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Abstract

Among the different molecular subtypes of breast cancer that are
distinguished, the HER2-positive subtype is characterized, as its name
indicates, by keeping the epidermal growth factor receptor-2
overexpressed. This overexpression, which occurs in 15-20% of breast
cancer cases diagnosed, is related to a higher rate of cell proliferation and
metastasis, so that it has long being associated with inferior outcomes for
patients. Nevertheless, in recent decades, HER2-overexpression has also
allowed the development of targeted therapies, which have contributed
to considerably increase the disease-free survival rate of patients with
HER2-positive breast cancer. Thus, today, one of the standard first-line
treatments for this type of cancer consists of the combination of paclitaxel
(an anti-mitotic drug) and trastuzumab (an anti-HER2 monoclonal
antibody), since several trials have shown that a synergist effect occurs
between this taxane and antibody. However, although paclitaxel is one the
most successful anti-tumour drugs available these days and trastuzumab
has proven to be very effective in inducing tumour regression, their
administration entails severe side toxicity, and treatment resistances
appear frequently.

Both, the apparition of adverse effects and drug resistances is
mainly caused by the low bioavailability and the lack of specificity of
conventional antineoplastic agents. For this reason, in the past few years,
nanomedicine has aroused special interest in cancer chemotherapy, and
has been applied to develop drug delivery systems to improve drug
biodistribution, therapeutic activity and selectivity.

In this way, pursuing these goals, three main different
nanotechnological strategies were developed in this doctoral thesis to
improve the current drawbacks of HER2-positive breast cancer treatment.

The first strategy developed was focused on the design of
polymeric nanoparticles, made of alginate and piperazine, that served as
a targeted vehicle for paclitaxel and trastuzumab. In order to select the
most suitable nanoparticles for this application, alginate and piperazine
solutions were mixed in different ratios. The resulting nanosystems,
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obtained thanks to the electrostatic interactions that take place between
both compounds at acidic pH, were characterised. Then, the smallest
nanoparticles (160 nm) were conjugated with trastuzumab and paclitaxel,
previously included into B-cyclodextrins. This conjugation was carried out
by means of the carbodiimide chemistry and, once the loaded
nanoparticles were also characterized, their internalization in HER2-
positive breast cancer cells was analysed. Subsequently, their efficacy and
specificity were validated in vitro. Co-cultures of stromal and HER2-
overexpressing breast cancer cells were treated with the conjugated
nanoparticles, and conventional viability assays were performed with cell
lines showing different HER2 expression levels. Results achieved in both
types of experiments showed that the nanosystem developed was as
effective as equivalent concentrations of paclitaxel-B-cyclodextrin
complexes and even more effective than equivalent concentrations of
paclitaxel. Furthermore, it reduced the viability of normal cells significantly
less than the parent drug. At last, HER2-positive tumour spheroids were
also developed to ascertain whether the paclitaxel-trastuzumab
nanosystem obtained maintained its anti-tumour activity in these 3D
biostructures mimicking human tumours. Alive/death confocal assays and
cell counting were performed, and results achieved demonstrated that
conjugated alginate-piperazine nanoparticles kept their anti-tumour
activity when validated in 3D cell cultures.

Next, the second strategy consisted of developing new drug
delivery systems based on polydopamine nanoparticles. Polydopamine, a
synthetic melanin analogue, has acquired a relevant role in cancer
nanomedicine in recent years thanks to its outstanding physicochemical
properties. Nonetheless, despite the interest that this polymer has
aroused in the scientific community, its antineoplastic activity had not
been studied in vitro in depth yet. This is why such study was done in this
thesis prior developing any polydopamine-based drug delivery system.

Thereby, for this, polydopamine nanoparticles were synthesized
by dopamine solution oxidation in alkaline media containing different
types of alcohols (ethanol, methanol, 2-propanol, 1-propanol and 2-
methyl-2-propanol). Besides, with the aim of modulating the size (100 -
450 nm) of the polydopamine nanoparticles prepared, the NH;OH
concentration used was modified in the synthesis media. Then, the
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cytotoxicity of the different nanosystems obtained was determined by
performing viability assays with several malignant and normal cell lines. A
new protocol was stablished to subtract polydopamine absorbance when
carrying out MTT experiments. By following this procedure, it was noticed
that polydopamine nanoparticle size conditioned their cytotoxicity: the
smaller the diameter, the greater the anti-tumour activity of the
nanoparticles, which was more marked to malignant cells than to stromal
cells. Likewise, it was observed that polydopamine nanoparticle
cytotoxicity was also conditioned by the type of alcohol employed to
synthesize them, which also influenced the well-known ability of these
nanoparticles to chelate Fe**. As a consequence, and since it was proven
that polydopamine nanoparticles were internalized in the cellular
endo/lysosomes using confocal microscopy, it was hypothesized that their
cytotoxicity may be related to their ability to chelate the Fe3* existing in
these organelles. This hypothesis was later verified, when further viability
assays were performed after treating different cell lines with
polydopamine nanoparticles plus an iron chelator or an antioxidant
compound. Both compounds antagonized polydopamine nanoparticle
toxicity, so it was revealed that a disequilibrium of the intracellular Fe
homeostasis could be responsible for the customizable, intrinsic anti-
tumour activity of these nanoparticles.

Once at this point, a second drug delivery system was designed:
polydopamine nanoparticles (150 nm) loaded with Fe** and doxorubicin.

On one hand, Fe3* was loaded to polydopamine nanoparticles in
order to target HER2-positive breast tumour cells, which overexpress the
transferrin receptor-1, and to enhance the ferroptosis process that these
nanoparticles may produce by themselves. Since the pH determines if Fe3*
is a free cation or is forming Fe(OH)s, Fe** was loaded to polydopamine
nanoparticles at different pH values to find the nanosystem with the
greatest antineoplastic activity and selectivity. The different Fe3*-loaded
nanoparticles obtained were characterized and, when MTT assays were
performed with them, it was proven that the anti-tumour activity and
specificity of polydopamine nanoparticles were more remarkable when
charged with more free Fe® than Fe(OH)s.

On the other hand, as doxorubicin is capable of inducing cell
apoptosis and also ferroptosis as a side effect, this drug was loaded to
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polydopamine nanoparticles to achieve a synergist effect with the Fe3*
charged while reducing its side toxicity. Different concentrations of
doxorubicin were adsorbed directly to polydopamine nanoparticles
loaded with or without Fe3*, which were or not later isolated in order to
perform two different types of viability assays. When the latter were
carried out, polydopamine nanoparticles transporting doxorubicin
showed great anti-tumour activity and less toxicity to stromal cells than
the parent drug. Furthermore, when nanoparticles were charged with
both Fe* and doxorubicin, synergy occurred between them. In addition,
the importance of the pH value at which the Fe3**-loading was carried out
was again revealed, since those nanoparticles charged with more free Fe3*
instead of Fe(OH)s; were more efficacious, even despite having charged less
amount of doxorubicin. In this way, this drug delivery system could be
tailored-made by adjusting the Fe¥*-loading pH and the amount of
doxorubicin charged depending on the potential clinical objectives
pursued (increased therapeutic activity vs. reduced side toxicity).

Subsequently, taking into account the good results that were
achieved in vitro with the alginate-piperazine nanoparticles conjugated
with paclitaxel and trastuzumab, loading this drug and antibody to
polydopamine nanoparticles (180 nm) for the first time was determined in
order to develop an even more efficient drug delivery system thanks to
polydopamine advantages.

Since it was previously observed that 2-propanol was the alcohol
that conferred the highest anti-tumour activity to polydopamine
nanoparticles, these were synthesized with this alcohol. Next, paclitaxel
was directly adsorbed in polydopamine nanoparticles, without the need
to include it previously in B-cyclodextrins. Trastuzumab was both directly
loaded and covalently bound through the carbodiimide chemistry to
compare the results obtained following both strategies. The anti-tumour
activity and selectivity of the resulting loaded polydopamine nanoparticles
were evaluated by means of MTT assays performed again with HER2-
positive breast cancer cells and stromal cells. As a result, it was observed
that the two types of conjugated polydopamine nanoparticles had great
therapeutic activity, and that they were more effective than the alginate-
piperazine nanosystem developed previously. Furthermore, loaded
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polydopamine nanoparticles proved to be less toxic to normal cells than
equivalent concentrations of paclitaxel.

Of the two types of loaded nanoparticles designed, the one in
which trastuzumab was covalently bound showed to be slightly more
effective and selective, so it was chosen to perform further studies.
Thereby, results achieved in the MTT experiments were corroborated with
the performance of alive/death confocal assays. Likewise, as was done
with the previous paclitaxel-trastuzumab nanocarrier, the antineoplastic
activity of the polydopamine nanoparticles selected was validated by
employing HER2-positive breast tumour spheroids. The interaction
between the nanoparticles and the 3D biostructures was analysed by
scanning electron microscopy, further alive/death assays and cell
counting. Results achieved with the different techniques allowed to reach
the same conclusion: this third drug delivery system developed also
maintained their efficacy in 3D cell cultures.

In the end, to finish this thesis, a third strategy was carried out to
improve HER2-positive breast cancer treatment, developing macroscopic
gellan gum hydrogels loaded with paclitaxel for local, post-surgery
chemotherapy applications. These hydrogels were synthesized in both
acetate buffer and phosphate buffer and were crosslinked at different
degrees with L-cysteine. Once obtained, the hydrogels were extensively
characterized by means of rheological analysis, swelling capacity studies,
morphological and chemical analysis, thermogravimetric analysis and
compression measurements. The results obtained after the
characterization process led to select the hydrogels with an intermediate
crosslinking degree to be loaded with paclitaxel, as they were shown to
have a more suitable pore size for the desired application. Thus, once their
biodegradability and biocompatibility were verified, these hydrogels were
loaded with paclitaxel-B-cyclodextrin complexes, again developed to
improve the solubility of the taxane. Paclitaxel release from the hydrogels
was studied and, finally, the anti-tumour effect of the loaded gels was
validated in vitro. Both MTT assays and alive/death confocal assays were
performed with different HER2-positive breast cancer cell lines, and
results obtained proved that loaded gellan gum hydrogels had great anti-
tumour activity. In addition, they proved to be a good strategy to achieve
a paclitaxel sustained release, which in fact may be tailored to potentially
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complement other systemic anti-tumour therapies by modifying the
synthesis medium of the hydrogels and their degree of crosslinking.
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Chapter 1

1.1. What does the word “cancer” encompass?

According to the data that can be found in the Global Cancer
Observatory (GCO), a web-based platform of the World Health
Organization (WHOQ), cancer is the second leading cause of mortality and
morbidity worldwide. In 2018, almost 18.1 million new cases were
diagnosed, and this disease was responsible for the death of about 9.6
million people. More specifically, cancer had an incidence of 4.2 million
cases in Europe and, on our continent, caused the death of almost 2 million
people. In addition, although these figures already give food for thought,
the future is not very encouraging, since cancer is expected to have even
higher incidence and mortality rates in coming decades, as can be seen in
Figure 1.1 [1].
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Figure 1.1. Cancer incidence and mortality rates expected in following decades according

to the forecasts of the GCO.

Although cancer is considered as a single disease when these global
data are collected, it is a very broad term. There are more than 200
different types of cancer and each of them has particular characteristics.
Sometimes, these characteristics differ so much among the different sorts
of cancer that these can even be regarded as independent diseases [2].
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Moreover, molecular subtypes of tumours can be found within specific
organs, further complicating the understanding and treatment of this
disease.

Nevertheless, after more than a quarter century of rapid advances,
some global rules that govern the transformation of normal human cells
into malignant neoplasms have been accepted by the scientific
community. As Hanahan and Weinberg described in 2000, all mammalian
cells carry similar molecular machinery regulating their proliferation,
differentiation and death, and tumour development proceeds via a
process that can be compared to Darwinian evolution. Thereby, according
to these authors, a succession of genetic changes confers some type of
growth advantage to the cells and allows them to progressively become
malignant tumours [3]. Thus, cancer is a disease involving dynamic
changes in the genome, since there are mutations that produce oncogenes
with dominant gain of function and tumour suppressor genes with
recessive loss of function. In this manner, Hanahan and Weinberg firstly
suggested that the vast catalogue of cancer genotypes was a
manifestation of six essential alterations in cell physiology. Then, eleven
years later, they added two more alterations to their list of hallmarks of
cancer, as well as two tumour enabling characteristics [3-6]. All of them
have been briefly described below.

1.2. The hallmarks of cancer
1.2.1. Initial hallmarks of cancer

In their first review article, Hanahan and Weinberg highlighted the
existence of six hallmarks of cancer, which have been summarized in
Figure 1.2: self-sufficiency in growth signals, insensitivity to anti-growth
signals, evading apoptosis, limitless replicative potential, sustained
angiogenesis and tissue invasion and metastasis [3,5].
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Figure 1.2. Acquired capabilities of cancer according to Hanahan and Weinberg [3].
1.2.1.1. Self-sufficiency in growth signals

Regarding the first of these hallmarks, it should be noted that normal
cells require the transmission of signalling molecules (diffusible growth
factors, extracellular matrix (ECM) components and/or cell to cell
interaction molecules) to move from a quiescent state into an active
proliferative state. Conversely, cancer cells show much less dependency
on exogeneous growth stimulation. In this way, these cells can achieve
autonomy by means of three different strategies: modification of the
extracellular growth signals, alteration of the transcellular transducers of
these signals, and transformation of the intracellular circuits responsible
for translating such signals into action [3,7].

Thereby, some malignant cells are able to accomplish an autocrine
proliferation stimulation through their own production of growth factors,
while others overexpress or switch their surface/ECM receptors favouring
the transmission of pro-growth signals [3,7]. For instance, dysregulation of
the platelet-derived growth factor (PDGF)-mediated signalling has been
stablished as basis of cancer development [8], as well as alterations in the
tumour necrosis factor (TNF)-a inflammatory network [9]. Similarly, it has
been demonstrated that the overactivation of several receptor tyrosine
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kinases (RTKs), such as the fibroblast growth factor (FGF) and the
epidermal growth factor (EGF) receptors, makes cells act in an oncogenic
fashion to promote the progression of different types of carcinomas in
multiple steps [10,11]. Also, as mentioned before, malignant cells can
disturb their intracellular signaling pathways in order to maintain an
elevated proliferation rate. In this case, the modification of the PI3K-Akt
and Ras-MAPK pathways plays a central role in cancer progression [12],
inasmuch as a great percentage of solid tumours bear mutant ras and PI3K
oncogenes [3,12-14]. Last but not least, malignant cells are not only
capable of altering their own signaling, but also have the ability to induce
normal neighbors to release abundant growth-stimulating signals, making
the surrounding stroma essential to promote tumorigenesis [3,15].

1.2.1.2. Insensitivity to anti-growth signals

Otherwise, there are growth inhibitors that, like their positively acting
counterparts, are received by transmembrane receptors in order to
maintain normal tissue homeostasis. Such anti-growth signals, which are
as a rule associated with the cell cycle clock (Figure 1.3), can block
proliferation in two ways: by forcing cells to become quiescent and enter
into the G, phase, or by forcing them to relinquish their proliferative
potential, differentiate and enter into postmitotic states [3].
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Figure 1.3. Cell cycle clock: Growth inhibitors, under normal physiological conditions,
force altered cells to become quiescent and differentiate, thus preventing them for

dividing.
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Most anti-proliferative signals are funnelled through the
retinoblastoma protein (pRb) which, when hypophosphorylated, can
prevent the progression from G into the S phase of the cell cycle [3]. In
this way, inactivation of the pRB pathway is a mandatory event for the
development of all human cancers, and malignant cells can pursue
different strategies to achieve it [16,17]. Since the transforming growth
factor (TGF)-B is the main soluble signalling molecule responsible for
avoiding pRb phosphorylation, some tumour cells downregulate or exhibit
mutant or dysfunctional TGF-B receptors, while others eliminate the
transducers of the ligand-activated TGF-B receptors (like Smad4 or CDKA4)
through mutations [3,18]. Moreover, cancer cells are also capable of
preventing terminal differentiation by overexpressing the oncogene c-
myc, which is essential to promote cell growth [3,19].

1.2.1.3. Evading apoptosis

However, cell growth and tumour expansion not only depend on cell
proliferation, but also on cell attrition, which is intimately related to
programmed cell death. For this reason, all types of cancer cells tend to
acquire apoptosis resistance. This phenomenon was the third hallmark of
cancer described by Hanahan and Weinberg [3].

Apoptosis is present in all human cell types and is normally
triggered by a variety of physiological or pathological situations (DNA
damage, signalling imbalance, hypoxia...) that cause series of very defined
steps to occur at the molecular level. These steps involve the action of two
types of machinery: apoptosis sensors, which monitor the extra- and
intracellular environments for abnormalities that determine whether a
cell should live or die, and apoptosis effectors, which are cell surface
receptors that bind survival (insulin growth factor (IGF)-1/2, interleukin
(IL)-3) or death factors (FAS, TNF-a). Both, sensors and effectors, are
controlled by an apoptotic gene family, of which two major genes are
involved in programmed cell death: bcl-2 and p53. The first of them, bcl-2,
belongs to a family of anti-apoptotic genes. Its translocation has been
linked to c-myc activation and clonal expansion of malignant immortalized
cells. Just the opposite, p53 is a tumour suppressor gene known as “the
guardian of the genome”. Loss of its function, which occurs in more than
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in 50% of human solid tumours, is involved in early neoplasia steps, since
it allows the survival of cells that harbour genetic mutations [3,20-21].

In addition, bcl-2 and p53 genetic mutations are not only relevant for
tumour expansion, but also modulate cancer cells sensitivity to radio- and
chemotherapy agents that induce cell death via programmed suicide [20].
Thereby, anti-apoptotic mutations arising during tumour development
can select for chemoresistant cells [21]. Nevertheless, most cellular
regulatory components are present in redundant form, and this can be
taken into account to develop new anti-cancer drugs that would enable a
crosstalk between the still intact components of parallel apoptotic
signalling pathways [3].

1.2.1.4. Limitless replicative potential

Besides, a deregulated proliferation program is insufficient, on its
own, to allow the generation of macroscopic tumours. Almost all types of
mammalian cells carry an intrinsic program that limits their replicative
potential and acts independently of the three signalling pathways
described so far. Thus, normal cell populations progress through a certain
number of doublings. Then, they stop growing and become senescent
because they lose part of their telomeric DNA during each cell cycle. In this
way, most types of tumour cells have to overcome the mortality barrier
and acquire unlimited replicative potential, which is the fourth hallmark of
cancer [3,22].

This infinite replicative potential is achieved by malignant cells
through telomere maintenance, which is gained most of the time (in 85-
90% of cases) via upregulated expression of the telomerase enzyme.
Notwithstanding, it can be also got via a homologous recombination-
mediated process known as ALT (alternative lengthening of telomers) (in
10-15% of cases) [23,24].

1.2.1.5. Sustained angiogenesis

Apart from the replicative potential, oxygen and nutrients supplied by
the vasculature are crucial for cell function and survival and, therefore, for
tumour growth. Normal cells in a tissue need to be located within 100-200
pm of capillary blood vessels, which grow in a regulated manner once a
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new tissue is formed. Thereby, healthy proliferating cells are supposed to
have intrinsic ability to encourage blood vessel formation, except when
they have aberrant lesions. In this last case, normal altered cells lack
angiogenic ability to avoid their expansion, which shows that pre-
malignant cells must acquire angiogenic capacity on their way to becoming
cancerous [3,25].

Angiogenesis process can be encouraged or blocked by soluble factors
and their corresponding receptors, which are present on the surface of
endothelial cells, as well as by integrins and adhesion molecules [3]. As
regards the former, more than a dozen different proteins have been
identified as angiogenic activators, including the vascular endothelial
growth factor (VEGF), the basic FGF, II-8 and the already mentioned TGF-
B and -a, TNF-a, EGF... Among them, the VEGF family and their receptors
have received more attention in the field of neoplastic vascularization,
since it has been demonstrated that hypoxia situations induce their
expression via the hypoxia-inducible factor (HIF)-1a [26]. Similarly, more
than a dozen angiogenesis soluble inhibitors are known, including
thrombospodin-1, angiostatin, endostatin, interferon... Under normal
physiological conditions, there is a balance between these inducers and
inhibitors, but changes in this equilibrium are responsible for the
angiogenesis switch that occurs in tumours. For instance, cancer cells, by
means of ras activation and p53 suppression, overexpress VEFG and FGF
and stimulate pro-angiogenic integrin signalling, while they downregulate
thrombospodin-1 expression [3,26]. In this way, they are capable of
sustaining angiogenesis despite having malignant lesions.

1.2.1.6. Tissue invasion and metastasis

Finally, regarding the sixth and last hallmark of cancer described by
Hanahan and Weinberg in their first review study [3], it is important to
note that angiogenesis is not only important for the supply of oxygen and
nutrients. This capillary formation process is also essential for primary
tumours to colonize adjacent tissues and originate metastases, which in
fact are responsible for 90% of human cancer deaths. Herein, thanks to
their capability of invasion, cancer cells are able to colonize new body
tissues where nutrients and space are not initially limited, and secondary
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tumours arise as a mixture of cancer and supporting normal cells from the
host tissue.

Metastasis is such a complex process that it is even partially unknown.
What is clear to date is that it takes place thanks to alterations in proteins
involved in tethering the cells to their surroundings. Among these
proteins, cell-cell adhesion molecules (CAMs), integrins and extracellular
proteases are some of those that undergo functional modifications [3]. For
example, E-cadherin, whose bridges between adjacent cells result in the
transmission of anti-growth factors and invasion suppression, suffers a
mutational inactivation in some cancer cells to allow them acquire
metastasis capability. In the same manner, mutational changes in
integrins, which link cells to ECM substrates, are frequent, since these
mutations generate novel integrin subtypes that allow malignant cells to
adapt to the composition of the ECM of the normal epithelium that they
invade. Finally, matrix-degrading proteases, which also play a role in the
other hallmark capabilities, are also upregulated in many human tumours
to facilitate invasion processes [3,27].

1.2.2. Tumour enabling capabilities and newer hallmarks of cancer

As mentioned at the beginning of the introduction, Hanahan and
Weinberg described in a second review study two characteristics that
enable tumours to acquire the hallmarks that they had previously detailed,
and they added two emerging ones to their anterior list [3,4] (Figure 1.4).

As regards the enabling properties, these authors considered that

both, genome instability and inflammation, were essential for promoting
tumour development [4].
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Figure 1.4. Enabling characteristics and emerging hallmarks of cancer described by

Hanahan and Weinberg in their second review study [5].
1.2.2.1. Genome instability

Since certain mutant genotypes confer selective advantage on
subclones of cells, genomic instability is a molecular key that enables their
outgrowth and dominance in a local tissue environment, and which allows
multistep tumour progression to occur through a succession of clonal
expansions.

Approximately, 30% of human genes encode for proteins that
regulate DNA fidelity. The extraordinary ability of the genome
maintenance systems to detect and resolve defects in the DNA ensures
that spontaneous mutation rates are usually very low during each cell
generation. Thus, cancer cells must enhance such rates of mutation, so
they increase their sensitivity to mutagenic agents, break one or several
components of the genomic maintenance machinery and/or compromise
the surveillance systems that monitor genomic integrity. For this reason,
most cancer cells exhibit mutations in caretaker genes that detect DNA
damage and activate the repair machinery, repair the DNA or inactivate
mutagenic molecules before they damage the DNA. In the case of
hereditary cancer syndromes, germline mutations in DNA repair genes are
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responsible for the emergence of malignant tumours, while oncogene-
induced DNA replication stress is believed to account for genomic
instability in sporadic tumours. In any case, genome instability in both,
hereditary and sporadic tumours, can be got through subtle DNA sequence
changes (base substitutions, deletions or insertions and microsatellite
instability), alterations in the chromosome number (CIN), chromosome
translocations and gene amplifications, and it is fundamental to
orchestrate all the cancer hallmark capabilities here described [4,28-29].

1.2.2.2. Inflammation

The second enabling characteristic that also orchestrate cancer
hallmarks is inflammation, driven by cells of the immune system that
promote tumour progression [4].

Initially, the immune response was largely though to reflect the
attempt of the immune system to eradicate tumours. Nevertheless, at the
end of the 21* century, some epidemiological studies showed that chronic
inflammation predisposed individuals to various types of cancer. Thereby,
it turned out that the immune system has a dual role, since it has the
paradoxical effect of enhancing tumorigenesis by helping incipient
neoplasms to acquire hallmark capabilities.

In this acquisition process, tumour-associated macrophages
(TAMs), which are a significant component of the inflammatory infiltrate
in neoplastic tissues, have demonstrated to play an important role. These
immune cells are able to promote cancer progression through the supply
of bioactive molecules to the tumour microenvironment, such as growth
factors, survival factors, proangiogenic factors and enzymes that facilitate
invasion of cancer cells. Moreover, TAMs are also responsible for the
release of some chemicals, like reactive oxygen species (ROS) and nitrogen
species, which are mutagenic and accelerate the genetic evolution of
malignant cells. Likewise, they promote the production of migration
inhibitory factors that impair p53-dependent protective processes.
Furthermore, not only TAMs contribute to tumorigenesis, but also the
tumour inflammatory microenvironment can facilitate the breakage of the
basement membrane and assist cancer cells to migrate. Thus, all these
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facts help to understand why cancer cells also produce cytokines and
chemokines to attract immune cells to tumour tissues with the aim of
creating conditions that facilitate cancer development, and why some
authors have referred to tumours as wounds that fail to heal [4,30-32].

1.2.2.3. Evading immune eradication

Otherwise, the two emerging characteristics of tumour cells that
Hanahan and Weinberg added to complete their list of hallmarks of cancer
were reprogramming energy metabolism and evading immune
eradication [4].

The latter, closely related to the second enabling characteristic
explained in the previous point, is a still-unresolved issue. The role of the
immune system in the destruction of incipient neoplasms, large-stage
tumours and metastasis is not completely known yet [4].

About 10 years ago, several studies that were conducted with
immunodeficient mice showed that such immune role was important not
only for the great majority of the virus-induced cancers, but also for at
least some forms of non-virus-induced tumours [4,33]. In this manner,
Schreiber and colleagues proposed in 2011 the cancer immunoediting
process, comprised by three different phases: “elimination”, “equilibrium”
and “escape” [33,34]. The first of them, the elimination phase, is a cancer
immune-surveillance process, in which the innate and the adaptative
immune systems work together to stablish the initial effective barrier to
tumorigenesis. Natural killer (NK), cytotoxic T lymphocytes (CTLs) (CD8* T
cells) and helper T cells (CD4* T cells), which are possibly alerted by the
expression of stress ligands on cancer cell surface, protect host against
developing tumours. If they are able to completely destroy tumour cells,
the elimination phase represents an endpoint of the cancer
immunoediting process. On the contrary, if this does not happen and
cancer cell variants survive, the equilibrium phase, in which the immune
system maintains residual malignant cells in a dormancy state, starts. This
equilibrium can last host lifetime, becoming the second endpoint of the
immunoediting process. However, if the selective pressure exerted by the
immune system has the effect of promoting the outgrowth of cancer cells
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that have acquired immune-evasive mutations, such cells enter the scape
phase and generate growing visible tumours. Progression from
equilibrium to the escape phase can occur because tumour cells mutate in
response to the immune system functions or because such immune
system is supressed or deteriorated. Both changes are promoted by
malignant cells through the secretion of immunosuppressive factors (TGF-
B, IL-10, VEGF...), the recruitment of inflammatory cells that supress the
action of the CTLs and/or by mutations in key genes of antigenic peptides
that help to avoid immune recognition by CTLs [4,34-35].

1.2.2.4. Energy metabolism reprogramming

To finish the hallmarks of cancer and because uncontrolled cell
proliferation involves not only a deregulated control of growth, but also a
metabolism adjustment to fuel cell proliferation and division, Hanahan
and Weinberg included this cancer ability in their list [4].

The first scientific evidence of cancer metabolism reprogramming
was reported in 1922 by Warburg [36], who noticed that cancer cells carry
out anaerobic glycolysis instead of mitochondrial oxidative
phosphorylation even in the presence of oxygen (“Warburg effect”). At
first glance, this metabolic adjustment, which is promoted by aberrant
activation of the PI3K-AKT network and p53 mutations [37], might seem
counterproductive to neoplastic cells, since fermentation is less efficient
than oxidative phosphorylation in the generation of adenosine
triphosphate (ATP) molecules. However, it was later discovered that this
metabolism reprogramming allows tumour cells to divert glycolytic
intermediates into various biosynthetic pathways to generate nucleosides
and amino acids, also essential for maintaining their exorbitant
proliferation rate [4,38]. In fact, hypoxia, which operates within many
tumours, accentuates glycolysis through the activation of HIF-1a. Thus, it
has been shown that some tumours are composed by two symbiotic
subpopulations of cells: hypoxic cells that depend on glucose for fuel and
that secrete lactate as waste, and better-oxygenated cells that import this
lactate to obtain energy and synthesize cellular components [4,37].
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A graphic summary of all the hallmarks of cancer and tumour
enabling characteristics described by Hanahan and Weinberg can be found
in Figure 1.5.
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Figure 1.5. Summary of the enabling properties (blue pictures) and hallmarks (

) of cancer described by Hanahan and Weinberg [3,4]: (A) Genome instability; (B)
Inflammation; (C) Self-sufficiency in growth signals; (D) Insensitivity to anti-growth
signals; (E) Evading apoptosis; (F) Limitless replicative potential; (G) Sustained
angiogenesis; (H) Tissue invasion and metastasis; (1) Reprogramming of energy

metabolism; (J) Evading immune eradication.
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1.3. History of chemotherapy in cancer “war”

Hanahan and Weinberg defined the different hallmarks of cancer
thanks to all the molecular and genetic approaches that were made in the
1980s to understand cell biology, and that enabled to discover that some
signalling networks are radically altered in cancer cells [39]. In addition,
this discovery also brought about fundamental advances in the
pharmaceutical industry, which made conventional chemotherapy
transitioned to the age of the “targeted therapy” [39,40] (Figure 1.6).
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Figure 1.6. Chronological axis showing the advances in the pharmaceutical industry that
made conventional cancer chemotherapy transitioned to the age of the “targeted

therapy”.

Until the 1960s, surgery and radiotherapy dominated the field of
cancer therapy, allowing to control local and regional disease.
Nevertheless, it became clear that effective treatment for most patients
needed to reach every organ in the body, since surgery and radiotherapy
could not eradicate micrometastasis. From that point on, cancer
chemotherapy became the focus to cure this complex disease [39,40].

The beginning of the modern era of cancer chemotherapy can be
traced directly to the discovery of nitrogen mustard. It was developed for
chemical warfare but, in 1942, this compound was ascertained to be
effective in cancer treatment. Goodman and Gilman injected nitrogen
mustard into the bloodstream of a patient with advanced non-Hodgkin’s
lymphoma and noted that it achieved tumour regression, although this
positive effect stayed only for a few weeks. In later studies, these
pharmacologists found out that the molecular anti-tumour action of the
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mustard compound was based on the generation of an alkylating
intermediate that formed covalent bonds between DNA strains and that
induced cell apoptosis. Such finding, in addition to show that systemic
administration of drugs could represent a good strategy to fight against
cancer, led to the development of novel and improved alkylating agents in
the following 20 years. Among them, for instance, cyclophosphamide and
chlorambucil stood out due to their efficacy. They began to be part of the
regimens that were used to treat patients with non-solid tumours but,
unfortunately, scientists noticed that cancer cells quickly became resistant
to these drugs [39-41].

A second approach of cancer chemotherapy started after the Second
World War, when Farber realized that folic acid stimulated the
proliferation of acute lymphoblastic leukaemia (ALL). He and his
collaborators synthesized folate analogues (aminopterin and, later, the
now well-known methotrexate) that blocked the function of a folate-
requiring enzyme, the dihydrofolate reductase (DHFR). These compounds
were able to successfully induce a brief remission in children with ALL and,
in subsequent decades, methotrexate (MTX) started to acquire a relevant
role in cancer chemotherapy. The reason was that its administration
managed to cure the first human solid tumour (a choriocarcinoma) in
1958. Later, the employment of this folate analogue in combination with
leucovorin stablished the principle of the adjuvant therapy. Besides, MTX
was the first drug for which pharmacokinetic analysis were performed to
monitor its clearance and, in this way, to identify patients at risk of severe
toxicity. It is still clinically administered to treat patients who suffer from
ALL, certain lymphomas and osteosarcomas, and studies of MTX provided
important understanding of the resistance mechanisms to other agents
[39,42].

Little by little, results obtained with the administration of nitrogen
mustard and MTX stimulated the synthesis of further chemotherapeutic
drugs. Thereby, the same year that Farber showed the antifolate activity
of MTX in childhood leukaemia, Hitchings and Elion isolated a compound
that blocked adenine metabolism. Then, in the early 1950s, they
developed two drugs from that compound which later became essential
for the treatment of acute leukaemia: 6-thioquanine and 6-
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mercaptopurine (6-MP). With these thiopurines, Elion and colleagues
demonstrated that small changes in a compound needed by the cells
(adenine in their case) could inhibit tumour growth [43]. In fact, they won
the Nobel Prize in Medicine in 1988 because these thiopurines started to
be widely used for the treatment of other non-neoplastic diseases [39,40].

In the same decade, the pharmaceutical company Eli Lilly discovered
that Vinca alkaloids, employed as anti-diabetic agents, were able to inhibit
microtubule polymerization and, therefore, cell division. Some years later,
vincristine, one of these natural Vinca alkaloids, was used in combination
with MTX, 6-MP and prednisone (an immune system suppressant) to treat
childhood leukaemia. Such combination, stablished by three American
scientists as the VAMP regimen [44], proved that combining drugs with a
different site of action was the most effective manner to prevent the
apparition of tumour resistances [39].

On the other hand, also in the 1950s, Heidelberger and collaborators
developed a drug that was aimed at non-hematologic cancers: 5-
fluorouracil (5-FU). These authors realized that rat hepatoma metabolism
showed greater dependence on uracil relative to normal tissue, and they
“targeted” this biochemical pathway by attaching a fluorine atom to uracil.
5-FU was found to have broad-spectrum activity against a wide range of
solid tumours, and it is still a key piece in the treatment of colorectal
cancer these days [40,45]. Moreover, 5-FU can be considered as the first
example of targeted therapy, although the target was a biochemical
pathway and not a specific biomolecule.

The success in treating ALL, together with the availability of novel
animal tumour screening models, led to the creation of the first federal
programme in the U.S. to promote drug discovery for cancer in 1955: The
Cancer Chemotherapy National Service Centre (CCNSC). Although it was
often criticized, this programme changed the face of cancer drug
development worldwide, since it provided a sole resource to test, develop
and produce drugs, and gave birth to the current multibillion-dollar cancer
pharmaceutical industry [39,40]. For instance, one broad programme of
the CCNSC that was established to find and test new natural compounds
allowed the discovery of taxanes and camptothecins in 1964 and 1966,
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respectively. At the begging, both types of drugs encountered problems in
development. Paclitaxel (Taxol®), an antimitotic agent, could only be
obtained from the bark of the Pacific Yew tree and [46], in addition, it was
so insoluble that needed to be formulated in a lipid emulsion that caused
hypersensitivity to patients on many occasions. It was not until 23 years
after its discovery that it was found to be effective in ovarian cancer
treatment. From that moment, the production of paclitaxel (PTX) began to
move billions of dollars. Even the government had to think about
establishing price controls. Similarly, camptothecin, which was extracted
from a Chinese ornamental tree and inhibits DNA replication, showed little
antitumour activity in early clinical trials even though very positive results
were obtained with its administration in preclinical assays. Moreover, due
to its pH instability, camptothecin was toxic to kidneys. In this case,
developing a stable camptothecin analogue, irinotecan (CPT-11), took 20
years [47]. After that long period of time, CPT-11 was finally approved by
the U.S. Food and Drug Administration (FDA) to treat colon cancer and,
later, lung and ovarian tumours, too [39].

Between the 1970s and 1990s, few pharmaceutical companies dared
to look for new anti-cancer drugs, since its discovery was associated with
high risk and little chance of efficacy. Only 10% of the novel anti-tumour
drugs that entered clinical trials were approved by the FDA, partly because
available mouse models were unreliable in predicting clinical success. It is
true that there were some hits, including the development of cisplatin
(with proven efficacy in the treatment of testicular cancer) and its
derivative carboplatin (less toxic and with greater action spectrum),
nitrosoureas, fluoradabine phosphate, anthracyclines and
epidophyllotoxins. However, progress in cancer chemotherapy was slow
and the biggest drawback of the few successful compounds that were
synthesized came later, as patients were cure from their primary tumours.
These drugs encountered significant problems because of the acute and
long-term toxicities that generated in almost all body organs and that, in
the end, started to be accepted by oncologists as a price for controlling a
fatal disease [39].

Therefore, in the early 1980s, the efforts made by the scientific
community were not very successful in identifying new promising anti-
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cancer drugs, but it is worth mentioning that improvements were made in
the screening methodology. The U.S. National Cancer Institute (NCI)
adopted a screen based on testing compounds against a panel of 60
human tumour cell lines that cover both, leukaemia and solid tumours.
The use of such cell lines led to the development of a rapid colorimetric
assay for cell viability analysis: the MTT assay [39,48]. Moreover, computer
techniques were also developed to identify patterns of cytotoxicity and
the apparition of resistances [39].

At last, in the late 1980s, while major attempts were still being
made to discover novel cytotoxic agents, more knowledge began to be
acquired, from a molecular and a genetic point of view, of the signalling
pathways that are altered in cancer cells. This fact, as commented at the
begging of this chapter point, enabled the targeted therapy revolution to
start [39].

In this manner, in the early 1990s, cancer drug development went
from a low budget to a multibillion-dollar industry. A wide variety of
compounds started to be developed to target growth factors, cell-cycle
proteins, signalling molecules, molecules that promote angiogenesis and
apoptosis-modulators. Simply, as a general rule, these targeted
compounds should meet three requirements: being metabolically stable,
being well-adsorbed after oral administration and having a favourable
toxicity profile at effective doses [39,49].

1.4. Main targeted agents for cancer therapy

Broadly speaking, it can be said that targeted cancer therapies are
those that take advantage of the expression of tumour antigens or the
anormal signalling that characterises cancer cells to exercise their
therapeutic action in a more specific and efficient manner. Among the
targeted agents that meet the requirements mentioned above,
monoclonal antibodies (mAbs) and small molecules have received more
attention since the revolution of the targeted cancer therapy began.
Nevertheless, in recent years, therapeutic cancer vaccines and gene-based
cancer therapies are also making headway in this research field [49,50].
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1.4.1. Antibody-based targeted cancer therapy

Antibodies are bloodstream glycoproteins used by our immune
system to detect and neutralize foreign agents. The most abundant
isotype of natural occurring antibodies is the immunoglobulin (IgG) one,
which is a heterotetramer composed of two heavy and two light chains.
IgGs are integrated by a variable fragment (Fv), which houses the
complementarity determining regions (CDRs) that decide antibody binding
diversity, and by a crystallisable fragment (Fc), which binds serum proteins
or cells and is essential for antibody effector functions [51,52] (Figure
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Figure 1.7. (A) Structure of the most abundant mAb isotype (IgG); (B) Direct and indirect

mechanisms of action of mAbs.

Regarding these, it should be noted that mAbs were initially
viewed as targeting “missiles” in cancer therapy. Notwithstanding, they
have proven to have more complex properties and to mediate their
therapeutic action through direct or indirect mechanisms after targeting
tumour cells. The formers occur when, by binding to cell surface receptors
or antigens, mAbs alter the signalling networks of cancer cells and help to
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induce programmed death. On the other hand, indirect mechanisms
involve the recruitment of effector cells or other components of the
immune system that attack or induce apoptosis in cancer cells previously
“marked” by mAbs. These indirect mechanisms are known as antibody-
dependent cellular cytotoxicity (ADCC) and complement-dependent
cytotoxicity (CDC), respectively, and are fundamental for the destruction
of malignant cells [49,51] (Figure 1.7.B).

Such destruction, in addition, can be notably potentiated when
mAbs, which have shown to be well-tolerated and to have long serum half-
lives, function as carriers of cytotoxic compounds, such as radioisotopes,
toxins and drugs [50,51]. These immunoconjugates are really effective in
inhibiting tumour growth, and this fact, along with the good results
obtained in clinical trials with antibodies, have made mAbs-based
therapies a major strategy in cancer medicine. Actually, almost a third of
the biotechnological products developed today are antibodies, and 24
mAbs targeting a total of 16 different antigens are currently approved by
the FDA for cancer treatment [50,53]. Most of them are directed against
antigens expressed on B lymphocytes (CD20, CD30 and CD52), the EGF
receptor (EGFR), the human epidermal growth factor receptor-2 (HER2),
the VEGF/VEGF receptor-2 (VEGFR2) and the programmed cell death
protein 1 (PD-1). Otherwise, most recently approved antibodies target the
cytotoxic T-lymphocyte antigen 4 (CTLA-4), disialoganglioside (GD2),
CD38...[53,54] More information on the mAbs most commonly used in the
clinical setting for cancer treatment can be found in Table 1.1.

Table 1.1. Some of the currently FDA-approved mAbs for cancer treatment.

mAb Brand Target | Technology Cancer Approval

name indication

Rituximab Rituxan CD20 Hybridoma Non-Hodking 1997
Lymphoma

Trastuzumab Herceptin HER2 Hybridoma Breast 1998

Gastric 2011

Alemtuzumab Campath CD52 Hybridoma cMmLL 2001

Ibritumomab Zevalin CD20 Hybridoma Non-Hodking 2002
tiuxetan Lymphoma

Cetuximab Erbitux EGFR Hybridoma Colorectal 2004

Bevacizumab Avastin VEGF-A | Hybridoma Colorectal 2004

Panitumumab Vectibix EGFR Transgenic Colorectal 2006

mice
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Ofatumumab Arzerra CD20 Transgenic CLL? 2009
mice
Ipilimumab Yervoy CTLA-4 | Transgenic Metastatic 2011
mice melanoma
Pertuzumab Perjeta HER2 Hybridoma Breast 2012
Obinutuzumab Gazyva CD20 Hybridoma CLL 2013
Ramucirumab Cyramza | VEGFR2 Phage Gastric 2014
display
Pembrolizumab | Keytruda PD-1 Hybridoma Melanoma 2014
Necitunumab Portrazza EGFR Phage NSCLC3 2015
display
Dinutuximab Unituxin GD2 Hybridoma | Neuroblastoma 2015
Daratumumab Darzalex CD38 Transgenic Multiple 2015
mice myeloma
Inotuzumab Besponsa CD22 Hybridoma ALL 2017
ozogamicin
Durvalumab Imfinzi PD-L1 Transgenic Bladder 2017
mice

[53,54] 1CML - Chronic myeloid leukaemia; 2CLL — Chronic lymphoblastic leukaemia; 3NSCLC
— Non-small cell lung cancer.

As can be seen in such table, IgGs approved are human, murine,
chimeric or humanized. The difference between these last two types is
that chimeric mAbs are obtained by combining sequences of a murine
variable domain with a human constant region domain while, in
humanized mAbs, non-human CDR sequences are transplanted into a
human framework sequence in order to maintain targeted specificity [54]
(Figure 1.8).
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Figure 1.8. Types of mAbs according to their origin.

On the other hand, all these mAbs can be produced with the
hybridoma or the phage display technologies, or they can be obtained
from transgenic mice. The firstly introduced and the most used technique
nowadays to produce antibodies is the hybridoma one [55], in which host
animals are immunized with a desired antigen to generate mature B cells.
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These are later merged with myeloma cells to produce hybridomas, which
are screened and selected to produce the best mAbs, finally purified
[54,56]. Besides, other mAbs are produced by applying the phage-display
library, which constitutes a powerful tool for the rapid identification of
peptides or antibody fragments. Finally, antibodies can be also generated
by genetic modification of mouse lines. 1gG genes are inserted in the
genome of these animals, replacing their endogenous genes and making
transgenic mice able to synthesize human antibodies [54].

1.4.2. Small molecule-based targeted cancer therapy

Along with antibodies, small molecules are another of the most
used targeted agents in cancer therapy. Antibodies exhibit great
selectivity, but their targets have to be often restricted to cell surface and
they require intravenous or subcutaneous administration because of their
large molecular weight. By contrast, small molecules, with a much lower
molecular weight (<900 Da), are able to penetrate into cancer cells and
target specific proteins [49,57]. They were developed with the aim of
achieving therapeutic action at the molecular level and, thus, avoiding the
adverse effects that are often caused by conventional chemotherapeutic
agents. Currently, more than 40 small molecules inhibitors have been
already approved by the FDA for oncology indications [50,57]. Many of
them focus on inactivating tyrosine kinases (TKs), since abnormal protein
phosphorylation is a characteristic feature of cancer biology and has been
related to unnatural proliferation and angiogenesis [50]. Other approved
small molecules are inhibitors of proteasomes, cyclin-dependent kinases
(CDKs) and the poly ADP-ribose polymerase (PARP). They active cell-cycle
checkpoints, trigger apoptosis and coordinate DNA repair in cancer cells
[49]. Information on the inhibitors most commonly used in the clinical
setting can be seen in Table 1.2.
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Table 1.2. Some of the currently FDA-approved small molecules for oncology indications.

Small Classification Target Cancer indication

molecule

Erlotinib TK inhibitor EGFR, HER NSCLC, pancreatic
Lapatinib TK inhibitor EGFR, HER2 Breast
Sorafenib TK inhibitor VEGFR, RAF, Renal, hepatocellular

PDGFR?
Gefitinib TK inhibitor EGFR NSCLC
Sunitinib TK inhibitor VEGFR, PDGFR Gastrointestinal, renal,
pancreatic
Imatinib TK inhibitor PDGFR, ABL Leukaemia, gastrointestinal
Crizotinib TK inhibitor ALK? NSCLS
Carfilzomib Proteasome Proteasome Multiple myeloma
inhibitor

Ribociclib CDK inhibitor CDK4, CDK6 Breast
Rucaparib PARP inhibitor PARP-1, PARP-2 Ovarian, peritoneal

Olaparib PARP inhibitor PARP-1, PARP-2 Ovarian, breast, peritoneal

[49,57] IPDGFR — Platelet-derived growth factor receptor; 2ALK — Anaplastic lymphoma
kinase

1.4.3. Targeted cancer therapy based on vaccines

Treating cancer with vaccines has been a challenging research field
for decades. Unlike the vaccines developed to combat infectious diseases,
which are mostly prophylactic in nature, the design of therapeutic cancer
vaccines (TCVs) seeks to educate patients’ immune system to identify and
eliminate tumours [58]. Thus, the goal of these TCVs is enhancing anti-
tumour immunity by means of the activation and expansion of CD8" and
CD4* T cells, which can elicit a specificimmune response against two types
of antigens: tumour-specific antigens (TSAs) and tumour associated
antigens (TAAs) [59,60].

While TAAs are shared between healthy and tumour cells but are
overexpressed by cancer cells, TSAs are only expressed in tumour cells and
are absent in healthy tissues [61]. For this reason, TSAs, which are mutant
proteins, are theoretically the ideal target for cancer immunotherapy.
However, the somatic mutations that give rise to TSAs are almost unique
to each tumour, and TCVs based on them have to be personalized and
developed for individual patients. In contrast, TAAs are commonly
overexpressed by tumours with the same histology and allow the design
of vaccines for many individuals. Although they generate more weak
immune responses because they are often recognised as self-antigens,
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they have been preferred to design TCVs, which have been developed
using various strategies during the last decades [59]. In this way,
nowadays, cell-based, DNA/RNA-based, vector-based and
protein/peptide-based vaccines against TAAs can be found in advanced
clinical trials. Even the administration of three TCVs, which have been
summarized in Table 1.3, has already been approved by the FDA [59,62].
Moreover, an exponential growth in this research field has occurred
recently with the employment of various delivery approaches for cancer
vaccines, such as nanoparticles and scaffolds, with which promising
preclinical results are being obtained these days [63].

Table 1.3. TCVs currently approved by the FDA for cancer treatment.

Brand name Strategy Cancer indication Approval
TheraCys® Bacterial vector- Urothelial carcinoma 1990
based
PROVENGE Cell-based Castration-resistant prostate 2010
cancer
T-VEC Viral vector-based Advanced melanoma 2015
[59,62]

1.4.4. Gene-based targeted cancer therapy

Gene therapy attempts to introduce genetic material (either DNA
or RNA) into cancer cells to inhibit their proliferation or to directly destroy
them. This goal can be mainly achieved in two ways: either by directly
replacing mutated tumour genes by normal genes to restore regular cell
function, or by indirectly sensitizing malignant cells towards treatments to
which they have become resistant [49]. Due to cancer complexity,
numerous strategies have had to be developed when it comes to follow
these two paths, which can be broadly categorized into immunological and
molecular strategies [64].

1.4.4.1. Immunological strategies for gene-based cancer therapy

As regards the former, since cancer cells are able to evade the
immune system [4], it should be noted that these strategies seek for
boosting the T cell-mediated immune response against cancer. Thus, for
instance, several genetic immunotherapies involve the transfer of genes
that encode the production of immune-stimulant molecules (such as
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cytokines), in vitro manipulation of antigen presenting cells to allow them
to perform their function correctly, or vaccination with antigen-encoding
genes that induce the production of antigens that later trigger an immune
response [64].

1.4.4.2. Molecular strategies for gene-based cancer therapy

On the other hand, molecular genetic strategies aim to reset
oncogenes and tumour-suppressor genes that harbour mutations in
malignant cells. For example, treatment with suicide genes relies on the
conversion of pro-drugs into active compounds by means of non-
mammalian enzymes that are overexpressed on cancer cells as a result of
a transfection with the proper genes. Administration of anti-oncogenes,
which are oligonucleotides that bind to a specific DNA or RNA sequence,
is useful to inhibit oncogene activity, just like the activity of bcl-2, c-myc or
K-ras. On the contrary, transfection of wild-type tumour-suppressor
genes, such as p53, has also proven to be an effective strategy to fight
against cancer development, as well as the introduction of genes that
inhibit angiogenesis or prevent side effects of antineoplastic agents and
help to overcome dose-limiting toxicities [64].

1.5. The essential role of nanotechnology in the
development of targeted cancer therapies

Although targeted agents described in the previous point have shown
to have excellent therapeutic action, many times this is not enough to
completely eradicate the disease. It is the case of antibodies, for example,
which are normally administered as adjuvant therapy along with
conventional cytotoxic agents [53]. Moreover, although some would be
effective enough, limitations in their delivery exist other times, as occurs
with gene-based therapies and TCVs [63,65-66]. Thus, in either case, for
both the development of combined therapies and the specific delivery of
anti-tumor (conventional and targeted) agents, nanotechnology has
become essential by means of the synthesis of nanocarriers or drug
delivery systems (DDSs).
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The concept of nanotechnology was firstly predicted by Feynman, who
suggested in his famous lecture “There is plenty of room at the bottom” in
1959 that matter manipulation at the atomic level could have exceptional
applications [67]. About 40 vyears after his prediction, cancer
nanotechnology emerged as a field of interdisciplinary research (in which
biology, chemistry, engineering and medicine are combined), ready to
revolutionize cancer diagnosis and treatment [65]. At the beginning,
cancer nanomedicine (the medical application of nanotechnology)
appeared timidly but, in the last two decades, it has undergone such
development that only since the year 2000 more than 42,200 publications
related to this field can be found in the PubMed database [68]. In general,
in these published works, nanocarriers have been developed to address
four challenges of formal cancer therapies: (i) non-specific systemic
distribution of anti-tumour agents; (ii) unsuitable drug concentrations
reaching the tumour site; (iii) intolerable cytotoxicity; (iv) apparition of
multiple drug resistance (MDR). Thereby, DDSs exhibit several advantages
over conventional systemic administration of the drugs, which can be
found summarized in Box 1.1 [69].

Box 1.1. Main advantages of DDSs over conventional systemic-administered drugs in the

clinical practise.
9 Improving the limited soluldity of comventional drugs and protecting the paylond from’,
carly inactivatian or blodegradation
* Lxtending payload crculating time
* Providng higher drug cancentrations at tumour Stes via ether passive or active targetng
mechanisns
& Possibility of transporting more than one therapeutic agent simultanecusly in the sama
platform to fadlitate achveving a synergist effect
* Dveccoming MDR and the action of &fflus transporters vis nonocarrier internalization
* Enhancing drug therapeutic activity, Improving their biodistnbution and decreasing their
\_sid= taxicity /

[65,60]

Among the different nanocarriers that display the benefits showed
in Box 1.1, the most commonly designed are nanoparticles (NPs)
(polymeric, inorganic or metallic), liposomes, micelles and dendrimers,
which reach tumour tissues by means of both passive and active targeting
mechanisms, as well as hydrogels [65,69]. Active targeting mechanisms
are based on driving drug-carrying nanosystems to cancer cells such as
guided missiles thanks to the action of the targeted agents described
above. Nevertheless, active targeting cannot be separated from the
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passive, since it only takes place after passive accumulation of DDSs in
tumour tissues [70]. Since the most relevant targeted agents were already
commented in the previous point of this chapter, only the passive targeted
mechanism has been detailed below, along with the main properties of
the most reported nanocarriers.

1.5.1. Passive targeted cancer therapy

About 30 years ago, Matsumura and Maeda observed that
macromolecules larger than 30 KDa were preferentially distributed to the
tumour interstice and remained there for prolonged periods of time
[71,72]. Such observation was ascribed to tumour angiogenesis, in which
a rapid development of new and irregular blood vessels occurs, as already
described. These vessels display a discontinuous epithelium and lack the
basal membrane of normal vascular structures. In this way, they exhibit
fenestrations in capillaries that range from 10-1000 um and that offer little
resistance to the extravasation of macromolecules to the tumour
interstice [73,74]. In addition, while normal tissues keep the extracellular
fluid constantly drained to lymphatic vessels, this lymphatic function is
defective in tumours. In this way, in malignant tissues, molecules smaller
than 4 nm can diffuse back to blood circulation, but larger nanoparticles
or macromolecules accumulate because they are not efficiently cleared
[73]. Thus, both the presence of fenestrations in the imperfect tumour
vessels and the poorly lymphatic drainage of these tissues are responsible
for the observation that was made by Matsumura and Maeda in the mid
80’s. This observation has been coined as enhanced permeability and
retention (EPR) effect, and it has become the engine for many scientists to
delivery nanomedicines to tumours [71] (Figure 1.9).
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Figure 1.9. Tumour angiogenesis is responsible for the development of irregular vessels
that exhibit fenestrations through which DDSs can pass. This phenomenon, along with the
poor lymphatic drainage that characterises cancer tissues, contributes to the well-known

EPR effect.

Apart from the EPR effect, other two factors enhance the arrival
of bigger nanocarriers to malignant tissues: the high tumour interstitial
fluid pressure (IFP) and the high microvasculature pressure. The former
hinders transcapillary transport in tumours and decreases conventional
drug delivery to them. Moreover, since IPF is higher in the tumour
periphery than in the central region, cancer cells from the tumour
“nucleus” are often spared drug action. Conversely, since nanomedicines
have greater size, their extravasation is not only less affected by the high
IFP, but it is also facilitated by the elevated tumour microvasculature
pressure, which is one or two orders of magnitude higher than in normal
tissues [73].

On the other hand, with the aim of making the extravasation process
optimal, three properties of the nanocarriers have to be taken into
account for their design:

- Size: the ideal diameter of cancer nanomedicines should be
somewhere between 70 and 200 nm. To be able to extravasate
through tumour fenestrations, nanocarrier size must be inferior to
400 nm and, to avoid kidney filtration, larger than 20 - 30 nm [75].

- Charge: nanomedicines should exhibit neutral or anionic charge to
avoid renal elimination [73].
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- Shape: elongated nanocarriers are preferred over spherical ones
because it has been shown that they have better extravasation
rate and diffuse deeper in tumour masses [71].

Nonetheless, even though these three properties are adequate,
passive delivery of nanocarriers is sometimes limited. Passive targeting
depends on tumour vasculature and angiogenesis and, thus, varies among
tumour types and anatomical sites. For instance, prostate and pancreatic
carcinomas are hypovascularized, and targeting them by only focusing on
the EPR effect can be complicated. Furthermore, the high IPF of tumours
occasionally avoids the successful uptake and the homogeneous
distribution of nanocarriers smaller than 100 nm, and it can promote MDR
if drugs are accumulated at the tumour site for long periods of time
[73,74]. For this reason, the combination of both, the active targeting
previously detailed and the passive targeting of tumours is often the best
therapeutic strategy to follow.

1.5.2. Main reported nanocarriers in cancer therapy

The most ordinary anti-cancer nanocarriers or DDSs are
synthesized using a variety of materials including polymers (polymer-drug
conjugates, micelles, dendrimers or hydrogels), lipids (liposomes) and
organometallic compounds (carbon nanotubes, silica NPs or metallic NPs)
(Figure 1.10) [76].
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Figure 1.10. Representation of the most commonly reported types of DDSs for cancer

treatment.
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1.5.2.1. Polymeric drug delivery systems

Polymeric DDSs are submicron-sized colloidal particles (100-350
nm) in which the anti-cancer agent is either physically entrapped in or
covalently bound to a polymeric matrix. Such matrix can be formed from
natural, semi-synthetic or synthetic polymers, and the resulting
therapeutic nanosystems can have the structure of capsules (polymer-
drug conjugates), amphiphilic NPs (micelles), hyperbranched
macromolecules (dendrimers) or polymer networks (hydrogels) [76].
Compared to lipid and organometallic nanocarriers, polymer-based DDSs
have received more attention because they (i) have an intrinsically
stealthy surface that allows their decoration with targeted molecules
(mAbs, aptamers, peptides...); (ii) have shown an enhanced in vivo stability
and are safer (and, sometimes, even biodegradable); (iii) can be tailored-
made to achieve diverse polymer structures, molecular weights and
compositions to meet the requirements of a particular drug or application
[77]. Their synthesis, in general, is achieved through chemical approaches
such as emulsification and solvent evaporation/extraction,
nanoprecipitation, salting-out, spray-drying or the supercritical
antisolvent method [78].

Regarding polymer-drug conjugates, it should be noted that
albumin, chitosan, heparin, cyclodextrins and alginate are some of the
natural occurring polymers often chosen for the delivery of drugs, DNA,
antigens, oligonucleotides... in NP systems [79-82]. Otherwise, the most
widely used synthetic polymers for this application are N-(2-
hydroxypropyl)-methacrylamide (HPMA) and polyethylene glycol (PEG),
which are non-biodegradable, and poly-L-glutamic acid (PGA) and
poly(lactic-co-glycolic acid) (PLGA), which are biodegradable [76]. Several
DDSs synthesized with both natural and synthetic polymers are being
evaluated in clinical trials (Xyotax, CT-2106...), and clinical administration
of a human serum albumin (HSA)-based nanocarrier (Abraxane®) was
already approved by the main regulatory organisms several years ago. This
nanocarrier harbors the already mentioned drug PTX and, at the moment,
it is indicated for the treatment of MBC, NSCLL and pancreatic cancer
(Table 1.4.) [69,76].
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Table 1.4. Nanomedicines approved for cancer treatment to date.

Product Drug Size Indications Manufacturer Approval
Ovarian
Doxil® DOX 80-90 carcinoma, Jonhson & FDA 1995
nm MBC and Jonhson EMA 1996
multiple MM?
Myocet® DOX 150 nm MBC Teva EMA 2000
MBC, NSCLL,
Abraxane® PTX 130 nm pancreatic Abraxis FDA 2005
carcinoma Bioscience EMA 2009
Mepact® Mifamurtide - Osteosarcoma Takeda EMA 2009
Pharmaceutical
Margibo® Vincristine 115 nm ALL Talon FDA 2012
Therapeutics
Onivyde® Irinotecan 110 nm Pancreatic Mennimack FDA 2015
carcinoma Pharmaceuticals EMA 2016
Vyxeos® Cytarabine 100 nm AML Jazz FDA 2017
daunorubicin Pharmaceuticals EMA 2018
Ovarian,
Apealea® PTX 20-30 | fallopian tube Oasmia EMA 2018
nm carcinomas Pharmaceutical

[69] IMM — Multiple myeloma

Secondly, polymeric micelles (PMs) are nanocarriers synthesized
with amphiphilic block copolymers that self-assemble to form nanosized
core/shell structures in aqueous media when the critical micelle
concentration is reached [76,83]. Their hydrophobic core serves as
reservoir for hydrophobic drugs, while their hydrophilic shell makes them
water-soluble and enables their intravenous administration [76].
However, this hydrophilic shell does not confer sometimes sufficient
solubility and stability to PMs, which have to be modified (for instance,
through a PEGylation process) in order to exhibit a better circulation half-
live. Some PEG-modified block copolymers used to form micelles are, for
example, distearoylphosphatidylethanolamine (DSPE), poly(lactic acid)
(PLA) and poly(acrylic acid) (PAA). PMs modified with them are able to
delivery one or more drugs, and can be decorated by different ligands, as
polymer-drug conjugates, to increase their internalization rate in cancer
cells [83]. As can be seen in Table 1.4, several PMs (NK911, NK105, NC-
6004, SPI049C...) have already reached clinical trials, too [69,83], and
Apealea® has been the last nanomedicine approved by the European
Medicines Agency (EMA) for the treatment of ovarian and fallopian tube
carcinomas with a PTX formulation [69].
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Thirdly, dendrimers are synthetic macromolecules of nanometer
dimensions, composed of multiple highly branched monomers that
emerge radially from a central core [76]. They exhibit a homogeneous and
monodispersed structure, which enables them to simultaneously deliver
hydrophobic and hydrophilic drugs (doxorubicin (DOX), 5-FU, MTX,
camptothecin...), as well as be easily functionalized with different ligands
(folic acid, aptamers...) [83]. The most used dendrimers are those made up
of polyamidoamine (PAMAM). Just like PMs, they can also be PEGylated
to improve their solubility and biodistribution [71,83].

Finally, to end with the DDSs synthesized from polymers, it should
be highlighted that those of hydrophilic nature can also be crosslinked and
used to prepare hydrogels in which drugs of different nature can be
embedded to be later topically released. Such crosslinking can be
performed physically or chemically, and resulting 3D networks, which have
excellent water adsorption capacity, can be directly deposited on tumours.
In this manner, the toxicity that normally accompanies systemic
administration of chemotherapeutics is limited within the localized area
where cancer cells lie. In addition, the obstacle that the low solubility of
many drugs represents can be overcome by increasing the amount of the
anti-tumour agent that reaches the tumour site [84,85]. According to their
response to external stimuli, hydrogels can be classified as ordinary or
smart. The latter receive this denomination when they show a sol-gel
phase transition upon injection in response to external stimuli
(temperature, pH, light...), which makes them suitable for the delivery of
many drugs (DOX, PTX, vincristine, 5-Fu, camptothecin...) in a more
selective manner [85].

1.5.2.2. Lipid drug delivery systems

Liposomes are self-assembling spherical vesicles that consist of
one or more bilayers of phospholipids that surround a central aqueous
space [76]. They can be generated from cholesterol and natural or
synthetic phospholipids, and there are numerous methods available for
preparing them, such as the thin film hydration method (Bangham
method), membrane extrusion, detergent dialysis, reverse phase
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evaporation, micro-emulsification, the solvent-injection technique, the
supercritical anti-solvent method... [70].

Among the most reported nanocarriers, liposomes were the first
nanotechnology product that was approved for a therapeutic application.
Nowadays, there are a total of six liposomal formulations approved by the
FDA and/or the EMA for the treatment of several cancer indications (Table
1.4.). The reason is that liposomes are biodegradable, biocompatible, little
toxic and capable of encapsulating both hydrophilic and hydrophobic
drugs [70,83]. However, liposomes have also some drawbacks, such as a
short circulating life span, limited stability and drug loading capacity, and
rapid drug release. But, just as with some of the previous nanocarriers,
these issues can be improved through PEGylation. In addition, surface
engineering techniques can be employed to attach different ligands
(peptides, mAbs, aptamers, small molecules...) to liposomes to actively
transport encapsulated drugs to specific tumour tissues [83].

1.5.2.3. Drug delivery systems of organometallic nature

Among the different types of nanocarriers of organic or metallic
nature, carbon nanotubes (CNTs), mesoporous silica nanoparticles (MSNs)
and metallic NPs are among the most widely used.

The first of these DDSs, the CNTSs, are a class of carbon allotropes
obtained when graphene sheets are rolled up into seamless, hollow
cylindrical tubes. They can be synthesized by electric arc discharges, the
chemical vapor deposition method or the laser ablation method and,
according to the number of graphene sheets that compose them, CNTs can
be classified into single-walled or multiwalled. Single-walled CNTs are
more efficient in drug delivery thanks to their better-defined wall but, in
any case, both types of CNTs have very attractive properties that have
aroused great interest in medicine over the last decade [83,86-87]. Thus,
for example, they have high drug-loading capacity, good tissue-
penetrability thanks to their nanoneedle shape and great photothermal
ablation capacity [83,87]. However, they are insoluble, quite cytotoxic
and, in this way, poorly biocompatible, so physical and/or chemical
functionalization of CNTs is required to make them smart [76,83]. Once
functionalized, CNTs have shown promise not only in drug delivery
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applications, but also in cancer imaging, photothermal therapy and gene
therapy [86,87].

Secondly, MSNs are nanomaterials containing pores with
diameters between 2-50 nm, which can be hollow or rattle-type [86]. Since
they were firstly fabricated by Kresge et al. in 1992 [88], MSNs have been
widely studied because of their tunable size (50-300 nm), uniform and
modulable pore size (which allows drugs of different molecular shapes to
be loaded), high surface area, high pore density and biocompatibility. They
can be prepared by the soft or the hard template method and, as the DDSs
previously described, MSNs can be PEGylated to improve their behavior in
vivo. Moreover, their surface can be modified using folate, mannose,
transferrin, peptides... for active targeting, and grafting MSN pores with
co-polymers has demonstrated to be a good practice to avoid premature
release of the drugs loaded. Apart from being designed to develop novel
DDSs, MSNs are also prepared for cancer imaging and gene therapy
[86,88].

Finally, among the different metallic nanocarriers, gold
nanoparticles (AuNPs) are matter of significant interest because they are
relatively biologically non-reactive compared to other metallic NPs, such
as silver or cadmium NPs [89]. Besides, they have stronger optical
properties, exhibit an easily controllable surface chemistry that enables
versatility in adding functional groups, and they can be easily synthesized
with customizable size and shape [86,89]. Likewise, AuNPs are stable in
biological media and are biocompatible and, as CNTs, they are able to
achieve thermal ablation of cancer cells. AuNPs can be prepared via
chemical, physical or biological routes and, apart from drugs, they can also
transport other biomacromolecules (proteins, DNA, RNA...). Moreover,
their surface can be modified with different types of ligands, like
transferrin or folic acid, for targeted drug delivery applications, too [86].
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1.5.3. Stimulus for drug release

So far, the characteristics of the most reported DDSs and how they
achieve to target cancer cells through passive and active mechanisms have
already been discussed. Thus, to finish this first chapter, what remains to
be done is briefly describing how smart nanocarriers are able to release
their payload in tumour tissues.

For this, it must be pointed first that there are two types of stimuli
to which DDSs can respond: endogenous and exogeneous. In the case of
endogenous or intrinsic stimuli, the triggering signal to release the anti-
cancer drug comes from the body, while in exogeneous stimuli, such signal
is extra-corporal [86].

1.5.3.1. Endogenous stimuli

The most well-known examples of endogenous stimuli are pH
changes, redox reactions, temperature modifications and enzyme
transformations.

According to the Warburg effect, tumour cells carry out enhanced
glycolysis followed by extra lactic acid fermentation [3]. This phenomenon,
along with the poor blood flow, the hypoxia and the impaired elimination
of metabolism wastes that characterize malignant tissues with abnormal
angiogenesis, contributes to the accumulation of hydrogen ions in the
tumour interstice [70,86]. For this reason, while normal tissues have an
intracellular pH (pH)) close to 7.2 and an extracellular pH (pH.)
approximately equal to 7.4, tumour tissues exhibit lower pHe (in the range
of 6.5 - 7.2) and more basic pH; (superior to 7.4) [86,90]. Furthermore,
apart from this difference in the pH; and pH,, there is also a pH gradient
among cellular organelles, since that of lysosomes is much more acidic
(close to 4.7 - 5.0) than the pH of other organelles [86].

Thereby, pH-responsive DDSs, which have to be stable in the pH
range of 5 - 7, are those which are prepared to store anti-cancer drugs at
physiological pH, but which can release them by undergoing physical
and/or chemical changes when exposed to more acidic pH environments
[86,91]. This pH-sensitivity can be achieved, for instance, by means of the
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introduction of weak acid or basic ionizable chemical groups (amines,
phosphoric acid, carboxyl groups...) in nanocarriers, which in this manner
become able to limit systemic concentrations of toxic drugs [86,91]. pH-
sensitive DDSs have been studied in a variety of forms (hydrogels,
polymer-drug conjugates, micelles, dendrimers...) and [91], generally, they
constitute a good strategy when they are aimed to be internalized in
endo/lysosomal cellular parts [70].

Apart from being responsible for the acidic pHe of tumour sites,
enhanced cancer glycolysis is also the cause, together with the high
proliferation rate of malignant tissues, of their increased temperature (40
- 42°C). In this manner, thermosensitive nanocarriers can be built to alter
the tumour structure by releasing drugs in response to a rise in the
temperature at tumour sites. This strategy is carried out more frequently
with liposomes, but temperature-responsive polymeric-drug conjugates
and PMs can also be found in the literature [70,92].

On the other hand, another aspect that characterizes malignant
cells is their elevated intracellular concentration of glutathione sulfhydryl
(GSH), which is a highly effective antioxidant that controls reductive
microenvironments [86]. Its concentration in tumours is at least four times
higher than in normal cells and, in addition, it is one thousand times higher
in the intracellular medium than in the bloodstream. Thus, differences in
the concentration of this antioxidant compound can be used to reduce the
disulphide bonds of redox-sensitive DDSs, such as PMs, to release
encapsulated drugs in a controlled manner [70,86].

Last, the surface of endogenous stimuli-responsive nanocarriers
can be also modified to make it sensitive to the biocatalytic action of
enzymes that are overexpressed in the extracellular tumour environment,
like metalloproteinases, proteases, phospholipases and glycosidases
[70,86,91]. These enzyme-responsive DDSs can protect their payload from
degradation during transport to the target and have an increased EPR
effect and site-specific delivery. Nonetheless, they have the inconvenience
of not being applicable for intracellular drug release since enzymatic
concentrations are similar inside cancer and normal cells [86,91]. Among
these DDSs, liposomes and MSNs with polymer or lipopeptide protease-
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sensitive coatings have been already developed, as well as PEGylated
liposomes or metallic NPs in which matrix-metalloproteinase peptides
have been employed as links between their surface and PEG chains
[70,86].

1.5.3.2. Exogenous stimuli

The exogenous stimuli most frequently employed in drug delivery
applications are magnetic fields, light irradiation, ultrasounds and electric
fields [86,91].

Regarding the former, magnetic field-responsive nanocarriers are
those designed to produce heat in the surrounding medium when they are
placed under oscillating magnetic fields, since heat brings changes in their
structure [86]. Liposomes and micelles coated with silica or containing
Fes04 superparamagnetic iron oxide NPs (SPIONs), which can induce
conformational changes or pore formation in polymers surrounding them,
are ideal candidates for magnetic stimulus, for instance [86,91].

Otherwise, light irradiation is other attractive option for the
controlled release of drugs, since it permits to accomplish it in a non-
invasive manner but with great spacial and temporal precision. The most
commonly used light-responsive agents include spiropyrans and
azobenzenes, which change their chemical state upon ultraviolet (UV)
irradiation and can produce, for example, the disassembly of PMs. Up to
now, such UV light-responsive systems have been commonly employed to
induce drug release because most of them respond to shorter
wavelengths of light. However, they have primary limitations, such as poor
tissue penetration and harmful effects to normal tissues [91]. For this
reason, scientists are shifting the focus towards the development of near-
infrared (NIR) or visible light-sensitive DDSs. Thanks to their capacity of
adsorbing light and converting it in heat, AuNPs and CNTs are good
candidates for this development, especially for light-triggered stimuli in
the NIR range [86,91].

AuNPs, apart from being suitable applicants to produce photo-
sensitive nanocarriers, are also adequate to generate ultrasound-
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responsive DDSs along with liposomes and hydrogels [86,91]. Ultrasound-
stimulus is under intense investigation these days because, as UV-light
irradiation, does not require invasive procedures. In addition, it has deep
body penetration and is non-ionizing. By using it, both, thermal and
mechanical effects can be induced in acoustic-sensitive nanocarriers to
release loaded drugs [86].

Finally, due to their easy generation and control, electric fields are
also being used as exogenous stimulus [86]. For such purpose, several
nanocarriers, such as hydrogels and CNTs, are being modified with
electroactive polymers, such as polypyrole, polyaniline, polythiophene...
[86,91] Conducting DDSs synthesized with these polymers are able to
change their shape or volume upon stimulation with an electric current. In
addition, such current can also be used to enhance cellular uptake of drugs
or nanocarriers by a process known as electropermeabilization [91,93].

1.6. Published articles related to this chapter

- Nieto C, Vega MA, Martin del Valle, EM. Trastuzumab: more than a guide
in HER2-positive cancer nanomedicine. Nanomaterials 2020; 10:1674.

1.7. Abbreviations

ADCC — Antibody-dependent cellular cytotoxicity
ALK — Anaplastic lymphoma kinase

ALL — Acute lymphoblastic leukaemia

ALT — Alternative lengthening of telomers

ATP — Adenosine triphosphate

AuNPs — Gold nanoparticles

CAM - Cell adhesion molecule

CCNSC — Cancer Chemotherapy National Service Centre
CDC — Complement-dependent cellular cytotoxicity
CDK — Cyclin-dependent kinase

CDR — Complementary determining region

CIN — Chromosomal instability
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CLL — Chronic lymphoblastic leukaemia
CML — Chronic myeloid leukaemia

CNT — Carbon nanotube

CPT-11 - Irinotecan

CTL — Cytotoxic T lymphocyte

CTLA-4 — Cytotoxic T lymphocyte antigen-4
DDS — Drug delivery system

DHFR — Dihydrofolate reductase

DNA — Deoxyribonucleic acid

DOX - Doxorubicin

DSPE - Distearoylphosphatidylethanolamine
ECM- Extracellular matrix

EGF — Epidermal growth factor

EGFR - Epidermal growth factor receptor
EMA — European Medicines Agency

EPR — Enhanced permeability and retention
Fc — Crystallisable fragment

FDA — U.S. Food and Drug Administration
FGF — Fibroblast growth factor

Fv — Variable fragment

GCO — Global Cancer Observatory

GD2 - Disialoganglioside

GSH - Glutathione

HER2 — Human epidermal growth factor receptor-2
HIF — Hypoxia-inducible factor

HPMA — N-(2-hydroxypropyl)-methacrylamide
HSA — Human serum albumin

IFP — Interstitial fluid pressure

IGF — Insulin growth factor

IgG - Immunoglobulin

IL — Interleukin

mAb — Monoclonal antibody

MDR — Multidrug resistance

MM — Multiple myeloma

MSN — Mesoporous silica nanoparticle

MTX - Methotrexate

NCI — U.S. National Cancer Institute
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NIR — Near-infrared

NK — Natural killer

NP - Nanoparticle

NSCLC — Non-small cell lung cancer

PAA — Poly(acrylic acid)

PAMAM - Polyamidoamine

PARP — Poly ADP-ribose polymerase

PD-1 — Programmed cell death protein-1
PDGF — Platelet-derived growth factor
PDGFR - Platelet-derived growth factor receptor
PEG — Polyethylene glycol

PGA — Poly-L-glutamic acid

pHe — Extracellular pH

pHi — Intracellular pH

pRb — Retinoblastoma protein

PLA — Poly(lactic acid)

PLGA — Poly(lactic-co-glycolic acid)

PM — Polymeric micelle

PTX - Paclitaxel

ROS — Reactive oxygen species

RNA — Ribonucleic acid

RTK — Receptor tyrosine kinase

SPION — Fe304 superparamagnetic iron oxide nanoparticle
TAA — Tumour-associated antigen

TAM — Tumour-associated macrophages
TCV — Therapeutic cancer vaccine

TGF — Transforming growth factor

TK — Tyrosine kinase

TNF — Tumour necrosis factor

TSA — Tumour specific antigen

UV - Ultraviolet

VEGF — Vascular endothelial growth factor
VEGFR2 — Vascular endothelial growth factor receptor-2
WHO — World Health Organization

5-FU — 5-fluorouracil

6-MP — 6-mercaptopurine
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Abstract HER2 overexpeession, which occurs in a fifth of diagnosed breast cancers as well as in
other types of solid tumocs, has been traditionally Tinked to greater aggressiveness, Nevertheless,
thwe clinical introduction of trastuzumab has helped to improve HERZ-pesitive patients’ outcomes. Asa
uxuequmr nanotechmalogy has saken advantage of the beneficial effocts of the administration of this
Ebody and bas employed st o develop HER2 -Largetng Sxcinem with pramising therapeutic
activity and bimised toascity. In this soview, the mokeular pathways that cu;ld be mspoasinle loe
trastuzismab antitumor activity will be briefly summarized. In addition, since the conjugation
strategios that are followed to develop targeting raramedicines are essential to matntaining thelr
efficacy and toderabilicy, the coes most employed to decorate drug-loaded nanoparticles and lipososnes
with trastuzamab will be discussed here. Thus, the advantages and disadvantages of perfoemeng this
trastuzsamab conjugation theough adsorption or covalkent bindings (through carbxodiimide, maleimide,
and click-chemistry} will be descnibed, ard several examplies of tangeting nanovehicles deveoped
following these strateges will be commented an, Moreaver, conjugation methods employed 1o
synthesized trastuzumab-based anmtibody drug nxwphs (ADCa}. ommg which T-DM1 is well
kriowvn, will be aleo waanvimed. Finally, alhoaigh tzavh waled eticles and 1
and trastuzumab-based ADCs have proven 1o have better selectiviey and olﬂow\' than kndad drugs,
trastuxumab administration is sometimes related to side toodcities and the apparition of resistances.
For this reason also, this review focuses at last on the important role that newer antibodies and
peptides are ooquiring these days i the development of HER2-targeting nanomedicines.

Keywords HERZ overvapression; trastuzumab; targeted sanoparticles: tangeted liposames,
unbbady-druy conjugates conjugation

1. Introduction

Today, it & well known that cancer is cow of the most imparsars public health peobless woeldwids,
sirwce it bs the second keading cause of death [1]. Globally, about 1 50 6 deaths is cawsed by cancor and,
In 2018, this complex disease affected almast 20 million people and was respansible for the death of
OS5 milhon |),2

Amaong the different types of cancer, breast cancer has the second highest incidence, and about
11-12% of the total of new carcer cases that were diagnosed in 2018 were from this tissue [2}
Although there are mandfuld phenotypes of this disease, opproximately 15-20% of breast cancer cases
present an overexpression of the human epidermal growth factor receptoe-2 (HER2) 13 AL which in
scdd itian o also ovenepressed = other types of salid bumors [5]. On cew hand, bhe incrsasad vxpnesion
ok this byresine kizusn receptar is relabed to aull peoliferatson, migration, and invasion and, thus, o a
peor prognosds for patients and a higher risk of dsease recurneece [4,61 Novertheless, on the othes

Notowat sl MOR, VL 1674 G 19 23600a ror LR AT warw idpl comianu b oosieria b
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hand, # has ofierod the possibility of developing guided-treatement appreaaches [4], solving oee mugar
drawback of conventional chemotherapy: its lack of specificity.

The employment of cyloboxic compounds, either alone oe combined with ofher strategies {surgery
or radhiothesapy), is the most commen first-line treatment against cancer However, most of these
agents exhibit a vartable dbsorption rate and cannot be orally admintdensd. As & consoequence, due o
its imited effectiveness, chemotherapy mist be perfarmed using the systemic route, which & much
moee uncomfortable for patients. Moreover, smce chemotherapy agents are not specifically distributed
because of their Inck of sdectivity, they harm both tumer and normal cells, causing dose-limiting
tondcity with severe side effects, such as liver and kidrey damage {7,5] (Rgare 1) Furthermore,
the absence of specificty |s also responsible for the appantion of multidrag resistance (MDR) after
proleaged exposure to cytotoxic agents, this being ane of the most challenging limiting factors of
conventional chemothirapy today [7-9).

Figure 1. HERZ overespression, which oocurs in almost o fifth of breast cancer cases {a) as well as in
otbur types of salad o, is related o coll prolifer stion and wascon and makes cacer cells mooe
aggressive (bl Howover, this ovesaprossion bas aleo allowed us 10 develop novel ranomadicines
thut are more spocifc than oeal oy pents, which often casw scute tnoacition (). [n the
development of these new nanomadicines, since Tmab specificaily recogrizes HERL ¥ has been
attacked bo dilferent types of DO, inproaing their efficacy and selocivity and, Bvs, reducing thelr
windo ef3octs (d)

For these reasons, nanotechnology has acquired an essential role during recent years by means
of the development of drug delivery systerns (DIDS), with which it aims to address the dowrsides of
chemotherapy (2], Theneby, the synthwesis of narcesedicines based on viral vectors, drag conjugates.
and Hgid and polymer sasocartiers has ancused tremendous intenest. Amang; thise DS, susopasticlos
{NPs) and liposomes have been preferred for designing nanccamers due to thelr advantageous

. NPFs have proven to be more easily soluble in water, increasing the stability and
bivavailability of the didivesed compounds, and are neadily chemically modifiable [10,13]. Themloe,
polymieric {chitosen, dextran, pullulas, albumin-bewd . |, ceramic [silics-based ar bydroxvapatite),
and metallic (mamly gold) NI's have already been used as platformes for the development of new
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DOS [12-15], Semilarly, liposomes have been shown to be biocompatible, have litthe toxicity, and are
capable of promoting a controlled drag nelese [14]

Thanks 10 the chamcteristic praperties of cancer tissues, thene ase fwo mechanisms by which N«
arsd lipersorues can debivir drups o fumoos prosive targeting wod active brgetiog [17]. The paasive
accurmulation proceme is « direct q of the enhinced permeabifity and retention (EPR) effect,
ndueced by the leaky blood vasculature and lepained lyvisphatic systons of the solid tusmora. NPs with
an appropriate size (100400 pen| and superticial charge (proferably negative) can achieve loegthy blood
arculation times and accumalate at tumoeal sites by diffusion and convection processes. Nometheless,
this passive delivery has (ts own Issues, since the EPR effect docs not occur In every tamor (as =
those in which there is a great hypoaa), and vessel permeability is not usually homogeneons [5,07, 18]
Besades, passive targeting can promote MDR apparition due to ts lack of control and the consequent
undue drug accumulation i cancer cells, a fact which, oo the contrary, can be overcome by active
sargeting [17] This second delivery proces accamplishes a spedfic recognition of tamer cells that favores
cantralled DOS intermalization in them, increasing their therapeutic efficiency [19). Such tageting
can be ‘mtm-d by dwml dlmpeu m the NP acd lipasome surface, making mnlv reactive 40
tha 4 erd, o with lgands that specifically neognise ov lizes or
prowins bs cancer odlls, such as several peptides, aptameres, and ant@odies [17 -..ng. .\mngthu»thn
targeting molocudes, peptides and aptamers are smaller, less insmunogenic, moee sasily chemscally
modifiable, and more temperature-stable than antibodies. However, anmbody properties have
been more eatensively characterized, making them Indispensable for cancer research, dlagnesis,
and therapy |21.22].

Furthermare, aside from the synthesis of DDS, antibodses have also arowsed interest in cancer
mancenedicine because of the development of antibod y-dirug corgagates (ADCs), which have also been
desagned to increase the efficacy of conventional chemotherapy [23,24]

Among thes: antibodies, the most commenly used in the treatment against HER2+ tumaors are
pertarumab and trastuzumab, bvo recombmant humanized moooclonal antibodies [25,26]. OF these,
'runmm-h (Hereptin™, GenentechyRocke, San Francisco, FL, USA) (Trab) spedfically bands 1o the

lushar demsain [V of the af bocwd HER2 ard hus allowed She susvival rabe of pationts who
sulfer from HER2-positive (HERZ4) breast cancer to inceeasw 6] For this season, this antibody has
boon exmensdvely wsed far boths the developerent of gusded NP and |ipoeomes aed for the devdopment
of ADCs, and 1s the protetn an which this review study is focused {Figure 1),

Thereby, this articke summanzes how the clindcal employment of Tmah has helped to lmprove the
onitcome of patients who sufler from HER2+ breast cancer, as well as the moleculor mechanssms that
could be belund its antirevplastic activity, Moreover, the main covalent and rocrcovalent strategivs
that are followed in the nanoenedicine field to decarate NPs and liposomes with this antibody bave
been examined in detaal, along with the anes employed to symthesize Tmab-based ADCs At the ond,
the future role of Tmab in the development of novel ant-HER2 manomediones is also disaussed

2. Trastuzumab: More Than a Guide for Nanomedicines

The clinical utitzabion of Tmab was firstly approved by the US Food and Urug Adminastration
(FDA) and the Exropean Mediones Agency (EMA] in 1998 and in 2000, respectively; to treat patients
with HER2= metastatic beeast cancer {MBC), Several years Jater (in 2006 and 2011), these two organisms
also authorized the emplovment of this recombinant antibody as adfuvant therapy for pabents with
HER2+ early breast cancer (EBC) and, finally, in 2015 Tmab was added to the Essential Modicoes Last
of the World Health Organizaton (WHO) [27]. Saach addation was the owtcome of the berefical effects
ﬂul Timab bax proven 1o have for woowen mth HER2+ MBC arxl EBC whm itis odmnt&nd with

thwragy, slawing dawn | progressicn, indacing bamee g and i tmbs'
ovurall survival rase lle Far mstance, when Tmab is administeed @ the first-line mmmmmlm
H nduces hamor regression in 30-35% of pationss and lncrosses patients’ disease-froe survival rate after
five years by 10% in comparison with only the adonistration of conventional cytotonie druge [25,29)
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Morvaver, Tmab is able to reduce theer risk of disesse recurnence by 505 when #t is given to pabents
who saffer fram EBC, toa |25,30).

However, the molocular pathvways that ase bebuind thise pesitive sesults ane not complesdy known
and remain an active research anea 31 Among thom, three matn mechanisms have been proposed to b
responsible for Tmab antitamaor activity: (1) cell cyele amest triggered by the inhibition of the MAIK and
PI3K signaling cascades; (U} antibod y-dependent cellular cytotonacity (ADCOC), and (L) the increased
prodaxtion of anti-anglogensc factors (Figume 2) 151,32]. The aberrant activation of the PBK/AXT/mTOR
and MER/ERK pathways has been linked to an induction of collular proliferation and survival rate,
while the in vivo mhibition of sach pathways has shown 10 reduce tumor growth [33], In this way,
since Tmab administration inhibits ransfoonsdng signals downstoam of HER2, this antibody can
trigger cell cycle asveat and induwoe cancer cell apoptoss (Figuse 2a) 154]. Otherwise, tangeted colls
opsondzed by immunoglobualin (1gG)-based manockonal antéodles, such as Tmab, are able to bind
and activate FoyR-bearing immune effector cells, like the NK cells, and this fact results in a target cell
tysis {Figure 2b) [55]. Finally, it has also been demonstrated that, through the mentioned miibitson of
the PIBK/AKT/mTOR pathway, Tmab decreases the expression of some proangiogenic factors fike the
vascular endothelial growth factor (VEGF] and interleukin-B (IL-8) (Figure 2¢) [%6].
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WEHD CGRRJMERIA Ny
oL AT o f= e, (@

o o '3 et S

Trasturermah

Figere 2. Potential moleculas pathways invedved In the Trmabesed lated inhibigon of tumor progresslon
ceww this sesbody binds ta the domain IV of HER2, Hodking # homo- and heteeo-dimerization.
Such pertveays ace! (a) the inhdtion of the MAPK and PISK signaling cecodes, () ADCC (¢ the
blockage of the anglogesests proces,

Thereby, such throe mechanisns could be tmplicated i the Tmab mediated active targeting of
NPs and liposomes decorated by this antibody on thelr surface and of Trmab-hased ADCs, achieving
mot only a guided treatmment but also a synengy between Tmab and the delivered drogs, For thes reason
and also because Tmab has been wed in the dinic for almost two decades with the approval of the
main drug regultory agencies, a lrge number of NPs and lipossmes have been already conjugated o
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this antibody to improve conventicnal chemotherapy efficacy, and even a Tmab-ADC s already being
commercialized [2),57],

3. Nanoparticle and Liposome Functionalization with Trastazumabe Usual Strategies

The differont strategics that have been pursued 1o anchor Tmab to the surface of sundry types
of NI's and liposomes can be chasaified into two main groups, depending on whether ar not the
u\tlbody-buuhng Is covalent. In thes way. warks in which Tmab has been adsorbed on several

ranosystems can be found in the litecature, whilke in other studies the antibody has been
covalently attached to NPs and lipasomes following several strategios, such a with carbodiimide,
maleirmide, or dack-chemmiatry [17,38)

A1 Functhosafizedion threugh Trastnzumed Adiorption

Adsorption smmabiization comprises physical and sonic bindings, In the fiest sort of adsception,
vlectrostatic and hydrophobic itiractions i well as the hydrogen bleding ame comprised. On the o
mide, somic binding occurs when the antbody and the NP sarface have opposste changes (Figure 3a),
Irs any case, both adsarptions ane reversible and the non-covalent functionalzzation with them
rapid and simple, xinoe it does not reguice any chemsical modification |17). Taking advantage of
phvaical adsoeption, Liu et al. [39] devedoped polylactideo-o-tocophery! polyethylene glyeol succinaty
(PLATPCS) NPs loaded with docetaw] and decorated by Tmab, and demonstrated that 3 synesgist
effectcoald be achieved when the drug and the antibody were simultaneousty adminissered . In the same
macines andd thanks to electrostatic interactions, Yu et al [40] and Zhang et al. }41 ] functionalized with
Tmab the surface of polyethyleniminegpoly facticco-glycolic add) (FELVTLGA) NI that transported
paclitaxed and docetaxel, respectively, to speafically treat HERZ+ breast cancer cells  Likewise,
San ¢4 al. [42] adsorbed Herceptin™ to their PLGAfmantmarillonae (MTT) NPs, which also carried

pachitaxel to bevast oullx xpressany HERZ.
() (b)
g b pharpiee
VAL A s
Ao dutk e

Figore 3. (o} Nomcovalent binding abersatives to attach Toub to the NP surface. (B) Posential
conformaticoal chunges that Tmab cas sufler in physical aod donic baindings and which can hander mx

antigen-recognision capacity

Nevertheless, DDS functonalization through adsorption methods is Jess stable than covalent
bindings and roquires high amosnts of antibodies, which makes the conjugation process mone
expensave.  Besides tha, the adsorbed antibody can suffer comformational changes that would
ducrense itx antigen secogration capacity and make the furcticealizaton pricese lee eproducible
(Figure 3b) [17] This fact was prucksely demoestratnd by Chol ot al. [43), wha compared how
the employed Hercoptin™. functicealization msethod conditioned the antiprolifesative activity of
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docaxelPLGA NP, These'authoes muodified the menbaned NP surface with Tmab through
adsorption, charged adsoeption, and bio-conjugation.  As a wsult, they found thas this List
covaket conjugation process was moee efficient and that bioccejugated NPs had a greater stabilicy,
coll internalization rate, and cytotexicsty than the NFPs that were functicnalized through the adsception
processes |£5).

3.2, Tragtuzamstd-Fuovctans{mation throsgh Covalert Bamdmgs

Ax it hus bown bed entioned, Tmab Lent binding can bw achieved with diffenent stratiges,
the mast common pows being carbodiienide chomistry, maleimice chamistry, and dick-chomistey

The first cne, carbodlimide chenistry (441 b probably the most used oew. It reguires the
employment of T-ethyl-3-(3-dimethyamincpropyl) cardediimide (EDC), a 2ero-fength crosslinkng
agend that allows the binding of the carboxyl groups present in the DOS surtace with the peimary anune
functional groups of anbibadies. When EDC reacts i ane-step with carbooy ] groups, O-acylisourea
esters, which are highly reactive, ace generated. Then, such intermed late compounds react with prmary
amines, and amide borwds are finally formed  The inconvemient aspect is that C-acylisoures esters are
ot stable enoagh, and intra- and ter-malecular bindings can take place between antibody functional
groups, In order 1o avaid this fact, N-hydromysal foxaccinimide (NHS) is usaally incomparased in the
carbediimide chemmtry, although s use is not mandasory [45], With its addition, tive reaction takes
place in two atvps with an mevased efficiency, smor Ouecylionrem estens become seeni-stable usters
(Figuse 4a) |17,46).

{a) | carsovaseoc ormesTRY
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Figwre 4. Schematic representation of $we (a) cwbodimide and (b) makelmsde coupling reactiors
bt the Trub, NE, and lipososw systwmrs.

The naln advantage of this sort of covalent fanctioralzatico, wiich explaing its Lirge use, s its
smplcity. Primary amine groaps ane abundant in the antibody surface and no chemical modification
of the NPy is requined to carry 1t out [ 17 Beoause of that, carbodiimide chemistry has boen widely
ulilized in the literatizm to anchee Tmab b difforent particly Yty For inst Chs et al
chose 1t 00 make the comparative study that was aforomentioned [42]. Senilarly, Zhow et al |37,
Mohata et al. [6) and Nieto o al. (5] decorated the susrface of thelr synthwesizod NPs with Tmab by
raking advantage of this methad to treat HER2 + breast cascinomna colls. The frst authars [47] developed
PLGA-poly-t-histidine (I'his)-polyethylene glyool (I'EG) NI's and loaded them with doxorublcin
Mehata et al {#] cbtained TPGS-g-chitosan NPs that carned docetaxed 1o the mentioned cells and,
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finally, Nieto el al, [45] synthesized alginste-piperazme NPs to improve and guide paclitaxel treatment.
In additioe, thae last authors also preved that their runosy stem was able (o neduce the rate of susvival
of othee types of cancer culls that also overexpress HER2, such as ovasian tumar cells. In the same way,
Doeninguez-Rice et al. [44] confugated Tmab to the surface of PLCA NFS to treat a HER2+ avarian
cancer cell lme, and Arya et al. [£0] did this with chitosan NP's 10 treat HER2+ pancreatic tumors,
Furthenmore, carbodiimade chemistry bas not anly been used 1o create Herceptin™-DDS, but abso
todevelop N with which the bio-separation, sdective radiotherapy, and hyperthermia of HER2+
cancer cells could be performed [51-53],

A it can by checked, carbodiinide chemistry has bovn wmploywd 1o modify e sarlace of Ni's of «
vury different composition, but it peesents a handicap. Carbodilmbde chemistry is not & seally seoctive
couptmg method, since primary amine groaps can be found anywhere in the antibedy surface. Thas,
1 lacks control of antibody anentation, and as consequence other covalent functionalization methods
which are mone sitespecific have been preferned by other ressarchers [17]

Functionalization performed with maleimede chemistry, which is based on birclings throagh the
sulflindeyl or hiol groups of antibodies, 1 one of sech methods [54]. Thwse groups ane ess abundast
on the antibody sarface than primary amines, and generally they ase axddlzed and present in foem
of disulfide bords that couple palrs of cystetnes.  These amino acids, which are essential for the
formation of the tertiary or quatermary structure of proteirs, are the most reactive nuckophiles in
them. Nonetheless, antibody conjugation only can occur through free or reduced sulfhydryl groups,
which bave 10 be introduced, This intraduction can be achieved thmugh reaction with primary
armines or through the reduction of disalfide bonda, whach can be cheaved with different reduong
agents, such as dithiothevitol [DTT) or 2-Muercaploethanol {5-ME). Ovce oblalned, mactive salltydryl
groups can react towards maleimide, ochaloacetyls, and pyeidy] disalfides [17.55) With the flrst two
campounds, an mreversible thaoether linkage 1s formed. but maletmide-activate crossiinkers present
a higher selectivity for the sulfhydryl ssde chan of cysteines and maore rapid ligation kinetics ;m
agaeosts cunditions and Bave received more attention [17,56] (Fagure 4b). Thas, for sach maleimade
activation, two different stratoges can be punsued: (7)) DDS funchonalization, mtrodudng theol
grougs ar malvinvices; o (i) the empkiyment of latero- or bemabifunctional linkers with cow or fwo
maloimides at the couds, sespectivedy. Both strategies have bean folknwed in order to conjugase NPs and
liposomes with Tmab.

Far example, the first opton was the one followed by Tahen et al. in their study [57]. These authors
conjugated methotresate (MTX) to human serum albumin (H5A) and, after the crosslinking such
prrotem, they obeained NP that wene decoratid by Trmab to treat HER2+ breast cancer, To achdeve
thes decoration, Taher ot al. introduced thiol funchianal groaps in the NPy that they synthesized,
and activated the anti- HERZ antibedy with & maleimidabutyri adid-N hydroxysuccinimide {GMBS).
After allowmng them to react, they obtained covalent Teabattached MTN-HSA NP [57]. In addition,
this strategy was the one emploved by Nguyen et al. and Amin et al., too [5559], to attach Tmab to
biposomes. All these authors synthesized liposomes with a malemide-terminated PEG lipid congugate
(DSFE-FPEG-Mal) and thackated Tmab in nrder %o perfurm a covalent conjugatson. Thereby, Ngwyen etal
managed 80 develop PEGylated liposoowes in which they includsed rapamycin s polypyrrade (FPy)
NPs for the targeted chemo-photothensal bwrepy of HER24 bovast canceer culls [58], while Amin of al.
ervated Tewab-conjugaled Bposames W specifically deliver sdansbicin to the same sort of tamar celks [%9)

On the ather hand, the second apsan was chasen In works such as those of Chviang ot al [#].
Jang et al. [01], Kesavan et al, [42] Steinhauser et al [63], and Kubota et al. [61] The first
authoes, in order to togger the same type of tumors as the previons researchers [57-59],
developed double emulson namocapsules (DENCs) in which they smultaneously encapasiated
paclitaxed and doxorubicine Then, on their susfuor they alladhed o magnwtic taagehing
and Tmab in order to achieve a combined therapy and, for the antibody comjugation,
followed the sacomimidy -4 N-maleimidoenethyl-cydohexane-1-carboxylate  (SMOC) method,
Thenehy, thaey carried oul a thiok-functionalizetion of their runocepsules and 4 maleimide-sctivation
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of the antibody with the SMCC Plerce™, o hoteroblfunctional crossiinker that containg NHS ester
and maletmide groups [50]. Similarky, Jang et al. prepared biposcens encapsulating stlica-coreshell
magnetic NPs and attached Tmab on their susface through the SMOT method to treat HER2 « breast
tumors wsing magnetic resonance Imaging (MRI) monitoring . Bnefly, these authors formed an amide
bond from the primary amine of their particles employing sulfo-SMCC and, later, thiolsted Tmab
with Trast's reagent, proving that theer compugated liposomes acoamulated i detectable amoures in
mumons overexpeessing HER2 [61], In the same manner, Kesavan ot al. mhnduced maleimade growps
i Tenaby and attachud such antBbodies to the sutfac of polyanid d isplatin NP
that had been also functionatized with diglyoclamic add o treat HER2 overoxpressing ovarian tumsor
cells. To achieve this geal, Kesavan et al. conjugated the anvine groups of thelr NPy with LC.SPDP,
another heteroblfunctional crosslinker, and carried out a reduction reaction with DTT to oblain reactive
thicd groups on the surface of the NPs that could react with Tmab-maleimode grovps [€2] Just the
opposite, Steinhauser et al. pecformed a thiolation of Tmab with the use of 2-iminothickane and
activated the HSA NT's that they bad been previously obtained with a heterobifunctivral crosstinker
(NHS-PEGS000-Mal) with similar terminal functivnal griups ta those of SMCC Pieroe ™, In this way,
these authors were able o develop o HER2-guided drug carrier system [63] Firally, Kubota et al
synthumized gold NP3 dicorated with Tmab to trwat HER24 gaskric canuur celdx thal were nesistant to
this antibody |61). To anchor Tmab to their susface, twse authors cmpdoved a linker that consisted
of a shornt PEC cham terminated at orwe énd by a hydrazide motety and at the other end by two thiol
groups (%], and added methony"EG-SH to cap any remaining bare surfaces of the gold NPs [64].

Altbough conferring site-specific conjugation o cysteine residurs, NP and  liposome
functioralization through maleimide chemistry also has proven disadvantages: maleimide can react
with thicl groups pressnt in serum pruteins (Bke albumin) and, a= a copsequence, resulting bioconjugates
have been showen to be inhenently umstable in viva. In addition, this strategy involves the boss of a
covalmt bemd betwoen the antibody chaira. As a solutson, other farming antibody-NPlipascee
conjugates strategies, such as cick.cheenistey, have appeared |17,66).

The dick<hemistry term, which was flestly proposed by Kol et al in 2007 [67], refurs 10 4 group
of powestul chemical reactions which are orthogonal with other functicna! groups (amines, thiols,
carboxylic aads ... }, simple to perform, favorable in aqueous conditions, with high yields, and that
generate mantmal byproducts [£8-70]. The first reaction that was called click-chemastry, whech is the
most widely used today in nanomedicine, was the copper-catalyzed cycloaddition between azides
and aTkynes that generates 1.2 M riazoles (CuAAC), Later, cycdoadditions between strain-promoted
alkynis arel azzdes [SPAAC) enabled copper-free click-chemistry and started to be preferred to
CuAAC i hanclicralioe DDS o previm| copprer ticaccumadatian [65]. In the v, the snverse-demand
Diels-Alder reaction with 1,24 5-tetrazine (T2) and tans-cyclooctene (TCO) (EEDDA) peevided an
ungraded reaction rate and also began to be applied tn blomedicine (Figure %) [65.71]. As examples
of the application of the click-chemistry in the development of Tmab-nanocanjugates, the works of
Greene et al. [¢6] Yoo et al [72], and Keindnen et al. [75] can be boghlighted.

Foremant, Greene et al. desaribed in an antecior stady a new approach to ireedt pyridaznedions
moeties bearing reactive hardles into antibody -reduced disulfide bomds for enabling the incocporation
of chck-<lomains withaut losmy; covalent linkages between the antbody chairs [74]. Then, in the
work quoted bere, theese authoss fook advantage of such an approach fo siteselectively modify the
Fab) domaln of Tmab o bear a straimsed alicyne handbe distal to the parasope and to conjugate it to
axsde-functiveallzed PLCA NPL For sodh a purpose, they incorpoeated o complemestaey azide maokety
into the NF's and synthesized a heterobifunctional linker to conjugate the Tmab-Fab) disulfide to
them. In such linker, Greene et al. included a strained alkyne bicyclononyne (BCN) and employed
SPAAC 1o develop guided NFPs foc the treatment of HER2+ breast cancer cells, showing that the
click-chemastry that they used was maore efficlent than the NHS cster cow [66). Scoondly, Yoo etal
chose the inverse-demand Diels-Alder reaction between Tz and TCO to perform a two-step treatment
of HER2+ cancer cells with Toab and biposomes that had been loaded with the anticancer drug
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SN, They performed the congugation of Tmab with TCO by means of a linker (TCO-PEGA-NHS
eeter) and modified the surface of their liposomes with the Tz groups. Later, these authors treated
cancer cells with the TCO-maodified Tmakb, allowing the TCO groups to nemain exposed on the turmaor
cell surface, and performed the second step of the treatment with the Te-modified SN3S-liposormes,
whach bosnd the TCO groups via dick-cluemistry, achinving 4 chemathaerupy sohanceramt | 72]. Fsally,
Keiniinen ot al. alao employed e s iIEDDA methodology to Yoo et al., but with a diffures) sim:
in vivo tradng the internalization of Tmah with & faorine-15 labelled- Tz tracer. Thus, they moditied
the antbody with TOO and injected it in mice with HER2+ breast cancer tsmors, and sucocssfully
visualized it by positron emission tomography (PET) tmaging [73].

A sumenary of all the Tmab-guided DS, developed follorwing the défferent non~covalent and
covalent strategies explained here, can be found m Table 1.

Table 1. Tmab-functicnalizad DOS develeped frdlinwing differvet noov-covalenst and covalent strahigies
s tangye sevwral sorss (f HENZ+ cancens
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4. Trastazamab Role in Antibedy-Drug Conjugates Development

As repoeted in the mtroduction section, antibodies have also becoene relevant i nacomedicine thanks
to the dev edopment of ADCs, These glycoproteins present an insufficient dinical activity themsdves and
ADC= ermerged to conpower their antiproliferative effect [75.76] Thendry, sach compagates ane produosd
with the objective of sdectively ablating cancer cvlls by combining the action of @ highly putent cyscacxic
coenpound with antibody specificity for a target antigen, with use two compounds bedng coejugated
Groagh a oker [2475]. In thas way, after binding 1t, the ADC-antigen complex is miemalized and
transpoeted to cellular organelles (genemlly hvsasomes] wheee the release of the attached drug can
take place 175]. To lmprove its therapeutic activity without compromising safety, ADCs must Emit the
expossare of noemal tisans to the transported drugs and ooly deliver the payload 5o the tumor oclls that
wxpmee the chosem antiyen [75,75). For this essecn, linkes behnologies that erscn an adequate stabslity
of the drug in ADCs are roquired s0 that the drug sdease does not occur in circulation [76]. Besbdes,
the meghod employed in ADC cogugation conditoes the drug badirg stotchioanetry and hoesogeneity
and detesmnines its anh-tusnar activity, efficacy, and tolesabdhity [76,77).

For sach cojugations, at the beginning of ADC development, acid-labile hydrazone linkers
that can be cleaved in the add environment of endosames and thus allow the relesse of the ADC
paykaad = thesw cegrevelbios wene selictiod. However, disulBdedased linkers demonstrated Liter o be 4
better choloe becasase thry were more stable at a physological pH, and nowadays they are noemally
preferned to anchor cytotoxic composands o antibodies [75] When they ame employed, the conjugation
of linker deugs fo an antibody accurs at acoessible reactive amine acids derived from the reduction
of s mterchaln disulfide bonds, and three main methods for achleving sach accessibiity can be
distinguashed: (5) the acylation of lysines, (i) the alkylation of the reduced interchain-disulfides of
cystesnes, and (iki} the alkylation of genetically engineered cystesres [75,76,7H),

In the majorsty of ADCs that have been developed and ane in dinicnl trials, drug molecules have
bewms covalently Bound trroegh lysine and cyséeine linkes, Sollowing e et lwo afonmuensioned
strategics (Rgure 4a) [24) Between both of them, the alkyltion of reduced inteschaln-disulfides
of cystetnes has boen nommally chosen, since there are moew much lysines prosent in the antibody
surface tham intercham-cysteines (40 lysnes per antibady versus 8 exposed cysteine salthydryl groaps),
and the heterogeneity of the reaction is reduced when cysteines are selected to anchor the cytotoxic

58



Chapter 1

Naaaaworads 2000, 10, 47 nu

compounds [24.76,78L In any caw, makimdde chemistry is usually chosen 10 synthesize both types of
disulfide-based ADCs, and the employed knkees can be elther cdeavable or non-cleavable.

(&) e r—

QTS ¥¢.

emete et o et b

VY f*‘ﬁ'f"r

- ————— i —
~ Svwevsoams miss
»
P2
-
—— Y
’
Y = S
L] | g
‘o
-
.. e o To—

Figwre . {2 Acylation and alkylagon of dysine and cystebme residoes, nspoctively. performed wo
develop Tmab-basaed ADCa. (b) Ripeesentation of e drog relesar that occurs in divaliide-based
‘Tmab-basad ADXC e and depends on the fype of linker used (chavable va. mon-cheavable)

The fiest oo, the clesvable Bnkers, includ an v ! ly np-eli protecs or s
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% much higher than it s in drcalation. Otherwise, non<leavable thicether linkors are thase that
make necessary a post-internalization degradation in lysoscenes of the ADC to release the payload
(Figure ¢b) [24) They have a better stability m the bioodstream and Jonger half-lves and, hence,
a smaller risk of off-target foxicity than that of cleavable linkers [14,7%]  For this neason, thvis sort
of linker was the one that was employed to synthessoe ado-trastuzumab emtanaine (T-DM1) §87],
wivich was the first ant-HER2 ADC et started to be safizad in 2013 (Kadeyla®) [23].

Thiug, T-DMT bs integrased by a noo-cheavabe linker that allows the attachences of 2 deelvative of
maytansine (DM1) to Trsab [2441]. Maytansme, which is a natural inhibitoe of tubulin palymen zation,
was selected to be part of this ADC becouse it has o great stabilty and an approprisie aqueous
solubdlity. In addition, it was shown to be ceders of magnitude moee potent than othwe clinkcally
used anticancer drugs. Notwithstanding, although natural maytansne has proper blological and
biochemocal propecties, it lacks a suitable functional group to be conjugated to an antibody, and a
thiol group had to be introduced in its stractare [52,83], Structuse activity relatiorships (SAR) studies
were carried ot in onder to desermine the most proper modification site to avoid an alteration
af maytarsme potency, and in the end a thiol grosp was mtraduaced in the amincacy] sade dhain
C3 of the drug. Then, the heterabifuncticeal crosslinking agent SMUC was daesen to attach DM1
1o Tosab through its lysine residues by nwans of the formation of a thicether binding [92). As a
result, an average of 3.5 DMI molecales were linked per antibody, and the resulting comjugate
mamtamed good tochermcal properties [12,165]. After extersive pesclinical and clinical evaluations of
1ts biological activity, phammacokinetics, metabolismn, and tolerability, the FDA finally approved T-DM)
administration seven years ago to treat patients with HER2+ MBC, preaonsly treated with Tmab and
1 [82). Fuarth the iy Its that weew obtmned duriey, the T-DM1 evaluations
have caused the development of novel ADCs in which the antibody Tmab has boen maintained,
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but different cytotoxic dnags have been coupled to it through different linkens [52,54] Several examples
can be found in the works of Xu et al. [33], Robinson et al. [B-86], and Shen etal. [77].

The review study of Xu et al. is focused in the main properties of two different Tmab-based
ADCs, SYD9S and Tmab deraxtocan (D5-801a), which were developed with the purpose of reducmg
T-DMI resistance and impraving it effioscy in heterogeneous tumores [53] The first orwe, SYDAS,
wassynthesized by Elgemena utal. in 2015 [87], whwne they chas a doocarmycin derivative (Seco-DUBA)
et has @ btter solubility and stabifity than the panent alhylating dnag b be attached t0 Tmaby Far sixch
an attachreent, they selected a puptide linker that conjugated Seco-DUBA makoules to Tmab thooug b
the hydroxyl groups present in their DNA-alkylating moioty. This linder, unlie the T-DM1 cow, can be
cleavable by cathepsin B, a lyscsame cystetne-protease present in cells [23.47) Smmilarly, Ogatani ct al.,
who obtasned DS-82012 in 2016 (48], also preferred 2 cleavable Mnker to be part of their Tnsab-based
ADC. These authors linked a maleic acid to Tmab and, through it, jolned the commerclally avallable
linker BOCOGRG-OH that is selactively deaved by lysozymes. As a cytotonic drag, Ogitani et al.
deaded to employ a camptothecin denivative (DXd) that was developed to improve the solubllity
and biologial activity of the vriginal camptothecin, a topolscanerase polson [8338] Both of them,
SYDS8 and DS-8201a, are now in clinical triads in which their suitability for the treatment of HER2-
breast, gastric, and Jung cancers is being evaluated with promasing ressalts [83]

Otherwise, Robirson and co-workers demonstrated that site-sclective disulfsde bridging with
small molecules, wiach a3 next-gerweratiom malesides (NGMs) [#4,55] and pyridazmediones (PDy) [85],
cormitrtizies & proper compugation strabegy to develdop stable ADCs. In onder to attach the potent
antacanour drug othyl auristatin E (MMAE) to Tenab, they reduced the antibody mative
inferchain dindfidebonds with tris-2-casboxyethylphosphine (TCEP). Next, thwy performed o
funcilonal se-beidging with either an NCM or a PD molecule and conjugasd NCM-MMAE and
PD-MMAE to Toub, obtaining efficket ADCs [54,85). In addition, in an anweioe stody these
authars followed the same strategy with NGMs to syrthesize 2 Tmab-ADC with Saaded doxarublicn,
anticpating that the NGM platform could have corsiderable utilsty foe the development of ADCs [86)

At last. Shen et 2l also built Tmab-ADCs loaded with MMAE but, to assess the Impact of the
conjugation site, they engineered cyvatemmes ot three different Tmab sites, differing m solvent accessbility
and local charge. Onoe obtalned, they attached MMAE o themn theough maleimide chemistry with a
maleimido-caprovi-valine-dtruline-p-amino-benzyloxy carbonyl (MC-ve-PAB) linkes; and showed not
only the Bnker dhalce conditions ADC biological activity, but also the corjugation sive [77],

Since, in some stadies, it has been shown that the location of attached compounds 1= not as
redevant as their stoichiometry and that heavily lcaded conjugates are quickly removed from the
arculation, recombinant methods have begun to acquire more importarce in this nancsechnology
fwld [24.76) ADC comjugation through the alky lation of genetically engameensd oy steines arose for this
reson. Mentomed abve, it s the most eoent steategy to attach optotoxie compounds b antibodie
v in based on protein-engimering alteratioos that allow the binding of 4 particular number af dnag
msalecules por ADC. Antibedy modifications can be pesformed Sirnegh ereymatic conjugation and
through the Insertion of reactive cysteines oe chemmselective functional grougs of unnatural amino
acids in its structure, but there arv st many challenges conceming these appeoaches, and any ALC
devekoped following them has reached the dinic yet [74].

5. Current and Future Situation of Trastweumab-Based Nanomedicine

As has been stated, comvenbconal adpuvant chemotherapy with Tmab nesults in a signiicant
prokongation of disedse-froe and overall ssrvval sabes ard has sevoluonized the treatment of HER2 +
breas! cancer [B3,90]. A conangquince and sance HERZ is not anly avenvspressed in thas type of cancwr,
many studies in the prediminary stages hasve proposed the adminkstratson of this adjuvant therapy
to treat othee types of HER24 tumors, including ovarian, bladder, and lung cews [91]. In this way,
the Tonab-decorated NPs developed 10 target these solid tumaors other than breast tumsors can be
alroady found in the lterature [1550,62 54].
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However, the dinical admmistration of Tmab does not onfy have advantages. Some sdvers:
effecty, sach as gastromtestinal and pulmenary symptoms, hematolagic deficiencies, and especially
carchioc Joxicty, have boeen finked %0 Tmab use. Moreover, between 15 and 25% of the patsents wha
have mecssved Tmab turapy experience diseass mecurmence [%0,592]. Manifold rechaninms of primary
and treatmwrdemwrgint reséstance to this antibody have bevn parposed, including perastory
signaling fram efther HER family memburs or otber rocepioe types (such as epidermal growth fackar oe
vascular endothelial growth factor recupeons (BCFR and VECFR)} [92]. Foe this meason, ocher antibodies
and pepticks that ase able to block HER2 dimerization with other HER family members or that inhibit
simultancously other recoptors have been developed [31]. Among them, two antibodies have boen
alrendy approved by the FDA to treat HER2+ advanced breast cancer: pertuzumab (Perjeta®) and
lapatinib (Tykerb™ ) [31,50]. On coe hard, pertazumab s a humanized repombanant antibody that
interferes with the HER)-dimenzation doenaim of HER2, mhibiting cancer cell proliferation by blacking
the HERI-dependent signaling pathway. Even though this antibody has shown a modest anti-HER2
efficacy when it Is administered alone, it has been demoostrated to have 3 synergistic effect with Tmab
Because of this, the FDA approved its utilization, m combination with Tmab and docetaxel, to treat
HER2+ MBC, and new regimens are being studied to improve the pertuzumab efficacy and toxicity.
On the cther hand, lapstinib is the single tyrosine-kinase inkdbitor (TKI) whose use has been approved
to block HER2 and EGFR recepboms Sogether, It prosents a great cancer mhibstory efect and enhances
Trnab activaty, too [1LAT] In addition, spart From these twa antibodies whase clinscal employment
is airvady purmitted, many other anti-HER2 antibodies have been devwloped and s sow in the
advanced stages of dinical trislec nenatindy, pyroestib, adatnib, g iby, ert by, haety Is
e, 531,90,

With the growth of novel antibodivs and peptides that tanget HER2, the dovelopivent of new
guided NPy, liposomes, and ADCs conjugated to them has also been propitiased. Regarding NPs,
shadics of different authors who have encapsulated lapatinib in them can be casily found. For example,
Wan et al. and Zhang et al. [%3,94), taking into account the high binding efficiency of lapatmib to
HSA, obtalmed NPs based o this peotein that they functiomalized with the mentioned antibody o
increase its low aqueous solubility. Both nanosystems were able to mhibit HER2+ bevast cancer
cell proliferation. In 2 smilsr manner, Mobaserri et al. [¥5] with the atm of impeoving lpatinib
solubility and bioavailability, encapsulated it in dextran-chitosan NT's that were also demonstrated
to have an anti-HER2+ cell growth activity. On the other hand and reganding liposomes, Singh et al
synthesized chitosan-modified liposomes and decorated them with an anti-HER2 tumor boming
peptde (THF) (WNLPWYYSVSPTC) to specifically tramsport the pro-drujz capecitabine to HER2+
brreast cancer cells [96]. Otherwise, MM-3(2 is an HER2-targeted Tiposome encapaulating doxorubicin
in its core, with smgle chain mti-HER2 antibodiis {scFv) conjugated 1o its marface. It i alneady being
evaluated in phase 11 clirdcal trials to tneat HER24 MBC, and is umider consideration for addibonal
ancelagy indicatioens |97598). Finally, e regards ADCs, srveral exansgples of conpageton mbegratid by
an anti-HER2 antibody other than trastuzamaly can be encountdered i the lierature [59,59). One of
them ks RCES.ADC, an ADC integrated by the ankibody hertuzumab covalently conjugatied o MMAE
medecules threugh a cleavable dipeptide linker (hertuzumab. Val-Cit- MMAE) via cysteioe residue
release [10]. Hs therapeutic activity agairst HER2+ beeast carcinoma 15 being evatuated in phaso
11 trials, but also some authors such as Li et al [L07] and Jlang et al. [4] have showed 1ts efficacy
25 a targeted therapy for HER2+ gastric and ovaman cancers, respectively. Other examples of
anti-HER2 ADCs whose antiproliferative activity is bemg evaluated (n clinacal triaks for the treatment
af HER2+ cancers are ARX785, TAK-522, A116, Tmab Doocarmizine, ALF-P7, DHESS15A, MEDM276,
and Timab Deruxtecan [89,99,100-105]. More information about them, as well as about SYDSE and
Trmab deruxtecan [53] can be found in Table 2,
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Table 2. Examp i of noved antl-HER2 ADCs, different from e well-Known T-DMI, whose eificacy
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Thas, the developmient of NP's, liposomes, and ADCs targeting HERZ represents a strategy of
Incressirg, interest to improve Tmab efficacy and to avakd the apparition of resstances and undesirable
adverse effects. Surely, as new anki-HER2 antibodies and peptides ane synthesized and their dinical
adménistration is approved, new HER-targeting nanosystems will emerge with enhancsd therapeutic
activity and rechiced sovicity.

6, Conclussons and Future Directions

Today, it s well known that cancer is the leading cause of premature desth worldwide.
The conventional treatment of this complex disease imvolves chemotherapy, codlotherapy, and surgery,
but more efficert and wlemable treatments are strongly needed to improve pabent outcomes and
quality of life [106].

Thaese mervel trvatmwnt stratigpes sbwould be focused on b hallmarks of cancer that diffesentiate
tamor colls Eroen normal coss o ander to radoce the i parition of side toxicology. One of such hallmarks
Is the everexpression of HER2 that occurs In 15-200% of breast cancors that arne diagnosed, and abso in
othar types of salid tumors, soch as gastric, ovaran, or hung carcinomas [3-5,91] HEK2 overexprossion
has been assockated with more aggressive tumoes and a worse prognosts for patients for a lorg time
but, since Tmab development, it has also offered 3 way to upgrade treatment specificity [4].

Tmab is a humanized monoclonal antibody that specfically binds one of the extracellular
doemains of HER2 [6] Its clinical adjavars administration, which s wsually pesformed with traditional
chemutherapy drugs. has positively revolutonized HER2+ breast cancur treatment since ks use
was approved [B950] Thes, nanotechnoiogy, taking advartage of the antipeoliferative activity
cf this antibody, ha played an ewwntial role @ e produstion of aovel HER2-puided cances
pancmedicines, and this review bas locased oo targeted NP, liprsonws, and ADCs. [n twse
nrancaystems, the simualtancous presence of Tmab tagether with a potent cytotoxic agent allows the
achlevement of a synergtst effect that helps to reduce the needed drag dose and 1ts secondary effects.
Furthermore, acting as gutded nanovehicles for chemotherapy agents, targeting NP, liposomes,
and ADCs also enhances their bioavailability, which is quite limited as a rule [10],

In order i get all these beneficial effects, the chasoe of a proper Tmab-enchoning strategy s cracil,
especially to svotd the rdease of oy totesic malocules inso the drculation [17.76] For this reason, part of
the scientific commnity is asddressing important effurts kowards the development of novel covalent
coejugation chwmsstries In addition, with the aim of incnvasing Tmab efficacy and overcoming the
appasition of neviances, saamesuus horts 2o also dodicated Lo the syntiws s of novd ants- HER2 antibodies
that can be later confugated for areating gulded therapeutic nanovehides [31,90] As a comsaguence,
tremendous investment = being made in this Sield, and increasing numbers of such nanatherapeutics are
renching <linical st2ges or even being commerciaiized in recent years (25059 107, 108].
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In conclasion, it can be stated that manotechnology hokds 3 great promise for the apparition of
combimatorizl-based (dnag plus antibod y) cancer therapies: that belp to improve comventional ones,
and that better manudacturing techmologies erabling the synthesis of seproducible and safe systems
will be fundesnieital in e neur fatune [109)
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Chapter 2

The project developed in this thesis is part of one of the research
lines carried out by the group Aplicaciones Biomédicas de Ingenieria
Quimica, focused on the design of novel cancer nanotherapies.

Specifically, its main objective is trying to achieve the
development and validation of three different strategies to improve the
current treatment of HER2-overexpressing breast cancer, enhancing its
effectiveness and reducing its side toxicity. This project began as a result
of a collaboration with the research group led by Dr. Atanasio at the
Instituto de Biologia Moleculary Celular del Cancer, and to accomplish the
general objective, the following specific objectives will be pursued:

First strategy

- First, the synthesis and characterization of an alginate and piperazine
nanocarrier for trastuzumab (Tmab) and PTX will be carried out. This
antibody and drug are part of the first-line treatment of metastatic HER2-
positive (HER2+) breast cancer, and improving their biodistribution,
efficiency and selectivity will be intended by means of their
nanovehiculization.

- PTX will be included into B-cyclodextrins (B-CDs) to improve its aqueous
solubility. The consequential complexes, along with Tmab, will be
covalently attached to the most advantageous alginate-piperazine
nanoparticles (NPs) of those obtained, once characterised.

- The resulting conjugated nanovehicle will be again characterised, and its
internalization in HER2+ breast cancer cells will be analysed. Then, its
efficacy and selectivity will be validated in both, conventional cell cultures
and tumour spheroids.

Second strategy
- In second place, with the purpose of further improving the main
drawbacks of traditional HER2+ breast tumour chemotherapy,

polydopamine (PDA) NPs will be used to design novel drug delivery
systems. These nanoparticles will be prepared by dopamine solution

73



Thesis objectives

oxidation in aqueous media containing NH,OH and different types of
alcohols.

- The effect of the NH4OH concentration and the type of alcohol used on
the properties of the PDA NPs obtained will be studied. In addition, it will
be investigated how these two parameters determine their cytotoxicity,
which will be analysed for several cell lines.

- Besides, PDA NP internalization in breast cancer cells will be studied, and
it will be tried to elucidate if their great iron affinity could be involved in
their intrinsic cytotoxicity.

- Next, to upgrade the own antineoplastic activity of PDA NPs and achieve
an excessive production of ROS in breast cancer cells, these NPs will be
loaded with Fe?*, Fe3* and Cu?*. The resulting NPs will be characterised and
analysed for cytotoxicity.

- According to the results obtained, an attempt will be made to set the Fe®*
adsorption process in order to induce ferroptosis more efficiently and
selectively in HER2-overexpressing breast tumour cells.

‘The potential mechanism by which Fe** would be released from PDA NPs
and thus induce ferroptosis in cancer cells will be investigated.

- Moreover, to enhance PDA NP therapeutic activity while reducing DOX
side effects, different concentrations of this anthracycline will be also
loaded to the NPs. The cytotoxicity and selectivity of the resulting
nanosystem will be determined by means of viability assays, and it will be
studied whether there is a synergist effect between the Fe** and DOX
loaded.

- Subsequently, taking advantage of PDA great properties, especially of its
intrinsic anti-tumour effect and its capability of adsorbing drugs, PDA NPs
will be also synthesized as a nanovehicle for Tmab and PTX. For their
preparation, the NHsOH concentration and the type of alcohol that will be
observed to give them the best antineoplastic effect will be chosen.
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- Later, PTX will be directly adsorbed in PDA NPs, and Tmab will be both
adsorbed and covalently bound to them. The efficiency and selectivity of
the NPs prepared will be assayed in different cell lines, and the best Tmab-
loading strategy will be selected to perform further studies.

- In these studies, the capacity of PDA NPs to induce apoptosis will be
verified, and their therapeutic activity will be also analysed in tumour
spheroids. The results achieved will be compared to with those obtained
when using the alginate and piperazine NPs.

Third strategy

- Finally, macroscopic hydrogels of gellan gum will be prepared for local,
post-surgery breast cancer chemotherapy as a potential adjunct to a
systemic therapy. They will be developed in both acetate and phosphate
buffer with different degrees of chemical crosslinking, and they will be
extensively characterized.

- The biodegradability and biocompatibility of the hydrogels will be
investigated, and they will be loaded with PTX, which will be also
previously included in B-CDs to improve its solubility.

- The release kinetics of the taxane from the hydrogels will be studied and,

at last, the therapeutic activity of the loaded hydrogels will be analysed by
employing HER2+ breast tumour cell lines.
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3.1. Introduction
3.1.1. The contradictory role of HER2-overexpression

As already mentioned in the first introductory chapter, one main
hallmark of cancer is the self-sufficiency in growth signals. Tumour cells
are force to achieve this autonomy to maintain their elevate proliferation
rate and, for this, they can follow several strategies. One of them is
overexpressing surface receptors of growth factors, such as several RTKs
[1]. Among these RTKs, one receptor that is overexpressed in 15-20% of
breast tumours that are diagnosed, as well as in other types of solid
tumours (like ovarian or gastric carcinomas), is HER2 [2-5].

HER2/ErbB2/Neu, which is encoded by a gene located in the
chromosomal region 17q12-21, is a member of the EGFR family of the
homologous transmembrane RTKs, along with HER3 and HER4 [6,7].
Unlike these last two receptors, HER2 has not ligand, but it is able to signal
upon homo- or heterodimerization with other EGFR family members,
affecting their downstream signalling [6]. This signalling determines
multiple processes, including cell proliferation, survival and invasiveness.
For this reason, HER2-overexpression has been traditionally associated
with worse prognosis and inferior outcomes for patients suffering from
HER2+ breast cancer. However, over the last years, therapeutic advances
have improved clinical treatment of HER2+ tumours. In this way,
overexpression of this receptor has enabled patients with HER2+ breast
cancer benefit from targeted therapies based on antibodies, antibody-
drug conjugates and small-molecule TK inhibitors [6,7].

Among the antibodies that target HER2, the most commonly used
in the clinical setting are Tmab and pertuzumab. They are two
recombinant, humanized mAbs that bind to distinct regions of the
extracellular domain (ECD) of HER2: at the juxtamembrane domain IV and
the dimerization domain Il, respectively [2,6]. Their clinical administration
to treat HER2+ breast tumours was approved by the FDA and EMA several
years ago, as can be seen in Table 1.1 (Chapter 1, page 22) [2]. Perhaps
because pertuzumab is approved to be jointly used with docetaxel and
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Tmab, the employment of this last antibody, which is normally produced
with the hybridoma technique, has been more extensive in a wide range
of therapeutic strategies.

3.1.2. Trastuzumab role in HER2-positive breast cancer treatment

Clinical administration of Tmab (Herceptin™) for the treatment of
metastatic (MBC) and early (EBC) breast cancer was approved by both the
FDA and EMA between 1998 and 2011 [8]. Later, in 2015, this mAb began
to be part of the WHO Essential Medicines List as a consequence of the
beneficial effects that it had shown when used in adjuvant therapies.
These benefits included induction of tumour regression and increment of
patients’ disease-free survival rate [2].

Molecular mechanisms responsible for Tmab therapeutic activity
are not fully understood yet [2]. Nonetheless, it has been generally
accepted by the scientific community that this antibody inhibits HER2
activity through both, promotion of ADCC and intrinsic effects [6] (Figure
3.1). Among the latter, it is known that Tmab can arrest cell cycle by
inhibiting the MAPK and PI3K signalling cascades and by decreasing the
production of pro-angiogenic factors, such as VEGF and IL-8 [2].
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Figure 3.1. Molecular mechanisms that account for Tmab therapeutic activity: by
specifically binding to HER2, Tmab prevents its homo- or heterodimerization with other

EGF receptors. Apart from promoting a process of ADCC (A), Tmab is believed to be able

to inhibit tumour proliferation and angiogenesis (B).

Tmab effective anti-tumour activity has prompted its use not only
as adjuvant treatment, but also for the development of novel
nanomedicines. In them, the antibody has two functions: targeting HER2-
overexpressing cancer cells and enhancing the therapeutic activity of the
drugs delivered [2]. Among these nanomedicines, the antibody-drug
conjugate (ADC) ado-trastuzumab emtansine (T-DM1) may be the best
known, given that its clinical administration was already approved by the
FDA in 2013 [9]. Nevertheless, numerous nanocarriers can be found in
literature which have been also conjugated with this antibody [2,10]. For
example, PLGA, chitosan, HSA, gold and iron oxide NPs have been already
decorated by Tmab, as well as dendrimers, MSNs and liposomes [2,10-14].
All of these resulting DDSs have served as a vehicle for numerous drugs,
including PTX and docetaxel [15,16]. These two drugs have constituted for
many years the standard first-line treatment of HER2+ MBC along with
Tmab on the basis of the trial performed by Slamon and colleagues, in
which it was demonstrated that there was a synergist effect between the
anti-HER2 mAb and the taxanes [17,18].
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Of both taxanes, PTX has been the one chosen in the current study
to develop a novel HER2-targeting nanocarrier since, despite the fact that
both drugs have similar efficacy, when balancing it and their toxicity in
vitro, paclitaxel was favoured [19]. In addition, in a study in which a
comparative cost-effectiveness analysis was performed between PTX and
docetaxel, it was concluded that the latter had worse cost-effect ratio for
MBC treatment [20]. Besides, PTX use for the development of particulate
systems in recent years has been notably greater than that of docetaxel.
Thus, the number of results found when searching for “paclitaxel
nanoparticles” is much higher than that obtained when searching for
“docetaxel nanoparticles” in databases such as PubMed (2424 vs. 830
results from 2010 to 2020) [21,22].

3.1.3. Paclitaxel: therapeutic action and major drawbacks of its
administration

PTX (Figure 3.2.A) was extracted for the first time from the bark of
Pacific yew tree (Taxus brevifolia) in 1962 thanks to a plant screening
program that was carried out by the U.S. NCI. Almost ten years later, in
1971, this taxane entered the NCI drug developing programme after
showing cytotoxicity in vitro. Finally, in 1984, the drug entered clinical
trials after demonstrating efficacy in mouse tumour models. Such was the
subsequent demand for PTX that, since it could only be extracted from the
slow-growing T. brevifolia, this specie had to be declared endangered and
the taxane started to be produced synthetically in order to remain
accessible [23].
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Figure 3.2. Paclitaxel chemical structure (A) and concentration-dependent cytotoxicity
(B). When cells are treated with high concentrations of the taxane, mitotic arrest takes
place and daughter cells die or are abnormally tetraploid. Otherwise, when PTX
concentration is lower, treated cells are able to exit mitosis, but they exhibit alterations in

their genetic material.

Regarding its cytotoxicity, it has been shown that PTX arrests
cancer cells in mitosis and activates the mitotic checkpoint in vitro in a
concentration-dependent manner. This mitotic checkpoint is a cell cycle
control mechanism that delays chromosome separation until sister
chromatids make stable attachments to both poles of the mitotic spindle.
In this manner, it ensures that each daughter cell receives one copy of
every chromatid. Such stable attachments are generated when
chromatids connect to the spindle microtubules through their
kinetochores. However, high PTX concentrations avoid this kinetochore
attachment to take place through microtubule stabilization, and they
induce a signal transduction cascade that retards mitotic progression.
Then, malignant cells arrested in mitosis either die or generate abnormal
tetraploid cells that end up dying or being arrested again. Otherwise, low
concentrations of the taxane cause small spindle alterations that allow
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cells to exit mitosis. Notwithstanding, instead of a correct chromosome
segregation, micronucleation occurs [23,24] (Figure 3.2.B).

Its unique mechanism of action has made PTX one of the most
successful natural anti-tumour drugs available today, widely used in the
treatment of breast, ovarian, colorectal and urinary cancers [24].
Nevertheless, its administration involves some complications. PTX is highly
lipophilic and practically insoluble in water (< 0.03 mg/mL), and its
bioavailability is poor when it is orally administered. As a consequence, it
normally follows systemic administration, but the taxane is rapidly
eliminated through hepatic metabolism and suffers from significant MDR
[25]. For these reasons, many attempts have been made to overcome PTX
aqueous insolubility, and the result of one of these attempts was Taxol®.
This first commercialised PTX formulation, which is prepared by dissolving
the drug in a 1:1 mixture of polyoxyethylated castor oil (Cremophor EL),
has solved the problem regarding its insolubility, but the use of the
mentioned mixture has been related to severe side toxicities [23,25].

Thereby, with the aim of targeting HER2-overexpressing cancer
cells with Tmab and PTX, while improving the pharmacokinetics of the
taxane, sodium alginate and piperazine NPs were prepared in this project
as a novel targeted nanocarrier for both, the antibody and the drug, which
was previously included into B-cyclodextrin molecules to improve its
solubility [26].

3.1.4. Employment of B-cyclodextrins to improve the aqueous
solubility of hydrophobic drugs

Cyclodextrins (CDs) are cyclic oligosaccharides formed by the
linkage of 6, 7 or 8 glucose units through a-1,4 glycosidic bonds, called a-,
B- or y-CDs, respectively [27] (Figure 3.3.A). These molecules show a
hollow truncate cone-shaped structure in the space and, while their
outside is hydrophilic, their inside cavity is slightly hydrophobic and allows
the encapsulation of poor-soluble drugs, like PTX (Figure 3.3.B). As a result
of this encapsulation, inclusion complexes, which improve the
bioavailability of hydrophobic drugs, are formed by non-covalent
interactions and without complex chemical reactions. For this reason and
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also because of they are non-toxic, CDs have been approved by
pharmacopeia in many countries as excipients for the manufacture of
pharmaceutical preparations and are playing an important role in the
development of new anti-cancer therapies. Thus, numerous examples of
CD-based DDSs (micelles, nanoparticles, liposomes...) with good
therapeutic action can be found in the literature [28,29].
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Figure 3.3. (A) CD chemical structure; (B) PTX:BCDs inclusion complex. The hydrophobic
interior cavity of the CDs allows the encapsulation of drugs with poor aqueous solubility,

such as the taxane employed in this thesis.

Among the three different types of CDs, B-CDs are the most
popular (and possibly the best studied) thanks to their easiest accessibility,
lowest toxicity and lowest price. Apart from in the pharmaceutical
industry, they are also used in food and cosmetics and [27,30], for all these
motives, they were the ones chosen in this work to prepare PTX inclusion
complexes (PTX:BCDs).

The preparation of these complexes, as well as the synthesis of the
alginate and piperazine nanoparticles, their characterization, conjugation
and in vitro validation can be found throughout the remainder of this
chapter.
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3.2. Synthesis and characterization of alginate-piperazine
nanoparticles

3.2.1. Synthesis of nanoparticles of sodium alginate and piperazine

When synthesizing the new DDS for PTX and Tmab, sodium
alginate was chosen because it is a harmless anionic polysaccharide,
biocompatible and biodegradable. In fact, it is widely used in the food and
cosmetic industries as gelling agent [26,31]. Moreover, alginate had
already been used with chitosan to develop other NPs with anti-tumour
activity [31]. On the other hand, piperazines are nitrogen-containing
heterocyclic compounds with potent antioxidant activity. Thanks to their
properties, they have been traditionally used to develop antifungal,
antibacterial and antimalarial agents. More recently, piperazine derivates
have been synthesized as alternative anti-cancer agents [26,32]. For this
reason, this compound was chosen to perform chemical crosslinking of
sodium alginate chains by means of electrostatic interactions to obtain
NPs that act as targeted vehicle for Tmab and PTX.

In order to carry out such alginate crosslinking and according to a
previous work of the research group [33], aqueous solutions of alginate
and piperazine were prepared with a 1 and 2 mg/mL concentration,
respectively. Then, their pH was decreased until 4.6 - 4.7 by dropping HCI
(37% (V/V)), and the piperazine solution was dropped over the alginate
solution in different molar ratios (1:8 - 1.5:1). Since mannuronic and
guluronic acids of sodium alginate chains have a pK; of 3.4 and 3.7, and
pKa values of piperazine are close to 5.7 and 9.7, the working pH was set
at 4.6 - 4.7. At such pH value, carboxyl acid groups of alginate chains were
expected to be deprotonated, while both amino groups of piperazine
molecules were expected to be protonated. In this way, after a short stir,
electrostatic interactions could take place between both compounds, and
NPs were obtained thanks to the piperazine-mediated reticulation of the
alginate chains. This phenomenon was favoured by the employment of
alginate and piperazine solutions of low concentration [26,33] (Figure 3.4).
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Figure 3.4. Scheme that summarizes the synthesis process of the APPZ, which were

obtained thanks to a piperazine-mediated crosslinking of alginate chains at pH 4.6 - 4.8.

Later, in order to isolate the alginate-piperazine NPs (APPZ)
obtained, the pH of the resulting mixture was decreased to 1.0 by
dropping HCI. At such pH value, carboxyl groups of the sodium alginate
chains were protonated, and this fact allowed the formation of aggregates
of increased size that could be separated by centrifugation (9000 rpm, 10
minutes) [26,33].

3.2.2. Characterization of the different alginate-piperazine
nanoparticles obtained

3.2.2.1. Characterization of alginate-piperazine nanoparticle size and
surface charge

With the aim of characterizing the resulting NPs and determining
the most appropriate piperazine/alginate molar ratio to synthesize them,
isolated APPZ were again suspended in deionized water (H.O(d)) after

87



Alginate and piperazine nanoparticles conjugated with trastuzumab as targeted
nanocarrier for paclitaxel

determining their mass. The pH of the suspension was adjusted to 4.7 with
few drops of NaOH (1 M) [26], and NP size and surface charge (zeta
potential) were determined by using a Zetasizer equipment. This
equipment, by means of dynamic light scattering (DLS), yields particle
diffusion coefficient (D) with a 90° fixed angle detector. Then, it calculates
particle hydrodynamic diameter using the Stokes-Einstein equation
(Equation 3.1), where d(H) is the mentioned spherical diameter, k is
Boltzmann’s constant (1.3807-10% J/K), T represents absolute
temperature and n is the dynamic viscosity of the medium.

d(H) = % (Equation 3.1)

APPZ average diameter was analysed from suspensions with a
concentration close to 1% (WT), employing the Cumulants methods to
obtain the correlation functions. Size values, as well as zeta potential
values, which were calculated from particle electrophoretic mobility, were
obtained as the average of three parallel measurements. The mean results
obtained for both parameters + standard error (SEM) have been
represented as function of the piperazine/alginate volume ratio in Figure
3.5.A.
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Figure 3.5. (A) Size and zeta potential of APPZ as a function of the piperazine/alginate

volume ratio; (B) Number size distribution of the smallest APPZ obtained, determined by
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DLS; (C) Size and zeta potential of APPZ (1:2 piperazine/alginate volume ratio) as a
function of the suspension pH; (D) APPZ stability over time. All values were obtained

from the mean + SEM of three different measurements.

In Figure 3.5, it can be observed that the smallest APPZ (162.5 +
34 nm (polydispersity index (PDI) = 0.25) were obtained with a 1:2
piperazine/alginate volume ratio (Figure 3.5.B). Since these NPs exhibited
a suitable negative zeta potential (-16.2 + 1.3 mV) for the application
intended [34], they were the ones chosen to perform further
characterization and conjugation studies.

3.2.2.2. Analysis of pH influence on the size and surface charge of alginate-
piperazine nanoparticles

Continuing with the characterization, the influence of the pH of
the suspension on NP average size and zeta potential was analysed. Thus,
the pH was modified with the addition of drops of HCl or NaOH, and the
diameter and surface charge of the APPZ were again determined at the
different pH values (Figure 3.5.C). As a result, it was observed that,
regarding the size of the NPs, there was no significant variation when the
pH oscillated between 3 and 6. Nevertheless, outside this range, APPZ
diameter increased, possibly as a consequence of the loss of electrostatic
interactions between the alginate chains and piperazine molecules.
Otherwise, it was seen that APPZ surface charge became closer to zero as
the pH was more acidic. In this case, this phenomenon could be explained
by the protonation of the alginate carboxyl groups [34].

3.2.2.3. Determination of alginate-piperazine nanoparticle stability

Finally, with the aim of determining if the APPZ obtained were
stable over time, their size and zeta potential were analysed during 8
consecutive days, preserving the NPs at room temperature in an aqueous
suspension of pH 4.7 - 4.8. Throughout this period and as can be seen in
Figure 3.5.D, it was found that the nanosystem was quite stable, since
neither its size nor zeta potential varied significantly (+ 15.6 nm and + 1.6
mV, respectively). Moreover, to determine the properties that the APPZ
would display in a medium more similar to the physiological one, these
two parameters were also analysed after suspending the NPs in phosphate
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buffered saline (PBS) (1x, pH 7.4). They turned out to be approximately
214 +55 nm (PDI = 0.4) and -19.8 + 1.1 mV [26].

3.3. Conjugation of alginate-piperazine nanoparticles
with trastuzumab and paclitaxel

3.3.1. Obtaining of paclitaxel-8-cyclodextrin inclusion complexes

As said in the point 3.1.3 (page 82) of this Chapter, including PTX
into B-CD molecules was decided before carrying out APPZ conjugation
with the taxane and Tmab to improve its aqueous solubility and stability
[26].

In order to obtain these inclusion complexes (PTX:BCDs), the
freeze-drying method described by Alcaro et al. in 2002 was followed [35].
Briefly, PTX (1 mg) was dissolved in pure ethanol (EtOH, 1.2 mL) and B-CDs
(1.2 mg) were dissolved in H,O(d) (1.4 mL). Next, the aqueous solution
obtained was added to the alcoholic one, and the resulting hydroalcoholic
solution (with a 1.3:1 PTX/BCDs molar ratio) was kept under agitation for
5 hours, at room temperature and in dark conditions (since PTX is
photosensitive). After that time, the solution was frozen at -80°C and
freeze-dried. The resulting white powder was re-suspended in H,O(d) and
PTX inclusion efficiency was determined through chromatography and
mass spectrometry by the Service of Elemental Analysis-NUCLEUS of the
University of Salamanca. For this, the experimental conditions described
by Hamada et al. (mobile phase: 65:35 methanol/H,0; flow rate: 1
mL/minute; column temperature: 35°C; detector: UV 230 nm) were
followed [36], and PTX:BCDs inclusion efficiency was found to be close to
79% (W/W).

3.3.2. Conjugation of paclitaxel-B-cyclodextrin complexes and
trastuzumab to alginate-piperazine nanoparticles

Once PTX:BCDs inclusion complexes were obtained, APPZ surface

was decorated by them, along by the antibody Tmab, through the
carbodiimide chemistry [2].
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Among the different covalent strategies that can be pursued to
functionalize DDSs with mAbs, the carbodiimide chemistry is probably the
most used one because of its simplicity. It requires the employment of a
zero-crosslinking agent: 1-ethyl-3-(3-dimethyalminopropyl) carbodiimide
(EDC), which allows the binding of antibodies through their primary amine
groups to carboxyl groups in nanocarriers [2,26]. When EDC reacts in one-
step with carboxyl groups, highly reactive O-acylisourea esters are
generated. Later, these intermediate compounds can react with primary
amine groups, which are abundant on the antibody surface, and amide
bonds are finally formed. Nevertheless, resulting O-acylisourea esters are
not stable enough and, to avoid unwanted intra- and inter-molecular
bindings occurring among the antibody functional groups, carbodiimide
chemistry is usually performed in two steps, adding N-
hydroxysulfoxuccinimide (NHS) to transform O-acylisourea esters into
semi-stable esters [2].

Thereby, in order to carry out APPZ conjugation, both compounds,
EDC and NHS, were employed. Isolated APPZ (500 mg) were resuspended
in H,O(d) (5 mL), and the suspension pH was set at 4.5 - 4.7 because
carbodiimide chemistry is more efficient at acidic pH values [26,37]. Then,
EDC (193 mg/mL, 50 ul) and NHS (58 mg/mL, 50 ul) solutions were
incorporated [33] and, after keeping the mixture stirred for 40 minutes (50
rpm), Tmab was firstly added (1.37 pM, 60 pl). The resulting suspension
was kept under stirring for 3 more hours and, after that time, PTX:3CDs
inclusion complexes were incorporated (92.5 uM PTX, 300 ul). The final
mixture, in which Tmab was expected to be anchored through amide
bonds and PTX:BCDs complexes were expected to be linked via ester
bonds to the APPZ, was kept in agitation (50 rpm) in the dark overnight
[26] (Figure 3.6). Finally, next day, conjugated APPZ were isolated by
decreasing the pH of the suspension to 1.0 and by centrifuging them (9000
rpm, 10 minutes). APPZ supernatant was preserved in order to determine
the amount of Tmab and PTX loaded in the NPs.
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Figure 3.6. Schematic representation of APPZ conjugation with Tmab and PTX:BCDs,

performed by means of the carbodiimide chemistry.

3.3.3. Determination of paclitaxel and trastuzumab content in
alginate-piperazine nanoparticles

The amount of PTX and Tmab incorporated in the APPZ was
determined indirectly by difference, by analysing their concentration in
the supernatant once the conjugated NPs were isolated. On one hand, PTX
concentration was again determined by the Service of Elemental Analysis-
NUCLEUS of the University of Salamanca by high-performance liquid
chromatography (HPLC) and mass spectrometry. On the other hand, Tmab
concentration in APPZ supernatant was obtained using the Bradford
method.

The Bradford method, first described in 1976 [38], is based on the
absorbance variation that occurs when the Coomassie brilliant blue
existing in the Bradford reagent binds to basic amino acids (histidine,
arginine and lysine). Such absorbance variation is proportional to the
amount of dye that is bound to proteins and, consequently, allows
determining in a very simple way the protein concentration in a solution.
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Thereby, in order to determine Tmab concentration in APPZ
supernatant, it (100 ul) was mixed with the Bradford reagent (1 mL) and,
after 5 minutes, the absorbance of the mixture was measured at 595 nm.
The same protocol was previously followed with albumin solutions of
different concentration and, from the calibration curve obtained, Tmab
concentration in APPZ supernatant was estimated [33].

Once the concentration of Tmab and PTX in APPZ supernatant was
known, the amount of both compounds loaded to the nanosystem was
calculated with Equation 3.2. As a result, it was found that 8 ng of Tmab
and 6.8 ug of PTX were bound per mg of APPZ.

__ Initial concentration —supernatant concentration

IE = - (Equation 3.2)
APPZ concentration

3.3.4.  Characterization of conjugated alginate-piperazine
nanoparticles

In order to verify that Tmab and PTX:BCDs inclusion complexes
were covalently attached to APPZ, the infrared (IR) absorption spectra of
the conjugated APPZ (APPZ-PTX:BCD-T), APPZ, Tmab and B-CDs were
performed in the 500-4000 cm™ wavelength range and compared. All
samples were frozen and freeze-dried. Then, they were prepared as
pellets in dried KBr in a 1:4 weight ratio, since this ratio did not cause
saturation in the absorption bands. Comparing the spectrum obtained for
the APPZ-PTX:BCD-T with that of bare APPZ, it could be noticed that main
changes appeared at 1232, 1704 and 3600-4000 cm™ (Figure 3.7.A) [26].
The first shift may correspond to B-CD conjugation to APPZ through ester
bonds, while the other two shifts could be related to Tmab binding. Thus,
the shift at 1704 cm™ may be assigned to amide bond vibrations, which
would be also detected in the 1570-1670 cm™ region if the alginate signal
did not mask them [39].
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Figure 3.7. (A) IR absorption spectra of Tmab, APPZ, conjugated APPZ and B-CDs in the

500-4000 cm! wavelength range; (B) Conjugated APPZ particle size distribution,

determined by DLS; (C) Conjugated APPZ stability over time. All values were obtained

again from the mean + SEM of three different measurements; (D) Image of conjugated
APPZ, acquired by wet STEM.

Otherwise, size and surface charge of conjugated APPZ were also
determined at both, the conjugation (4.5 - 4.7) and physiological (7.4) pH.
In the latter case, APPZ were suspended in PBS. APPZ hydrodynamic size
and zeta potential were 296 + 50 nm (PDI = 0.4) and -24 £ 1.4 mV in the
acidic aqueous suspension (Figure 3.7.B). In the saline buffer, they were
found to be 359 + 60 nm (PDI = 0.45) and -26.2 + 2.1 mV, respectively. In
addition, both properties were determined during 8 consecutive days to
analyze the stability of the conjugated APPZ. Again, it was found that
neither the diameter nor the surface charge varied significantly in that
period of time (+ 23.9 nm and + 5.9 mV, respectively) when the nanocarrier
was kept at room temperature (Figure 3.7.C) [26].
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Finally, to close this section, it should be noted that a sample of
the conjugated APPZ was sent to the Advanced Microscopy Laboratory of
the Nanoscience Institute of Aragon to acquire images by scanning
transmission electron microscopy (STEM). One of the images obtained can
be seen in Figure 3.7.D.

3.4. Validation of the efficacy and HER2-selectivity of
conjugated alginate-piperazine nanoparticles with
conventional cell cultures

3.4.1. Selection and culture of HER2-overexpressing and HER2-non-
overexpressing human cell lines

With the aim of studying the cellular internalization and the anti-
tumour activity of the conjugated APPZ, as well as their HER2-selectivity,
four distinct human cell lines were selected. BT474 and SKBR3 cells were
chosen among the different human breast cancer cell lines which were
found to overexpress HER2 in the literature [40,41]. Moreover, an
additional HER2+ human ovarian carcinoma cell line was chosen (OVCAR3)
[42]. Ultimately, human HS5 stromal cells were selected as negative
control for the biological assays.

All the aforementioned cell lines were grown in Dulbecco’s
modified Eagle’s medium (DMEM), supplemented with foetal bovine
serum (FBS, 10% (V/V)) and antibiotics (100 U/mL penicillin and 100
mg/mL streptomycin) in a 95:5 air/CO, atmosphere at 37°C.

Next, their HER2 and active phosphorylated-HER2 (pHER2)
expression was determined by means of protein isolation and western
blotting. For this purpose, all cells were doubly washed with PBS and
incubated for 10 minutes with ice-cold lysis buffer. After scraping the cells
from the dishes, they were centrifuged at 4°Cat 12,000 rpm for 10 minutes
to obtain protein extracts, which were later quantified. These protein
extracts were immunoprecipitated, mixing the necessary amount of
protein (20 and 1000 pg) with loading buffer and incubating it with Tmab
and A-Sepharose at 4°C for at least 2 hours. Immune complexes were
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recovered by short centrifugation, followed by three washes with cold lysis
buffer. To separate the proteins, samples were then boiled in loading
buffer for 7 minutes and resolved in 6% polyacrylamide gels at a 200 V
constant voltage using electrophoresis buffer. Once separated, proteins
were transferred to a polyvinylidene fluoride (PVDF) membrane in
transference buffer for 70 minutes at 500 mA. The membrane was kept in
agitation for 1 hour in TBST buffer supplemented with bovine serum
albumin (BSA). Then, it was incubated with a solution of Tmab in TBST
buffer for another hour at room temperature. After that, the membrane
was triply washed with TBST buffer for 7 minutes and incubated with an
anti-mouse secondary antibody conjugated with horseradish peroxidase
(HRP) for 30 minutes. Finally, the membrane was washed again and, to
visualize western blot bands, the membrane was incubated in revealing
buffer with H,0, for 1 minute. Calnexin was selected as loading control
and Imagel 1.44 Software was employed to quantify the bands obtained.
All this procedure can be found described in Cabrera et al. and Montero et
al [43,44]. Both works can be consulted for more information about the
composition, volume and concentration of the buffers that were used.

Regarding the results obtained, it was noted that total HER2 and
pHER2 were great overexpressed in the BT474 and SKBR3 cell lines (Figure
3.8.A). OVCARS3 and HS5 cells also expressed this receptor, but to a much
lesser extent, as it could be verified when the overexposed western blot
(with 1000 pg of protein) was carried out (Figure 3.8.B) [26].
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Figure 3.8. Study of the HER2- and pHER2-expression level in the BT474, SKBR3, OVCAR3
and HS5 cell lines. Immunoprecipitation was performed with two amounts of protein

extract: 20 pg (A) and 1000 pg (B). Calnexin was employed as loading control.

96



Chapter 3

3.4.2. Study of the internalization of conjugated alginate-piperazine
nanoparticles in HER2-overexpressing cancer cells

To study conjugated APPZ internalization in HER2+ cells, the BT474
cell line was chosen. However, before carrying out these assays, the
median lethal dose (LD50) of the nanocarrier was determined for these
cells, as well as that of the PTX:BCDs complexes.

Thereby, BT474 cells were grown under the conditions already
mentioned, and they were seeded into 24-well plates (12,000 cells/well).
Next day, once cells were attached, they were treated with different
concentrations of APPZ (0.1 - 4.5 mg/mL), conjugated APPZ (0.05 - 3.5
mg/mL) and PTX:BCDs complexes (0.12 - 8.78 uM PTX), keeping some cells
untreated as control. Their viability was determined through the
performance of MTT assays 48 hours after treatment [45].

This type of assay is widely used to assess cell viability due to its
simplicity. It is based on the enzymatic reduction of 3-[4,5-
dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide (MTT) to MTT
formazan, which is catalysed by the mitochondrial succinate
dehydrogenase of viable cells. MTT formazan salts are insoluble but, if a
detergent solution is employed, cells can be lysed, and the coloured
crystals can be solubilized. Then, colorimetric detection can be carried out
at 550 - 595 nm and, since the amount of colour produced is directly
proportional to the number of viable cells, this number can be inquired
[45].

Thus, to calculate the LD50 of the APPZ, conjugated APPZ and
PTX:BCDs complexes, MTT reagent (5 mg/mL in PBS) was added to the
plate wells (110 pL/well). Cells were incubated at 37°C for 1 hour. Next,
culture medium in the wells was discarded and dimethylsulfoxide (DMSO,
500 pL/well) was employed to solubilize the formazan salts generated.
Plates were kept under gently agitation for 10 minutes and, finally, well
absorbance was determined at 550 nm using a microplate reader. Relative
cell viability (%) was calculated from the mean of three replicas according
to Equation 3.3. The LD50 of the different treatment conditions was

97



Alginate and piperazine nanoparticles conjugated with trastuzumab as targeted
nanocarrier for paclitaxel

determined with GraphPad Prism software. It was found to be 3.9 mg/mL
for APPZ, 1.2 mg/mL for conjugated APPZ and 0.47 nM for free PTX:BCDs
complexes.

Treated cells gpsorbance

Cell viability (%) =

x 100 (Equation 3.3)
Control cells gpsorbance
Once conjugated APPZ LD50 was known for the BT474 cell line, it
was determined whether the nanocarrier cell internalization took place by
receptor-mediated endocytosis, as expected because of Tmab anchoring.

For this purpose, breast cancer cells were cultured on coverslips
and incubated with DMEM (supplemented with FBS (10%)) and
chloroquine (50 uM) at 37°C for 1 hour to inhibit lysosomal acidification.
Later, BT474 cells were treated with a concentration of conjugated APPZ
slightly lower than the LD50 (1 mg/mL). HER2 localization was analysed by
confocal laser scanning microscopy (CLSM) 0.5, 4, 24 and 48 hours after
treatment by employing an anti-HER2 secondary antibody (anti-human
Alexa 488). The immunofluorescence assay was performed as described
by Esparis-Ogando et al. [46]. As can be seen in Figure 3.9.A, the
immunofluorescence assay allowed to corroborate that treatment with
conjugated APPZ caused p