
p28 to transport a specific cargo to the target cancer site, and the second enhances the
cytotoxic effects of drugs administered together. Finally, two phase | clinical trials
confirmed the safety and anticancer property of this peptide in human cancer patients
(Figure 1.2-4). Taking into account everything that is already known, the application of p28
may overcome some of the limitations associated with conventional therapies, making

them more effective and efficient.

In the future, as has been done for p28, it will also be interesting to continue the study of
other azurin domains, which have already indicated that they also have anticancer

properties, and which may prove to be even more powerful.
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p28 peptide

Presents tumor-homing 6>

peptide activity > "\
Taylor et al., 2009; Yamada et al., 2005

Controls cancer proliferation

Mehta et al., 2011; Taylor et al., 2009;
Yamada et al., 2005

Increases the effectiveness of
anticancer drugs in low doses

i Safe and excellent tolerability
2 Phase| clinical trials

Yamada et al., 2016

Transport anticancer agent of f /"Q NCT00914914 Lulla et al., 2016; Warsoet al., 2013
NCT01975116
&

several types of cargos
Noei et al., 2019; Raber et al., 2020; Shahbazi
and Bolhassani, 2018; Soleimani et al., 2019

Orphan drug approved by FDA

Lulla et al., 2016; Warso et al., 2013

Figure 1.2-4: Summary of the p28 potential anticancer.

1.3. Cell-penetrating peptides for cancer therapy

CPPs, also recognized as -4aim acidg) with arsphipathit
or cationic motifs that have the ability to cross the cell membrane efficiently without
compromising their integrity (Kurrikoff et al., 2021; Lundberg and Langel, 2003; Vale et al.,
2020). These small peptides possess high cellular permeability rates and translocate into
a wide spectrum of cell types. Typically, they have a low cell toxicity associated with no
immunological response (Lundberg and Langel, 2003). The exact mechanism of CPPs still
remains unknown, since this process depending on the several conditions such as the
membrane curvature, alterations in membrane domain architecture, non-bilayer disorder,
fusion of vesicles and/or lipid flip-flop processes. Nevertheless, biophysical studies
elucidated in detail the mechanisms of permeation of lipid bilayer and suggested that
different intracellular targets in transmembrane transport are involved, and endocytosis
could represent the main entry route for many CPPs (Silva et al., 2018; Silva et al., 2019).
Moreover, they are versatile, simple to synthesize, functionalize and characterize (Habault
and Poyet, 2019).

Currently, 1855 CPPs are described in the CPPsite 2.0 database, several with the potential
to be transport agents for a diversity of cargoes, promoting the access of therapeutic
molecules into the cells. In this context, 58% of which deliver fluorophores (imaging
agents), 16% nucleic acids and 10% proteins, the remaining 16% distributed by delivery
of NPs, peptides, and drugs (CPPsite 2.0, 2021; Kurrikoff et al., 2021). In the case of
cancer therapy, CPPs were initially studied to deliver chemotherapeutic drugs to cells (Tan
et al., 2006) as well as pro-apoptotic proteins (Johansson et al., 2008). However, there are
some limitations to the exclusive application of CPPs as delivery tools. As these peptides

are passive and frequently non-selective, CPPs-cargo constructions for cancer diagnosis
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or treatment must be combined with a targeting moiety, for example a biomolecule that
recognize a membrane receptor of cancer cells (Derakhshankhah and Jafari, 2018;
Gessner and Neundorf, 2020; Kurrikoff et al., 2021; Vale et al., 2020). Furthermore,
although the number of clinical trials that applied CPPs has increased in recent years, to
date, no CPP-conjugated drug has been approved by the FDA (Falanga et al., 2020;
Habault and Poyet, 2019; Xie et al., 2020a; Vale et al., 2020).

Nowadays, the study of the application of CPPs in cancer clinical approaches focuses on
its use as an adjuvant potentiators of other delivery systems such as NPs (Vale et al.,
2020). These peptides promote the internalization of nanosized drug delivery systems
(NDDSSs), increasing their capacity for intracellular delivery of therapeutic compounds, with
low toxicity and high stability (Silva et al., 2019).

I.4. Nanomedicine in cancer

Nanomedicine relies upon the collaboration of several areas such as nanoscience,
nanoengineering, imaging, physics, biology, chemistry and medicine to understand how
nanomaterials, nanosystems and nanodevices can be applied in prevention, diagnosis
(nano-diagnosis) and treatment of various diseases (nano-therapy), as well as in

regenerative medicine and in tissue engineering (Igbal et al., 2018).

The nanomedicine application has demonstrated its value in improving and developing
new cancer diagnosis and treatment strategies by modulating the biodistribution of imaging
agents/chemotherapeutic drugs and their accumulation in the target sites (Woodman et
al., 2020). This is only possible due to the great innovation of nanotechnology: the NDDSs
(Figure 1.4-1), that have made it possible to respond to unresolved medical needs, such
as the ability to explore multiple mechanisms of action (multi-functionality), to integrate
effective compounds that conventionally administered in treatments would produce high
toxicity with low bioavailability, and resistance to physiological and cellular barriers, the
ability to achieve and enter the target tissue, and finally the acquisition of a theranostic
potential (diagnosis and therapy combination in the same system; Li and Zhang, 2019;
Soares et al., 2018).
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Figure 1.4-1: Scheme of nanosized drug delivery system (NDDS).

The NDDSs can be administered by transdermal, parenteral, oral or inhalation routes. After

their administration, these nanocarriers encounter some biological, chemical and physical

barriers,

depend

on

t he

rout e

of admi ni

strat

progression, through which they have to pass in order to reach their target (Figure 1.4-2;

Rizvi and Saleh, 2018). For this, effective design of an ideal delivery nanosystem is the

key foundation to overcome these barriers.

Oral route
The most common route of drug administration

Advantages:
Greater convenience
Pain avoidance
Efficacy
High patient compliance
Risk reduction of cross infection and needle stick
injuries

Disadvantages:
Dependence on solubility and permeability of drugs

Barriers:
Severe gastrointestinal conditions
Mucus layer and epithelial cell lining

Araujo et al., 2017; Roger et al., 2010
Transdermal route

Advantages:
Non-invasive
Large surface area
Prevention of the first pass metabolism effect
Local action
Less toxicity

Disadvantages:
Not all drugs can be administered
Local irritation

Barriers:
Stratum corneum and the other skin layers

Desai et al., 2010; Menon, 2002; Neubert, 2011

Inhalation route

Advantages:
Prevention of the first pass metabolism effect
Local action

Disadvantages:
Nanosystems must have specific sizes so that they
are not expelled

Barriers:
Fast mucociliary clearance

Alhajj et al., 2018; Paranjpe and Muller-Goymann,

2014
- Parenteral route
Advantages:

Rapid onset of action of the drugs

Disadvantages:
First pass metabolism effect
Systemic toxicity

Barriers:
Reticulo-endothelial system (RES)
Mononuclear phagocyte system (MPS)

Howard et al., 2008; Kopeckova et al., 2019;
Otsuka ef al., 2012; Owens and Peppas, 2006

i Barriers at the cellular level:
i Plasma membrane

i Organelles membranes

i Nuclear membrane

i Dense tumor extracellular matrix

Liand Zhang, 2019

Figure 1.4-2: Nanosized drug delivery systems (NDDSs) administration routes, their advantages and
disadvantages, as well as associated barriers.

17

(



1.4.1. Delivery nanosystems

Although smaller when compared to the

0.1 Atom
average cell size (Figure 1.4-3), the NDDSs are @
large enough to encapsulate many small 1 »
molecule compounds like chemotherapeutic IQ/ DNA
drugs, nucleic acids, proteins, peptides and
hormones (Cryer and Thorley, 2019), which 10 Virus
can have poor water solubility, improper size &
and surface area, and a low therapeutic index 102 ef NDDSs
by facing elevated biodistribution and targeting
challenges (Jahan et al., 2017). The 103 —b= ’ Bacteria

encapsulation of these compounds in

nanosystems, helps to avoid their degradation 104

Eukariotic

by protecting them from rapid catabolism by i
ce

detoxification enzymes and body clearance. 105

As a consequence, it helps improving their

plasma half-life, increasing their bioavailability, N2neometers
thereby regulating their Figure 1.4-3: Comparison of nanoscale sizes.
pharmacokinetic/pharmacodynamic  profile, NDDSs: nanosized drug delivery systems.

sustaining drug release kinetics, reducing their side effects by decreasing their dosage
which can also lead to lower treatment costs. Thus, this technology may offer many
advantages compared to administering the drug only (Da Silva et al., 2017; Jahan et al.,
2017; Su et al., 2018).

In addition to drug carriers, these nanosystems may also be used to encapsulate contrast
agents for use in in vivo magnetic resonance imaging for diagnostic purposes (Chen et al.,
2011).

NDDSs can be constructed from a wide range of nanomaterials (Igbal et al., 2018), and
are classified according to their physical and chemical properties into two main categories:
soft and hard solids. The use of each type of NDDSs has associated advantages and
drawbacks (Tables 1.4-1 and -2; Bor et al., 2019; Su et al., 2018).

Soft solids (Table 1.4-1) are based on organic materials that may consist of natural and
synthetic biodegradable polymers being able to form dendrimers, nanogels/hydrogels and

polymeric NPs (Bor et al., 2019; Cryer and Thorley, 2019; Kamaly et al., 2016); proteins
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(Molino and Wang, 2014); lipids that can produce solid liposomes, micelles and lipid NPs
(Allen and Cullis, 2013); or carbon structures that can form nanotubes, fullerenes and
nanodiamonds (Chen et al., 2015; Yang et al., 2016b). This type of solids can largely
depend on environmental factors like temperature, pH, ionic strength or medium
characteristics (Su et al., 2018).

On the other hand, the hard solids (Table 1.4-2) can be produced by non-biodegradable
and non-bio-persistent materials (Bor et al., 2019), made up of inorganic matter such as
metals (metallic NPs) like gold, silver, iron (Dreaden et al., 2012; Mahmoudi et al., 2011);
silica (Yang et al., 2012); rare-earth elements (Chen et al., 2014) and quantum dots (Zhang
et al., 2013).

Furthermore, there are still carriers made up of viral components which do not fall into
either hard or soft solids (Yildiz et al., 2011).

Due to all this diversity of nanomaterials that can be used to construct nanosystems, their
physico-chemical properties such as size, shape, surface charge, surface roughness and
deformability can be tuned and adjusted to control their in vitro and in vivo behavior
(Albanese et al., 2012).

The most used NDDSs in oncology field are protein-based nanocarriers, liposomes,
polymeric NPs, dendrimers, hydrogels, carbon nanotubes, gold and silver NPs (Sevastre
et al., 2019). To date, even though there has been a huge number of studies related to
nanoformulations, only a few of such NDDSs have progressed to market-related

assessment and have been commercialized (Tables 1.4-1 and -2; Farjadian et al., 2019).

For a rapid and effective clinical translation, the NDDS should have (Attia et al., 2019;
Montané et al., 2020):

- Satisfactory physico-chemical properties, including high solubility, high stability and
small size;

- Ability to load both hydrophobic and hydrophilic drugs;

- Ability to protect the loaded drug from degradation in physiological fluids;

- Ability to escape from the reticuloendothelial system (RES) clearance and not
captured by mononuclear phagocyte system (MPS);

- Accurate and targeted drug delivery to cancer cell without interactions with healthy
cells;

- High absorption rate/cellular uptake;

- Acceptable safety in exposure to blood and cell components;

- High manufacturability;

- Sufficient shelf-life during storage.
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Table 1.4-1: Advantages and disadvantages of various types of soft solids nanosystems, and some commercial products for cancer clinic.

COMMERCIAL PRODUCTS FOR

TYPES OF SOFT SOLIDS ADVANTAGES DRAWBACKS CANCER CLINIC REFERENCES
Dendrimers - Well-defined structures - High cost - Taxotere® Duncan and lIzzo, 2005; Eftekhari et al., 2019;

- Biodegradable and biocompatible - Complex synthetic route Gurunathan et al., 2018; Kim, 2007; Montané et al.,
- Water-soluble 2020; Tomalia et al., 1985
- Low immunogenicity
- Large surface area
- High long-term stability
- Biodegradable and biocompatible - High cost Eftekhari et al., 2019; Prasad et al., 2018
- Highly porous structure results in
controlled pharmacokinetic of the
delivery system

Polymeric NPs - Biodegradable and biocompatible - Insufficient toxicology - Eligard® Din et al., 2017; Farjadian et al., 2019; Kahraman et
- Low immunogenicity assessment - Neulasta® al., 2017; Kopeckova et al., 2019; Masood, 2016;
- Wide payload spectrum of agents - Aggregation - Oncaspar® Prasad et al., 2018; Ventola, 2017; Wu et al., 2019
- Controlled drug release
- Low cost
- High long-term stability
- Multiple administration routes
- Prolonged circulation time

Protein-based - Easy preparation - Easy degradation - Abraxane® Farjadian et al., 2019; Gou et al., 2018; Montané et
- Biodegradable and biocompatible - Low drug loading efficiency | - Ontak® al., 2020; Senapati et al., 2018; Ventola, 2017

Nanocarriers

- Low immunogenicity

- High binding capacity for various
drugs

- Prolonged circulation time

- Versatility

Liposomes

- Biodegradable and biocompatible
- Low immunogenicity

- High intracellular transfection

- Easy surface functionalization

- Extremely versatile

- High-throughput synthesis

- Physically and chemically
unstable

- Batch to batch variability

- High cost

- Insufficient drug loading

- Slow drug release

- Hydrophilic drug leakage

- Doxil®/Caelyx®
- DaunoXome®
- DepoCyt®

- Onivyde®

- Myocet®

- Mepact®

- Marqibo®

- Vyxeos®

Akbarzadeh et al., 2013; Attia et al., 2019; Eftekhari
et al., 2019; Farjadian et al., 2019; Forssen et al.,
1996; Glantz et al., 1999; Guaglianone et al., 1994;
Hubert et al., 2000; Immordino and Cattel, 2006;
Jaeckle et al., 2002; Judson et al., 2001; Montané et
al., 2020; Park et al., 2004; Prasad et al., 2018;
Soares et al., 2018; Ventola, 2017

Carbon Nanotubes

- Large surface area

- Exceptional cell membrane
permeability

- Efficient drug loading

- Remarkable optical and electronic
properties

- Poor-water solubility
- High toxicity
- Low biodegradability

Din et al., 2017; Madani et al., 2011; Montané et al.,
2020; Ng et al., 2016
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Table 1.4-2: Advantages and disadvantages of various types of hard solids nanosystems, and some commercial products for cancer clinic.

COMMERCIAL PRODUCTS FOR

T

- Easy surface functionalization

- Versatility

- Exceptional optical and electronic
properties

- Coating required

TYPES OF HARD SOLIDS ADVANTAGES DRAWBACKS CANCER CLINIC REFERENCES
Metallic NPs - Physically and chemically stable - High toxicity Gurunathan et al., 2018; Montané et al.,
- Facile synthesis - Non-biodegradable 2020; Su et al., 2018; Ventola, 2017

Mesoporous Silica NPs

- Biodegradable and biocompatible
- Low immunogenicity

- Large surface area

- Highly porous structure results in
controlled pharmacokinetic of the
delivery system

- Good thermal and chemical
stability

- Surface density of silanol groups
interacts with the surface of the
phospholipids of the red blood cell
membranes resulting in hemolysis
- Metabolic changes induced by
mesoporous silica NPs leading to
melanoma promotion

Bharti et al.,, 2015; Li et al., 2017
Senapati et al., 2018; Slowing et al., 2008

- Biocompatible

- Large surface area

- Uniform size

- Highly tunable photoluminescence
property

- Aggregation

- Non-specific adsorption

- Non-biodegradable

- Induction of oxidative stress
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[.4.1.1. Nanosystems physico-chemical properties

In order to obtain efficient biological outcomes, a careful design of the NDDSs is
necessary, taking into account their physical and chemical properties. These influence the
pharmacokinetics of these nanosystems, especially absorption, distribution, metabolism
and excretion. In addition, it is important to consider them to analyze possible toxic
properties, as well as the persistence of these nanocarriers in the environment and in the

human body, and to assess the crossing of biological barriers (Soares et al., 2018).

The size of the NDDSs is one of the most critical design parameter, since this feature can
affect their biodistribution, retention time and cellular uptake (Biswas et al., 2014). This
characteristic range from 10 nm to 1000 nm (colloidal particles; Da Silva et al., 2017).
Nanosystems smaller than 500 nm can penetrate the bloodstream, and larger than 300
nm cannot be absorbed by intestinal cells (Kopeckova et al., 2019). It was reported that
100 nm NPs exhibited a 2.5-fold greater uptake compared to 1 um diameter particles and
a 6-fold higher uptake than a 10 um patrticles (Desai et al., 1997). It is also described that
smaller NPs (less than 6 nm) are eliminated through the renal filtration system and larger
ones (more than 500 nm) are absorbed by the MPS present mainly in the liver and spleen
(Gaumet et al., 2008). Thus, from the literature evaluation, the NP optimal size range is
around 20-200 nm. Size is also central for the permeation and retention in the tumor areas,
and thus is limited by the fenestrations in tumor vessels (Attia et al., 2019). In addition,
particle size influences the type of uptake routes. Normally, NPs with a diameter higher
than 1 um internalize through phagocytosis and/or macropinocytosis, while nanosystems
with approximately 120 nm, 90 nm or 60 nm preferentially enter the cells by clathrin-
mediated endocytosis, clathrin and caveolin-independent endocytosis, and caveolar-
mediated endocytosis, respectively. The size of nanosystems can be determined using the
following techniques: x-ray diffraction (XDR), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), atomic force microscopy (AFM) and dynamic
light scattering (DLS; Kim et al., 2019; Kopeckova et al., 2019).

The shape of the nanosystems is another parameter that must be taken into account when
approaching the topic of drug delivery. There is a wide range of shapes from spherical to
cylindrical, from cubes to ellipsoids and even in disk form. However, it has been found that
spherical NPs are more rapidly and uniformly internalized because of their symmetry (Li
and Zhang, 2019). In addition, the shape also influences the trafficking of nanomaterial
inside the cells. For example, hexagonal shapes are retained in the cytoplasm, while the

rod-like ones are moved towards the nucleus by microtubules. This property can be
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analyzed using the following techniques: polarized optical microscopy (POM), SEM and
TEM (Ping et al., 2008).

In addition to size and shape, the surface charge of these nanosystems also plays a key
role in the circulation time and cell internalization. Regarding the circulation time of the
nanosystems, hydrophobic or charged systems are rapidly opsonized by the MPS, so it is
necessary to make their surface Al ook htly
anionic (Attia et al., 2019). About the cell internalization, due to the negatively charged
character of the cell plasma membrane, cationic nanocarriers are internalized more
efficient than neutral and anionic (Biswas et al., 2014). Furthermore, positively charged
nanosystems seem to be able to escape from lysosomes after being internalized and
exhibit perinuclear localization, whereas the negatively charged and neutral nanocarriers
prefer to colocalize with lysosomes (Danhier et al., 2012). Nevertheless, the cationic ones
were susceptible to be opsonized and cleared by RES during blood circulation (Peng et
al., 2020). In terms of therapeutic activity and efficacy, it is known that neutral or up to £10
mV surface charge-based NPs exhibit an enhanced circulation by comparison with high
negative or positive charges (Jahan et al., 2017; Wilhelm et al., 2016). This property can

be analyzed by zeta-p o t e n tpotemtial) rieasurements, which is estimated by laser
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emulsion is high, the repulsive forces exceed the attractive forces, resulting in a relatively
stable system (Kumar and Dixit, 2017). With these data, it can be concluded that the
chemical properties of nanosystem surfaces play an important role in their interaction with

each other, with their surrounding environment, and with cells (Biswas et al., 2014).

However, in spite of all the developments in nanomedicine, combining these factors to
define the best characteristics of a nanosystem to be applied in novel therapies remains a
challenge (Biswas et al., 2014).

1.4.1.2. Biological targeting

For a high therapeutic efficacy, it is important to considered the five steps of the CAPIR
cascade: blood Circulation, Accumulation and Penetration in the tumor, interaction and
Internalization with the targeted tumor cells, and finally the intracellular Release of the drug
(Fernandez et al., 2020).
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Nanocarriers loaded with one or more therapeutic compounds can accumulate in the
neoplastic tissue by passive targeting (Figure 1.4-4). This mechanism depends on the
Enhanced Permeability and Retention (EPR) effect (Jahan et al., 2017) described by
Matsumura and Maeda in 1986. It is known that in typical tumor conditions of
inflammation/hypoxia, the endothelium of blood vessels becomes more permeable than in
the healthy mode. This EPR effect occurs due to the fact that tumor tissues present a
disorganized and leaky vasculature with enlarged inter-endothelial gaps around 100 nm to
2 em depending upon the tumor type. I n addi ti
vascular permeability factors and have an ineffective lymphatic drainage (interstitial
pressure is higher at the center of tumors than at the periphery). These characteristics
facilitate the permeability and retention of nanosystems in tumor areas. It should be noted
that this effect varies from tumor to tumor and from patient to patient owing to the intrinsic
tumor biology that each one can present, namely in the angiogenesis and lymph-
angiogenesis degrees, in the degree of perivascular tumor growth and the density of the
stromal response, and in the intratumor pressure. On the other hand, the normal
vasculature is permeable only to molecules that are smaller than 2-4 nm, whereby
nanosystems are not largely internalized by healthy cells. In addition, reports have shown
that the EPR effect provides that about 10 to 15% of the injected nanosystems are able to
accumulate at the tumor site compared to the administration of free drugs that reaches up
to 0.1% (Albanese et al., 2012; Attia et al., 2019; Bazak et al., 2014; Byrne et al., 2008;
Matsumura and Maeda, 1986; Mitchell et al., 2020).

Despite all the knowledge about the EPR effect, some criticisms question its value. Some
nanomedicine researchers argue that this effect exists only in mice and not in humans, but
it is generally agreed that passive accumulation definitely occurs, despite being highly
heterogeneous (Meel et al., 2019). However, others report that this passive targeting does
not occur due to the inter-endothelial gaps in the tumor area (passive process), but by an
active process through the binding of nanosystems to endothelial cells and transport
through them inside vesicles, or transport through transcellular channels that are formed
through connecting vesicles, or any other mechanisms that have not yet been discovered
(Sindhwani et al., 2020).

In addition to the ability of nanocarriers to penetrate the tumor areas due to passive
targeting, it is also possible to increase their internalization in cancer cells through an
active targeting (Figure 1.4-4). Since these NDDSs comprise a relatively large surface area

in relation to the volume due to their small size, they can also be used to bind biological
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targeting agents (functionalization process) such as small molecules, DNA or ribonucleic
acid (RNA) strands, proteins, peptides, aptamers or antibody fragments. This specifically
direct them towards a component of the tumor or the surrounding microenvironment (Byrne
etal., 2008; Soares et al., 2018). A crucial requirement to reach an optimal target specificity
is ligand attachment in a stable, oriented, and dense manner thus conserving the binding
capacity of the ligand to its target (Thalhauser and Breunig, 2020). Ligands can bind to the
surface of the nanosystems with or without cross-linking agents through various bonding
methods such as covalent methods (like carbodiimide or click chemistries) and physical
adsorption methods (electrostatic interactions; Jahan et al., 2017). They have advantages
such as rational size, high stability, low-cost, facile conjugation, low immunogenic effects
and favorable physicochemical properties that made them a successful targeting approach
for engineered nanosystems (Li and Zhang, 2019). Beyond this, the nature of these
compounds can be important to improve the circulation time, cellular uptake, affinity,
extravasation, aggregation and stability of the NDDSs (Byrne et al., 2008; Rizvi and Saleh,
2018).

In theory, these products lead to a favorable biodistribution to which a higher drug
concentration is delivered in the intra-tumoral region. In comparison to conventional
therapy, this would lead to a reduction in the amount of drug administered capable of
eliciting an effective therapeutic response, without causing side effects, dose limiting
toxicities, and acquisition of MDR, improving the patient quality of life as well as the survival
(Byrne et al., 2008; Cryer and Thorley, 2019; Li and Zhang, 2019).
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Figure 1.4-4: Schematic representation of passive and active targeting approaches.
EPR effect: Enhanced Permeability and Retention effect; NP: Nanoparticle.
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1.4.2 Poly (lactic-co-glycolic acid) nanoparticles and their application in cancer

therapy

When starting the study of a new nanosystem for medical applications mainly, it has to be
taken into account the toxicity it may have associated. The compounds chosen to be part
of these vehicles must be biodegradable and biocompatible which can be degraded in
Vivo, via enzymatic or non-enzymatic routes, producing by-products further eliminated by
common metabolic pathways and with this, it induces a minor inflammatory response. This
is the case of poly (lactic-co-glycolic acid) (PLGA) synthetic polymer, typically produced by
a catalyzed ring-opening copolymerization of lactic acid (LA; 2-hydroxypropanoic acid) and
glycolic acid (GA; 2-hydroxyethanoic acid) monomers. This polymer has been the most
promising material showing potential to be used as carrier in drug delivery, having been
approved by the FDA and the European Medicines Agency (EMA) for parenteral
administration, diagnostics and other applications of basic and clinical research (Figure
[.4-5; Calzoni et al., 2019; Kim et al.,2019; Martins et al., 2018; Mir et al., 2017).
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Figure 1.4-5: Poly (lactic-co-glycolic acid) polymer (PLGA) chemical structure; m: number of units of

lactide acid (LA); n: number of units of glycolic acid (GA). From Dinarvand et al., 2011.
Upon hydrolysis, the constituents of this polymer, lactate and glycolate linked by an ester
bond, can be integrated into metabolic pathways. LA is converted into CO», excreted by
the breathing process or converted to pyruvate, which enters the Krebs cycle. On the other
hand, GA is either directly excreted through the renal system or can be oxidized to
glyoxylate, which is afterward further converted into glycine, serine, and pyruvate, which
also enters the Krebs cycle (Danhier et al., 2012; Silva et al., 2015).

Poly (lactic acid) (PLA) is more hydrophobic than poly (glycolic acid) (PGA) due to the
presence of a side methyl group present in the first one. With this, the PLGA degradation
properties can be controlled by tuning the ratio between PLA and PGA units. For example,
with an increase in the LA/GA ratio, the overall PLGA hydrophobicity increases, which
leads to lower degradation, and thus slower drug release rate. However, it is reported that
the 50:50 ratio shows the fastest degradation rate around two months in vivo (Calzoni et
al., 2019; Kim et al., 2019; Mir et al., 2017). In addition, it is demonstrated that in vitro
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degradation of PLGA is highly dependent on pH, where strongly alkaline media stimulates
and accelerates PLGA hydrolysis (Martins et al., 2018). Beyond this, the polymer
molecular weight (Mw) also influences its degradation rate. The lower the Mw, the higher
the degradation rate of this polymer and consequently, the higher the drug release rate.
Typically, Mw in range of 5-150 kDa is used for controlled drug delivery systems
(Fredenberg et al., 2011).

The most used techniques that allow the production of PLGA NPs are single (oil in water
[O/W]) or double/multiple (water in oil in water [W/O/W]) emulsification (most frequently
used method), nanoprecipitation, spray drying and microfluidics. Depending on the
technique chosen, these nanosystems will present certain shapes, sizes, size distributions
and stabilities. All these methods have their pros and cons, and the chosen one must take
into account the NPs physico-chemical properties that are desired and possible
interactions between the drug that is intended to be encapsulated with the polymer, the
solvents and surfactants used in each one (Table 1.4-3). The formation of these
nanosystems is usually driven by supramolecular self-assembly. The driving force is
typically intermolecular non-covalent interactions, including hydrophobic interaction,
electrostatic interaction, hydrogen bonding, host.gue st i nteracti on,
et al., 2017).

Over time, PLGA NPs have proven their NDDS potential for numerous therapeutic agents
such as antibiotics, chemotherapeutic, antiseptic, anti-inflammatory and antioxidant drugs,
or proteins (Danhier et al., 2012).

Another advantage of using this polymer is that it can be chemically modified, after or
before NPs production, to give biofunctionality. These chemical modifications are provided
by functional groups that allow the binding of compounds of interest to the NPs surface.
These compounds of interest can be hydrophilic molecules such as polyethylene glycol
(PEG) or targeting moieties like folic acid (FA), aptamers, antibodies and CPPs, which in
the first case will allow to prolong the circulation time in the bloodstream, since it will be
possible to escape the RES, and in the second case are specifically recognized by
receptors that are overexpressed or are unigque in tumor cells or tumor vasculature, or are
attracted to the tumor environment, resulting in increased penetration of these

nanosystems into tumor cells (Kim et al., 2019).

Several examples of multifunctional PLGA NPs have been developed and studied, and

have shown promising strategies for use in cancer therapy (Table 1.4-4).
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Table 1.4-3: Most common Poly (lactic-co-glycolic acid) (PLGA) nanosystems production methods.

PRODUCTION
METHOD

PROCEDURE

PROS

CONS

REFERENCES

Single, double or
multiple emulsifications

In the single emulsion, PLGA polymer and hydrophobic drugs
are dissolved in water-immiscible organic solvents, and added
to an aqueous phase containing surfactant. The mixture is
homogenized using a homogenizer or ultrasonic probe. Then,
the organic phase is evaporated through simple stirring, under
a gentle nitrogen gas stream or in a vacuum state. The NPs
are obtained by centrifugation, washed to remove the
surfactant and lyophilized for later storage.

In the double emulsion an aqueous phase containing
hydrophilic drugs is added to the organic phase containing the
PLGA, and they are homogenized by vigorous stirring. This is
added to the aqueous phase containing the surfactant, and the
procedure is the same as for the single emulsion. This
procedure can be repeat to produce multiple emulsions.

- Suitable for
hydrophobic (single
emulsion) and lipophilic
(double or multiple
emulsions) drugs
encapsulation

- NPs size can vary from
nano to micrometers

- Ease scale-up

- High shear stress

- Partial elimination of
organic solvent and
surfactant

- Batch-to-batch
variance

- Polydispersity of
particle size

- Inaccurate
loading/dosing

- Unpredictable drug
release kinetics

Ding and Zhu, 2018; Kim
et al., 2019; Rezvantalab
et al., 2018; Swider et
al., 2018

Nanoprecipitation

The most common technique used to encapsulate
hydrophobic drugs.

The organic phase is usually injected at a constant flow into
the aqueous phase under magnetic mild stirring. During this
step, rapid diffusion of the organic solvent occurs through the
aqueous phase, leading to the polymer precipitation which
instantly leads to the self-assembly of corei shell-like spheres.
In addition, drugs are entrapped within the polymeric core.
Then, the organic phase is evaporated at room temperature or
with a rotavapor. Ultracentrifugation, ultrafiltration or freeze
drying are three methods that could be employed in next step
to eliminate the surfactant and the drug that was not
encapsulated.

- Simplest method

- Instantaneous NPs
formation

- Stable produced
formulations

- One-step procedure
- Quick process

- Profitability

- Good/high
reproducibility

- Safety

- Low energy input

- Ease scale-up

- Not suitable for
lipophilic drugs
encapsulation

- Partial elimination of
organic solvent and
surfactant

- Need to control the
speed of phase mixing
for the size distribution of
NPs can be controlled

Almoustafa et al., 2017;
Bilati et al., 2005;
Kamaly et al., 2016; Kim
et al., 2019; Nagavarma
et al., 2012; Rivas et al.,
2017; Tao et al., 2019;
Werengowska-CieTwierz
etal., 2015

Spray-Drying

NPs are prepared by spraying solid in oil (s/o0) dispersion or
water in oil (w/0) emulsion in a stream of heated air.

- Suitable for
hydrophobic and
lipophilic drugs
encapsulation

- High entrapment
efficiency

- One-step procedure
- Quick process

- Good/high
reproducibility

- Ease scale-up

- NPs adhesion to the
walls

- Difficulty in control of
size

- Diversity in particle
shape

- High pumping power

Booysen et al., 2013;
Ding and Zhu, 2018; Kim
etal., 2019; Swider et
al., 2018

Microfluidics

There are two types of systems: the flow-focusing and the co-
flowing systems. In the first one, the dispersed phase flows
through a narrow capillary and the continuous phase flows
from the two side channels with the vertical direction of the
dispersed phase. In the second one, the dispersed phase
flows inside the capillary and the continuous phase flows
outside the capillary in the same direction.

NPs: Nanoparticles; PLGA: Poly (lactic-co-glycolic acid)
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- Precise of processing
parameters

- NPs production with
narrow size distribution
- Precisely controlled
size and shape

- Prevention of an initial
burst release

- Limited production
scale and scale-up

- Microchannel clogging
and fouling

Ding and Zhu, 2018; Kim
et al., 2019; Rezvantalab
et al., 2018; Swider et
al., 2018




Table 1.4-4: Examples of targeted and loaded Poly (lactic-co-glycolic acid) (PLGA) nanopatrticles (NPs).

TARGETING MOIETY LOADED DRUG APPLICATION REFERENCE
Epidermal growth factor 5-fluorouracil and Perfluorocarbon Wu et al., 2020
GEL11 peptide Curcumin Colon cancer Akl et al., 2019
Chondroitin sulfate Camptothecin Zu et al., 2019
SP94 peptide Cryptotanshinone Hepatocellular carcinoma Nie et al., 2020
CD-340 antibody Doxorubicin Mondal et al., 2019
Heparanase aptamer Paclitaxel Breast cancer Duan et al., 2019
Cholesterol-PEG Doxorubicin and Indocyanine green Chen et al., 2019
Sialyl-Lewis A antibody 5-fluorouracil and Paclitaxel Gastric cancer Fernandes et al., 2019
Cholera toxin subunit B Paclitaxel Glioblastoma Guan et al., 2019
Aptamer Doxorubicin Saravanakumar et al., 2019
Lung cancer
Folic acid Gefitinib and Capsaicin Parashar et al., 2019
Cholic acid Ent-1 1-Bydroxy-15-oxo-kaur-16-en-19-oic acid Liver cancer Gong et al., 2019
U-tocopherol 5-fluorouracil Oral squamous cell carcinoma Srivastava et al., 2019
C2NP aptamer Doxorubicin Anaplastic large cell lymphoma Luo et al., 2019
Carcinoembryonic antigen - Sousa et al., 2019
Colorectal cancer
v6-specific antibody fragment Bevacizumab Baido et al., 2020
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The uptake and intracellular trafficking dynamics of PLGA-NPs is also an important topic
for studying the therapeutic effectiveness of this nanosystem. Studies have shown that
these NPs are taken up by macropinocytic, caveolae- and clathrin- mediated endocytic
pathways, but the passive diffusion is also a significant contributory pathway in cellular
uptake of NPs. In addition, their uptake is concentration- and time-dependent, and the rate
and extent of uptake differs in relation to the cell type under study due to the inherent
regulatory mechanisms. Beyond this, it was recently discovered that an active exocytosis
process is mainly responsible for extrusion of NPs from the cells (Baidya et al., 2020;
Cartiera et al., 2009; Qaddoumi et al., 2004; Sahin et al., 2017; Xiong et al., 2011). Studies
suggest that after exposure and after a short period of time, PLGA-NPs are co-located in
early endosomes, and that over time they escape from this compartment and will interact
with exocytic organelles of the cell: the RES, the Golgi apparatus, and secretory vesicles.
In addition, these NPs are not highly co-localized with late endosomes or lysosomes
relative to the other compartments, which leads to the conclusion that those nanosystems
may largely escape endo-lysosomal degradation (Cartiera et al., 2009; Panyam et al.,
2002).

About the toxicity effects of PLGA NPs, they have been determined on an extensive variety
of cell lines showing very little or no toxicity in vitro. These types of nanosystems have also
been tested for their in vivo toxicity on visceral organs, and a minimal toxicity in intestine

and liver and no toxicity in kidney, brain and lung were observed (Mir et al., 2017).

For the clinical translation of developed PLGA NPs, the following problems should be
overcome (Danhier et al., 2012; Sadat et al., 2014):

- In spite of high drug encapsulation efficiency, poor drug loading (DL) capacity
(around 1% which means that NPs content is 1 mg of active ingredient per 100 mg
of polymer);

- High initial burst release rate of drug. The drug might not be able to reach the target
tissue or cells, leading to a loss of efficacy. Generally, the rapid initial, or burst
release is attributed to adsorbed drug to the NPs surface;

- Finally, nanotoxicology studies and regulations are needed in order to fully define
the biocompatibility of these NPs in humans. In most of case, in vitro studies provide
encouraging results. Unfortunately, these results are often far away from reality in
vivo. In the same line, animal models routinely used in preclinical trials are far from

being representative for the clinical situation.
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However, some PLGA-based nanosystems have succeeded to overcome the previously
described hurdles, and are being evaluated in clinical trials such as Docetaxel loaded
PEG-PLA-Prostate-Specific Membrane Antigen (PSMA)-targeted NPs (research product
of Bind Biosciences, Inc. and named as BIND-014), which is in clinical trial phase Il and is
being studied to treat metastatic or advanced cancer (ClinicalTrials.gov identifier:
NCT01792479).

1.4.2.1 Poly (lactic-co-glycolic acid) nanoparticles functionalized with cell-penetrating
peptides

The conjugation of CPPs to PLGA NPs is a promising approach to increase the
internalization of them, thus, facilitating the design of efficient delivery nanosystems with
accuracy and therapeutic activity. Nevertheless, their combination with nanocarriers is
extremely complex, starting with the chosen conjugation method that plays a fundamental
role, which can compromise the biological action of these CPPs (Gessner and Neundorf,
2020).

The potential of CPP-functionalized PLGA NPs as chemotherapeutic drug delivery

systems has been studied on a large scale over the past decade.

Li et al., 2011 report the production of PEG-PLGA NPs with a CPP called 12-mer peptide
(TGN) that is capable of directing these coumarin-6 loaded nanosystems to the brain.
These were able to overcome the blood-brain barrier, central for maintenance of brain
homeostasis and protection against organisms and toxins, and thus served as a diagnostic
device, since they were able to recognize glioblastoma cells. This targeting was 3.6-fold
times higher than this type of NP without functionalization (Li et al., 2011).

Chen et al., 2012 tried a new approach to treat breast cancer by producing PEG-PLGA
NPs functionalized with a CPP designated R7 and FA, and with encapsulated vincristine
sulfate (VCR). These bifunctional NPs (BF-NPs) showed favorable particle size and zeta
potentials, promising DL and entrapment efficiency. The cellular uptake of BF-NPs was
found to be higher than that of the NPs merely modified by FA or R7. In vitro cytotoxicity,
cell apoptosis and cell cycle arrest studies also revealed that BF-NPs were more potent
than those of the NPs merely modified by FA or R7. Therefore, the results demonstrated
that BF-NPs developed in this study could be a potential vehicle for delivering

chemotherapeutic agents such as VCR for breast cancer therapy (Chen et al., 2012).
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MDR is a major challenge for cancer therapy. For this reason, Wang et al., 2014 developed
the simple yet effective system, CPP-assisted PLGA NPs for improving DOX delivery and
overcoming this problem. They selected the naturally derived low molecular weight CPP
(LMWP) to coat PLGA NPs surface for enhanced DOX delivery. This delivery nanosystem
could boost intracellular and intranuclear delivery, thus avoiding drug efflux. Importantly,
enhanced uptake and penetration within the tumor was found in mice given LMWP-based
NPs. In addition, LMWP-PLGA NPs effectively arrested growth in mice harboring drug-
resistant breast tumors, thereby improving treatment outcomes without detectable
toxicities. These data suggest that this nanosystem could provide effective yet safe anti-
MDR cancer therapy based on a synergistic, multipronged drug-delivery strategy (Wang
et al., 2014).

In the area of hepatocarcinomas, some studies with this type of nanocarrier have shown
good results. This is the case of Zhang's work demonstrating that trans-activator of
transcription (TAT) of human immunodeficiency virus CPP functionalized PLGA NPs
efficiently deliver epirubicin, an anticancer drug that acts against hepatic cancer and
neuroblastoma cell lines. The construct demonstrated a sustainable release of about 38%
in 48 h and intravenous administration of 4 pg/mL resulted in inhibition of tumor growth

after 15 days of treatment (Zhang et al., 2015).

The study of Sims et al., 2019 proposed a formulation constituted of PEG-PLGA
functionalized with a CPP called MPG and encapsulated DOX. In this case, the
effectiveness of this formulation depended on the type and morphology of the cervical
tumor. Longer-term, this information may help guide the design of NPs mediated strategies
to maximize efficacy based on patient specific cervical tumor origin and characteristics
(Sims et al., 2019).

These advances and innovations have revealed that CPP conjugation with PLGA-NPs
presents outstanding therapeutic delivery potential as non-toxic compounds that can be

applied in the near future for cancer diagnosis and treatment.

1.4.3 Nano-therapy in lung cancer

In recent years, lung cancer is the most incident and the leading cause of cancer death
worldwide, being considered a global health problem (Figure I.1-1). It is estimated that

from 2018 to 2040, the incidence increases from 2.1 million cases to 3.6 million new
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diagnosed cases, and mortality increases from 1.8 million to 3.1 million deaths (Wild et al.,
2020).

There are two types of lung cancer: non-small cell lung cancer (NSCLC; 85% of cases)
and small cell lung cancer (SCLC; 15% of cases; Pirker, 2020), which differ from each
other in the histological profiles and locations of their cells. NSCLC is further subdivided
into adenocarcinoma (ADC), squamous cell carcinoma (SCC), large cell carcinoma (LCC)
and other less differentiated variants. The first two are the most common subtypes, 60%
and 15% of cases, respectively. As these types have different morphological features,
molecular characterization and etiology, they give rise to particular conditions of the tumor
microenvironment, contributing to the difficult treatment of NSCLC (Alhajj et al., 2018;
Cryer and Thorley, 2019; Travis et al.,, 2015). In the case of SCLC type, this is an
aggressive, fast growing lung cancer, and can be classified into oat cell cancer (OCC) and

combined small cell carcinoma (CSCC; Sher et al., 2008).

Tobacco smoking, and about 29 agents such as asbestos, silica, radon and several heavy
metals have been recognized to cause this disease, depending on the exposure time to
these compounds. Besides these, certain foods, alcohol, a sedentary lifestyle and outdoor
air pollution were also considered risk factors (Wild et al., 2020). However, the genetic
component also has its relevance in this disease. It is estimated that the heritability of lung
cancer is about 18%, and that having a first-degree relative with this disease increases the

risk of lung cancer by 1.25-1.5-fold in never-smokers (Coté et al., 2012).

Genetic changes in cells can occur in response to risk factors, leading to the formation of
cancer (Alhajj et al., 2018). Genomic characterizations demonstrated a very high average
tumor mutation burden of about 8-9 somatic mutations per megabase (Wild et al., 2020),
most of which involve cell signaling pathways including the ErbB protein family
(EGFR/HER1-4) and the Kirsten rat sarcoma virus GTP-ase (K-ras) gene (Groot et al.,
2018). Typically, these mutations can trigger molecular biological changes in cells. An
example of these changes can involve receptors overexpression on their surfaces or inside
them (Alhajj et al., 2018). The EGFR overexpression is one of those cases. This receptor
is a transmembrane peptide with a ligand binding extracellular segment for the epidermal
growth factor (EGF), and an intracellular segment characterized by tyrosine kinase activity.
EGFR is expressed moderately on alveolar epithelial cells surface and intensively on
bronchial epithelial cells. When the gene of this receptor mutates, it begins to be
overexpressed in cancer cells and promotes angiogenesis, proliferation, invasion and
metastasis. In the case of lung cancer, this receptor is associated with 85% of NSCLC, of
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which 60% are expressed in SCC and 40% in ADC and LCC. In the case of SCLC, no
expression of EGFR has been detected (Cadranel et al., 2013; Nakamura et al., 2006).
Finally, other genetic and epigenetic variations can origin inactivation of tumor suppressor
genes for example the p53, p16 and phosphatase and tensin homolog (PTEN; Groot et
al., 2018).

The diagnosis and treatment of lung cancer have become two important areas in research

due to the diseasebd6s increased morbidity

In the case of diagnosis, for an early detection, methods such as spiral computed
tomography (CT) scanning, PCR sputum assay and fluorescence bronchoscopy are
expensive, fairly time consuming and relatively invasive. In fact, the most usual procedures
are biopsy, bronchoscopy and sputum cytology, which occasionally fail to detect the tumor
owing to the nodule size (Woodman et al., 2020). With the advances in molecular biology,
diagnostic methods have also been evolved with the identification of specific biomarkers.
These are substances produced by tumor cells or induced by tumor cells from non-tumor
cells that allow molecular profile analysis for the application of a personalized therapeutic
strategy (Cryer and Thorley, 2019). More recent, exhaled volatile organic compounds
(VOCs) have been considered non-invasive biomarkers that are indicative of mutations
and pathophysiological processes of lung cancer. These diagnostic methods are intended
to achieve early detection, screening for therapeutic targets, profiling cancer panel,
monitoring therapeutic effectiveness and early recurrence detection (Li et al., 2020).

The lung cancer treatment requires multidisciplinary co-operation, and is based on
surgery, radiofrequency ablation, chemo-targeted therapies, radiotherapy, immunotherapy
and palliative therapy. The treatment depends on tumor characteristics, tumor stage and
patient-related factors (Pirker et al., 2020; Woodman et al., 2020). In most cases, surgical
resection is the first to be applied. However, due to the advanced stage or metastatic
spread of this disease at the time of diagnosis, this modality may not be effective. Thus,
radiotherapy and chemotherapy can also be applied, individually or in combination, as a
neoadjuvant or adjuvant therapies. Radiotherapy is usually performed through the
administration of high dose radiation specifically to the tumor delineated by advanced
techniques such as four-dimensional CT, positron emission tomography-CT or image
guided radiotherapy. Regarding chemotherapy, drugs have been developed that act on
the products of mutated genes identified in this disease, such as EGFR, anaplastic
lymphoma kinase (ALK), K-ras, ROS proto-oncogene receptor tyrosine kinase 1 (ROS1),
VEGFR genes (Table 1.4-5; Cryer and Thorley, 2019).
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Table 1.4-5: List of drugs approved by the Food and Drug Administration (FDA) for lung cancer treatment.

Sources: NATIONAL CANCER INSTITUTE, 2020 and FOOD AND DRUG ADMINISTRATION, 2020.

LUNG FIRST
CANCER ANTICANCER DRUG BRAND NAME
APPROVAL
TYPE
Afatinib Dimaleate Gilotrif® 2013
Alectinib Alecensa® 2015
Atezolizumab Tecentrig® 2016
Bevacizumab Avastin®; Mvasif 2004; 2017
Brigatinib AlunbrigE 2017
Carboplatin Paraplatin® 2003
Ceritinib Zykadia® 2014
Crizotinib Xalkori® 2011
Dabrafenib Mesylate Tafinlar 2013
Dacomitinib Vizimpro® 2018
Dexrazoxane Totect® 2007
Hydrochloride Zinecard® 1995
Docetaxel Taxotere 1996
I Durvalumab Imfinzi® 2017
'\éoeTl-flTnz Entrectinib RozlytrekE 2019
Cancer Erlotinib _ ®Tar_csava® _ _ 2004
(NSCLC) Everolimus Afinitor ,Af|n|tor@l)3|sperz ; 2009
Zortress
Gefitinib Iressa® 2015
Gemcitabine Hydrochloride Gemzar 1996
Lorlatinib Lorbrena® 2018
Methotrexate Rheumatrex 1953
Necitumumab Portrazza 2015
Nivolumab Opdivo 2014
Osimertinib Mesylate Tagrissof 2015
Paclitaxel Taxol® 2002
Pembrolizumab Keytruda® 2014
Pemetrexed Disodium Alimta® 2004
Ramucirumab Cyramza 2014
Trametinib Mekinist® 2013
Vinorelbine Tartrate Navelbine® 1994
Atezolizumab Tecentrig® 2016
Dexrazoxane Totect® 2007
Hydrochloride Zinecard® 1995
Durvalumab Imfinzi® 2017
Small Cell Etoposide Phosphate Etopophos® 1983
— - 5.
Lurggccll_ezl:"l)cer Everolimus Afinitor ,Z,zfrltr:g(;rs@lg)lsperz ; 2009
Methotrexate Rheumatrex 1953
Nivolumab Opdivo 2014
Pembrolizumab Keytruda® 2014
Topotecan Hydrochloride Hycamtin® 1996

This treatment can be administered intravenously or orally, but the major disadvantage is
that it presents a non-specific systemic distribution, causing serious side effects. This limits
the dose to be administered, which does not allow an effective therapy to be achieved
(Alhajj et al., 2018). Another problem is the development of resistance to this modality

which limits the treatment options (Woodman et al., 2020).
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Despite all the knowledge that has been acquired about this disease, it does not
correspond to our ability to treat it (Cryer and Thorley, 2019). Currently, new approaches
have emerged as an alternative to conventional therapies to advance cancer diagnosis
and treatment with the ability to specifically recognize the tumor site while bypassing

normal tissues (Li and Zhang, 2019). Over the last century, this idea has been studied

based on the Paul Ehrlich'"s i mmunotherapy

wor

bull etso to allow the devel opment and applicat

this disease (Strebhardt and Ullrich, 2008). This proposal probably now has the potential

to be realized with the emergence of nanotechnology/nanomedicine.

Over the past few years, nanosystems of various types have been developed for the

treatment of lung cancer as summarized in the examples described below.

Poly (amidoamine) (PAMAM) dendrimers are NDDS capable of being functionalized with
numerous biomolecules due to the availability of numerous free amino groups in their
structure, and can incorporate hydrophilic and/or hydrophobic drugs (Prasad et al., 2018;
Woodman et al., 2020). For this reason, Amreddy et al., 2018 used this type of nanosystem
to co-administered cis-diamminedichloroplatinum Il (CDDP), a platinum-based anticancer
drug that is commonly used for the treatment of lung cancer, and human antigen R (HUR)
small interfering RNA (siRNA; Amreddy et al., 2018). HuR is an RNA-binding protein
overexpressed in this type of cancer, which induces tumor growth and the appearance of
metastasis (Muralidharan et al., 2015). The decrease in its expression can be obtained
through RNAIi-based gene silencing methods, such as the use of siRNA. In addition, this
nanosystem has been conjugated with FA that allows targeted folate receptors alpha
(FRA), which are also overexpressed in lung cancer cells (Leamon and Low, 2001). Thus,
the effectiveness of this nanosystem was tested in vitro. It was found that this exhibited
improved cytotoxicity compared to non-targeted nanosystem, and that this toxicity was
negligible towards normal MRC9 lung fibroblast cells. In addition, the nanosystem
treatment had a significantly greater therapeutic effect than did individual therapeutics. In
short, the FA-conjugated PAMAM dendrimer-based NP system for co-delivery of siRNA
against HUR messenger RNA (mRNA) and CDDP has proven to be a suitable carrier for
targeted co-delivery of sSiRNA and chemotherapy agents in lung cancer cells. However,
these studies need to be validated in in vivo assays using lung tumor xenograft models
(Amreddy et al., 2018).

Another type of nanosystem that has been developed and applied in lung cancer therapy
is the nanogel, which has a strong core-shell structure with a high DL capacity (Prasad et
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al., 2018). Niu et al., 2019 developed reduction-sensitive polypeptide nanogels
formulations, that could suppress lung carcinoma cell proliferation at low dose and
decrease side effects (Niu et al., 2019). These platforms were composed of methoxy
poly(ethylene glycol)i poly(L-phenylalanine-co-L-cystine) (mPEGI P(LP-co-LC)) and
methoxy poly(ethyleneglycol)i poly(L-glutamic acid-co-L-cystine) (MPEGi P(LG-co-LC)) to
take advantage of its reducing potential at low pH, often found in tumor microenvironments
(Biswas et al., 2014; Li and Zhang, 2019). In addition, this nanosystem carried a
chemotherapy agent, the DOX. Niu et al., 2019 demonstrated that these nanogels were
stable at neutral pH, and in acidic condition they were easily degraded, releasing DOX in
a controlled manner. In addition, in vitro studies revealed a greater uptake of nanogels in
comparison with the free drug. In vivo assays in the Lewis lung carcinoma grafted nude
mouse model have also shown efficient antitumor effects, with the visualization of an
increase in necrotic areas in tumor tissues, as well as a reduction in the systemic side
effects associated with treatment with free DOX. In conclusion, these reduction-responsive
polypeptides based nanogels are a promising nanodrug delivery platform for the future of

lung carcinoma chemotherapy (Niu et al., 2019).

Many NDDS developed not only allow to overcome the challenges related with
chemotherapy but can also be combined with other therapies, such as PDT, which has
been used in lung cancer for about 20 years. In this therapeutic method, molecules called
photosensitizers are used, which, when excited after light irradiation, produce ROS that
promote apoptosis (Sibata et al., 2000). A recent study combined polymeric NPs
constituted by PLGA loaded GEF anticancer drug with the application of a common
photosensitizer called 5-aminolevulinic acid (5-ALA) promoting a chemo-PDT (CPDT) with
external laser light irradiation. The effects of this therapy were explored on A549 cells
(adenocarcinomic human alveolar basal epithelial cells) and on primary lung cancer rats
after intratracheal administration. Although single therapies were effective, there was an
extraordinary synergistic effect of CPDT with high anti-lung cancer effects, such as high
anti-angiogenesis effect, associated with a decrease in the presence of some typical lung
cancer markers like cluster of differentiation 31 (CD31), VEGF, nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-aB) p65 and B-cell lymphoma 2 (Bcl-2). In
addition, this treatment was able to moderate inflammation with the down-regulation of
tumor necrosis factor alpha (TNF-U), as well as increase apoptosis. With this, it is possible
to understand that the combination of pulmonary NDDS and PDT is a promising approach

for treatment of lung cancer (Zhang et al., 2020).
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Liposomes have also been tested in the treatment of NSCLC after design, synthesis and
characterization of these nanosystems with the triptolide (TPL) anticancer drug
encapsulated, and functionalized simultaneously with an anti-carbonic anhydrase IX (anti-
CA IX) antibody and a CPP33 tumor lineage-homing CPP. Assays in 3D tumor spheroids
demonstrated an increase in tumor penetration and inhibition of tumor growth.
Furthermore, pharmacokinetic studies in rats that received these formulations by
endotracheal administration showed a reduced concentration of TPL in systemic
circulation which leads to less systemic toxicity. This dual-ligand modified liposomal
vehicle is an innovative system that allows targeted delivery of anticancer drugs to improve
their efficacy (Lin et al., 2018).

The production of solid lipid NPs has also been developed in this context, as an example,
the production of solid lipid NPs loaded with berberin and rapamycin, two anticancer drugs
with synergistic effect, and functionalized with lactoferrin and hyaluronic acid (HA), which
target the CD44 and lactoferrin receptors overexpressed by lung cancer cells. In vivo
assays have shown that inhalation of these nanosystems induced a decrease in lung
weight, a reduction in tumor size and in the levels of angiogenic markers compared with

the inhalation of free drugs (Kabary et al., 2018).

Another study proposed the development of HA decorated, pH sensitive lipid-polymer
hybrid NPs (LPH NPs) to co-deliver Erlotinib (ERL) anticancer drug and bevacizumab
(BEV), a recombinant monoclonal antibody that targets VEGF or VEGFR, for targeting and
suppressing NSCLC. The ERL-BEV combination has already been tested in phase Il
clinical trials, which demonstrated a statistically significant and clinically meaningful
prolongation of progression-free survival (PFS) compared with ERL alone. However,
severe toxicity was found in the results of these trials (Kato et al., 2018; Seto et al., 2014),
which promotes the study of a novel delivery nanosystem capable of encapsulating the
ERL and the BEV to promote the reduction of these side effects, and increase their
therapeutic effects. In this nanosystem preparation, the sensitivity to pH comes from the
existence of pH sensitive nanomaterials such as adipic acid di-hydrazide (ADH) associated
with HA, which promotes a rapid drug release at pH 5.5 compared to pH 7.4. After 21 days
of LPH NPs treatment administration, the tumor volume decreased significantly from
1126.3 + 39.4 mm?3 to 229.2 + 13.1 mm? with a tumor inhibition rate of 79.7 + 3.2%. A
hi gher tumor tissue accumulation concentratio
also verified. Thus, this treatment could be a good alternative to conventional therapies
(Pang et al., 2020).
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MDR is one of the major obstacles that cancer therapy faces. In the case of NSCLC
associated with overexpression of the tyrosine kinase receptors, standard treatment
includes the tyrosine kinase inhibitors (TKIs) therapies, which in most patients are not
effective due to resistance development to these drugs after 9-14 months after initial
treatment (Ishii et al., 2015). Studies with biomarkers have shown that this resistance in
80% of cases is owing to amplifications or gene mutations. In the remaining 20%, it was
determined that it is due to the anexelekto (AXL) kinase bypass signaling through
interaction with EGFR (Byers et al., 2013). The AXL kinase is a member of the tyrosine
kinase family of growth receptors, which is overexpressed after an epithelial-to-
mesenchymal transition (EMT) that gives rise to the metastasis process. It was found that
the inhibition of this receptor with pharmacologic inhibitors leads to a subsequent drug-
sensitization, but the problem with this treatment is that in addition to inhibiting the intended
pathway, it inhibits other multiple pathways signaling (Hojjat-Farsangi, 2014). A possible
solution that has been studied is the use of sSiRNAs for selective suppression of AXL gene
in resistant cells. However, siRNAs are inherently unstable and often need a carrier system
for safe delivery (Aagaard and Rossi, 2007). To overcome these challenges, Suresh et al.
developed a nanosystem composed of gelatin functionalized with Cetuximab (EGFR
antibody) conjugated to an anti-AXL siRNA (siAXL) to apply in NSCLC cell lines. This
antibody has excellent transport capabilities and can further aid in overcoming entrapment.
The application of these NPs demonstrated a down-regulation of the AXL mRNA of about
70-80%, which in turn led to a decrease in EMT signaling with concomitant increase in p53
expression. Hence, the AXL silencing sensitizes the NSCLC cell lines to TKI (Suresh et
al., 2019). Thus, similar works may be useful to revert the numerous mechanisms
developed for MDR, and a nanosystem that acts at that level can be administered

simultaneously carrying drugs that until now could not perform their action.

In the scope of the production of nanosystems composed of inorganic matter, a recent
study on a mouse lung cancer model reveals that the specialized nanoplatform, composed
of copper sulfide nanocarriers that enclose the Norvaline and Sunitinib prodrug complexes
can be applied as a fAphotother mal iuppressiveo t her a
chemoresistance is a major barrier in lung cancer treatment associated with the existence
of myeloid-derived suppressor cells (MDSCs), which inhibit T-cell sensitization to tumor
antigens. With the application of this nanoplatform capable of distributing two anticancer
drugs with different actions, there was an increase in drug circulation time as well as a
greater accumulation in lung and peripheral tissues, which allowed to control MDSCs

immunosuppressive signaling. Thus, tumor regression was verified after near infrared
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(NIR) exposure. In conclusion, this innovation allowed the reversal of the tumor

i mmunosuppression and the reactivation ef

al., 2020).

In addition to all these types of NDDS previously described, the mesoporous silica NPs
have also been studied as an alternative to conventional therapeutic modalities. Recently,
Song et al., 2020 developed myricetin (Myr)-loaded mesoporous silica NPs combined with
MDR protein (MRP-1) siRNA. Myr is a bioactive compound normally found in vegetables
and fruits, which has anticancer properties, but its poor solubility and consequently
bioavailability limit its effectiveness (Zhang et al., 2014). MRP-1 is associated with drug
resistance, and its expression can be inhibited with the application of SIRNA (Cole, 2014).
Thus, Myr and MRP-1 siRNA can be protected by being encapsulated, increasing their
bioavailability and therapeutic efficacy. In addition, these NPs were functionalized with FA,
which allowed a greater uptake of this nanosystem in lung cancer cells compared with that
of the non-targeted NPs. In this study, a sustained release of Myr and MRP-1 siRNA
occurred in the physiological conditions. In vitro assays have shown a marked reduction
in cell viability and increased apoptosis in lung cancer cell lines under study. In vivo
fluorescence results demonstrated that this NPs could specifically accumulate at tumor
sites, and were more effective at suppressing tumor growth with non-significant toxicity.
Overall, this nanosystem could provide an ideal platform for the lung cancer treatment
(Song et al., 2020).

However, despite the numerous studies performed in this area, few are those that reach

clinical trials and are approved by FDA (Table 1.4-6).

Some of the approved formulations have been combined with other treatments to allow
the evaluation of a possible synergy, capable of increasing the efficiency of the treatments
involved when applied together.

This is the case of Abraxane®, a nanoformulation of PTX incorporated in aloumin NPs as
the carrier, which was approved by the FDA in 2005 for the clinical treatment of breast,
non-small cell lung and pancreatic cancers (Table 1.4-6). The use of this nanoformulation
brought advantages by comparison with the administration of the drug alone as it
increased the delivery of this drug to the target sites, reducing the associated toxicity
(Green et al., 2006; Weissig et al., 2014). Abraxane® has been combined with
immunotherapy and chemotherapy evaluated on lung cancer. In two phase Ill clinical trials
(ClinicalTrials.gov identifier: NCT02367781; NCT02367794) it was demonstrated that the
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combined administration of atezolizumab with Abraxane® and carboplatin anticancer drug
significantly increased median overall survival compared to treatment with this nanosystem
and carboplatin only. Atezolizumab is a monoclonal antibody against programmed
death/ligand 1 (PD-L1). PD-L1 expressed by cancer cells inhibited the activity of T-cells
that expressed PD-1 on its surface, terminating immune responses by inhibiting
cytotoxic/effector T-cell function and delivering anti-apoptotic signals to tumors. When PD-
L1 is blocked by antibodies, it allows T-cells to find and perform their immune action on
cancer cells. The use of this type of antibodies is associated with a significant increase in
the survival rate in patients with solid tumors and in advanced stages. Carboplatin drug
causes DNA damage. This combination regimen has very recently been approved by the
FDA for metastatic non-squamous NSCLC (Shi, 2020; West et al., 2019). A similar study,
also in a phase Il clinical trial (ClinicalTrials.gov identifier: NCT02775435), combined
Abraxane® with carboplatin as well, but with pembrolizumab antibody, which performs the
same function as atezolizumab, and the results were similar to the studies mentioned
above, where the chemo-immunotherapy combination with this nanoformulation

demonstrated benefits in relation to individual treatments (Garon et al. 2016).

The study of the nano-therapy in lung cancer treatment still has many challenges to face,

but overcoming these obstacles is believed to have a promising future.
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Table 1.4-6: Types of nanosized drug delivery nanosystems (NDDSs) approved by Food and Drug Administration (FDA) or in various stages of clinical trials for the lung

cancer treatment.

NDDS TYPE

LOADED PRODUCT

INDICATION

PRODUCT NAME

PHASE/FIRST
APPROVAL

REFERENCES

Non-small cell lung cancer;

Green et al., 2006; Weissig et

cancers

I ®
. Pz Breast cancer; Pancreatic cancer HDEEEE Rt () al., 2014
Protein-based
nanocarriers NY-ESO-1 + MAGE C1 + RNActive®
4MAGE C2 + TPGB, Non-small cell lung cancer V9201 Phase Il Fiedler et al., 2016
Survivn + MUC1
Paclitaxel Non-small c?” Iung S Genexol®PM Approved (2007) Pillai, 2014
. Breast cancer; Ovarian cancer
Polymeric
micelles Non-small cell lung cancer; e
. . h . Nanoplatin
Cisplatin Pancreatic cancer; Head and neck Phase IlI Duan et al.. 2016
. NC-6004 .
cancers; Bladder cancer
Non-small cell lung cancer;
. Breast cancer; Ovarian cancer; . @
Paclitaxel Crsbicloancer Ibeadlandneck Lipusu Approved (2006) Zhao et al., 2018
cancers
. . . e Stathopoulos et al., 2010;
- E ’ 1
Liposomes Cisplatin Non-small cell lung cancer Lipoplatin Phase Il Stathopoulos et al., 2011
MUC1 antigen Non-small cell lung cancer Tecemotide Phase IlI Wurz et al.,, 2014
Irinotecan Small cell lung cancer Onivyde® Phase Il Zhang, 2016
Doxorubicin + Carboplatin Non-small cell lung - Phase Il Numico et al., 2002
Lurtotecan + Cisplatin Non-small cell Iur.lg cancer, Head Phase | MacKenzie et al., 2004
and neck cancers; Ovarian cancer
Camptothecin Small cell .Iung cancer; ] CRLX101 Phase Il Weiss et al., 2013
cancer; Ovarian cancer
. . Small cell lung cancer; Non- .
p0|yme-r|c Camptothecin small cell lung cancer XMT1001 Phase | Sausville et al., 2010
nanoparticles
Docetaxel + Prostate- Non—sm_all ce!l lung cancer; o
Specific Cholangiocarcinoma; Cervical Accurin®
Membrane Antigen cancer; Bladder cancer; Head and BIND-014 Phase Il Hrkach et al, 2012
(PSMA) neck cancers
Tumour Necrosis Factor . .
(TNE) Non-small cell lung cancer CYT-6091 Phase | Libutti et al., 2010
Non-small cell lung cancer; Triple
negative breast cancer; Colorectal
Metallic cancer; Pancreatic cancer; Ovarian
. Ferumoxytol cancer; Gastric cancer; Head and Feraheme® Phase Il Zanganeh et al., 2016
nanoparticles . .
neck cancers; Lymph node cancer;
Prostate cancer; Bladder cancer;
Kidney cancer; Thyroid cancer
Lung cancer; Head and neck AuroLase® Phase | Singh et al., 2018

NDDS: Nanosized drug delivery system
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|.4.4 Future perspectives of NDDSs application in cancer therapy

In the future, nanotechnology-based cancer therapy will face numerous challenges. It is
necessary to acquire more knowledge on this matter through a multidisciplinary approach
that will allow the development and production of a complex multifunctional nanosystem
capable of simultaneous transporting and delivering a wide range of diagnostic and
therapeutic agents. With these nanoformulations serving as theranostic platforms, it will
be possible to track their delivery and localization to the targeted area of treatment, monitor
disease progression, predict the treatment efficacy and enhance local treatment
effectiveness in real time. For this development, it must respond to certain key issues such
as finding multiple carcinogenic receptors to know the necessary and effective
modifications to be made to the nanosystems surface so that they can reach the targets,
choose the DLs indicated for each case (a pharmacologically effective concentration will
have to be achieved, without the need to increase the amount of the carrier material that
can lead to side effects), take into account the toxicity associated with each type of
nanosystem, and understand the nanocarriers stability after their storage, prior to being

applied in cancer diagnosis and treatment (Attia et al., 2019; Meel et al., 2019).

In addition, it is also described that the delivery efficiency that is defined as the percentage
of administered nanoformulations that actually reach a solid tumor, is less than 1%. This
conclusion has led to discussions about the usefulness of nanomedicine in the cancer
treatment. However, pharmacological parameters such as peak drug concentration,
clearance rate and elimination half-life are not so low, and these should be considered with
identical importance. Also, these results come from in vivo studies in mouse models, so
the fundamental interaction of nanosystems may be different when in contact with the

human body and the associated biological barriers (McNeil, 2016; Wilhelm et al., 2016).

Besides this, in future studies, it is of paramount importance to gain a comprehensive
insight into the physiological and pathophysiological variabilities among patients with an
attempt of exploring their impacts on the behavior of the administrated nanomaterials. This
will guide the design of precision nanomedicines toward personalized cancer treatments

improving patients' quality of life (Bor et al., 2019).

It has become clear that the use of NDDSs has a great value in providing an evolution of
theranostic responses if used properly and if the toxicological issues that arise from them

are fully clarified.
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In many cases, the nanotoxicology resulting from the application of these nanoformulations
is not fully understood (Farjadian et al., 2019). This is multifactorial and depends on the
size and shape of the NDDSs, on their physico-chemical characteristics, surface
properties, constituent leaching and triggering of immune reactions. Even nanosystems of
the identical material can exhibit completely different behavior due to, for example, slight
alterations in surface coating, charge or size. This makes the categorization of NP
behavior, when in contact with biological systems, complex and thus NP hazard
identification is not straightforward (Elsaesser and Howard, 2012). With this, it is essential
to consider the risk/benefit ratio in order to assess the NDDSs application in cancer
therapy. This will certainly help to implement safe drug delivery (Farjadian et al., 2019).

Moreover, in an ideal situation, academic institutions should be working together with
industry partners, regulatory and funding agencies to bring advanced nanomedicines to
clinical practice and commercialization. In the literature it is possible to identify a
considerable number of publications in nanomedicine, but that is not comparable to the
number of clinical trials (Figure 1.4-6). This is due to the Research and Development (R&D)
costs and time taken by a clinical trial, the lack of batch-to-batch reproducibility and long-
term stability of some products, complexity of the manufacturing processes and

maintenance of sterile conditions (Bor et al., 2019; Martins et al., 2020).

New strategies must be devised for nanomedicine to continue to revolutionize the health

system by improving our ability to diagnose and treat cancer.

Cancer nanomedicine

2500
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1000+

500=
108—- Hm Clinical trials
l -

Publications
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Year

Figure 1.4-6: Comparison of clinical trials in the field of cancer nanomedicine with the number of published
reports. Source: Pubmed, 2021a; Search keyword: cancer nanomedicine, Filter: Clinical trials.
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[.5. Thesis aims and outline

Azurin is a small bacterial protein that has been shown to have anticancer potential. Its
structural characteristics allow it to interact with several proteins involved in the
tumorigenesis, avoiding the possibility of developing MDR (Fialho et al., 2007). It also
presents preferential uptake in cancer cells, and is able to control cell proliferation, trigger
apoptosis, and inhibit cancer-induced angiogenesis (Mehta et al., 2011; Taylor et al., 2009;
Yamada et al., 2004). In recent years, azurin has been combined with several anticancer
drugs enhancing their therapeutic activity (Bernardes et al., 2016; Bernardes et al., 2018;
Choi et al.,, 2011). However, what drives the preferential entry and its molecular
mechanisms are not completely understood, so further studies are needed to completely

unravel this essential key point for the establishment of an effective therapy.

In addition, several domains of azurin have been studied in the form of linear peptides,
also showing anticancer activity (Chaudhari et al., 2007, Taylor et al., 2009). This protein

can thus be considered a source of anticancer bioactive peptides.

Taking advantage of the anticancer potential of these peptides, it is possible to design new
drug delivery strategies, overcoming the issues related with the individual administration
of drugs such as the appearance of severe side effects (Damyanov et al., 2018). This
approach has been studied with the p28 peptide derived from azurin, which has been
described as a transporter agent for proteins/peptides/photosensitizers, demonstrating
selective and effective delivery of its cargos to tumor sites (Noei et al., 2019; Raber et al.,
2020; Shahbazi and Bolhassani, 2018; Soleimani et al., 2019).

Thus, in this work, a set of specific aims were pursued in order to i) add relevant information
about the azurin uptake, ii) evaluate the in vitro anticancer potential of peptides derived
from this protein, which were previously studied through an in silico bioinformatic analysis,
and iii) develop an innovative drug delivery nanosystem of based on the targeting capacity

of p28. The work developed so far will be presented and organized in four main chapters:

Chapter | is a detailed literature review of the anticancer potential of azurin and its p28-
derived peptide, considered a CPP. The application of this type of peptides in cancer
therapy is also addressed, emphasizing its association with NDDS, in particular with a type
of polymeric NPs. Finally, several examples of NDDS applied specifically in lung cancer

therapy are reported.

Chapter Il elucidates the impact of azurin treatment at the level of the membrane order

and lipid packing on cancer cells, as well as confirms its interaction with components
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present in characteristic lipid microdomains of the plasma membrane, identifying a new

region of this protein responsible, at least in part, for its uptake.

Chapter Ill comprises an in vitro evaluation of the anticancer potential of CT-p26, CT-p19
and CT-p19LC peptides derived from the C-terminal region of azurin previously designed
by our group using bioinformatic tools. The results confirmed the anticancer potential
predicted in silico, and demonstrated that CT-p19LC, in addition to having an improved
anti-tumor activity and maintaining the selectivity in relation to cancer cells, also has

membrane-active properties.

Chapter IV addresses for the first time the association of p28 with a polymeric nanosystem
with encapsulated TKIs as a NDDS for the lung cancer treatment. In this study, the
production of NPs was initially optimized, followed by their physico-chemical
characterization. These nanosystems were then tested in in vitro and in vivo to assess

their anti-lung cancer therapeutic activity.
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”. AZURIN INTERACTION WITH THE LIPID

RAFT COMPONENTS GANGLIOSIDE GM-1 AND
CAVEOLIN-1 INCREASES MEMBRANE
FLUIDITY AND SENSITIVITY TO ANTI-CANCER
DRUGS

Journal Paper

Bernardes N, Garizo AR, Pinto SN, Canico B, Perdigédo C, Fernandes F, Fialho AM. 2018.
Azurin interaction with the lipid raft components ganglioside GM-1 and caveolin-1

increases membrane fluidity and sensitivity to anti-cancer drugs. Cell Cycle 17: 1649-1666
| DOI: 10.1080/15384101.2018.1489178

Garizo AR performed experiments and analyzed data (Protein extraction and purification, GM-1

inhibition, SIRNA transfection, western blot, GP images analysis and MTT cell viability assays)
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[1.1. Abstract

Membrane lipid rafts are highly ordered microdomains and essential components of
plasma membranes. In this work, we demonstrate that azurin uptake by cancer cells is, in
part, mediated by Cav-1 and GM-1 , ' i pid raftsd mar ker shya
surface exposed hydrophobic core displayed by azurin since the substitution of a
phenylalanine residue in position 114 facing the hydrophobic cavity by alanine impacts
such interactions, debilitating the uptake of azurin by cancer cells. Treating of cancer cells
with azurin leads to a sequence of events: alters the lipid raft exposure at plasma
membranes, causes a decrease in the plasma membrane order as examined by Laurdan
two-photon imaging and leads to a decrease in the levels of Cav-1. Caveolae, a subset of
lipid rafts characterized by the presence of Cav-1, are gaining increasing recognition as
mediators in tumor progression and resistance to standard therapies. We show that azurin
inhibits growth of cancer cells expressing Cav-1, and this inhibition is only partially
observed with mutant azurin. Finally, the simultaneous administration of azurin with
anticancer therapeutic drugs (PTX and DOX) results in an enhancement in their activity,
contrary to the mutated protein.

[1.2. Introduction

Azurin is a protein from bacterial origin (Pseudomonas aeruginosa) which in the last years
has been studied as an anticancer agent. We and others have identified different modes
of action that account for the therapeutic effects of both the entire protein and one lead
peptide, p28 (Bernardes et al., 2016; Mehta et al., 2011; Taylor et al., 2009; Yamada et
al., 2002a; Yamada et al., 2009). The 28 amino acid sequence was first identified as the
domain responsible for the penetration of azurin into cancer cells (Yamada et al., 2005)
and further studied as an anticancer peptide. Indeed, p28 has already completed two
phase | clinical trials in both adult patients with various tumors and in children with tumors
of the central nervous system (Lulla et al., 2016; Warso et al., 2013). Both trials ended with

positive indications in relation to the possible use of this peptide as an anticancer agent.

Mechanistically, the uptake of azurin or the peptide was suggested as being energy-
dependent, with no observable loss of membrane integrity, independent of membrane-
bound glycosaminoglycans, dependent on the cholesterol within the cell membrane and
strongly associated with caveolae (Taylor et al., 2009). The depletion of cholesterol from

plasma membranes using methyl-b-cyclodextrin; the disruption of microtubules with
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nocodazole; or the inhibition of late endosomes/lysosomes activity with monensin, all led
to a decrease in the penetration of p28 (Taylor et al., 2009; Yamada et al., 2009).

Caveolae are a subset of lipid rafts with unique physical and biological properties. These
membrane microdomains are enriched in glycosphingolipids (including sphingomyelin,
ceramide and gangliosides, like GM-1) and cholesterol that can act as lipid-ordered
platforms within the plasma membrane (Martinez-Outschoorn et al., 2015; Mollinedo and
Gajate, 2015). In particular, caveolae are defined as wide pits in the plasma membrane
that contain Cav-1 in oligomers of 140-150 proteins. Cav-1 and caveolae in general are
now recognized as important mediators for signal transduction, plasma membrane
organization and composition. Additionally, they have been associated with the
phenomenon of drug resistance in cancer either by contributing to altered membrane lipid
and protein composition, higher membrane order and altered signaling pathways (Lavie et
al., 2001; Quest et al., 2013).

Research with azurin or the derived peptide in the past years have demonstrated that a
number of signaling pathways associated with tumor progression and angiogenesis, such
as FAK/Src or PI3K/Akt signaling are attenuated after treatment in several cancer models
(Bernardes et al., 2013a; Bernardes et al., 2016; Mehta et al., 2011). Also, functional
evidences associated to adhesion to extracellular matrices, invasion and migration of cells
are also weakened (Bernardes et al., 2014; Bernardes et al., 2016), linking the cellular
responses to azurin to its possible effects at lipid rafts, which may act as the main gate of
azurin to cancer cells. Moreover, binding to both Cav-1 and GM-1, structural components
of caveolae/lipid rafts, is strongly associated to hydrophobic enriched regions in the binding
partners (Pang et al., 2004; Vihanto et al., 2006), and azurin harbours in its tertiary
structure two sheets arranged around an hydrophobic core region with the particular
characteristic of being exposed and available for interactions (Bernardes et al., 2013b). As
such, in this work we evaluated the impact that azurin treatment has at the membrane
level, particularly at the lipid raft organization level in terms of membrane order and lipid
packaging, and identified a new region of azurin outside p28 that is also involved, at least

in part, in the uptake of this protein by cancer cells.
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[1.3. Materials and Methods

[1.3.1. Human cancer cell lines and cell cultures

Three human cancer cell models have been used: the MCF-7 breast cancer cell line, the
HelLa cervical cancer cell line and the HT-29 colon cancer cell line. These cell lines were
purchased from European Collection of Authenticated Cell Cultures. All of them were
cultured i nModbied EagiecMediuins(DMEM; Gibco® by Life Technologies),
supplemented with 10% of heat-inactivated Fetal Bovine Serum (FBS; Gibco® by Life
Technologies), 100 IU/mL penicillin and 100 mg/mL streptomycin (PenStrep, Invitrogen).
These cell lines were passed between 2 to 3 times per week, by chemical detaching with
0.05% of trypsin. Cells were grown at 37 °C in a humidified chamber containing 5% of CO»
(Binder COz incubator C150).

11.3.2. Hydrophobic surface analysis of azurin

Surface properties of azurin from Pseudomonas aeruginosa PAO 1 (PDB entry 1jzg) were
evaluated using the program PyMol. This program was used to identify and score clusters
of hydrophobic atoms (named as hydrophobic patches). Swiss-Pdb Viewer (Deep View)

was used to produce azurin 3D structure cartoons.

11.3.3. Construction of a site-directed mutation in the azurin gene of

Pseudomonas aeruginosa PAO1

The pWH844 vector with azurin-encoding gene from Pseudomonas aeruginosa PAO 1
(Bernardes et al., 2013a), was extracted using the ZR Plasmid MiniprepTM-Classic kit
(ZymoResearch), accor di ng t o ims&ruttiofisaThe Quiclke Charge Il site-
directed mutagenesis kit (Agilent Technologies) was used for the site-directed
mutagenesis. Forward and reverse primers used for the substitution of phenylalanine at
position 114 by alanine were respectively: 5-GTA CAT GTT CTT CTG CAC CGC GCC
GGG CCACTC CGC GCT G-3" and 5"-CAG CGC GGA GTC GCC CGG CGC GGT GCA
GAA GAA CAT GTA C-3". PCR was carried out in a 50 ¢ Lmixture using 30 ng template
plasmid DNA from the plasmid pWwH844 with the WT azu gene, 5¢ L o f 10x React
Buffer, 1.25¢ L o f primardah10e M) ,e L1 o f mdxNiddRIouble-distilled water
(ddH20) to afinal volume of 50 ¢ LAfterthat,1¢e L of Pf uTur bo (DNAS pW/l eylme 1

was added to the mixture.
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I1.3.4. Bacteria growth, over-expression, extraction and purification of wild-type

azurin or mutated protein

The continuous production of azurin was performed as described in Bernardes et al.,
2013a. For the mutated protein F114A, a final concentration of 0.5 mMofis o p r o-p-¥- | b

thiogalactopyranoside (IPTG) was added to induce protein overexpression.

11.3.5. Protein extraction and western blot analysis

For protein extraction, plates with incubated cells, after the desired incubation times with
the azurin proteins, were placed on ice and wells were washed twice with phosphate-
buffered saline (PBS) 1x. Then, cells lysed in 100 ¢ L o f inQ@ysis Buffer (CLB; 1%
Triton X-100, 1% Nonidet-P40 in deionized PBS) supplemented with 1.7 proteases
inhibitor (Roche Diagnostics GmbH) and 1:100 phosphatases inhibitor (Cocktail 3, Sigma
Aldrich) for 10 min at 4 °C. Then, the cells were scratched, collected and vortexed three
times (10 sec each), centrifuged (14000 rpm, 4 °C, 10 min; B. Braun Sigma-Aldrich 2K15)
and the pellet was discarded, collecting the supernatant containing proteins. Total protein
guantification was done using by a Quantification Protein Kit (Bradford, BioRad). 10-20 € g
of total protein per sample were prepared with Laemmli buffer. Proteins were transferred
onto nitrocellulose membranes (BioRad) using Trans-Blot TurboTM system (BioRad).
Membranes were blocked with 5% (w/v) non-fat dry milk in PBS containing 0.5% (v/v)
Tween-20 (PBS-T)f or 1 h, i ncubated wit h-adtihf@:1080,sent pr i I
1616) or glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (G-9) (1:1000, sc-
365062) were used as loading controls; Cav-1 (N-20) (1:1000, sc-894). In order to evaluate
azurin expression, an anti-azurin antibody was produced through immunization of one goat
with purified azurin, obtained as described above (1:1000 dilution). The resulting
immunized serum was then purified by protein A affinity chromatography (SicGen,
Portugal) and purity was checked by SDS-PAGE. All the membranes were incubated
overnight at 4 °C and then washed three times for 5 min with PBS-T. These were then
incubated for 1 h with secondary antibodies (anti-rabbit, anti-mouse or anti-goat, 1:2000,
Santa cruz Biotechnology), conjugated with horseradish peroxidase Proteins were
detected through the addition of enhanced chemiluminescent (ECL) reagent (Pierce) as a
substrate and exposed captured the chemiluminescence by Fusion Solo (Viber Lourmat)
equipment. When loading controls were necessary, samples were run in the same gels,
and after transfer to the membrane, the membranes were cut according to the protein MWs

and probed with the antibodies in separate. Three experiments were independently
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performed and representative results are shown. Signal quantifications were performed
using ImageJ and results are presented as the ratio between the signal intensities in azurin
treated samples to untreated cells, both normalized to the respective GAPDH or actin band

intensities.

For co-immunoprecipitation experiments, lysed cells were incubated with10e L of pr i mar
antibody anti-Cav-1 (Cell Signaling, 3238) in an agitator overnight at 4 °C. The next day,

100e L of beads (Protein G Agarose, Thmxtmeo Sci er
of lysate and antibodies, in an agitator during 2 h at room temperature. After that time, 500

eL of I P buffer (Thermo Scienti f migtyre, andthem added
it was centrifuged (2500 xg during 3 min), 10 times. At every time, the supernatant was

discarded. To elute the proteins from the beads, the pellet was incubated twice with 50 € L

of Elution Buffer (Thermo Scientific), each time during 5 min, and then it was centrifuged

(2500 xg during 2 min) and the supernatant was recovered. To neutralize the supernatant,

10e L of Neut r a(Theana Sciemtific) wene adflegl.

To the pellet, that contains the beads, 60 e L o f sampl e buffer were &
supernatant with the Neutralization Bufferitwasadded30e L of s ampleelL bpuefrf er .
sample were denatured at 95 °C during 5 min, and then separated by electrophoresis in a

sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). Western Blot

was performed as previously described.

[1.3.6. GM-1 inhibition with Cholera Toxin Subunit B

MCF-7 breast and HT-29 colon cells were plated in 6-well plates with 5x10° cells per well
and left to adhere and grow overnight in a CO2 incubator (5%) at 37 °C. The following day,
medium was collected and cells were treated with 1 ¢ g / m LChotefa Toxin Subunit B
(CTxB; Invitrogen, Alexa Fluor® 488 conjugate) in DMEM during 10 min. After this time,
medium was again collected and cells were treated with 50 ¢ M wilél-type (WT) azurin or

mutated protein in DMEM. The plates were placed for 30 min at 37 °C.

11.3.7. Confocal microscopy-Cholera Toxin Subunit B

MCF-7,andHT-29 <c el | | i nes -Sldewell Bbktrdated chambers(ibidi®)
with 5x10% cells per well. These cells were left to adhere and grow overnight in a CO
incubator (5%) at 37 °C. In the next day, medium was collected and cells were treated with
100e M of WT murated protein io medium containing 10% FBS and 1% PenStrep,

for 48 h. After this time, medium was again collected and cells were treated with 1 eg/mL
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of CTxB (Invitrogen, Alexa Fluor® 488 conjugate) in DMEM during 10 min. Afterwards, the
chambers were rinsed three times with PBS 1x. For fixation, cells in coverslips were
immersed in 3.7% formaldehyde for 20 min at room temperature. After seven washing
stepsinPBS 1x, Ve c t a sdamidifo-@-phenylindole @AR]) 6vas added and
cells were observed in a Leica TCS SP5 inverted confocal microscope (Leica
Microsystems CMS GmbH; model no. DMI6000) with a 63x water (1.2-numerical-aperture)
apochromatic objective. For measurement of CTxB-Alexa488 fluorescence, the sample
was excited at 488 nm, while emission was collected within the 500-600 nm range. For
measurement of DAPI fluorescence, the sample was excited by two-photon excitation at
780 nm with a Ti:sapphire laser (Mai Tai, Spectra-Physics, Darmstadt, Germany), while
emission was collected within the 400-450 nm range. Signal intensity was quantified for
each cell using the Image J software. In each cell, a mask identifying the plasma
membrane was defined and signal from within these pixels was quantified as plasma
membrane associated intensity. Next, the signal from the within each cell was also
quantified, excluding the nucleus, and defined as the intracellular signal. For each
condition, quantifications are presented as ratios between the plasma membrane signal
over the intracellular signal. Results were compared by analysis of variance ANOVA

(Newman- Keuls Multiple Comparisons, using GraphPad Prism version 6).

[1.3.8. SIRNA transfection of human cancer cells lines

MCF-7 and HeLa cell lines were plated in 6-well plates with 5x10° cells per well. These

cells were left to adhere and grow overnight in a CO2 incubator (5%) at 37 °C. Prior to

transfection, 100 nM of Control siRNA (sc-37007, Santa Cruz Biotechnology) and Cav-1

siRNA (sc-29241, Santa Cruz Biotechnology) were mixed with Lipofectamine® 2000

(Thermo Fisher Scientific). Forthis,25e¢ L of each si RN225ewe rOMMEMidde d t
and10e L of Li p%2008 wearepaddecht@240e L of t he s acecoedingne di u m,
to the manuf act ur e mirg tha prepared solutions averes mixeddgiertthe r

to form siRNA-lipofectamine complex. This mixture was incubated for 20 min at room

temperature and added to 2 mL of DMEM in the respective well. After 6-8 hours in a CO

incubator (5%) at 37 °C, the medium was removed and fresh medium containing 10% FBS

and 1% PenStrep was added to each well. The appropriate time for observing the

decrease in the Cav-1 protein levels was determined by Western blot, determining that 24

h post-transfection was adequate to perform the azurin entry assay. After this time, cells

were treated with 50 ¢ M o f azONT or mutated protein. The plates were placed for 30
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min at 37 °C. To determine the levels of azurin entry in Cav-1-silenced cells, a Western
blot was performed as described above (20 g o f protem pea dample).

[1.3.9. Interaction between Cav1l-CSD and azurin: FRET measurements

To observe the interaction between the Cav-1 Scaffolding Domain (CSD; amino acids 82-
101 of Cav 47) and WT or mutated azurin, we made used of Fluorescein-5 IsoThioCyanate
(FITC)-labeled CSD peptide (Pepmic). WT and F114A azurin mutant proteins were labeled
with Atto 390 NHSe st er ( Si gma) , a c c or dinstrugtion. Briefty,HL®0
eM of each |ncubated with thevdy® (molar ratio 2:1), for 2 h at room
temperature. Reaction was stopped with by adding a solution of NH,OH 1.2 M pH 8.5, for
1 h at room temperature. After this, the mixture was centrifuged at 18000 xg, 10 min, to
remove any precipitated dye, before dialysis against 10 mM phosphate buffer pH 7.4, in
slide-A-lyzer 3.5 kDa cut-off, overnight at 4 °C. For fluorescence resonance energy transfer
(FRET) measurements, WT and F114A azurin concentration was 2 ¢ M.The donor
(Atto390-WT or Atto390-F114A)-only fluorescence spectra were acquired with 390 nm
excitation and measured over the emission wavelength range of 400 to 470 nm, since no
acceptor (FITC-labeled CSD peptide) emits there. The FITC-labeled CSD peptide was
titrated from O to 14 ¢ MFluorescence measurements were carried out with a SLMAminco
8100 Series 2 spectrofluorimeter (Rochester) with double excitation and emission
monochromators (MC 400), in a right-angle geometry. The light source was a 450-W Xe
arc lamp and the reference a Rhodamine B quantum counter solution. Quartz cuvettes
(1x1 cm) from Hellma Analytics were used. The FRET efficiency, E, was calculated on the
basis of the quenching of the donor fluorescence intensity in the FRET complex relative to
the donor only emission in the presence of the buffer. E was calculated using the following
equation: E = 1-(Fpa/Fa) after all intensities were normalized to the intensities in the
absence of FITC-peptide. All spectra were corrected for background and inner filter effects
(Lakowicz, 2006).

11.3.10. Two-Photon excitation microscopy i Generalized polarization

determination

MCF-7, HeLa and HT-29 cells were cultured on ¢-Slide 8 well IBIDI treated chambers

manuf

(ibidi®) with 5x10* cells and treated with WT azurin or F114A mutated protein (100 € M) .

After 48 h, medium was collected and cells were washed twice with PBS. After that, DMEM
with5e¢ M o f Laurdan was ad theudatedin aCOt ihcabator atl3T °€

for 20 min. Samples were examined on a Leica TCS SP5 (Leica Microsystems CMS
54
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GmbH, Mannheim, Germany) inverted microscope (model no. DMI6000) with a 63x water
(1.2-numerical-aperture) apochromatic objective. Two photon excitation microscopy data
was obtained by using Leica TCS SP5 inverted microscope with a Ti:sapphire laser (Mai
Tai, Spectra-Physics, Darmstadt, Germany) as the excitation light source. The excitation
wavelength was set to 780 nm and the fluorescence emission was collected at 400-460nm
and 470-550nm to calculate the generalized polarization (GP) images. Laurdan GP images
were obtained through a homemade software based on a MATLAB environment, with the
GP value defined as GP = (/4001 460 i G. 1470-530)/(/400i 460 + G. 1470- 530), where G
is the calibration factor for the experimental setup. G is obtained from imaging Laurdan in
dimethyl sulfoxide (DMSO; with the predetermined GP = 0.01) using the same
experimental conditions as those set for the measurements in living cells (Owen et al.,
2011). Control conditions correspond to untreated cells. Dark counts were subtracted to
all intensity values. In the analysis, only Regions of Interest (ROI) corresponding to the
plasma membranes in each cell were selected, restricting therefore the analysis to this
cellular component. At least 15 independent cells were analyzed per condition and all the
experiments were done in independent days. Results were compared by analysis of
variance ANOVA (Newman-Keuls Multiple Comparisons, using GraphPad Prism version
6).

11.3.11. MTT cell viability assay

MTT [3-(4,5 dimethylthiazol-2-yI-2,5 tetrazolium bromide)] assays were used to determine
the proliferation rate of MCF-7, HT-29 and HeLa human cancer cells lines after they were
treated with WT azurin combined with drugs. The drugs used in these assays were PTX,
an anti-mitotic agent, and DOX, a DNA-damaging drug (Sigma Life Science). All these cell
lines were seeded in 96-well plates (3 replicates) with a density of 2x10* MCF-7 cells per
well, 1x10% HelLa cells per well and 2x10* HT-29 cells per well. These cells were left to
adhere and grow overnight in a CO2 incubator (5%) at 37 °C. In the next day, medium was
collected and cells were treated with50and 100e M of WT azurin together
1 nM of PTX or 10 or 50 nM of DOX in medium containing 10% FBS and 1% PenStrep.
The plates were placed for 72 h at 37 °C. After this time, 20 e L o f [3V4EF
dimethylthiazol-2-yl-2,5-diphenyltetrazolium bromide] reagent (5 mg/mL) were added to
each well and incubated at 37 °C for 3.5 h. Reaction was stopped with the addition of 150
eL of Iluton 40omM HCL in isopropanol. MTT formazan formed was

spectrophotometrically read at 590 nm in a microplate reader (SpectroStarNano, BMG
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LABTECH). Untreated cells were used as control, in order to determine the relative cell
viability of treated cells.

11.3.12. Statistical analysis

For Western blot experiments, three independent replicates were performed. All p-values
were cal cul at e d-tesi (wo-taited distrihutibe, twb-$ample equal variance).
Values of p<0.05 were considered statistically significant (*: p<0.05). In MTT cell viability
experiments, results were compared by analysis of variance ANOVA (Newman-Keuls
Multiple Comparisons, using GraphPad Prism version 6 or Statistica version 13).

[1.4. Results

11.4.1. F114A substitution alters the uptake rate of azurin in cancer cells

In order to study the importance of the hydrophobic core in the process of cell uptake by
azurin, we first analyzed this aromatic core by a computational analysis. In Figure 11.4-1A
the residues that contribute most to hydrophobic core are highlighted in blue on the amino
acid sequence representation. We analyzed three aromatic residues of the hydrophobic
patch (Y108, F111, F114; Figure 11.4-1A), and the computational results showed that F114
is facing the central cavity of the hydrophobic core on a loop with the hydrophobic ring
exposed in the azurin hydrophobic cavity (Figure 11.4-1A, B). This positioning of F114
makes it an ideal place to introduce a mutation in order to study the importance of possible
hydrophobic interactions mediated by this region. On the other hand, Y108 and F111 are
located on a b-sheet and a mutation there might affect azurin structure and functionality.
Furthermore, while previous studies regarding azurin but not related to its anticancer
activity had shown that the mutation F114A did not alter significantly the protein structure,
the in silico prediction of the mutation F114A reveals changes in the hydrophobic core of
azurin that reduces the hydrophobicity in the surface of the protein (Figure 11.4-1B;
Yanagisawa et al., 2006). For all these reasons, we choose to mutate azurin in the F114
residue, replacing it by alanine. The exposure of cells (MCF-7 and Hela) to 50 and 100
eM of bot h pr ot e helearfy demon8tatednthatrthe anataht protein is
much less efficient in entering the cells when compared to the WT protein (Figure 11.4-1C).
In parallel, both WT and mutated protein were labeled with the fluorescent molecule Atto
390 NHS ester by coupling it with the amines of proteins. Labeled proteins (10 M) wer e
mixed with unlabeled protein (to a final concentrationof 100e M) and &GAH7ells t o

for 2 h, after which cells were imaged under the confocal microscope. It is possible to see
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that while the WT protein is detected both at the plasma membrane and inside the cells,
lower intensity is observed for the mutated protein. This suggests that the F114A mutant
protein is less efficient in the processes of recognition and uptake by the cancer cells than
the WT protein (Figure 11.4-1D).
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[ - ! T [ ——=
B, ! E, | F H
| —
— >
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Figure I1.4-1: Point mutation of phenylalanineiis delays azurin entry in cancer cells. A) Amino acids
sequence of azurin from Pseudomonas aeruginosa. Hydrophobic patches are highlighted in blue. B) 3D
structural view of azurin depicting surface hydrophobicity (top view) and ribbon 3D structure (lateral view) of
both WT azurin (left panel) and F114A mutant azurin (right panel), identifying the structural positioning of
phenylalanine amino acid residue side chain. The amino acid change was generated using SPDB Viewer
(v4.01). Surface hydrophobicity was generated using PyMol. C) Entry of azurin WT and F114A mutant in
MCF-7, HeLa and HT-29 cells. Cells were exposed to 50-100e M of bot h proteins
(right), after which cells were lysed and protein entry inside cells was determined by western blot. A cropped
representative image of western blot is depicted. Full-length western blot images are displayed in Figure
VIIl.1-1. D) Confocal scanning microscopy of Atto 390-labelled WT or F114A azurin proteins. Labeled
proteins (10 € M)  w eixeceto man-labeled proteins (to a final concentration of proteins of 100 ¢ M)
MCF-7 cells were exposed for 2 h before fixing and imaging. Cell nuclei are displayed labelled with NucRed
and presented in red, labeled WT and mutated azurin proteins are displayed in green.
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I1.4.2. Blocking GM-1 ganglioside reduces the penetration of azurin in cancer

cells

CTxB, a component of a heat-labile enterotoxin produced by Vibrio cholerae, is a probe
commonly used to label and/or detect GM-1 which can be used as marker for lipid rafts,
since the GM-1 has an abundant localization in these membrane microdomains (Gaus et
al., 2003; Owen et al., 2011). GM-1 is important for recognition and trafficking of a great
number of protein and viruses. To evaluate the involvement of GM-1 in the recognition and
cell entry of azurin in cancer cells (due to the apparent hydrophobic nature involved in this
process), we hypothesized that pretreating the cells with CTxB might decrease the
availability of GM-1 to mediate the entry of azurin in cancer cells, if this route is used by
the protein. MCF-7 and HT-29 cancer cells were exposed to CTxB during 10 min before
the addition of 50 € Mof WT azurin or the mutated protein (Figure 11.4-2A). The controls
were the cells exposed to bacterial proteins in the absence of CTxB. In both models, we
observed that when cells were firstly subjected to CTxB a decrease in the total levels of
WT and F114A azurin inside cancer cells was observed suggesting that availability of GM-
1 is important for the entry of azurin in the cells. For the WT protein, a decrease of about
40% was observed, whereas for the mutated protein the decrease was more accentuated
(250%). Despite it is not possible to rule-out that the effect is due to a change in membrane
raft morphology due to lipid-raft cross-linking by CTxB, our results indicate that the intact
GM-1/raft morphology is needed for an entirely efficient azurin entry and that the
hydrophobicity provided by this phenylalanine aromatic residue and its exposure to the
surface of the protein may be important to mediate the entry of the protein by means of its
interaction with GM-1. Having determined that the presence of GM-1 is important for the
recognition and entry of azurin, we went on to study how both proteins impacted the
distribution of GM-1 at the plasma membrane. Using a fluorescence tagged (Alexa488)
form of CTxB, cells were treated for both a short (30 min) as well as a longer (48 h) period
of time with the different azurin proteins after which cells were labeled with Alexa488-CTxB
(10 min), before fixing and observed under the scanning confocal microscope. Overall, we
observed that untreated cells have a more selective plasma membrane staining (Figure
[1.4-2B, upper panel) which upon treatment with the WT protein becomes much more
undefined at the membrane level (Figure 11.4-2B, middle panel). Our results seem to
indicate that the involvement of GM-1 in the entry of azurin dislodges, at least in part, this
ganglioside from the plasma membrane. As for the F114A azurin mutant, the results seem

to be intermediate between the untreated cells and cells treated with the WT protein
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(Figure 11.4-2B, lower panel). The increase in the intracellular staining appears to be
maintained but at a more moderate level, nevertheless there is also a more evident
membrane staining than in the cells treated with the WT protein. The signal intensity in the
cells was quantified in the plasma membrane and in the cytoplasm in the interior of the
cells (excluding the nucleus region), and represented as a ratio of the plasma membrane
signal intensity over the cytoplasm intensity signal for the different proteins (Figure 11.4-
2B). As it is seen, the treatment with the WT protein decreases the ratio of signal in the
plasma membrane, contrary to the F114A protein, particularly right after the addition of the
proteins (30 min). Being a regularly marker used to assess lipid rafts localization, the
displacement here observed suggests that WT azurin may alters the membrane profile of
these ordered domains.
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A

Figure I.4-2: Phenylalanineii4 is important for interaction with GM-1. A) Azurin interacts with GM-1. Blocking
GM-1 with CTxB impairs azurin entry for both WT and F114A azurin mutant. GM-1 was blocked by adding
CTxB for 10 min, before being treated with50e M of WT or the mutated azut
(left) and HT-29 (right) cells. A cropped representative image of western blot is depicted and results are
presented as the ratio of band intensity of target protein between azurin treated samples and control samples,
both normalized to their respective GAPDH or actin band intensity (* p<0.05; two-tailed t-student test). Full-
length western blot images are displayed in Figure VIII.1-2. B) The effects of WT and F114A azurin in the
cel | s 0 otganigatiah. Cella Wetre grown and treated with both azurin proteinsat100e z, 30 n
h. The glycosphingolipid GM-1 of lipid rafts is marked with CTxB-Alexa488 (green) and the nuclei are stained
with DAPI (blue). CTxB-Alexa488 was added for 10 min at a final concentrationof1e€ g/ mL r i ght
were fixed in formaldehyde and prepared for visualization under the confocal fluorescence microscope.
Fluorescence signal intensity was quantified in Image J software for at least 20 cells from experiments
performed in different days, as explained in Material and Methods Section. Results are represented as an
average of the ratio between fluorescence intensity signal in the plasma membrane and the intracellular
signal, excluding the nucleus, £ SD. Results were compared by analysis of variance ANOVA using GraphPad
Prism (version 6).
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11.4.3. Silencing of caveolin-1 inhibits cell entry of WT azurin

Previous reports had described that azurin co-localizes with Cav-1 almost immediately
after penetration into cells. Cav-1, together with GM-1, is a component of caveolae, a
particular type of lipid rafts. Being an important mediator of several signaling pathways,
numerous studies already indicated that part of the mechanism by which Cav-1 does so is
through the binding to several other proteins, therefore controlling part of their signaling
activity (del Pozo et al., 2005; Norambuena and Schwartz, 2011; Vihanto et al., 2006).
Furthermore, not only Cav-1 is recognized as an important mediator of endocytosis, it has
been strongly associated to the entry of azurin in cancer cells (Mehta et al., 2011; Yamada
et al., 2009). Therefore, to understand how Cav-1 protein levels in the membrane could
also control the velocity of the entry process for azurin, we silenced the CAV1 gene with
siRNA to test if under those conditions azurin was less capable to enter in cancer cells.
After silencing of CAV1 expression, cells were exposedto 50 e M of WT az
mutated F114A, for 30 min, as for the previous assay. As seen in Figure 11.4-3A, we
observed a decrease in the levels of WT azurin entry for both MCF-7 and HelLa cells but
for F114A mutated azurin, no decrease was observed. The protein levels were normalized
by the respective actin level. It is interesting to note that for F114A azurin, the same levels
of azurin are detected in the cells non-silenced for Cav-1 (Control siRNA) when compared
to the cells subjected to the treatment with WT azurin after silencing Cav-1. In addition,
when compared with its own control, no decrease in the entry of the mutant protein was
observed, which suggests that the mediation of Cav-1 for azurin entry is more important
to the WT protein than for that mutated in the F114 amino acid residue. Nevertheless,
when CAV1 gene expression is down-regulated, the entire membrane organization may
be altered, for instance caveolae that are Cav-1-enriched smooth invaginations of the
plasma membrane that form a subset of lipid rafts, can no longer be formed in the absence
of Cav-1. Therefore, such inhibition may cause alterations that can explain the differences
observed for the F114A mutant protein.

I1.4.4. Azurin binds to caveolin-1 scaffolding domain in vitro

One particular domain of Cav-1 that is involved in multiple interactions with other proteins
is its CSD. In order to study possible interactions between the CSD and WT azurin or
F114A azurin, we carried out FRET measurements between WT and F114A mutant azurin
labeled with Atto390 NHS and CSD labeled with FITC. We collected fluorescence spectra

for WT and mutant azurin labeled proteins in the absence and in the presence of increasing
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concentrations of FITC-CSD labeled peptide (Figure VIII.1-3). The occurrence of energy

transfer was readily visualized as a decrease in the donor fluorescence of about 35% for

the WT for the highest concentration of the FITC-peptide (14¢ M) . For t he mut at e
we observed a decrease in the intensity of the protein of only about 17%, indicating that in

the same experimental conditions, a higher energy transfer occurs for the WT protein than

for the F114A mutant, suggesting a higher interaction with the WT protein. The FRET

efficiency was, at this concentration, 35% for the WT and only 17% for the F114A mutant

protein (Figure 11.4-3B).

Furthermore, we also observed that the WT azurin is immunoprecipitated with Cav-1 in
much higher levels that the mutated protein after 30 min of exposure to each protein
(Figure 11.4-3C) in both MCF-7 and Hela cells, reflecting both the decreased capacity to
recognize and enter in cancer cells and a diminished ability of the mutant protein of azurin
to bind to Cav-1.

11.4.5. Azurin leads to a decrease in caveolin-1 total protein levels

The mechanism of azurin/p28 cell entry has been associated to Cav-1 and lipid rafts.
However, those indications were related mainly to the interactions between the protein and
the peptide almost immediately after the cells were exposed to any of them, but no
information is available regarding the impact of azurin on the total protein levels of Cav-1.
We have demonstrated that azurin causes an increase in endocytosis in breast cancer
cells (Bernardes et al., 2014), while in lung cancer cells the exposure to azurin led to a
decrease in the membrane stiffness probed by AFM to which alterations at the Cav-1 levels
may be related (Bernardes et al., 2016). In this work, azurin treatment of MCF-7 and HelLa
cancer cells for 48 h led to a decrease in the levels of Cav-1, in a dose-dependent manner
(Figure 11.4-3D). Shorter treatment times produced similar results, while onset times for

depletion of Cav-1 levels were observed to be cell line dependent (data not shown).
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Figure 11.4-3: Phenylalaninei4 is important for interaction with Cav-1. A) Entry of WT azurin and mutated
F114A azurin upon silencing of Cav-1 by siRNA. Cells were treated with50e M o f WT or t hu
proteins for 30 min. Control siRNAs with proteins are the control conditions. A cropped representative image
of western blot is depicted and results are presented as the ratio of band intensity of target protein between
azurin treated samples and control samples, both normalized to their respective GAPDH or actin band
intensity (* p<0.05). Full-length western blot images are displayed in Figure VIIl.1-4. B) Energy transfer
efficiencies of WT and F114A mutant azurin proteins labeled with AttO 390 in the presence of FITC-labed
CSD (Caveolin Scaffolding Domain) peptide. Values were calculated as described in the Methods section.
C) Co-immunoprecipitation of Cav-1 and azurininMCF-7 and Hela cell s treate
min. An antibody to caveolin-1 was incubated with total cell lysates and used to precipitate it from both control
and azurin treated total cell lysates. Proteins were separated in SDS-Page gels transferred to membranes
which were probed with both anti-Cav-1 and anti-azurin antibodies. Full-length western blot images are
displayed in Figure VIII.1-5. D) Azurin causes a decrease in the protein levels of Cav-1. A single dose of
azurin (50-1 00 e M) f or 48 -tiependerd desreaseadn tveo diffeveat eancer cell types (MCF-7
and HelLa). A cropped representative image of western blot is depicted and results are presented as the ratio
of band intensity of target protein between azurin treated samples and control samples, both normalized to
their respective GAPDH band intensity (* p<0.05; Figure VII1.1-6).

I1.4.6. Azurin decreases plasma membrane order

Having determined that exposition to WT azurin leads to a decreased content of lipid raft
components GM-1 and Cavl, we next sought to investigate if the interactions of azurin
with caveolar lipid raft components could be associated to changes in the organization of
the plasma membrane of the cancer cell lines under study. It has been demonstrated that
variations in the order of the plasma membranes in living cells can be detected using the
environment-sensitive fluorescent probe Laurdan and two-photon excitation microscopy
(Gaus et al., 2003; Owen et al., 2011). Laurdan fluorescence emission spectra is sensitive

to changes in membrane order by exhibiting a 50 nm red shift as the order changes from
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the liquid-ordered to a liquid disordered state (Parasassi et al., 1991; Parasassi and
Krasnowska, 1998). The changes in emission spectra are the result of alterations in the
penetration of water molecules within the lipid bilayer and it can be quantified by calculating
the GP value as demonstrated in e.g (Parasassi et al., 1991). The value of GP can vary
bet ween 1 and 11 (complete exposure to bulk w

associated to higher membrane ordering and a less fluid plasma membrane.

To determine Laurdan GP values several images were acquired (Figure I11.4-4A) and
Laurdan fluorescence spectral shifts in the plasma membrane were quantified through the
GP function as stated in the Methods section. Laurdan GP measurements were made for
exposure times of 30 min and 48 h to both WT and mutant F114A azurin proteins. In both
time points, exposure to azurin WT caused a decrease in the GP values measured in the
plasma membranes, indicating that exposition to azurin causes a decrease in the plasma
membrane order (Figure 11.4-4B). On the other hand, the F114A azurin mutant did not
altered the GP values when compared to untreated cells, in accordance to what was
observed in previous sections. The GP values found in control conditions are in line with
published values for these cell lines (Owen et al., 2011).
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Figure 11.4-4: Impact of WT or F114A mutant azurin protein on the membrane fluidity of cancer cell lines
MCF-7, HeLa and HT-29. A) Cells were loaded with5¢ M of Laurdan after incu
100e M f or 30 hniaurdanoGP valuBs were determined as described in Material and Methods.
Representative Laurdan GP images are shown. B) Average GP values after incubation with azurin proteins
are shown for the plasma membranes for the three cell lines. WT azurin causes a decrease in the average
GP value in all three cell lines, either from 30 min or 48 h of exposure. Average GP values are expressed as
mean + SD from at least 15 individual cells in each condition. Results were compared by analysis of variance
ANOVA using GraphPad Prism (version 6).

11.4.7. Azurin enhances the activity of chemotherapeutic drugs

With the above demonstration of the interaction of azurin with Cav-1 and GM-1 and taking
in consideration that Cav-1/lipid rafts are important mediators of numerous cellular
processes, including the resistance to anticancer drugs, we determined the degree of
cytotoxicity for two chemotherapeutic drugs (PTX and DOX), alone or in the presence of
both WT or mutated azurin. Interestingly, in MCF-7 and HeLa cells the proteins alone had
different behaviors in terms of cytotoxicity. One single delivery of the WT protein results in
a viability loss of about 20% for MCF-7 and 40% for HeLa cells, whereas the F114A mutant
did not produce such an effect, causing a lower reduction in cell viability (Figure 11.4-5A,

B). However, for the HT-29 colon cancer cell line, these differences were not observed

64



with both proteins showing a similar effect in terms of cytotoxicity. Such a result might be
explained by the low expression of Cav-1 in that cell line (Figure VII1.1-7). Overall, for the
combined treatments, the results point to the increase in the cytotoxicity observed when
the proteins are present, using drug concentrations that inhibit cell proliferation in values
close to 20-50% (Figure 11.4-5). In MCF-7 and HelLa cells, an increase is seen particularly
for PTX at the lower doses tested (0.1 and 1 nM), and the effects are more evident for the
WT protein. Indeed, in the case of F114A mutated azurin the values seem to reflect the
less pronounced effect demonstrated by the protein in terms of perturbing the organization
of lipid rafts. On the other hand, for DOX the effects of the combinations did not produce
a significant increment in the action of the drug in these cell lines. However, in both cell
lines the WT protein had a more pronounced effect that the F114A mutant. In the HT-29
cell line, the two proteins significantly enhanced the action of both tested drugs, possibly
reflecting the higher cytotoxicity that the proteins alone present in these cells.

[1.5. Discussion

The microdomains present in the plasma membranes of cells, such as caveolae/lipid rafts,
are important mediators in signal transduction pathways associated to several cellular
phenomena such as membrane trafficking, cytoskeletal organization, motility, polarity and
endocytosis (Lingwood and Simons, 2010; Martinez-Outschoorn et al., 2015; Simons and
Toomre, 2010). Many of these signaling pathways were in the last years identified as
targets of azurin, which has been proposed as a therapeutic protein in anticancer therapies
(Bernardes et al., 2013a; Bernardes et al., 2016; Mehta et al., 2011). The entire protein
and one lead peptide, p28, target p53 and signaling pathways mediated by VEGF/FAK,
Src, PI3K/Akt, and the EGFR signaling, in all cases contributing to their attenuation,
therefore altering the capacity of several cancer cell models to progress. Over the years,
the mechanisms by which azurin orderly enters in the cells without disrupting the
membrane have been identified, pointing to an important interaction with caveolae/lipid
rafts. Firstly, the p28 amino acid fragment was identified as a mediator of azurin entry
(Yamada et al., 2005), but later other domains of azurin were also associated to its

anticancer activity, namely the C-terminal region (96-113 amino acids).
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Figure 11.4-5; The effect of the combination of WT or F114A mutant azurin proteins with chemotherapeutic
agents [paclitaxel (P) and doxorubicin (D)] was determined by MTT assay. Paclitaxel or doxorubicin, WT
azurin or F114A mutant azurin were added alone or in combination for 72 h in MCF-7 A), HeLa B) and HT-
29 C) cells. Concentrations are shown above each data point. MTT reagent was added to each well and
percentage change in absorbance at 570 nm in treated cells relative to untreated controls. Results are
represented as percentage of viability decrease, determined as 100% (control) i % of proliferation for each
treatment condition. Values represent the mean + SD. * p<0.05 each condition vs untreated cells; 2 p<0.05
combination vs protein alone; # p<0.05 combination vs drug alone.
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This domain has a structural similarity with ephrinB2 at the GH loop, and a peptide
composed of these amino acids, demonstrated significant cytotoxicity against the prostate
cancer cell line DU142 expressing a functional form of ephrinB2, contrary to the natural
ligand (Chaudhari et al., 2007). Azurin-derived peptides comprising this region were also
later improved and used to radiosensitize cancer cells (Micewicz et al., 2011). In this work,
we propose that the C-terminal region of azurin, which is rich in hydrophobic amino acid
residues like phenylalanine and tyrosine, also contributes to the recognition of azurin in
cancer cell lines, mainly due to its contribution to hydrophobic favored interactions. We
computationally analyzed several point mutations in azurin, replacing three hydrophobic
amino acids (Y108, F111 and F114) by alanine, and looked into the alterations that such
mutations could cause to the hydrophobicity pattern exhibited at the topological surface of
the protein (Figure 11.4-1A). From these, the F114 residue demonstrated to be the one with
the most impact, since its side chain is exposed to the surface of the protein and its
replacement by alanine, led to an alteration in the hydrophobicity displayed at the surface
of azurin (Figure 11.4-1B). This mutated protein exhibited less effective penetration of
cancer cells after exposure for 30 min and 2 h (Figure 11.4-1C).

An important component of lipid rafts is GM-1. GM-1 is a glycosphingolipid present in high
abundance in lipid rafts (Ichikawa et al., 2009; Pang et al., 2004). Carbohydrate-protein
interactions have been vastly studied, and it is known that in some sugars, the clustering
of three or more adjacent C-H groups caused by the characteristic steric disposition of
hydroxyl groups creates hydrophobic patches on the sugar surface that can establish
apolar interactions with hydrophobic epitopes in proteins, most notably the aromatic rings
of tryptophan, tyrosine and phenylalanine residues (del Carmen Fernandez-Alonso et al.,
2012). The aromatic amino acids identified within the C-terminal amino acid sequence of
azurin might interact with these sugar components of caveolae in the first recognition steps
to enter cancer cells. In fact, pre-treatment of cells with tunicamycin which inhibits the N-
linked glycosylation significantly reduced the entry of the peptide (Taylor et al., 2009). The
demonstration that there is a decrease in the levels of these proteins within cancer cells,
when GM-1 is blocked with a powerful ligand such as CTxB reinforces those observations
(Figure 11.4-2A). It should be noted that there seems to be a greater decrease in the entry
of the mutated protein in comparison to the WT protein in all cell lines, when these cells
are previously exposed to CTxB. With these results one can infer that one of the
mechanisms of azurin recognition by cancer cells acts at the level of GM-1 ganglioside
and aromatic amino acids on the azurin structure, being F114 important for that

recognition, which seems, according to our results, to occur both in Cav-1 positive and
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negative cell lines. Indeed, in cell lines expressing low levels of Cav-1, like HT-29, blocking

GM-1 seems to be enough to delay azurin entry. GM-1 is already recognized as a mediator

of protein accumulation in lipid membranes in other pathologies like in in Alzheimer’s

disease whereitf aci | it at es t he a c-pratemuahdar¢lated peptides ina my | o i
neural plasma membrane cells (Evangelisti et al., 2016; Wakabayashi and Matsuzaki,

2009; Yamamoto et al., 2008).

CTxB is also a marker widely used to assess lipid rafts in cancer. An Alexa488-CTxB
version was used to assess what happens to these membrane microdomains upon
exposure to both proteins. Contrary to untreated cells, where the membrane staining of
CTxB is clear, in cells treated with WT protein, GM-1 is dislocated from the plasma
membrane within 30 min of exposure, an effect that is maintained for at least 48 h (Figure
[1.4-2B). For the mutated protein, that observation is less clear than for the WT protein.
The membrane staining is maintained to a higher extent than the WT protein, suggesting
once again a stronger affinity of WT azurin to GM-1 than the mutated protein. This higher

affinity then leads to a higher internalization of this lipid raft marker (Figure 11.4-2C).

Interestingly, when we silenced Cav-1 with siRNA, the WT protein was also affected in the
entry process, reinforcing that Cav-1 is another important mediator in that process (Figure
[1.4-3A). Regarding the F114A mutant, its entry was not delayed in the cells in which CAV1
expression was down-regulated; instead, it is close to the WT protein levels, which points
to the different behavior of the two proteins in the absence of Cav-1. Nevertheless, when
Cav-1 is silenced with siRNA, the molecular organization of the membrane is likely to be
altered due to the structural role played by Cav-1, which may lead to different observations
when compared to an assay where both proteins are added to the cells for 30 min with no
previous changes induced.

The interaction of each protein with the CSD was also analyzed using an FITC-labeled
CSD peptide since the interactions of several proteins with Cav-1 and ot her | i pi
components are mainly determined by hydrophobic motifs in the proteins, being the CSD
a mediator of such interactions with multiple signaling proteins. We used FRET to
determine possible interactions of WT azurin with the FITC-CSD peptide, observing a
higher energy transfer efficiency for the WT protein than for the mutant protein which
suggests that azurin interacts directly with Cav-1 through this domain. These results also
suggest that the WT and mutated azurin show significant differences in affinity for the
interaction with Cav-1, offering an additional explanation for the less effective entry of the
mutant protein relatively to the WT protein. In the cellular context, after exposition of both
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proteins to the cells for 30 min, when Cav-1 is immunoprecipitated, azurin is detected in
complex with it, being the WT protein detected in higher levels than the mutant, reflecting
the lower levels of the protein that bind to and are up taken by the cells. Furthermore, when
the total levels of Cav-1 are analyzed by western blot, after 48 h of exposure to the WT
protein, it is possible to see that Cav-1 is less abundant in the cells. Combined with the
displacement observed for GM-1, the decrease in the Cav-1 protein suggests that
additional changes in the profile of membrane protein composition, mainly within lipid rafts,
are altered by azurin, which prompted us to analyze the membrane fluidity of cells treated

with azurin.

Lipid rafts are clusters of specific lipids, cholesterol and sphingolipids, forming highly
condensed relatively ordered nano-domains, distinctive from the rest of the membrane
(Sezgin et al., 2017), very important for the lateral organization of cellular membranes. The
complexity of lipid and protein packing, rotation and lateral diffusion gives rise to what is
called the cell membrane fluidity (Sengupta et al., 2007). Indeed, the biophysical features
of membranes severely impact many of the phenomena they regulate, and may have a
huge impact on drug resistance (Peetla et al., 2013). After identifying the molecular
changes above mentioned, we assessed the effects of azurin on the organization of
plasma membranes, by assessing the membrane fluidity with the fluorescent probe
Laurdan. Our results indicate clearly that the fluidity of the plasma membrane increases
after exposure to WT azurin, as evaluated from changes in the Laurdan GP values. The
entry of azurin preferentially through caveolael/lipid rafts, probably removing Cav-1 from
the membrane and perturbing the raft organization, seems to cause a structural change in
the plasma membrane organization, possibly decreasing the fraction of liquid-ordered
membrane/domains (Figure 11.4-4). These results are in accordance with the previous
results obtained by us and others, in which the exposure to azurin not only attenuates
signaling pathways associated to motility, adhesion and invasiveness but also to
biophysical changes at the plasma membrane level, effects attributed to the presence of
lipid rafts. Indeed, plasma membranes define the boundaries of live cells, playing a major
role in all cell functions and in the communications cell establish with the exterior. Being
Cav-1 a major integral protein of caveolae, the ability to target it can be of extreme
importance to establish new therapeutic strategies. Its role in cancer is still controversial,
with reports indicating that cancer development and progression can be either associated
to an increase in Cav-1 levels or its absence, varying across different models (Bourseau-
Guilmain et al., 2016; Chanvorachote et al., 2014; Lee et al., 1998; Logozzi et al., 2009;

Nam et al., 2013; Shi et al., 2015). However, it is becoming clear that the development of
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the MDR phenomenon is strongly associated to its increase, as well as to the increase in
the membrane stiffness, blocking the ability of several drugs to efficiently penetrate into
the cells to reach their intracellular targets (Lavie et al., 2001; Quest et al., 2013). In this
context, we tested if the alterations caused at the plasma membrane order here observed
could be related to an increase in the sensitivity to two chemotherapeutic drugs, PTX and
DOX (Figure 11.4-5). Indeed, the p28 peptide was very recently associated to such an
increase in the sensitivity to these drugs in different cell models (Yamada et al., 2016),
mainly due to its effects of p53 stabilization. Therefore, we tested in parallel both the WT
and the F114A mutant protein. Interestingly, from the three cell lines tested, in which all of
them the delay in F114A entry was observed, in the Cav-1 negative HT-29 cell lines, no
significant differences were observed in the toxicity generated by the proteins alone. On
the contrary, for Cav-1 expressing MCF-7 and HelLa cells, significant differences were
observed, with the mutant displaying much lower cytotoxicity than the WT protein, pointing
to the identified decrease in the interaction with the CSD. In terms of potentiating the
effects of both drugs, such different effects were also only detected in these cell lines,
albeit in HT- 29 the effects were more accentuated in all the combinations tested, indicating
maybe that the higher toxicity levels created by the proteins were dominating. In MCF-7
and HelLa cells, the combinations with the WT protein led to a potentiation of the
chemotherapeutic drugs, with a statistically significant difference in favor of the WT protein
for the highest concentrations of proteins and drugs observed in most cases (Figure 11.4-
5A, B). Therefore, in these cases, the molecular effects of WT azurin at the membrane
level seem to contribute positively to the action of the drugs. Indeed, recently the
interaction of DOX with model cell membranes was evaluated to determine how the
interaction of the drug alone could impact the organization of the plasma membranes in
cancer cells and how it could affect its delivery efficacy and the contribution to
chemoresistance. It was seen that this drug has a preference to locate in more ordered
microdomains, where for example, P-glycoprotein is also preferentially located. For the
authors, this could explain how the drug is available to be a substrate for efflux by this
protein which is also located in these structures (Alves et al., 2017). It is then possible that,
by decreasing the more ordered domains, one of the mechanisms by which azurin
enhances the activity of this drug is by perturbing this preferential localization of the drug

reducing its availability to be efflux pumps.

In sum, the combination of azurin with these drugs benefited their cytotoxic effect and
statistical differences were observed between the WT and the mutant azurin tested in the

lines where Cav-1 is more expressed. A number of recent studies indicate that acting at
70



the membrane level may be a new strategy to target cancer cells, enhancing the
cytotoxicity of chemotherapeutic drugs, and by doing so, to also decrease the severe
systemic toxic effects they cause, since lower concentrations are needed to achieve the
same therapeutic response. Drugs that target the membrane lipid composition and/or
organization are now receiving attention as adjuvants for cancer therapy (Colin et al., 2011,
Escriba et al., 2015; Lee et al., 2014; Peetla et al., 2013). In this context, the action of
azurin over different cancer cell models is a contribution to the broad anticancer action this
protein demonstrates. In particular, it would be interesting in the future to evaluate the
effects over drug resistant cells, where the biophysics of the plasma membranes seems

to be a major contributor to that phenomenon.
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[11.1. Abstract

Peptides have been thoroughly studied as new therapeutic strategies for cancer treatment.
In this work, we explored in vitro the anticancer potential of three novel peptides derived
from the CZerminal of azurin, an anticancer bacterial protein produced by Pseudomonas
aeruginosa. CT226, CT419 and CT219LC peptides were previously obtained through
an in silico peptide design optimization process, CT£19LC being the most promising as it
presented higher hydrophobicity and solubility, positive total charge and, most importantly,
greater propensity for anticancer activity. Therefore, in this study, through proliferation and
apoptosis assays, CT£19LC was tested in four cancer cell lines-A549, MCFZ/, HeLa and
HTZ29-and in two nonZancer cell lines-16HBE140Zand MCF10A. Its membrane targeting
activity was further evaluated with zeta potential measurements and membrane order was
assessed with the Laurdan probe. The results obtained demonstrated that CT-p19LC
decreases cell viability through induction of cell death and binds to the plasma membrane
of cancer cells, but not to nonZancer cells, making them less rigid. Overall, this study
reveals that CT£19LC is an auspicious selective anticancer peptide able to react with

cancer cell membranes and cause effective action.
[11.2. Introduction

The use of membranolytic anticancer peptides (ACPs) has become a potential strategy for
the development of new cancer therapies (Gabernet et al., 2016). ACPs (<10 kDa), either
from eukaryotes or of bacterial origin, are small linear or cyclic molecules (57 50 amino
acids), rich in cationic and hydrophobic amino acids that give them an overall positive
charge (at pH 7) and an amphipathic behavior. These peptides can ad o p #h e U i x
pleated sheet configurations, but random coil structures have also been described in the

literature (Hoskin and Ramamoorthy, 2008).

There are two different classifications for ACPs considering their selectivity properties. The
first is the ACP+ class, which includes nonZelective peptides with identical activities
against several cell types, such as mammalian, bacterial and cancer cells (Gaspar et al.,
2013; Harris et al., 2013). The second category, named ACPao, corresponds to those that
selectively target bacterial and cancer cells while showing residual activity against normal
cells. The reason for this behavior is not fully clear yet but the differences at the membrane
level between normal and cancer cells may explain, at least in part, this selectivity. In fact,
the plasma membrane of cancer cells is characterized as having some unique features,

from which a larger surface area, a net negative charge and an abnormal fluidity stand out.
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This may be due to a high number of microvilli, with the negative charge in the outer layer
resulting from the abnormal presence of anionic phospholipid phosphatidylserine, O-
glycosylated mucins, sialylated gangliosides and heparin sulfate (Bernardes and Fialho,
2018; Gaspar et al., 2013; Harris et al., 2013; Leuschner and Hansel, 2005).

The mechanism of action for ACPs leads to the irreparable disruption of the plasma
membrane of tumor cells (Ehrenstein and Lecar, 1977) through the pore formation,
followed by cell lysis (direct-acting mechanism; Chiangjong et al., 2020; Hilchie and
Hoskin, 2010). Both the structure they adopt when in contact with the plasma membrane
of these cells, as well as their intrinsic characteristics, turn these peptides capable of
associating with this cellular barrier mainly through electrostatic interactions (Gaspar et al.,
2013; Teixeira et al., 2012). Apart from the plasma membrane, other internal membranes
may be targeted by the membranolytic effects of ACPs, such as the mitochondrial
membrane, where their effects can trigger apoptosis (indirect-acting mechanism; Hetz et
al., 2002; Hilchie and Hoskin, 2010).

The development of cancer therapies with the use of ACPs present advantages for clinical
applications compared to conventional chemotherapy. In particular, ACPs act both in
metabolically active tumor cells and in slow-growing or MDR cancer cells (Xie et al.,
2020b). Additionally, ACPs have a relatively high tissue penetration, the cost for producing
them is low, and they can be easily modified by solid-phase synthesis technology (Hilchie
and Hoskin, 2019).

Currently, the database of the National Library of Medicine (NLM) at the National Institutes
of Health (NIH) in the PubMed.gov platform, displays a total of 463 clinical trials with the
application of ACPs in several types of cancer being the most common studies in
melanomas, breast and lung cancer (Chiangjong et al., 2020; Pubmed, 2021b). As
examples, the LTX-3158, a human lactoferrin-derived oncolytic peptide, is currently at
phase | clinical trial and the Bryostatin 1, a peptide within the bryostatin family composed
of marine natural products, is at phase Il (Haug et al., 2016; Wali et al., 2019). In addition
to them, there is p28, a CPP derived from the anticancer protein azurin (14 kDa) produced
by the bacterium Pseudomonas aeruginosa (Yamada et al., 2013a). This peptide has
already completed two phase | clinical trials in cancer patients (Lulla et al., 2016; Warso
et al., 2013), and received approval as an orphan drug by the FDA (Chakrabarty et al.,
2014). Overall, these studies are showing promising results for the treatment of cancer not
only as sole drugs but also through combination with other therapeutic approaches
(Yamada et al., 2016).
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The aim of this study was to evaluate the anticancer potential of new peptides derived from
azurin. Evidence from us and others argues that azurin may therapeutically act on cancer
cell membranes through a lipid raft/caveolae-mediated pathway (Bernardes et al., 2013a;
Bernardes et al.,, 2014; Mehta et al., 2011). By specifically targeting such plasma
membrane microdomain sites, azurin promotes a multivalent action accelerating the
endocytosis of receptors and the disruption of signaling pathways hyperactivated in cancer
cells (Bernardes et al., 2016; Yamada et al., 2009). In addition, it is known that p28 derived
from this protein, is a PTD, in part, responsible for mediating the entrance of the azurin
into cells, and it also has anticancer properties (Taylor et al., 2009; Yamada et al., 2009).
Beyond this, it has become clear that the anticancer activity exerted by azurin depends on
other domains (azurin C-terminal 88-128 amino acids) besides the p28 domain (azurin 50-
77 amino acids). In fact, the C-terminal peptide has anticancer activity through binding with
the cell surface EphB2 receptor and interfering in cancer growth promotion, which has
been explored to design peptides to improve radiotherapy efficacy in lung cancer
(Chaudhari et al., 2007; Micewicz et al., 2011). On the other hand, the phenylalanine
residue at position 114 was found to be critical for azurin uptake by cancer cells (Bernardes
et al., 2018). Based on this, in a previous study, our group used a region of 26 amino acid
residues of azurin close to its C-terminal (CT-p26 peptide) as a template for the discovery
of new bioactive peptides against cancer cells. Bioinformatics tools used in peptide design
studies have enabled the assessment of the bioactivity of this native peptide. First, by
reducing its length, and then by changing some residues in its amino acid sequence, it
was possible to improve parameters of solubility, hydrophobicity, overall charge and
anticancer potential, giving rise to two new peptides, CT-p19 (shorter than the CT-p26)
and CT-p19LC (three amino acid residues altered compared to CT-p19; Coelho, 2017). In
the present work, we evaluated in vitro the anticancer activity of these peptides and

compared it with the anticancer activity of fullZength azurin and its derived native peptides.

[11.3. Materials and Methods

[11.3.1. Azurin-derived peptides

The four azurin4lerived peptides used, namely p28, CT426, CT419 and CT419LC, were
chemically synthetized by Pepmic Co., Ltd., Suzhou, China, with a minimal purity of 95.0%.
CT219 and CT419LC peptides labeled with 5,6 4AM were commercially synthesized by
CASLO ApS, Kongens Lyngby, Denmark. Lyophilized samples of the peptides were
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resuspended in 10 mM sodium phosphate buffer (pH 7.4) or in phosphate buffer saline
(PBS; pH 7.4), divided into aliquots and stored at -20 °C.

[11.3.2. Circular dichroism spectroscopy

The secondary structure of the CT419LC peptide was analyzed through spectroscopic
analysis. UVZisible and far4JV circular dichroism (CD) spectra were traced. UVZisible
spectra between 250 and 800 nm were obtained using a PharmaSpec UVZ700
(Shimadzu, Kyoto, Japan) UVZisible spectrophotometer. Far4JV CD spectra were traced
us i n gZ288 spectropolarimeter from Applied Photophysics using default parameters.
Ten measurements were made with an integration time of 1 sec, a cuvette path length of
10 mm, a wavelength ranged of 190 to 250 nm and a step size of 1 nm. The obtained
spectra were analyzed using the online DICHROWEB server
(http://dichroweb.cryst.bbk.ac.uk/html/home.shtml, accessed on 1 July 2019) to predict the
secondary structure of the peptide (Whitmore and Wallace, 2004).

[11.3.3. Human cancer cell lines and cell culture conditions

The A549 (lung), MCFZ (breast), HeLa (cervix) and HT29 (colorectal) human cancer cell

lines (European Collection of Authenticated Cell Cultures (ECACC), Public Health

England, Salisbury, United Kingdom), the 16HBE140Zhuman bronchial cell line (Cozens

et al., 1994) and the MCF10A human mammary gland cell line (American Type Culture

Collection (ATCC), Manassas, Virginia, United States) were used. The cancer cells were
seeded and mai nt ai ned in Dulbeccods Modi fPhelidfe Eagl e
Technologies, Carlsbad, California, United States). The medium was supplemented with

10% heatZnactivated fetal bovine serum (FBS; Gibco® by Life Technologies, Carlsbad,

California, United States), 100 IU/mL penicillin and 100 mg/mL streptomycin (PenZstrep,

Invitrogen, Waltham, Massachusetts, United States). The 16HBE140Zcells were grown in

MEMmedi um without earl sd salts anddlusmmpeaide ment e
10000 U/mL penicillin and 10000 mcg/mL streptomycin (PenStrep, Invitrogen, Waltham,
Massachusetts, United States). The MCF10A cells were cultured in 50% DMEM/50% F12

nutrient mix, supplemented with 5% equine serum, EGF (20 ng/mL), i nsul i n (10 ¢eg/
hydrocortisone (0.5 €9/ mL), ¢ h &Wimk peaicillihandi n (10
10000 mcg/mL streptomycin (PenStrep, Invitrogen, Waltham, Massachusetts, United

States). The culture conditions for all cell lines were 37 °C in a humidified chamber

containing 5% CO: (binder CO:> incubator C150, Keison products, Chelmsford, United

Kingdom).
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[11.3.4. MTT cell proliferation assays

Cell proliferation after treatment with the peptides was measured by MTT [3-(4,5
dimethylthiazol-2-yl-2,5 tetrazolium bromide)] assay. A549, MCF-7, HeLa and HT-29
human cancer cells were seeded in 96-well plates at a density of 10* cells per well (3
replicates), and were left to adhere and grow overnight in a CO2 incubator (5%) at 37 °C.
The 16HBE140- and MCF10A cells were seeded at a density of 7.5x10* and 4.5x104 cells
per well (3 replicates), respectively, and left to adhere and grow overnight in the same
conditions. In the next day, the medium was collected, and cells were treated with the
peptides (concentrations from 0O €M to 100 &M).
Foll owing the incubation period, 20 L of MTT
incubated at 37 °C for 3.5 h. The reaction was stopped wi t h t he addition o
solution of 40 mM HCL in isopropanol. MTT formazan formed was spectrophotometrically
read at 590 nm in a microplate reader (SpectroStarNano, BMG LABTECH, Aylesbury,
United Kingdom). Untreated cells were used as control (0% of viability decrease) to

determine the relative cell viability of treated cells.

111.3.5. LDH release assays

The InvirogenE CyQUANTE LDH Cytotoxicity Assay Kit (Invitrogen, Waltham,
Massachusetts, United States) was used to determine the LDH release of nonZancer cells

treated withCTH 1 9L C, according to the manieHBEGD-ur er 6 s
and MCF10A cells were seeded at densities of 7.5x10% and 4.5x10* cells per well (three

replicates), respectively, and left to adhere and grow overnight in the same conditions. The

next day, the medium was collected and the cells were treated with the peptides (100 & M) .

After 48 h, the medium was collected and analyzed. Untreated cells were used as controls

to compare the spontaneous LDH release and to normalize the data. Additional controls

used were the maximum LDH activity release by lysing the cells with the lysis buffer

provided in the kit, as well as the LDH positive control.

[11.3.6. Quantitative cellular interaction

In order to evaluate the cell-peptide interaction, A549, MCFZ, HeLa and HT29 cell lines
were plated in 6Zvell plates with 5x10° cells per well, respectively, and left to adhere and
grow overnight in a CO2 incubator (5%) at 37 °C. The following day, the medium was
removed, and the cells were washed twicewithPBSand tr eated vwfl9and 5 &M c
CT219LC labeled with 5,64-AM over 2 h at 37 °C. After treatment, cells were washed
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twice with PBS, detached SyLifa TeGhnojogids,FChrisbadk pr e s s
California, United States) at 37 °C and resuspended in medium. Then, cells were collected

by centrifugation at 1200 rpm over 3 min, washed once with PBS and re4lispersed in 350

eL of PBS for cythemgurmantamalwsi ®n of the pept
cells was done using a BD Ac ¢ ur i Hus Eléw Ctometer (BD Biosciences, Devon,

England), where peptides were detected through the fluorescein isothiocyanate (FITC)

channel (FL1 detector, 533/563 nm; laser configuration of 32lue 14ed, 640 nm laser).
Measurements were carried out in triplicate and 20000-50000 events were acquired in the

gated region of the forwardZcatter/side&catter plot per sample. A control based only on

cells without treatment was also performed to exclude the possible cellular
autofluorescence. The results were analyzed using the software FlowJo v10 by gating out

cellular debris and doublets and expressed as the geometric mean fluorescence intensity

(Geo MFI).

[11.3.7. CT-p19LC cellular uptake

In order to characterize the cellular uptake of CT£19LC, cells were cultured on £ ZSlide 8
well glassdottom chambers (ibidi®, Munich, Bavaria, Germany) with 5x10* cells per well
and |l eft to adhere overni ghtCTagleCh 6AMpepiidag t r ea
for 2 h. After this time, the medium was collected and the cells were washed twice with
phosphate buffer saline (PBS) pH 7.4. Then, Alexa Fluor® 6 33 WGA (Il nvitrog
Waltham, Massachusetts, United States; 1:200) and Hoechst 33342 (InvitrogenTM,
Waltham, Massachusetts, United States; 1:500) were added to stain the plasma
membrane and the nucleus, respectively, followed by 15 min of incubation. Finally, the
samples were observed on a Leica TCS SP5 (Leica Microsystems CMS GmbH,
Mannheim, Germany) inverted confocal microscope (model DMI6000) with a 63.3x waterZ

immersion (1.2zwumericalZaperture) apochromatic objective (Pinto et al., 2008).

[11.3.8. Apoptosis assay

The FITCAnnexin V Apoptosi s Detection Kit I ( BD
Devon, England) was used to study the apoptosis of cancer cell lines and nonZancer cell
lines under study after treatment with CT£19LC peptide. Briefly, A549, MCFZ, HelLa, HTZ
29 and the 16HBE140Zand MCF10A cell lines were plated in 6Z4vell plates with 5x10° and
7.5x10° cells per well, respectively, and left to adhere and grow overnight in a CO3
incubator (5%) at 37 °C. The following day, the medium was removed and the cells were

washed once with PBS pH 7. 4 2¥bGover 48d att32°€. wi t h
79



After treatment, the cells were washed twice with PBS pH 7.4, detached with Accutase®
(Merck KGaA, Darmstadt, Germany) at 37 °C and resuspended in cell culture medium.

After that, 1x10° cell per mL was collected and centrifuged at 1200 rpm for 3 min. The

supernatantwas di scarded, and cel |l s XemnexinV birdings pend e c
buffer. Then, FITCZA2nnexi n and PI (5 €L each) were added
at room temperature in the dark for 1Buffemi n. Fi

was added, and cells were anuslFlpw @tbmeten(Ba BD A
Biosciences, Devon, England). Untreated cells were used as a control. Cell death induction

was considered by adding quadrant 2 (Q2) to quadrant 4 (Q4). At least 20000 events were

acquired and analyzed per sample.

[11.3.9. Zeta potential measurements of live A549, MCF-7, HelLa, HT-29 cancer
cells, and 16HBE140-, MCF10A non-cancer cells in the presence of CT-p19LC

Zeta potential measurements through laser Doppler anemometry (LDA) were performed
to assess the surface charge density of cancer and nonZancer cells and the electrostatic
attraction of CT419LC toward them. For this, cells were diluted to 1x10° cells per mL in

DMEM and washed with PBS pH 7.4 twice (1200 rpm; 5 min). Then, cellular suspensions

NS

were incubated with different peptde concentrations (&&mumite® and
medium for 30 min at 37 °C and dispensed into disposable zeta cells with gold electrodes.

A set of 10 measurements (&40 °Gwitmavoltage ofH§ wer e
V (Malvern Instruments Ltd., Worcestershire, United Kingdom). Control values were

obtained by measuring the surface charge of each cellular suspension in the absence of
CTp19LC (0 €M, wuntreated condition).

[11.3.10. GP determination for membrane order evaluation

The membrane order evaluation of A549, MCF-7, HeLa and HT-29 human cancer cell lines
after CT-p19LC treatment was investigated with the probe Laurdan using two-photon
excitation microscopy. Cells were treated for 2 h with 20 uM of CT-p19LC after seeding
with 5x10* cells on p-Slide 8 well glass bottom chambers (ibidi®, Munich, Bavaria,
Germany). Subsequently, two washing steps with PBS pH 7.4 were performed followed
by incubationat37°C f or 15 min with medi um (Q@wvemeta, ni ng
2011). Untreated cells were used as control. Following incubation, samples were
examined on a Leica TCS SP5 inverted confocal microscope (model DMI6000) with a
63.3x water-immersion (1.2-numerical-aperture) apochromatic objective. Fluorescence

microscopy data was obtained by using a titanium-sapphire laser as the excitation light
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source (the wave-length was set to 780 nm and the fluorescence emission was collected
at 400-460 nm and 470-550 nm to calculate the GP images). Fluorescence imaging data
was processed through a homemade software based on a MATLAB environment, with the
GP value defined as GP = (/400-460 i G.I470-530)/(/400-460 + G.1470-530). The
parameter G is a calibration factor calculated from imaging Laurdan in DMSO (GP = 0.01

in this solvent) using the same experimental conditions.

[11.3.11. Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.0.1 (GraphPad Software Inc.,
San Diego, California). Statistical significance of the difference between two groups was
eval uat ed by tdestDifereBdesbdtweern géosps were compared using oneZ
way analysis of wvariance (ANOVA) and TBrekeyds
expressed as means +* standard deviation (SD) and geometric means with 95% confidence

intervals.

[11.4. Results and Discussion

111.4.1. CT-p26 peptide effect on cell viability confirms the anticancer potential of

C-terminal azurin

CT-p26 peptide comprises amino acid residues 95 to 120 close to the C-terminal region of
the bacterial protein azurin (Table Ill.4-1), which is known to contribute to its anticancer
activity as well as to its ability to enter cancer cells (Chaudhari et al., 2007; Micewicz et al.,
2011; Bernardes et al., 2018).
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Table 111.4-1: Overview of the characteristics of azurin and its derived peptides.

|_
z  z z F
Y = @] = ()
W AMINO E 9 " a @ & VIABILITY DECREASE W
S
PROTEIN = ACID o) o) 9 = 2 S AFTER 100 €M OF z
O o I < = O N PROTEIN/PEPTIDE Ind
/PEPTIDE -] = o T O n w
14 SEQUENCE = o ) ! @ = TREATMENT v
= « x r o 7 m
n -} [a) i = 0 o
N > @) <
a7 i
il Bernardes
. o _ - 0,
Azurin bz 128 aa n.a. n.a. n.a. n.a. n.a. n.a. 20-40% etal, 2018
y/{
& 20- Yamada et
p28 “ LSTAADMQGVVTDGMASGLDKDYLKPDD 77 n.a. n.a. n.a. n.a. n.a. 0-25% al. 2016
(S aa "
: ) 95- Coelho
CT-p26 / ‘ VTFDVSKLKEGEQYMFFCTFPGHSAL 120 1003 1 0. 53 Poor 0.76 n.a. 2017 '
| J aa
99- Coelho
CT-p19 n.a. VSKLKEGEQYMFFCTFPGH 117 1T0.( 05 7.0 Poor 0.90 n.a. 2017 !
aa
CT- - Coelho,
p10LC n.a. VSKLRKGEKYMFFCTFPGH na. 10.16 35 100 Good 0.99 n.a. 2017

SVM: Support vector machine score; aa: amino acids; n.a.: not applicable
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Taking this into account, MTT cell proliferation assays were performed to evaluate the
effect of this peptide on A549 lung and MCF-7 breast cancer cell lines. Parallel assays,
under the same conditions, have also been carried out with the p28 peptide, also derived
from azurin and aforementioned for its anticancer properties (Yamada et al., 2009;
Yamada et al., 2013; Yamada et al., 2016). These assays were performed with increasing
concentrations of both peptides, 0 to 100 uM. As shown in Figure 111.4-1, the two peptides
exhibited cytotoxic activity against both cancer cell lines, and a dose-response effect is
evident in the A549 lung cancer cell line. Moreover, treatment with CT-p26 leads to a
higher decrease in cell viability than treatment with p28, of about 2 to 7-fold decrease in
the case of A549 cells, and a 1 to 4-fold decrease in the case of MCF-7 cells. These results
confirmed that the C-terminal region of the azurin protein can be used as an anticancer

functional peptide and thereby making it an interesting lead peptide.

A549 MCF-7

40 40~
. i —_ - Em Untreated
S - g
2 304 P 304 . = 10uM
] @ = 20 uM
e £ 204 ns Ns H
] ] ns ns = 50 uM
(] [=] ns
g‘ 5:‘« 10 ns = 100 |..IM
3 3
8 8
> >

-10 T

T -10 T T
p28 CT-p26 p28 CT-p26

Figure IIl.4-1: Comparison of cell viability after treatment with p28 and CT-p 26 pept i des if
A549 (lung) and MCF-7 (breast) cancer cells incubated during 48 h. Untreated condition (control) consisted
of cells incubated with medium only. Values represent the mean = SD, and each condition has at least an
n=3. *, ** *x ek gnd ns denote a significant difference of p<0.1, p<0.01, p<0.001, p<0.0001 and not
statistically significant, respectively, when comparing control with treatments.

111.4.2. CT-pl19 peptide decreases cancer cell viability and has selective property

The in silico study previously performed by our group allowed to design a new peptide with
a shorter length, and with higher propensity to have anticancer activity from the C-terminal
peptide (Support vector machine (SVM) score: 0.76 vs 0.90; Table I11.4-1; Coelho, 2017).
This parameter and the possible selectivity of this peptide, as seen in azurin and the other
peptides derived therefrom (Yamada et al., 2005; Yamada et al., 2009), were evaluated
through a MTT cell proliferation assay on the cancer cell lines under study, and on two
matching-tissue non-cancer cell lines, 16HBE140- and MCF10A (Figure 111.4-2). After
treatment with 10, 2119, a dedrease mdell tiabilty of 10006, A 4%,
22% and 28% was observed in the case of A549 cancer cell line. The same concentrations

of CT-p19 induced a decrease of 9%, 9%, 30% and 27% on the viability of MCF-7 cells.
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Regarding non-cancer cell lines, the viability decrease did not exceed 3% in 16HBE140-,
and 8% in MCF10A. Thus, the results showed that CT-p19 peptide is able to decrease the
viability of cancer cells, but not of non-cancer cells, which demonstrates that this peptide
has the desired selectivity. These results provided a smaller version of the CT-p26 peptide

maintaining its anticancer activity.

CT-p19

40- o
;2. dekk o
E B Untreated

ns ns

3 204 - =3 10 uM
§ ﬂ ﬁ l ns ns ns B 20 uM
z o i “S & i_ £3 50 M
5 B3 100 uM
L

"20 L 1 | 1

A549 MCF-7 16HBE140- MCF10A

Figure Il1.4-2: Viability decrease (100% of proliferation in untreated condition i % of proliferation for each
treatment condition) of A549 (lung) and MCF-7 (breast) cancer cells, and 16HBE140- (bronchial) and
MCF10A (mammary gland) non-cancer cells, when incubated with different concentrations of CT-p19 peptide
(0O to 100 eM), during 48 h. Untreated condition
Values represent the mean + SD, and each condition has at least an n=3. *, ** *** *** gnd ns denote a
significant difference of p<0.1, p<0.01, p<0.001, p<0.0001 and not statistically significant, respectively, when
comparing control with treatments.

111.4.3. The newly designed CT219LC peptide reduces proliferation and induces

cell death in cancer cell lines

After the development of CT-p19 in silico, our group re-designed a new peptide based on
single substitutions of amino acid residues that allowed not only to increase the SVM score
to 0.99, but also improved its solubility (Table 111.4-1). Thus, this new peptide designated
CT-p19LC, contained 19 amino acids (VSKLRKGEKYMFFCTFPGH) and represented an
iterative peptide optimization from a region close to the C-terminal of the anticancer protein
azurin. It has a molecular weight of 2275.7 g/mol (2.3 kDa), a pl of pH 10 and a net charge
of + 3.5 at pH 7 (Table 111.4-1; Coelho, 2017).

In this work, circular dichroism (CD) spectral measurements (Figure 111.4-3A) indicated that

the peptide adopted a randomly coiled structure in solution.

To evaluate the anticancer potential of the CT£19LC peptide, MTT cell proliferation and
apoptosis assays were carried out. For this, the spectrum of cell lines used was expanded
by adding the HelLa (cervix) and HT29 (colorectal) cancer cell lines to the A549 (lung) and
MCFZ (breast) cancer cells, and the 16HBE140Z (bronchial) and MCF10A (mammary
gland) nonZancer cell lines.
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First, the MTT cell proliferation assays were performed with increasing doses of CT-p19LC
(O to 100 uM; Figure 111.4-3B). Comparing it with the CT-p19 treatment that led to a dose-
response effect on the lung and breast cancer cell lines (Figure 111.4-2), this same effect

was only observed at the | oweMinthecaseoftha€CTZat i ons

pl9LC treat ment . At hi gher concentratio
decrease in viability was observed. However, we observed that for the concentration of 20
e M o f£19CQ, the values for the decrease in viability were similar to those obtained
with higher concentrations of CT419. These results confirmed the anticancer potential
predicted in silico for CT£19LC (0.90 vs. 0.99 SVM score; Table 111.4-1). The CT419LC
treatment in the cervix and colorectal cancer cell lines demonstrated that this peptide can
exert its anticancer action on a wide spectrum of cancer lines, since a decrease in cell
viability of 20-30% was observed (Figure 111.4-3B). It is interesting to note that the values
of the decrease in viability fort he concent r at i pIOLCarf all @lcer eel
lines were around 20-40%, and to achieve the same decrease with the azurin (Table 111.4-
1) or p28 peptide treatment (Figure 111.4-1), 1 00 &€ M wo u | dFutithermores ievthe
also found that CT2£19LC does not have a cytotoxic effect on the nonZancer cell lines
under study (in all concentrations tested, less than a 14% decrease in viability was
observed; Figure 111.4-3B), which indicates that this peptide also demonstrates selectivity
for cancer cells, an important and desired characteristic in the development of new

anticancer compounds. The nonZoxic effect on nonZancer cells was also supported by

ns of

of CT

d

the low levels of spontaneous LDH r el ease in cells treated wi

particular for CT419LC (Figure 111.4-3C)

Second, the apoptosis assays supported the MTT cell proliferation assays. Treating cancer
cells with a single dose of CTHA19LC at 20 €M strongly

concentration was chosen as it corresponded to the maximum anticancer potential, since
higher concentrations had no additional impact on cell viability. In A549 cells, there was
induction of cell death in 77.8% of the cells, in MCFZ in 28.8%, in HelLa in 38.5% and in
HTZ9 in 37.4%, which were comparable to the values in their controls (untreated
condition) of 27.4%, 15.7%, 18.4% and 19.2%, respectively (Figure 111.4-3D). Importantly,
the same was not observed in nonZancer cell lines, since in 16HBE140Z(34.0% control
condition vs. 34.2% treatment condition) and MCF10A (7.5% control condition vs. 4.6%
treatment condition), cell death was similar to the control condition (untreated), again

demonstrating the selectivity of this peptide (Figure 111.4-3D). Overall, these results indicate
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that CT£19LC induces a decrease in cell viability in part through the induction of cell

death.
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Figure I11.4-3: Cytotoxic effect of newly designed CT-p19LC peptide. A) Circular dichroism spectra of azurin
and CT-p19LC (5 uM) in sodium phosphate buffer 10 mM, pH 7.4, at 25 °C. B) Viability decrease (100% of
proliferation in untreated condition - % of proliferation for each treatment condition) of A549 (lung), MCF-7
(breast), HelLa (cervix) and HT-29 (colorectal) cancer cells and 16HBE140- (bronchial) and MCF10A
(mammary gland) non-cancer cells when incubated with different concentrations of CT-p19LC peptide (O to
100 eM) over 48 h. Untreated condition (control
represent the means + SD, and each condition had at least n=3. *, ** *** *** gnd ns denote significant
differences of p<0.1, p<0.01, p<0.001 and p<0.0001 and differences that were not statistically significant,
respectively, when comparing control with treatments. C) LDH assay in non-cancer cell lines treated with 100
€ M o f-pl9Cahd CT-pl9LC. Values represent the means + SD (n=3). **, *** and ns denote significant
differences of p<0.01 and p<0.001 and differences that were not statistically significant, respectively, when
comparing treatments with control. D) Apoptosis assay in cancerandnon-c ancer cel |l s tr
CT-p19LC for 48 h, assessed by flow cytometry. Representative figures showing a population of viable cells
in the left lower quadrant (Q1; annexin V-/PI-), early apoptotic cells in the right lower quadrant (Q2; annexin
V+/PIl-), necrotic cells in the left upper quadrant (Q3; annexin V-/Pl+) and advanced apoptotic or necrotic
cells in the right upper quadrant (Q4; annexin V+/Pl+).

111.4.4. CT219LC peptide targets cellular plasma membrane

It is known that the plasma membrane of cancer cells is more anionic at their surface than
for nonZancer cells due to its constitution based on negatively charged components
(Gaspar et al., 2013; Harris et al., 2013; Leuschner and Hansel, 2005). In addition, one of
the mechanisms by which it has been proposed that there is an electrostatic attraction of
ACPs towards this cellular barrier of cancer cells is related to the positive charge of these

peptides (Gaspar et al., 2013; Teixeira et al., 2012). In the case of the CT419LC peptide,
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the in silico approach established a charge of +3.5 at pH 7 (Table I11.4-1; Coelho, 2017).
Therefore, we evaluated the capacity of CT£19 and CT419LC to associate to the cancer

cell lines using flow cytometry. Cells were treated with 564AM | abel ed pept.

and left to interact with the cells for 2 h. A stronger association of CT£19LC was observed
for all cell lines compared to CT419, which may have contributed to its higher anticancer
activity (Figure 111.4-4A). We then proceeded to analyze the cellular distribution of this
peptide in both cancer and nonZancer cells using fluorescence confocal microscopy
(Figure 111.4-4B). The peptide was detected both in the plasma membrane and
intracellularly distributed, suggesting its capacity to penetrate the plasma membrane and
even reach the nucleus, but only in cancer cells. In the nonZancer cell line MCF10A,

almost no peptide was detected.

We also evaluated the zeta potential of the live nonZancer and cancer cell lines under
study in the presence of increasing concentrationsof CTH 1 9L C pept i deThd
measurements of the zeta potential allowed the assessment of the electrostatic potential
that is triggered after a particle with a certain charge is placed in solution with others (Freire
et al., 2011). This concept can be applied to evaluate the interaction of peptides with cell
membranes, which results in the alteration of the cell surface electropotential (Domingues
et al., 2008). As the concentration of CT419LC exposed to cancer cells increased, an
increase in the zeta potential was obtained in all cancer cell lines, with this potential
reaching positive values for the highest concentration of the peptide (Figure 111.4-4C). After
treat ment wi HIOLQ tAe potditiabof the@iig cancer cell line increased from
-17.2 + 2.8 mV to 4.8 £ 7.3 mV; in the case of the breast cancer cell line, it increased from
-15.4 £ 4.4 mV to 0.8 + 5.5 mV; in the cervix cancer cell line, it increased from -15.5 + 2.2
mV to 1.9 £ 4.8 mV; and, finally, in the colorectal cancer cell line, it increased from -16.6 +
3.3 mV to 3.0 + 7.3 mV. These results indicate that this peptide targets the plasma
membrane of cancer cells. In the case of the nonZancer cell lines, at the highest
concentration used (20 gM), it was dnd cosed
to the value obtained in the untreated condition (Figure 111.4-4C). For 16HBE140Z before
treatment the zeta potential was -11.7 + 2.9 mV, and it did not change with the treatment
(-11.6 £ 4.9 mV). In the case of MCF10A, before treatment the zeta potential was -14.8 +
3.3 mV, and after treatment it increased only moderately to -9.3 + 3.2 mV, remaining more
negative than that obtained in the same concentration of peptide in cancer cells. Thus,
these results show that the CT219LC peptide directs itself towards the cancer cell

membranes much more strongly than towards nonZancer cell membranes.
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To further characterize the effect on the membranes of cancer cells, the membrane order
of the plasma membranes subjected to treatment with the CT4H19LC peptide was
investigated with the Laurdan probe using twozhoton excitation microscopy. To do this,
the cancer cells (A549, MCFZ/, HT29 and HelLa) were treated over 2 h with CT£19LC at
20 ¢ M. To quantify t hehecheagurecdmneancof thelGP palu€) inpac ki n
both conditions (untreated and treated cancer cells), homemade software created in a
MATLAB environment was used. The GP value varies between -1 and 1; a GP value higher
than 0.5 indicates the existence of very compact and ordered membranes. In contrast, a
GP value lower than 0.5 is typically observed for more fluid membranes (Owen et al., 2011;
Pinto et al., 2013). As shown in Figure 111.4-4D, for the four cancer cell lines the GP values
decreased after CT419LC treatment, making the cell membranes more fluid (A549: 0.57
to 0.50; MCFZ: 0.53 to 0.48; HelLa: 0.47 to 0.40; HT29: 0.55 to 0.39). This common
pattern indicates that the CT2£19LC peptide acts efficiently at the plasmazZnembrane level.
Fluorescence microscopy images of the cells showed that treated cells suffered a variety
of morphological modifications; i.e., the cell shape became irregular and the fragmentation
of the plasmatic membrane and the nucleus was visible (Figure I11.4-4D).

In general, these results indicate that the CT419LC peptide engaged with the plasma
membrane, which could trigger the apoptotic events. However, it remains to clarify the
possible membrane components that could be targets of CT419LC. Further studies with
biophysical approaches such as AFM or leakage studies using model membranes
(liposomes) are necessary to unravel the mode of action of this peptide against cancer

cells.
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A Cell-Peptide Interaction B MCF-7 Hela HT-29 MCF10A
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Figure 1ll.4-4: CT419LC membranezactive properties. A) Flow cytometry quantitative analysis of cancer
cell-peptides interaction. Results are reported as the means * SD, and each condition had at least n=3. *
and ** denote significant differences of p<0.1 and p<0.01, respectively, when comparing CT419LC
treatment with CT419 treatment. B) Representative confocal microscopy qualitative analysis of CT419LC
cellular uptake by MCFZ/, HeLa and HT29 cancer cells and MCF10A nonZancer cells incubated with PBS
pH7.4ascontroland 5 &M of pept i AV (dreebomlbrefa 2 w WGA Alexa Fiuor® 633
and Hoechst 33342, for staining the plasma membrane and nucleus, respectively, are shown in red and blue
col or s. Scal e b a.rCsZeta paential ®feAB49, MERZ, kHeita and HT29 cancer cells and
16HBE140Zand MCF10A nonzZancer cells in the presence of CT219LC peptide. A total of 1.5x10° cells per
mL were incubated and stabilized for 30 min at 37 °C with different peptide concentrations, and the zeta
potential was measured. Data are represented as means + SD. *, ** *** *** gnd ns denote significant
differences of p<0.1, p<0.01, p<0.001 and p<0.0001 and differences that were not statistically significant,
respectively, when comparing t he uM}witeiacteasiohg concamntdaiionsi obCGT4HI9I0C
(5, 10 anbThe éffectes)CTH 19LC on the cell 6s mBOFTrHIR2®and
HelLa cancer cell lines and their respective GP values. All represented cell ineswe r e s e e @d5bdd 82
wellglassh ot t om chambers and tAlelLfoe2d. Fwirt te axth eM nodfi td7
was used. Untreated cells were used as the control. Homemade software built in a MATLAB environment
was used to measure the GP values. Representative Laurdan GP images are shown. Scale bars represent
50 em. Average GP vaslmeaast SB froen atdeagh I5 endivideaticells in each condition.
Results are compared to the untreated population with equal variance (****, p<0.0001).

[11.5. Conclusions

The CT419LC anticancer potential explored in this work reinforces the relevance of

studies in other domains of azurin that contain anticancer properties of their own. In an
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initial approach, a region of the CZ4erminal domain of azurin, which was studied in the form
of a peptide with 26 residues, CT426, was shown to have a similar anticancer potential to
the p28 peptide and azurin. From here, the in silico redesign of this region made it possible
to decrease the length of its peptide chain and increase its anticancer potential, as well as
its selectivity for cancer cells through changes in hydrophobicity and net charge, giving
rise to a new peptide called CT219LC. The results of this work suggest that the CT419LC
application induced a decrease in the cell viability, in part through the triggering of cell
death, in all the cancer cell lines under study, without affecting the nonZancer cell lines.
In addition to this, it was also demonstrated that this peptide selectively binds to the plasma
membranes of cancer cells, since its electrostatic potential is altered, and changes occur
at the level of lipid packing. All in all, this study characterizes CT£19LC as a synthetic
ACP with improved and selective anticancer potential and with membraneZactive
properties.
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IV.1. Abstract

Lung cancer is still the main cause of cancer-related deaths worldwide. Its treatment
generally includes surgical resection, immunotherapy, radiotherapy, and chemo-targeted
therapies such as the application of tyrosine kinase inhibitors. Gefitinib (GEF) is one of
them, but its poor solubility in gastric fluids weakens its bioavailability and therapeutic
activity. In addition, like all other chemotherapy treatments, GEF administration can cause
damage to healthy tissues. Therefore, the development of novel GEF delivery systems to
increase its bioavailability and distribution in tumor site is highly demanded. Herein, an
innovative strategy for GEF delivery, by functionalizing PLGA NPs with p28 (p28-NPs), a
cell-penetrating peptide derived from the bacterial protein azurin, was developed. Our data
indicated that p28 potentiates the selective interaction of these nanosystems with A549
lung cancer cells (active targeting). Further p28-NPs delivering GEF (p28-NPs-GEF) were
able to selectively reduce the metabolic activity of A549 cells, while no impact was
observed in non-tumor cells (16HBE140-). In vivo studies using A549 subcutaneous
xenograft showed that p28-NPs-GEF reduced A549 primary tumor burden and lung
metastases formation. Overall, the design of a p28-functionalized delivery nanosystem to
effectively penetrate the membranes of cancer cells while deliver GEF could provide a new

strategy to improve lung cancer therapy (Figure 1V.1-1).

p28-NPs-GEF Development Interaction and Metabolic
L . A549 xenograft tumor model
and Characterization Studies
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Figure IV.1-1: Graphical abstract.
IVV.2. Introduction

Currently, it is recognized that many of the drugs approved for the treatment of numerous
diseases, including cancer, may have a low therapeutic efficacy due to their limited ability
to reach their target cells, and selectively enter them to achieve their intracellular targets

(Silva et al., 2019). This restriction prompted the development of new delivery strategies
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for targeted and controlled release of drugs in an attempt to enhance their benefits for
patients.

CPPs offer great potential to deliver therapeutic molecules to unreachable intracellular
targets, crossing cell membranes without compromising their integrity (Agrawal et al.,
2016; Gomes Dos Reis and Traini, 2020; Kalmouni et al., 2019). However, many CPPs
are inefficient, and often demonstrate poor bioavailability, low stability, short half-life in in
vivo, and remain frequently trapped within endosomes with their cargo (Hoffmann et al.,
2018). Their conjugation to the surface of NDDSs helps to fill the gap of their individual
use for anticancer drug delivery (Silva et al., 2019). These nanosystems can escape
endosomal degradation, and may have in their composition hydrophilic polymers, such as
PEG, which allows to prolong their plasma circulation time and reduce immunogenicity
(Cupic et al., 2019; Davis, 2002; Reissmann, 2014). In addition, the nanosystem itself acts
on the form of a passive tumor targeting strategy by the EPR effect. Thus, through the
functionalization of these nanocarriers with CPPs, an active tumor targeting strategy is
promoted, benefiting of the passive targeting to accumulate into the tumor region, and
subsequently binding to the target cells using these biological targeting agents (Danhier et
al., 2010). Therefore, this combination potentiates the development of a novel strategy that

has greater efficiency, accuracy and therapeutic activity (Silva et al., 2019).

This work proposes the development of a NDDS based on PLGA-NPs functionalized with
an azurin-derived peptide termed p28. PLGA is a biodegradable and biocompatible
polymer approved by the FDA and the EMA, that can be used for the production of
polymeric NPs. Nowadays, polymeric NPs are among the most used NDDSs due to their
attractive properties for DL and delivery. PLGA can be chemically modified, before or after
NPs production, to give biofunctionality for active targeting (Kim et al., 2019; Martins et al.,
2018; Mir et al., 2017). Such biofunctionalization can be carried out, for example, with
antibodies, dendrimers, aptamers, carbohydrates and peptides (Mout et al., 2012). Among
them, p28 (28 amino acids; 2.8 kDa), a CPP derived from the bacterial protein azurin (128
amino acids; 14 kDa), is an interesting molecule for NDDSs, due to preferential tumor cell
internalization (tumor homing peptide) and anticancer activities (Bernardes and Fialho,
2018; Bernardes et al., 2016; Chakrabarty et al., 2014). It is known that the N-terminal of
this CPP is responsible for its penetrating capacity in human cancer cells (Taylor et al.,
2009; Yamada et al., 2005). When entering the nucleus of cancer cells, p28 can bind to
the DNA-binding domain of the tumor-suppressor protein p53, inhibiting its proteasomal

degradation, which consequently promotes apoptosis (Yamada et al., 2009; Yamada et
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al., 2013a; Yamada et al., 2013b). It has also been reported that this peptide can inhibit
cancer-induced angiogenesis by reducing the VEGFR-2 tyrosine kinase activity (Mehta et
al., 2011). In addition, p28 is an enhancer and anticancer agent transporter. In combination
with lower concentrations of anticancer drugs, p28 increased cytotoxicity by activating p53
and its related pathways (Yamada et al., 2016), and can also be fused to other peptides
or compounds to form chimeric proteins, emerging as new therapeutic strategies for
targeted cancer therapy (Noei et al., 2019; Raber et al., 2020; Soleimani et al., 2019).
Importantly, p28 CPP has already finished two phase | clinical trials (NCT00914914;
NCT01975116), in adult and pediatric tumors with promising results, being defined by the
FDA as an orphan drug (IND 77.754; Lulla et al., 2016; Warso et al., 2013).

In addition, these PLGA NPs were loaded with the TKI GEF (N-[3-chloro-4-fluorophenyl]-
7-methoxy-6-[3-morpholin-4-ylpropoxy]quinazolin-4-amine; C22H24CIFN4O3), which is
used to treat various solid tumors expressing the EGFR, such as lung cancer (Pirker,
2020). Approximately 2.1 million people are diagnosed, and about 1.8 million dies from
this disease each year (Bray et al., 2018). The lung cancer treatment with commercial
tablets of this drug called Iressa® is limited, mainly because of their poor solubility in
aqueous medium (logP value of GEF: 4.2), which consequently leads to dose-related
adverse effects, such as severe toxicity and development of MDR (Inoue et al., 2003; Yu
et al., 2013). The desired bioavailability can be achieved by reducing the size of this
compound to a nanoscale when introducing them into NDDSs (Da Silva et al., 2017; Jahan
et al., 2017; Su et al., 2018).

In the present study, a nanosystem (p28-NPs-GEF) was developed in which p28 will favor
the internalization of the nanosystem in lung cancer cells, where GEF will be released to
exert its therapeutic activity. Here, we reported the PLGA NPs preparation and
characterization, the ability to interact with A549 lung cancer cell line and 16HBE14o0-
bronchial non-cancer cell line, and its anti-proliferative effect. A proof-of-concept of the
p28-NPs-GEF therapeutic potential was established using the A549 xenograft tumor

model.

IV.3. Materials and Methods

IV.3.1. Materials

For the NPs production and characterization, the core PLGA (50:50 LA:GA; 44 kDa,;
Purasorb® PDLG 5004A) was kindly provided by Corbion; PLGA (30 kDa)-PEG (5 kDa)-
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maleimide (PLGA-PEG-Mal) and PLGA labelled with FKR648 or FITC (PLGA-FL) were
purchased from Polyscitech/Akina®, GEF from Santa Cruz Biotechnology®, and p28
peptide (Sequence: LSTAADMQGVVTDGMASGLDKDYLKPDDC) from PepMic Co, Ltd;
Tween® 80, sodium chloride, ammonium formate, formic acid, tris(2-

carboxyethyl)phosphine (TCEP), and diethyl ether from Sigma-Aldrich®; acetonitrile

(ACN), Amicon® centrifugal filters (100kDa), LiChrospher 100RP-1 8 col umn ( 5

250 mm) and LiChrospher 100 RP-18 guard column from MERCK®; dimethylformamide

(DMF) and trifluoroacetic acid (TFA) from Acros Organics. Ultrapure water was prepared

in-house with a conductivityof 0. 055 €S/ cm and a resisti Wity

station from Millipore Corporation.

For the cell culture, T flasks were acquired from Orange Scientific, DMEM, MEM, FBS and
TrypLEE Express from Gibco®, ThermoFisher; penicillin and streptomycin from Invitrogen;

L-glutamine from Sigma-Aldrich®.

For the cellular studies, paraformaldehyde (PFA) was purchased from MERCK®; WGA
Alexa Fluor® 594 and Hoechst 33342 from ThermoFisher; Resazurin and Triton X-100
from Sigma-Aldrich®.

IV.3.2. Methods

IV.3.2.1. p28 peptide conjugation to the PLGA-PEG-Mal polymer

In order to conjugate the p28 to the PLGA-PEG-Mal polymer, the Maleimide-Thiol click
chemistry was selected to covalently link the thiol (SH) group present in the cysteine of the
C-terminal p28 peptide to the Mal molecule of the polymer (Werengowska-CieTwierz et
al., 2015). This cysteine is not part of the original p28 peptide amino acid sequence, it was
inserted during commercial peptide synthesis for this purpose. Briefly, 15 mg of PLGA-
PEGMal (35 kDa) was dissolved overnight in 1 mL of anhydrous DMF under an inert
atmosphere (N2). To guarantee the presence of the free SH groups, TCEP was added to
the p28 (1:1 M ratio), and incubated for 1 h at room temperature before addition to the

polymer. For this, froma52mM of TCEP stock solution in

g€ m,

of

anhy

solutonwas added to 663 &M of p28 in anhyN).ous DN

In order to allow the formation of a covalent bond between the free SH group of p28 and
free Mal molecule at the terminal distal ends of the cross-linker PLGA-PEG-Mal, the p28
peptide/TCEP solution and the PLGA-PEG-Mal solution (1.5:1 M ratio) were mixed
together followed by mild magnetic stirring at 4 °C overnight under an inert atmosphere

(N2). This polymer was also subjected to this process, but without the addition of p28 as a
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control. To remove the non-conjugated peptide, PLGA-PEG-Mal-p28 was precipitated with
cold diethyl ether (16 mL) and centrifuged at 3200 xg for 5 min. The supernatant was
collected, and this was repeated one more time with a sonication (3 min) between each
polymer precipitation. In addition, the PLGA-PEG-Mal-p28 was washed three times with
MilliQ® ultrapure water (5 mL). Finally, this conjugate was lyophilized and stored at -20 °C

until NPs production.

IV.3.2.1.1. p28 peptide conjugation efficiency

The amount of p28 conjugated to PLGA-PEG-Mal polymer was estimated indirectly. This
was calculated by the difference between the total amount of peptide used in the reaction
and the amount of peptide detected in the supernatants resulting from the polymer
precipitation steps as described in the following equation (das Neves and Sarmento,
2015):
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p28 quantification was determined by reversed-phase high-performance liquid
chromatography (HPLC) with ultraviolet (UV) detection using a Hitachi LaChrom Elite®

HPLC System (Hitachi High Technologies America, Inc). A LiChrospher 100 RP-18 column

(5 em, 4.6 | 250 mm) vi8 duard colin® waswsegas stationdrp 0 RP
phase. Chromatographic runs were performed using a gradient method, according to the

pepti deds nrstructibna. d@He mobéderphase used was ACN:water with 0.1% of

TFA. The flow rate was 1 mL/min and sample detection was performed at 220 nm. The

column temperature was kept at 25 °C, the run time was 50 min, and the injection volume

was 90 e L. nAcure aof p28 rdesdolved in water was produced using
concentrations from 3 to 400 e€g/ mL. Al samp

total area of the peak was used to quantify the p28 peptide mass.

IV.3.2.2. Preparation of p28-functionalized PLGA nanopatrticles loaded with gefitinib

p28-functionalized GEF-loaded PLGA NPs (p28-NPs-GEF) were prepared by
nanoprecipitation as previously described by Fessi et al. 1989. Briefly, the organic phase
consisted on 16 mg of PLGA, 4 mg of PLGA-PEG-Mal-p28 and 1.1 mg of GEF dissolved

in 3 mL of DMF. To produce the NPs, this phase was directly injected with a needle (25 G)
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into the aqueous phase consisting on 10 mL of 1% Tween® 80, under constant magnetic
stirring (200 rpm) at room temperature. The final solution was left for 3 h to allow the
organic phase evaporation. To remove the non-incorporated drug and the surfactant of the
aqueous phase, the obtained colloidal solution was washed three times with MilliQ®
ultrapure water and recovered by ultrafiltration (600 xg; 4 °C; Eppendorf Centrifuge 5804R)
using Amicon® centrifugal filter units with a molecular weight cut-off (MWCO) of 100 kDa.
Finally, this solution was stored at 4 °C. Empty and non-functionalized NPs (NPs-0) were
prepared according to the same procedures in the absence of drugs and p28
functionalized. NPs only loaded with GEF (NPs-GEF) and NPs only functionalized with
p28 (p28-NPs) were also produced in the same conditions but with PLGA-PEG-Mal without
p28 and without drug encapsulated, respectively. The labeled NPs were also prepared
using the same production method, with 2 mg of PLGA-FKR648 (10%) or 6 mg of PLGA
FL (30%), adjusting the final composition of the nanosystem to 20 mg of polymer (100%).

IV.3.2.3. Characterization of nanoparticles
IV.3.2.3.1. Average particle size, size distribution and surface charge

All the formulations of NPs were characterized for their average size (Z-average) and
polydispersity i nd-potential hidugh LDA,wsink aMalverreZetasizes
Nano ZS instrument (Malvern Instruments Ltd). For these, samples were diluted (1:100,
v/v) in an ionic solution of 10 mM sodium chloride (NaCl) pH 7.4, and three measurements
were taken for each of NP formulations. Values reported are the mean + SD of at least
three different formulations batches.

IV.3.2.3.2. Gefitinib association efficiency and drug loading

To determine the association efficiency (AE) and DL of the established nanosystems, the
amount of GEF associated to NPs was indirectly estimated. This calculation was made by
the difference between the total amount of this drug used to prepare the nanocarriers and
the amount of this drug detected in the supernatants resulting from NPs washes. The
values of AE and DL were calculated using the following equations (das Neves and
Sarmento, 2015):
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GEF quantification was determined by reversed-phase HPLC with UV detection using a
Hitachi LaChrom Elite® HPLC System (Hitachi High Technologies America, Inc). A

LiChrospher 100RP-18 col umn (5 em, 4. 61 25 ®RmMiB)guandi t h

column was used as stationary phase. The chromatographic runs were performed using
an isocratic method, and the mobile phase used was ACN:40 mM of ammonium formate
buffer (30:70, v/v; pH 2.5 adjusted with formic acid) at a flow rate of 1 mL/min. The samples
were measured at 248 nm (Sree et al., 2017). The column temperature was kept at 25 °C,
the run time was 10 min, and the inject.i
dissolved in ACN was produced using concentrations from 1 to 100 € g/ mL . Al
were run at least in triplicate, and the total area of the peak was used to quantify GEF AE
and DL.

IV.3.2.3.3. Morphology and chemical screening

The morphological features of NPs were analyzed by TEM with a JEOL JEM 1 400
microscope (JEOL Ltd) at an accelerating voltage of 120 kV. The energy-dispersive X-ray
spectra (EDS) were collected for chemical analysis, namely to identify the sulfur (S)
element of the cysteine previously inserted in the peptide chain of p28, and consequently
to verify the presence of this peptide. Images were digitally recorded using a Gatan SC
1100 ORIUS CCD camera (Gatan Inc). NPs colloidal solutions were prior diluted thirty

on

times in MilliQ® ultrapur e wat er , and were preparengshby

nickel grid. The excess was wiped out with filter paper, and the samples on the grid were

stained with lanthanum.

IV.3.2.3.4. Colloidal stability of nanopatrticles

To confirm the stability of these nanosystems in cell culture medium, 4 mg of NPs were
dispersed in 1 mL of cell culture medium for 72 h at 37 °C. At each time point (0, 4, 24, 48
and 72 h), samples were collected (200

sodium chloride pH 7.4 for measuring Z-a v e r a g e a-potentid# Was only eneasured

at 0 and 72 h. All the experiments were conducted in triplicates.

IV.3.2.4. Gefitinib in vitro release study

In vitro release behavior of GEF from NPs-GEF was performed at 37 °C under gentle
stirring rate of 150 rpm in PBS (pH 10, 7.4, 6.5 and 5) containing 0.1% Tween® 80.
Typically, 1 mg/mL of NPs were suspended in release medium in aliquots. At

predetermined time intervals (0, 1, 2, 3, 4, 16, 24, 48 and 72 h), aliquots were centrifuged
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at 14000 xg during 20 min (4 °C), and the supernatant was used for HPLC, as previously
described.

IV.3.2.5. Human cell lines and cell culture

A549 adenocarcinoma human alveolar basal epithelial cancer cell line (European
Collection of Authenticated Cell Cultures) and 16HBE140- human bronchial epithelial cell
line (Cozens et al., 1994) were used. A549 cancer cells were cultured in cell culture flasks
in DMEM, supplemented with 10% (v/v) of heat-inactivated FBS, 100 IU/mL penicillin and
100 mg/mL streptomycin. 16HBE140- non-cancer model was maintained in fibronectin-
collagen I-coated flasks in MEM supplemented with 10% (v/v) FBS, 0.292 g/L L-glutamine,
100 IU/mL penicillin and 100 mg/mL streptomycin. These cell lines were passed between
2to3timesperweek,using TrypLEE Express to detach
grown at 37 °C in a humidified chamber containing 5% of CO. (Binder CO; incubator
C150). Mycoplasma detection was routinely performed to ensure no contamination.

IV.3.2.6. Quantitative cellular association

In order to evaluate the cell-NPs interaction, A549 and 16HBE140- cell lines were plated
in 6-well plates with 5x10° and 1x10° cells per well, respectively, left to adhere and grow
overnight in a CO> incubator (5%) at 37 °C. The following day, medium was removed, cells
were washed once with PBS pH 7.4 and treated with non-functionalized (nf-NPs) and
functionalized NPs (p28-NPs) with 10% of PLGA-FKR648 at various concentrations (50,
100, 250 and 5 0 Gfreengetivmldyring 4rh at3'2°C.lAfter treatment, cells

were washed twice with PBS, det ached with

in medium before fixation with 2% of PFA in PBS during 30 min at room temperature. PFA
was removed through centrifugation at 1200 rpm during 3 min, after which cells were again
washed twice with PBS, re-di spersed in 350 €L of PBS

analysis. To distinguish internalization from NPs association, cells were also washed with
an acid wash buffer (0.5 M NaCl, 0.2 M acetic acid) to remove membrane-bound NPs

(Costa Verdera et al., 2017). The quantification of NPs interaction to the cells was done

using a BD Accuri E C6 Plus Flow Cytometer

through the allophycoerythrin (APC) channel (FL4 detector, 675/700 nm; laser
configuration of 3-blue 1-red, laser 640 nm). Measurements were carried out in triplicate
and 50000 events were acquired in the gated region of the forward-scatter/side scatter plot
per sample. A control based only on cells without NPs was also performed to exclude the

possible cellular autofluorescence. The results were analyzed using the software FlowJo
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v10 by gating out cellular debris and doublets, and expressed as the Geo MFI. To compare

this treatment between the two celllines under study, the @&Geo

corresponds to the difference between the Geo MFI of p28-NPs treatment and nf-NPs

treatment without and with acid wash.

IV.3.2.7. Nanopatrticles cellular uptake

In order to characterize the cellular uptake of the p28-NPs, 16HBE140- or A549 cells were
seeded on p-Slide 8 well glass bottom chambers (ibidi®) with 7.5x10* and 2.5x10* cells per
well, respectively. These cells were left to adhere and grow overnight in a CO> incubator
(5%) at 37 °C. Inthe nextday, medi um was <col |l ected, cel |
of non-functionalized (nf-NPs) and functionalized NPs (p28-NPs) with 30% of PLGA-FL in
serum-free medium, and incubated for 4 h and 24 h at 37 °C. Afterwards, cells were
washed with PBS pH 7.4, and Alexa Fluor® 594 WGA (1:200), and Hoechst 33342 (1:2000)
were added to stain the plasma membrane and nuclei, respectively, followed by 15 min of
incubation. The interaction between NPs and cells was observed in a Leica TCS SP5
confocal inverted microscope (Leica Microsystems CMS GmbH; model no. DMI6000) with
a 63.3x water-immersion apochromatic objective (1.2-numerical-aperture). FITC excitation
was performed using a 488 nm line of an Argon ion laser and fluorescence emission was
collected at 500-575 nm using the tunable system and beam splitter of the Leica TCS
SPCS. In relation to Alexa Fluor® 594 WGA fluorescence, the same was performed using
a 514 nm line, and the emission was collected at 600-750 nm. For measurement of
Hoescht 33342 fluorescence, the sample was excited by two-photon excitation at 780 nm
with a Ti:sapphire laser (Spectra-Physics Mai Tai BB, 710990 nm), while emission was
collected within the 400-520 nm range. The laser light intensity was controlled by an
acoustic-optical filter system. Images were collected with a resolution of 1024x1024 pixels
at a scan rate of 100 Hz per frame.

IV.3.2.8. Cell viability assay

A549 and 16HBE140- cells were seeded in 96-well plates (n=5 technical replicates x 3
biological replicates) with a density of 1x10% A549 cells per well and 7.5x10* 16HBE140-
cells per well, and left to adhere and grow overnight in a CO; incubator (5%) at 37 °C. In
the next day, medium was collected and cells were treated with various types of NPs in
complete medium in increasing drug doses. A negative control (NC), consisting on cells
incubated with 1% of Triton X-100 in medium (0% of metabolic activity), and a positive

control (PC), consisting on cells incubated only with medium (100% of metabolic activity),
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were also prepared and treated similarly to the sample wells. The plates were placed for
72 h at 37 °C. After this incubation, the medium was removed, 10% (v/v) of Resazurin
reagent in serum-free medium were added to each well and incubated at 37 °C for 1.5 h.
The fluorescence levels following resazurin reduction into resorufin were measured at an
excitation wavelength of 530 nm and an emission wavelength of 590 nm, using the
Filter Max fode Bicroplate Reader (Molecular Devices LLC). Metabolic activity
is expressed based on the following equation:

0D 'QO O W& @dIBP QO wOor 0 é‘ ‘l, Q “ m&m 9 OXIOMOGOE l .Q“ mmup T Tt
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IV.3.2.9. In vivo studies

All animal experiments were performed in strict accordance with the recommendations of
the European Union Directive 2010/63/EU, following a protocol previously approved by the
i3S Ethics Committee and Direcdo-Geral Alimentacéo e Veterinaria (reference 2017_10)
concerning the humane endpoints, appropriate husbandry and protection of experimental
animals. At the defined endpoints, mice were euthanized by cervical dislocation by trained
personal, certified by the Portuguese Direcdo-Geral de Alimentacdo e Veterinaria, to

minimize animal suffering.

N:NIH(S(Il-nu/nu) mice were developed by successive crossings and backcrossings
between athymic nu/nu mice, on an N:NIH(S) background, and female CBA/N mice that
have an X-linked immune defect in B-lymphocyte function (Azar et al., 1980). Female
N:NIH(S(II-nu/nu) mice aged 4-6 weeks and weighing 16-20 g were breed and cared at
the i3S Animal Facility (Porto, Portugal). To generate tumor xenografts, animals were
subcutaneously injected into the right flank of the mice, with 2.5x10% A549 cells,
resuspended i n-freé& DNOEMsdnLMatggel matrix (1:1) (Corning). When the
tumor volumes reached 133.3 + 27.1 mm3, A549 xenograft mice were randomized into 5
groups (n=6 per group) and treated with 100 pL of (a) saline (CTR); (b) p28-NPs (2
mg/mL); (c) NPs-GEF (2 mg/mL); (d) p28-NPs-GEF (2 mg/mL) or free GEF at the same
concentration as encapsulated in NP (11 pg/mL; total dose: 0.33 mg/kg mice). Animals
were subcutaneously or intravenously injected at the tumor site, 6 times along 2 weeks.
Tumor volume was measured using a caliper and calculated as (length x width x width)/2

(mm3) and was normalized considering its volume prior to any treatment.
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IV.3.2.10. Histology

Lungs were fixed for 24-48 h in formalin at room temperature. Afterwards, these organs
were embedded in paraffin, sectioned into 3 ¢
hematoxylin and eosin. The metastatic score was made along the initial plans of the
distinct lung lobules. Such score considered the presence or absence of metastatic foci
and their size as: absence of foci (score 1), small foci (score Il), intermediate foci areas
(score Ill) and large metastasized areas (score V). 5-6 animals per group were analyzed.

IV.3.2.11. Statistical analysis

Statistical analysis was performed using the GraphPad Prism 8.0.1 (GraphPad Software

Inc). Statistical significance of the difference between two groups was evaluated by the

St u d etnest.oDifferences between more than two groups were compared using one-

way analysis of variance ( ANOV A) Tukeyos mul tiple compari:
expressed as mean £ SD and geometric means with 95% confidence intervals. For in vivo

studi es, nonparametric unpaired Kruskal Wa l |
comparison test was used for non-paired comparisons of more than two groups. For tumor

growth kinetic curves, two-way ANOVA with Geisser-Greenhouse correction, followed of

Tukey’s multiple comparison test was performed. Statistical significance was considered

when *p<0.05, **p<0.01, **p<0.001, ****p<0.0001. Survival curve analysis was performed

by Log Rank (Mantel-Cox) test.

IV.4. Results

IV.4.1. Preparation and characterization of p28-functionalized PLGA

nanoparticles loaded with gefitinib

In a first approach, for the preparation of p28-NPs, we initially produced the PLGA NPs,
and then proceeded to their functionalization with p28 through Maleimide-Thiol click
chemistry. However, the CE of a control made up of NPs without the Mal molecule (PLGA-
PEG) demonstrated that p28 adsorption occurred on the NPs surface, since the CE values
of these nanosystems reached 50-60% (Table VIII.2-1). This result indicated that, in the
case of NPs with the Mal molecule (PLGA-PEG-Mal), there may not be a covalent bond
that favors the intended orientation of the functionalized peptide on its surface. Thus, it

was stablished that p28 was first conjugated to the PLGA-PEG-Mal polymer through
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Maleimide-Thiol click chemistry, and then NPs was produced. The reaction efficiency of
p28 to PLGA-PEG-Mal was around 74 = 12% (Figure 1V.4-1).

For the p28-NPs-GEF production, nanoprecipitation was chosen because it is the most
common technique used to encapsulate hydrophobic drugs (logP value of GEF: 4.2) in
polymeric matrices (Figure 1V.4-2A; Rivas et al., 2017). A NPs-GEF production design was
performed to achieve the highest possible AE and DL with appropriate physico-chemical

characteristics (Tables VIII.2-2 and -3). Upon this optimization process, the p28-NPs-GEF

-ThioI group on Cys Mal Group PEG PLGA
in C-terminus of p28 | 1
::\ O L LI 4 1
L4
0 0
“f 5 I I
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PLGA-PEG-Mal-p28 Mal: Maleimide
> S PEG: Polyethylene glycol
Conjugation PLGA: Poly(lactic-co-glycolic acid)
efficiency: Cys: Cysteine
74 £ 12% R: PLGA-PEG

Figure IV.4-1: Scheme of the p28 peptide to the PLGA-PEG-Mal polymer conjugation by Maleimide-Thiol

click chemistry with a conjugation efficiency around 74 + 12% determined by indirect method HPLC (n=8).

were formulated, and the critical physico-chemical properties such as Z-average size, PDI
and sur f ac eoteatialp AEyand DLowere evaluated (Table 1V.4-1), and their
morphology was analyzed (Figure IV.4-2B). The Z-average size was 55 + 7 nm, the small
PDI showed a narrow size distribution (0.15 £ 0.04), and e-Potential possessed a net
negative charge on their surface (-13.7 £ 3.3 mV), owing to deprotonated carboxylic acid
groups of PLGA polymer. It is interesting that in the case of NPs with encapsulated GEF
there was a decrease tendency in their particle size compared to the NPs-0. AE and DL
were determined indirectly by HPLC and the results are shown in Table IV.4-1. The AE
and DL of NPs-GEF and p28-NPs-Gef were 74 + 5% and 75 £ 11%, and 4 £ 0% and 4 +
1%, respectively. TEM revealed spherical shaped particles with relatively smooth surfaces,
and a uniform size distribution in all samples (Figure IV.4-2B). The EDS analysis detected

the S element, present in the cysteine of the p28 C-terminal, in p28-NPs and p28-NPs-
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GEF samples (S average atomic: 0.48 = 0.03 % and 0.32 + 0.12%, respectively; Table
IV.4-1; Figure VIII.2-1). These results confirmed the presence of p28 on the developed
p28-NPs and p28-NPs-GEF.

Table 1V.4-1: Physico-chemical properties of empty nanoparticles (NPs-0), functionalized unloaded NPs
(p28-NPs), gefitinib (GEF) loaded NPs (NPs-GEF), and p28-functionalized GEF-loaded NPs (p28-NPs-GEF)
and their association efficiency (AE) and drug loading (DL). Energy-dispersive X-ray spectra (EDS) analysis
(average atomic) of p28-NPs and p28-NPs-GEF detect the presence of sulfur (S). Values are presented as
mean = SD (n=3), na: not applicable.

Sample avezrage PDI G'P(Or:i/”)“a' AE (%) DL (%) ast:;’ff‘(%/f)
(nm)

NPs-0 74+8 0.11 £ 0.03 -145+25 na na na
p28-NPs 73+6  010+002 -13.8+25 na na  0.48+0.03
NPs-GEF 590+5  013+004 -11.6+26  74+5 440 na

p28-NPs-GEF  55+7  0.15+004 -137+33  75+11 4+1  032+0.12

IV.4.2. Colloidal stability of nanoparticles in cell culture medium

Colloidal stability evaluation in cell culture medium (DMEM, supplemented with 10% (v/v)
of heat-inactivated FBS, 100 IU/mL penicillin and 100 mg/mL streptomycin) during 72 h at
37 °C demonstrated that when the NPs were added to medium, in all cases the Z-average
size remained almost constant and PDI showed slight variations over time, which may be
associated with the aggregation of NPs (Figure IV.4-2 C) . -potemtial of p28-NPs-GEF
was -15.5 £ 2.9 mV at the beginning of the assay (t=0), and after 72 h was -14.4 + 0.9 mV.

I\VV.4.3. Payload release profile

In vitro GEF release study reported a biphasic pattern consisting of an initial burst release
(60-80% in the first hour) followed by a sustained release phase over 72 h in both cases
(Figure 1V.4-2D). The pH's chosen represent a faster hydrolysis of PLGA (pH 10; Martins
et al., 2018), the physiological pH (pH 7.4), the pH of the lung cancer tumor environment
(pH 6.5; Hao et al., 2018), and the lysosomal pH (pH 5), but regardless of the pH used, no

important differences in the release of this drug were observed.
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Figure IV.4-2: Physico-chemical characterization and in vitro release of p28-NPs-GEF. A) Compounds of
p28-NPs-GEF produced by nanoprecipitation. B) TEM images of empty nanoparticles (NPs-0),
functionalized unloaded NPs (p28-NPs), GEF loaded NPs (NPs-GEF), and p28-functionalized GEF-loaded
NPs (p28-NPs-GEF). Scale bars represent 0.5 em and 100 nm. C) Stability of empty nanoparticles (NPs-0),
functionalized unloaded NPs (p28-NPs), GEF-loaded NPs (NPs-GEF), and p28-functionalized GEF-loaded
NPs (p28-NPs-GEF) in cell culture medium at 37 °C for 72 h. The size and Pdl of the nanosystems were
measured over time. D) in vitro release profile of GEF from PLGA NPs in PBS pH 5, pH 6.5, pH 7.4 and pH
10 added with 0.1% Tween® 80 (v/v) at 37 °C during 72 h. All measurements were done in triplicate and
results are presented as mean + SD.

IV.4.4. Cell-Nanopatrticles interaction studies

The interaction between nf-NPs or p28-NPs with A549 cancer cells and 16HBE140- non-
cancer cells was quantitatively studied through flow cytometry. Cells were treated with
increasingNPsconcentrations (50, 100, 250 and

concentrations were established from an A549 cell viability assay that demonstrated that
NPs made up only of the PLGA polymer became cytotoxic after treatment with 1 mg/mL
of NPs (Figure VIII.2-2). The results of cell-NPs interaction studies were expressed as Geo
MFI values, as represented in Figure 1V.4-3A. We verified that nf-NPs and p28-NPs can
interact with both cell lines, but the cells incubated with p28-NPs had higher Geo MFI
values than nf-NPs in all concentrations (Figure 1V.4-3A), which means that p28-NPs were
more efficient in to interact with cells. As shown in Figure 1V.4-3B which represents the
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results in each cell line through the &Geo M
treatment with p28-NPs and nf-NPs), it was found that cell-NPs interaction was always
more accentuated in the case of A549 cancer cell line. In addition, it was shown that the
interaction was dependent on the NPs concentration applied. The results obtained in the
control constituted by the mixture of the free p28 with nf-NPs were similar to the results
from treatment with nf-NPs, indicating that the binding of p28 to NPs was essential for
them to be directed to cells (Figure IV.4-3A). However, this cytometry study does not
distinguish between association of NPs on the cell surface and internalization. Thus, to
investigate the NPs internalization, after treatment with these nanosystems, cells were
washed with an acid solution of low concentration of acetic acid that allowed the NPs
associated by electrostatic and hydrophobic interactions to dissociate, without affecting
the signal coming from the NPs that were able to internalize. The results showed, a general
decrease in Geo MFI values, but this fluorescence correspond to the NPs internalized, and
the same conclusions were reached. Overall, p28-NPs were more internalized (Figure
IV.4-3A), and this internalization was higher in the case of cancer cell line (Figure 1V.4-
3B).

In addition to quantitative analyzes, qualitative analyzes of the interaction of nf-NPs and
p28-NPs with A549 cancer cell line and 16HBE140-non-cancer cell line were also
performed by confocal laser scanning microscopy (Figure 1V.4-3C). Cells were treated with
500 ¢ g/ milabebetl NPS &nd iGcubated for 4 h and 24 h. An intracellular localization
of nf-NPs and p28-NPs was verified, in both cell lines under study. Beyond this, the
confocal images seem to show a higher internalization of p28-NPs in cancer cells, which
corroborates the above results from flow cytometry studies. Nevertheless, it was not

possible to assess if it increases over time.
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A 16HBE140--NPs Interaction A549-NPs Interaction B Cells-NPs Interaction
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mm 16HBE140- before acid wash
Bl A549 before acid wash

£z 16HBE140- after acid wash
-4 A549 after acid wash
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Figure 1V.4-3: Cell-NPs interaction/internalization. A) Flow cytometry quantitative analysis of cellular
association and uptake of non-functionalized NPs (nf-NPs) and p28-functionalized NPs (p28-NPs) by
16HBE140- cells and A549 cancer cells before and after acid wash. B) &2Ge o MF | corre
difference between the mean fluorescence intensity of p28-NPs and nf-NPs without and with acid wash.
Results reported the mean + SD, and each condition has at least an n=3. **, *** *** gnd ns denote a
significant difference of p<0.01, p<0.001, p<0.0001 and not statistically significant, respectively, when
comparing p28-NPs with nf-NPs. C) Confocal microscopy qualitative analysis of cellular uptake of non-
functionalized NPs (nf-NPs) and p28-functionalized NPs (p28-NPs) by 16HBE140- cells and A549 cancer
cells incubated with PBS pH 7.4 as control and 500 e g/mL of nf-NPs or p28-NPs FITC-labeled (green color)
for 4 h and 24 h. WGA Alexa Fluor®594 and Hoechst 33342 for staining the plasma membrane and nucleus
are shown in red and blue colors, respectively. White arrows evidence NPs interaction with cells.

IV.4.5. Effect of p28-functionalized PLGA nanoparticles loaded with gefitinib on
metabolic activity

In vitro cell viability evaluation was assessed through a Resazurin assay in A549 cancer
cell line and 16HBE140- non-cancer cell line (Figure 1V.4-4). A range of concentrations, in
relation to the drug, from 0, p28INPs WPs-GEF ard
p28-NPs-GEF were tested (in the case of NPs concentration, cells were treated with a

maximum of 0.02 mg/mL). The results obtained demonstrated that none of the treatments
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in 16HBE140- non-cancer cells had an effect on their metabolic activity. On the other hand,
the treatment in A549 cancer cells revealed a decrease in metabolic activity with increasing
concentrations of free GEF (dose-response treatment), exceeding the ICso of this drug
after treat ment with 5 ¢&M. The treat me
corresponding to that obtained in the functionalization process), NPs-0 and p28-NPs did
not alter the metabolic activity in this cell line. The results obtained from the treatment of
the mixture with the free drug and peptide (free p28+GEF) compared to the condition of
only free drug, demonstrate similar values of metabolic activity, which again indicated that
the treatment with 1.8 ¢M of free p28 has no influence on this parameter. Regarding the
value of the metabolic activity obtained after treatment with the highest concentration of
free drug with NPs-0, it was found that this was identical to that obtained in the highest
concentration of encapsulated drug, without functionalization. An identical metabolic
activity profile was observed in free GEF and NPs-GEF treatments. Lastly, when
comparing the p28-NPs-GEF functional nanosystem treatment with NPs-GEF treatment
or with free p28+GEF treatment, a significant decrease in metabolic activity (p<0.05) was
found in most cases, having registered the biggest decrease of about 37% and 59% in the

highest drug concentration applied (5 €M of GEF), respectively (Figure 1V.4-4).
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Figure IV.4-4: Metabolic activity of 16HBE140- non-cancer cells and A549 cancer cells when incubated with
different concentrations of free GEF, empty nanoparticles (NPs-0), functionalized unloaded NPs (p28-NPs),
GEF loaded NPs (NPs-GEF), and p28-functionalized GEF-loaded NPs (p28-NPs-GEF) during 72h. Negative
Control (NC) and Positive Control (PC) consisted on cells incubated with 1% of Triton X-100 in medium, and
only with medium, respectively. Values represent the mean + SD, and each condition has at least an n=3. *
denotes a significant difference of p<0.05 between each condition and PC; a, b, c and d represent a
significant difference of p<0.05 between p28-NPs-GEF treatment vs empty NPs, p28-NPs, NPs-GEF and
Free p28+GEF treatments, respectively.
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IV.4.6. p28-functionalized PLGA nanoparticles loaded with gefitinib decrease

A549 tumor progression

Taking in consideration the in vitro results, we hypothesized that p28-NPs-GEF could have
a potential therapeutic effect on lung cancer progression in vivo. Therefore, we performed
A549 xenograft lung tumor model, previously described by others (Liang et al., 2019).
A549 cells were subcutaneously injected in the right flank of 4-6 weeks old N:NIH(S(lI-
nu/nu) mice. After 17 days of tumor cells inoculation, when tumors reached 133.3 £ 27.1
mm?3, animals were subcutaneously treated with saline (CTR), p28-NPs, NPs-GEF, p28-
NPs-GEF and free GEF, three times/week, along two weeks (Figure 1V.4-5A). The free
GEF, at the same concentration as encapsulated in NPs (11 pg/mL, 0.33 mg/kg mice),
was well tolerated. No significant weight loss was observed in the mice in any treatment
(Figure 1V.4-5B). Regarding the therapeutic efficacy, while tumors from CTR group grew
progressively, the tumor growth of treated animals was delayed (Figure 1V.4-5C). The
groups treated with p28-NPs (685.6 + 67.0%) and NPs-GEF (662.0 + 94.44%) exhibited a
significant decrease on tumor growth comparing to CTR animals (1058.0 = 172.2%)
(p<0.01), as shown by the tumor growth curves (%; Figure 1V.4-5C). Further, free GEF
(484.1 + 76.4%) and p28-NPs-GEF (462.7 £ 22.9%) significantly reduced the A549 tumor
growth comparing to CTR group (p<0.0001), and presented a higher tumor growth
inhibition in comparison with NPs-p28 and NPs-GEF. Importantly, p28-NPs-GEF
potentiating the effect of the single NPs (p28-NPs and NPs-GEF) in 21% and 19%,
respectively, suggesting a synergistic action of p28 and GEF. These results were
corroborated by the results observed through the calculation of the area under the curves
(AUC; Figure 1V.4-5D). Nevertheless, p28-NPs-GEF treatment presented similar tumor
growth kinetics that obtained with free GEF. Further, survival time is depicted in Figure
IV.4-5E. While the mean survival of mice from CTR group was (60.6 + 5.6 days), animals
from free GEF and p28-NPs-GEF presented 68.0 + 15.0 and 71.1 + 13.4 days,
respectively. Overall, no statistically significant difference in survival between CTR and

treated groups was found.
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Figure IV.4-5: Effect of p28-NPs-GEF in Ab49 tumor progression (subcutaneous treatment). A)
Experimental timeline. N:NIH(S(ll-nu/nu) mice were injected with human lung cancer A549 cells into the
right flank of the mice. After 17 days of tumor inoculation, animals were subcutaneously treated with p28-
NPs, NPs-GEF, p28-NPs-GEF and free GEF, three times/week, along two weeks. Saline-treated animals
were used as experimental control (CTR). After 40 days, animals were maintained for survival curve. B)
Animal body weight was evaluated every week for 6 weeks, after tumor cells inoculation. C) Tumor volume
(mm3) was measured using a caliper and the % of tumor growth was obtained by normalizing each value to
the initial tumor volume for each animal, before any treatment. D) Area under the curve (AUC) in mm?®was
calculated to measure kinetics of tumor growth. Values represent the average tumor growth of 5-6 animals
and flags represent standard mean error values. E) Survival curves of tumor bearing mice. n=5-6 animals;
**p<0.01, *** p<0.001 and ****p<0.0001.

Upon the establishment of a proof-of concept that p28-NPs-GEF have a therapeutic effect
when locally administrated at the tumor and considering that these NPs were designed to
be administrated intravenously, we evaluated the impact of free GEF and p28-NPs-GEF
by intravenous route administration. Animals were treated with saline, free GEF and p28-
NPs-GEF, three times/week, along two weeks (Figure IV.4-6A). Regarding the animal
weight, no alterations were observed upon treatment administration (Figure IV.4-6B).
Animals treated with free GEF and p28-NPs-GEF exhibited a significantly delayed tumor

growth, 705.5 £ 116.3% and 421.4 + 39.0%, respectively comparing to CTR group (1058.0
+ 172.2%; Figure IV.4-6C). These results were supported through the calculation of the
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AUCs (Figure 1V.4-6D), where the p28-NPs-GEF presented the lowest AUC (5417.0 +
302.2 mm?) and almost reached statistical significance to free GEF (7543.0 + 715.2 mm?;
p<0.058). Regarding survival curve, animals from p28-NPs-GEF group presented an
increased median survival (78 days) comparing to free GEF and CTR groups (65 and 66
days, respectively). Overall, p28-NPs-GEF exhibited therapeutic effects by decreasing
A549 primary tumor growth.
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Figure 1V.4-6: Effect of p28-NPs-GEF in A549 tumor progression (intravenous treatment). A) Experimental
timeline. N:NIH(S(ll-nu/nu) mice were injected with human lung cancer A549 cells into the right flank of the
mice. After 17 days of tumor inoculation, animals were intravenously treated with p28-NPs-GEF and free
GEF, three times/week, along two weeks. Saline-treated animals were used as experimental control (CTR).
After 40 days, animals were maintained for survival curve. B) Animal body weight was evaluated every week
during 6 weeks, after tumor cells inoculation. C) Tumor volume (mm?3) was measured using a caliper and the
% of tumor growth was obtained by normalizing each value to the initial tumor volume for each animal, before
any treatment. D) Area under the curve (AUC) in mm®was calculated to measure kinetics of tumor growth.
Values represent the average tumor growth of 5-6 animals and flags represent standard mean error values.
E) Survival curves of tumor bearing mice. n=4-5 animals; ***p<0.001 and ****p<0.0001.
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V.4.7. p28-functionalized PLGA nanoparticles loaded with gefitinib reduce lung

metastasis burden

To evaluate the impact of the p28-NPs-GEF on potential lung metastases formation, we
performed hematoxylin and eosin staining of the lungs of treated and non-treated animals.
Accordingly to our previous studies (Castro et al., 2020), we established a metastatic score
considering the absence or presence of metastatic foci and their size as: absence of foci
(score 1), small foci (score Il), intermediate foci areas (score Ill) and larger metastasized
areas (score IV, Figure 1V.4-7A). We found that A549 cells, subcutaneously inoculated in
the mice, were able to establish lung metastases (Figure 1V.4-7B). Despite all treatments
decreased the number of metastatic foci in the lungs, only p28-NPs-GEF reached
statistical significance comparing to CTR (p<0.05; Figure IV.4-7B). Further, we observed
the largest lung metastasized areas (score Il and IV) in CTR animals (Fig. 7C). On animals
subjected to p28-NPs and NPs-GEF treatments, the metastatic score was similar, having
essentially intermediate and larger metastases (5/6 animals), while free-GEF and p28-
NPS-GEF-treated animals presented 50% of the animals with no foci or small lesions (3/6
animals; Figure 1V.4-7C). Regarding the outcome of the animals treated through
intravenous route, it was possible to observe that both treatments decreased the lung
metastatic foci, however only free GEF reached statistical significance (p<0.03; Figure
IV.4-7D). Nevertheless, the animals from p28 NPs-GEF presented a lower metastatic
score, with 60% of animals having small foci of metastases (score Il) while 60% of animals
from free GEF group presented intermediate or larger areas (score Il and 1) metastasized

(Figure IV.4-7E). Overall, p28-NPs-GEF were able to attenuate lung metastases formation.
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Figure IV.4-7: Effect of p28-NPs-GEF in lung metastasis. A) Lungs were stained with hematoxylin and eosin,
and scored in accordance to the presence or absence of metastatic foci and their size: absent of foci (score
1), small metastatic foci (score Il), intermediate areas metastasized (score Ill) and larger areas metastasized
(score IV). Arrows indicate metastatic foci. Magnification:2 00 x, scal e bar: 100 en
bar : 3B) Quantification of the number of metastatic foci in each animal treated subcutaneously with
p28-NPs, NPs-GEF, p28-NPs-GEF and free GEF. C) Experimental subcutaneous treatments and respective
metastatic score. D) Quantification of the number of metastatic foci in each animal treated intravenously with
p28-NPs-GEF and free GEF. E) Experimental intravenous treatments and respective metastatic score. Data
show the mean + SEM and it is representative of 5-6 animals, *p<0.05 relative to CTR.

IV.5. Discussion

The development of functional nanosystems has been widely studied due to the attractive
advantages associated with their use as drug delivery strategies in cancer treatment when
compared to the delivery of free drugs. Some of the advantages include the improvement
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of the half-life plasma and bioavailability of the drugs, which will allow to reduce the doses
administrated, and consequently may lead to a reduction in their side effects and treatment
costs (Da Silva et al., 2017; Jahan et al., 2017; Su et al., 2018). In this work, we produced
p28-functionalized PLGA NPs loaded with GEF (p28-NPs-GEF) to be applied in lung
cancer treatment. We intended to improve the drug bioavailability, and combine it to the
preferential entry into cancer cells provided by p28, taking advantage of the peptide

intrinsic characteristics (Taylor et al., 2009; Yamada et al., 2005).

The conjugation of the p28 to the PLGA-PEG-Mal polymer was established with high CE
value determined by HPLC (Figure 1V.4-1), suggesting that the insertion of a cysteine
residue in the C-terminal of this peptideal | owed its | inkage to
freeing the N-terminal. Therefore, after NPs production with this conjugated polymer, there
will be exposure of the N-terminal on their surface, allowing it to perform its preferential
entry property (Taylor et al., 2009; Yamada et al., 2005).

In relation to the NPs production method for GEF encapsulation (Figure 1V.4-2A), the use
of the nanoprecipitation is innovative, since the literature presents its encapsulation in
PLGA NPs using only the single emulsification (o/w) solvent evaporation technique, which
is not specific for the encapsulation of hydrophobic drugs (Kaur and Tikoo, 2013). The
physico-chemical characterization and morphology of p28-NPs-GEF exhibited ideal
characteristics for their effective use as NDDSs (Table IV.4-1). Compared with the NPs-0
(74+8 nm), NPs-GEF and p28-NPs-GEF presented a smaller Z-average (59+5 nm and
55+7 nm, respectively), which may be owing to the increased cohesive forces that formed
smaller cores resulting from the interactions between the drug and the polymer (Shen et
al., 2020). Regarding the PDI values, all formulations presented PDI <0.15, frequently
accepted for polymer-based NP materials (Danaei et al., 2018). The negative surface
charge of these NPs was not very marked, which may contribute to an enhanced
circulation (Jahan et al., 2017). In addition, no significant differences in these physico-
chemical parameters were identified between NPs-0 and p28-NPs. This is also reported
when other peptides are conjugated to the surface of this type of nanosystems (Martinez-
Jothar et al., 2018). However, the DL of these NPs might be improved to avoid the
administration of higher doses that consequently will be associated to the presence of non-
therapeutic excipients resulting from the NPs production process, which can cause side
effects (Liu et al., 2020). Therefore, the optimization of this process is considered. In

relation to NPs shape (Figure 1V.4-2B), these nanosystems present a spherical shape that
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is documented as the one that promotes faster and more uniform internalization (Li and
Zhang, 2019).

As part of this study, we also performed in vitro assays that involved the use of cell culture
medium that can affect the stability of these NPs and their interaction with cells (Moore et
al., 2015). Thus, their colloidal stability was evaluated and demonstrated small variations
in the physico-chemical characteristics of these nanosystems (Figure [V.4-2C). The
observed stability may be due to the presence of 10% FBS, which has been reported to
improve NP colloidal stability in various cellular media (Moore et al., 2015).

The in vitro GEF release study described a biphasic pattern with an initial burst release,
and then a sustained release phase over time (Figure 1V.4-2D). This type of kinetic profile
is described in other studies using PLGA NPs. The initial release step can be related to
the dissolution of entrapped drug molecules near or attached to particles surface, and the
second with drug slow diffusion process from the PLGA matrix and/or by the
erosion/swelling of PLGA in release medium (Ding and Zhu, 2018). However, these data
come from the forced in vitro analytical assay which may not necessarily translate into

such a dramatic burst release in in vivo conditions.

Cell-NPs interaction studies demonstrated that p28-NPs interacted more with cells than
nf-NPs, in a dose-dependent manner, and more pronounced in the A549 cells (Figures
IV.4-3A, B). Consequently, one can assume that the conjugated peptide on the surface of
these nanosystems, continues performing its tumor cell-homing action (Taylor et al., 2009;
Yamada et al., 2005). In addition, upon treatment with p28-NPs followed by an acid
washing step to remove particles that may be weakly bound to surface of the cells, it was
possible to distinguish between the NPs that were associated with the cells, and those that
had actually been internalized (Figures 1V.4-3A, B). After acid washing, in A549 cells
treated with p28-NPs occurred a decrease in the Geo MFI values, which may indicate that
a fraction of the NPs was associated with them. This effect is possibly explained by the
fact that p28-NPs interact more with cancer cells, and therefore there was probably a
saturation of the entry pathways which could result in an accumulation in the surface of
these cells. Actually, the mechanisms that promote the preferential entry of this peptide
are still unknown, but it is assumed that it is dependent on the cholesterol existing in the
plasma membranes, on the caveolae which is a type of lipid rafts with unique
characteristics, and also on the activity of endosomes and lysosomes (Taylor et al., 2009).
In addition, it has been revealed that both azurin and p28 bind to components that are

overexpressed in caveolae, such as Cav-1 and GM-1. This proposes that p28 penetrates
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the plasma membrane via caveolae-mediated endocytic pathways (Bernardes et al., 2018;
Parton, 2018; Taylor et al., 2009). Our results also confirmed an intracellular localization
of these nanosystems by confocal imaging, in both cell lines under study, with a higher
concentration of p28-NPs in cancer cells being also observed (Figure 1V.4-3C). These
findings can be compared to studies that suggest p28 as an anticancer agent transporter.
In fact, these studies have shown that this CPP fused to other peptides or compounds, is
able to target them through its tumor-homing capacity and translocate them through the
plasma membrane of cancer cells, increasing their anticancer potential in vitro and in vivo
(Noei et al., 2019; Raber et al., 2020; Soleimani et al., 2019). As an example, a recent
study showed for the first time that p28 can be combined with a photosensitizer for
photodynamic therapy, enhancing its therapeutic effects (Raber et al., 2020). For the
current work, an optimization of the p28 modulation on the surface of these nanosystems
is still necessary to establish the optimal amount of peptide that will provide the best
response based on this anticancer action. Beyond this, little is known about the entry
mechanisms of this peptide into cells, so more studies in this area can provided important
knowledge to allow the development of a more effective nanosystem, and consequently,

an improved therapy.

Resazurin assays were also carried out on A549 cancer cell line, and on its non-cancer
match tissue cells (16HBE140-) to analyze the effect of p28-NPs-GEF on metabolic activity
(Figure IV.4-4). The results obtained showed that the cellular growth of 16HBE140- cells
is not dependent on EGFR signaling, since treatment with free GEF did not cause a
decrease in the metabolic activity, regardless of the concentration of this drug used. In
addition, there was no significant decrease in the metabolic activity after treatment with
the 4 types of nanosystems produced (NPs-0, p28-NPs, NPs-GEF, and p28-NPs-GEF).
The same does not happen with A549 cancer cells, since the treatment with free GEF
produced a dose-dependent decrease in the metabolic activity. In fact, these tumor cells
have a constitutively active subpopulation of EGFR, which promotes and maintains cell
proliferation even in the absence of extracellular ligands (Bollu et al., 2015). Regarding the
treatment with 1.8 ¢ M o f free p28, the metabolic

accordance with what has been described.
required for a decrease in cell viability to occur (Yamada et al., 2016). As observed in the
treatment with the free peptide, the functionalization of p28 to NPs also did not provide a
decrease in metabolic activity. The metabolic activity related to NPs-0 showed that the
polymeric matrix made up of PLGA is potentially safe and non-toxic. It is also possible to

observe a similar metabolic activity profile when comparing treatments with free GEF and
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NPs-GEF. These results, as in the in vitro release assay, suggests that part of the drug is
associated with the surface of the nanosystem, but a small improvement seems to be
observed upon drug encapsulation which may be related to some residual amount of drug
that has been encapsulated, and that is being released in a controlled manner. Finally, the
results indicated that treatment with the functional nanosystem caused a significant
decrease in metabolic activity compared to the application of NPs-GEF or with the two free
components, which suggests that when encapsulating GEF and functionalizing p28 in a
nanosystem promotes a more efficient and effective delivery of this drug. All of these
results indicate that p28 functionalized in PLGA NPs allows a greater interaction of them
with cancer cells than with non-cancer cells, increasing their internalization. This study
once again demonstrates the potential of CPP-functionalized PLGA NPs as NDDSs that
have been studied for the past decade (Chen et al., 2012; Jin et al., 2018; Li et al., 2011;
Sims et al., 2019; Wang et al., 2014; Zhang et al., 2015).

Regarding their therapeutic potential, subcutaneous p28-NPs-GEF were able to decrease
A549 tumor growth as free GEF (Figure 1V.4-5C). The lack of tumor vessels to support the
drug distribution may have compromised a potential increased therapeutic effect promoted
by a subcutaneous administration. Nevertheless, animals treated with p28-NPs-GEF
presented the lowest number of lung metastatic foci and a better metastatic score (Figures
IV.4-7B, C). Interestingly, this functionalized nanosystem seems to potentiate the
individual anticancer effects of p28-NPs and NPs-GEF, suggesting a synergistic effect.
These results are in agreement with previous studies that evidenced that p28 when
combined with DNA-damaging drugs (DOX, dacarbazine, temozolamide) or antimitotic
drugs (PTX and docetaxel) in a variety of cancer cells expressing wild-type or mutated
p53, enhanced their sensitivity to these drugs (Yamada et al., 2016). Nevertheless, we
cannot exclude the action of p28 on endothelial cells, which can also contribute for a
reduced tumor growth, by inhibiting tumor angiogenesis (Mehta et al., 2011). Further, p28
has been explored as protein and gene delivery systems for human papillomavirus (HPV)

therapeutic vaccines (Shahbazi and Bolhassani, 2018).

The results from intravenous administration reinforce the importance of GEF
encapsulation (Figure 1V.4-6), since its therapeutic effect was potentiated comparing to
free GEF (p<0.058), which is in accordance with lower bioavailability of free GEF in
circulation (Bergman et al.,, 2007). Accordingly, animals treated with p28-NPs-GEF
presented a lower metastatic score still with increased metastatic foci (Figures 1V.4-7D,

E). The full interpretation of this outcome should be accompanied by the histopathology of
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the lesion, the inflammation index as well as the animal welfare. Nevertheless, the
increased median survival of p28-NPs-GEF-treated animals is an important indication that
this nanoformulation could bring in the future, an improved therapeutic index for the
patients. Despite these modest results, this therapeutic combination has never been
explored before, and the current data provide the proof-of-concept that p28-functionalized
NPs offer a therapeutic alternative for GEF deliver. At the same time, other groups also
reported other type of NPs to deliver this drug. For example, Ni et al., described that GEF-
loaded poly(ecaprolactone)-poly(ethyleneglycol)-poly(e-caprolactone) (PCEC) NPs
reduced A549 tumor growth and decreased systemic adverse effects associated to free
GEF administration (Ni et al., 2017). These results were obtained with a higher dose of
GEF (20 mg/kg) while in our study a small amount of GEF was sufficient to observe
therapeutic effects (0.33 mg/kg). Further, PCEC NPs were non-targeted and the potential
effects on lung metastases formation were not explored. Also, Jeannot and colleagues
reported hyaluronan-based copolymer targeting CD44 receptors to encapsulate both GEF
and vorinostat for effective combinational lung cancer treatment. To avoid possible hepatic
toxicity due to their liver accumulation, drug-loaded hyaluronan NPs were intrapulmonary
administrated and had a stronger inhibition of orthotopic lung tumor growth compared to
free drugs (Jeannot et al., 2018). More recently, PLGA NPs embedded in carboxymethyl
b-glucan porous microcapsules were also described as an alternative to deliver GEF,
resulting in a significant improvement in the cytotoxicity of encapsulated GEF compared
with the free drug in vitro (Li et al., 2019). Despite several competing systems to deliver
GEF have been already reported, the advantage and novelty of our system is while p28
penetrate tumor cells, GEF is delivered at the tumor cells in vitro, resulting to a tumoricidal

synergistic effect in vivo.

IV.6. Conclusion

In summary, we developed an innovative formulation for tumor-targeted GEF delivery
based on the functionalization using a bacterial peptide, the p28, previously reported by
its anticancer properties. This is was the first time that this CPP was combined with a
nanosystem. p28-functionalized NPs were capable of loading hydrophobic GEF and
provide active targeting mediated by p28. Further, p28-NPs-GEF decreased metabolic
activity of A549 cells, and conferred better antitumor effects in vivo, by decreasing A549
primary tumor growth as well as lung metastatic burden when compared to free drug
condition after intravenous administration. Both therapeutic schedules adopted (3 times/
week, along 2 weeks) and GEF dose was sufficiently to strongly decreased tumor growth
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and was well tolerated. Further trials will be needed to optimize the concentrations of
encapsulated drug, as well the combination with chemotherapeutic agents, in order to

obtain the best therapeutic efficacy.

This pioneer NDDS opens new perspectives for exploring advanced delivery systems with
higher loading capacity and minimum adverse effects founded on tumor-homing property
of p28, offering in the future a tumor targeted therapy to be applied in different types of

cancer.
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V.1. Final Discussion

Increasingly, research in the field of cancer therapy focuses on the development of new
approaches to replace conventional treatments, or at least, combine them in smaller doses
to minimize their severe side effects. Of these, one of the most relevant drawbacks is the
toxicity developed in healthy tissues due to the lack of selectivity causing an ineffective
delivery of drugs into cancer cells, which als
2008). Among the novel strategies for cancer treatment, the application of natural
microbial-based products that are able to interfere with tumorigenesis has been widely
studied (Fialho et al., 2012). This is the case of azurin, a bacterial protein secreted by
Pseudomonas aeruginosa, with high therapeutic potential in this field (Yamada et al.,
2002a; Yamada et al., 2002b). The results presented throughout this thesis evidence the
importance of certain portions of this protein, showing the possibility of azurin for being a
source of bioactive peptides not only with direct anti-tumor activity but also promising for

the purpose of developing novel drug delivery strategies.

Azurin acts with increased specificity on cancer cells by inhibiting their proliferation, as well
as inducing apoptosis (Yamada et al., 2002a; Yamada et al., 2002b). In addition, it could
also prevent angiogenesis in endothelial cells, and attenuated several signaling pathways
involved in tumor progression (Figure V.1-1; Bernardes et al., 2013; Bernardes et al., 2014;
Bernardes et al., 2016; Chaudhari et al., 2007; Metha et al., 2011).

However, the mechanisms associated with its endocytosis are still not completely
understood. Evidences point to the uptake through the penetration of the plasma
membrane via caveolae-mediated endocytic pathway, co-localized with Cav-1, one of the
main structural constituents of caveolae (Figure V.1-1; Fujimoto et al., 2000; Taylor et al.,
2009). This type of lipid rafts is frequently overexpressed in cancer (Irwin et al., 2011;
Murai, 2015), proposing the hypothesis that the protein uptake by cancer cells is influenced
by the high quantity of these microdomains on their surface. Nevertheless, some types of
non-cancer cells also contain a high number of caveolae in their plasma membranes
(Parton and Richards, 2003), evidencing that this should not be the only route of entry for
this protein. In addition, it is known that one of the regions of azurin, the one that
corresponds to its U-helix and that has been studied in the form of the p28 peptide, is partly
responsible for mediating its entry into cancer cells. This peptide also binds mainly to Cav-
1 to achieve its penetration (Taylor et al., 2009). Since binding to this structural membrane

protein is often related with hydrophobic regions in the binding partners (Vihanto et al.,
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2006), and azurin has in its constitution a strong hydrophobic patch, part in the p28 region,
and other part in the region of its C-terminal (Bernardes et al., 2013), it was proposed in
one of the chapters of this thesis (Chapter IlI; Figure V.1-1), that in addition to p28, this
terminal region of azurin arranged in a hydrophobic core centered on phenylalanineiis
could also be partly involved in the uptake of this protein. The results showed that the
alteration of the central phenylalanineis4 by an alanine, a less hydrophobic amino acid, led
to a decrease in the penetration of azurin in cancer cells and in its anticancer potential
associated with a lower affinity with Cav-1. In addition, the knowledge about
glycosphingolipids such as GM-1, expressed in abundance in caveolae (Pang et al., 2004)
and the carbohydrate-protein interactions that they can establish with hydrophobic regions
of proteins, mainly through phenylalanine residues (del Carmen Fernandez-Alonso et al.,
2012), also led to question whether in the first recognition steps to enter cancer cells,
azurin could interact with this caveolar component. The findings demonstrated that after
inhibition of GM-1, the intracellular levels of azurin decreased associated with a lower
entry, as occurred with the inhibition of N-linked glycosylation in a previous study (Taylor
et al., 2009). This was even more evident after treatment with the mutated protein. Also in
this work, we confirmed a reduction in the total levels of Cav-1 after azurin treatment, and
there was a GM-1 relocation from the plasma membrane to the cytosol. These events
could then be related with changes in the biophysical status of the plasma membrane of
cancer cells, such as an increased membrane fluidity, also documented in previous studies
performed by our group. This effect can be interesting to explore therapies for drug
resistant cancers, since in these cases the accumulation of anticancer drugs against
intracellular targets is limited by the rigid nature of the plasma membranes (Bernardes et
al., 2016). Thus, with this treatment, in addition to facilitating the diffusion of the drugs, it
may be that membrane receptors, efflux pumps, among others involved in MDR
development, can also be relocated from the plasma membrane, as is the case of GM-1,
potentiating the cytotoxic effect of co-administration of drugs. This effect at the membrane
protein composition of drug resistant cancers is still to be confirmed.

The combination of anticancer drugs with azurin or its p28 derived peptide has already
been evaluated, and like what happened in those studies, in this work we could confirm
that there was also an improvement in the therapeutic activity of the drugs. On the other
hand, the combination with the mutated protein showed less effect on cell viability related
to its lower affinity with Cav-1, and consequently less changes at the membrane level that
could provide greater efficacy of the intracellular activity of the applied drugs. Thus, all the

results obtained in this study contributed to unveil a new region of azurin, which due to its
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hydrophobic properties exposed in a core available to interact, is not only responsible for
the recognition of this protein by cancer cells, but also partly mediates its uptake (Figure
V.1-1).

The anticancer potential shown by the C-terminal region of azurin, was also supported by
Chaudhari et al. 2007, that produced peptides derived from this region, and after treatment
with them, they verified significant cytotoxicity effects in cancer cells (Chaudhari et al.,
2007). In this sense, the study of this region continued by our group through an in silico
analysis with bioinformatic peptide optimization tools (Figure V.1-1; Tyagi et al., 2013),
which allowed the initial assessment of a peptide with 26 residues, corresponding to a
region close to the C-terminal of azurin, called CT-p26. The re-design of this sequence
created a peptide with a lower number of amino acids termed CT-p19. Then, the alteration
of some residues of its sequence allowed the production of a promising peptide called CT-
pl9LC with greater hydrophobicity, a positive net charge, and more importantly, with a
high propensity to exhibit enhanced anticancer activity (Coelho, 2017). As part of this
thesis (Chapter Ill; Figure V.1-1), the bioactivity of these peptides was evaluated in vitro.
The initial results demonstrated that CT-p26 had more marked cytotoxic effects than p28,
the peptide compromising amino acids outside the C-terminal region. Similar results
showed CT-pl9, also confirming its preferential action on cancer cells. Finally, the CT-
pl9LC with the greatest anticancer potential demonstrated in silico, was also proven in
vitro. The application of a lower concentration of this peptide showed an anti-tumor and
selectivity similar to that observed with the application of higher concentrations of CT-p19,
as well as of azurin and p28, already documented in the literature. In addition, in silico, the
charge of this peptide has been increased making it positive, and in vitro it has been proven
that this characteristic is essential for the interaction of this peptide with plasma
membranes of cancer cells, which have a more anionic membrane potential than non-
cancer cells (Harris et al., 2013; Leuschner and Hansel, 2005). As studied with the
application of azurin and the mutated protein, the membrane order was also assessed
after treatment with CT-p19LC. Similar to what was observed with the treatment with
azurin, this peptide was also able to make the membrane of cancer cells more fluid,
indicating that it also acts at the membrane level. However, in this case, the possible
membrane components involved in its targeting capacity were not investigated (Figure
V.1-1). In general, these results contributed to the confirmation of the anticancer potential
of the C-terminal region of azurin, as well as showing the relevance of the study of other
regions of azurin that may be useful for the discovery of other new bioactive anticancer
peptides.
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In the Chapter IV of this thesis (Figure V.1-1), for all that has been described about the
p28 CPP derived from azurin, its properties were explored in the design of a new drug
delivery strategy. This peptide was chosen for this purpose, mainly due to its CPP
properties, as well as its high and specific internalization in cancer cells associated to its
hydrophobic N-terminal (first 18 amino acids; Taylor et al., 2009). In the literature, there
are several examples of CPPs associated with various types of nanosystems by the
existing conjugation methods for drug delivery application, but few have the potential for
tumor-homing peptide presented by p28 (Gessner and Neundorf, 2020; Silva et al., 2019;
Vale et al., 2020). Thus, in this thesis, an innovative polymeric formulation based on PLGA,
functionalized with p28 oriented so that its N-terminal was exposed and available to
interact, and with anticancer drugs that inhibit EGFR receptors encapsulated was
produced to be applied in lung cancer therapy. Initially, it was demonstrated that these
nanosystems were capable of interacting more with lung cancer cells than with their tissue-
match non-cancer cells, with a greater internalization in the first ones. However, the nature
of this interaction is not yet known. With this, it was possible to conclude that the action of
p28 was maintained, even when conjugated to the NPs. Even so, the modeling of this
peptide on the surface of this nanosystems must be considered, in order to achieve the
maximum possible interaction/internalization effect of the p28-NPs. After that, the
treatment of these NPs in vitro proved to be effective and selective, since the cytotoxic
effects observed were higher than when the cancer cells were treated with NPs without
this peptide on their surface, and moreover, these effects were not seen in non-cancer
cells. What happens to these NPs after internalization is still unknown. Thus, it was
assumed that there could be an accumulation of these NPs at tumor sites due to the
documented EPR effect in drug delivery systems, and then the functionalization with p28
would allow the NPs to interact more specifically with the cancer cells leading to their
internalization, thus providing a greater amount of drugs inside these cells. These effects
were corroborated in vivo, where a reduction in primary tumor burden and formation of
pulmonary metastases has been recorded after application of this functional nanosystem
(Figure V.1-1). Overall, these results confirm the importance of p28 as a transporter agent
for therapeutic compounds, for the first time associated with a NDDS. In addition to this
nanosystem carrying chemotherapeutic drugs, it would also be interesting, taking
advantage of its functionalization with p28, to associate it with SIRNA or photodynamic
therapies. In fact, p28 has already been fused directly to a photosensitizer, and the results
have shown that combined application has brought greater benefits than its individual

application (Raber et al., 2020). Importantly, the decoration of the NPs with p28, whatever
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the applied therapy, will allow the combination of several therapeutic strategies may
improve their effects compared to their individual use.

In summary, the content of this thesis opens new horizons for the application of azurin,
demonstrating the relevance of studying the several regions of this protein for obtaining
bioactive anticancer peptides that can be more powerful than their source, capable of

being applied in new promising delivery strategies of drugs in the fight against various
types of cancer.
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Figure V.1-1: Summary of previous results published by others and the results presented in this thesis about the anticancer potential of the bacterial protein azurin and
its derived peptides: mode of action and development of a nanosized drug delivery system (NDDS) for cancer therapy. (1) Chaudhari et al., 2007; (2) Bernardes et al.,
2013; (3) Bernardes et al., 2014, (4) Bernardes et al., 2016; (5) Mehta et al., 2011, (6) Taylor et al., 2009; (7) Yamada et al., 2009; (8) Yamada et al., 2013a; (9) Yamada
et al., 2013b; (10) Apiyo and Wittung-Stafshede, 2005; (11) Taranta et al., 2009; (12) Yamada et al., 2005; (13) Yamada et al., 2002a; (14) Yamada et al., 2002b; (15)

Yamada et al., 2016; (16) Punj et al., 2003; (17) Bernardes et al., 2018; (18) Coelho, 2017.
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