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Abstract

Despite the latest advances in early diagnosis and increased resources employed to
develop new therapeutic options, effective control of cancer disease remains a
challenge. In fact, cancer is the second leading cause of death and represents a huge
economic impact on global health. Furthermore, currently available therapies exhibit
limited efficacy for metastasis, being advanced cancer still considered an incurable
disease. In this context, it has been shown that metastatic spread, resistance to
treatment, as well as aggressiveness of recurrent disease are supported by the presence
of cancer stem cells (CSC) within the tumors, a small cell subpopulation that have the
ability to regenerate them after chemo- or radiotherapy. Indeed, CSC are intrinsically
drug-resistant, thus being responsible for many therapeutic failures. Therefore, in order
to increase cancer patient survival, the development of new therapeutic strategies
specifically targeting the CSC compartment is required to successfully overcome drug
resistance and prevent subsequent tumor relapse. On the other side, conventional
chemotherapy produces high systemic toxicity and presents dose-limiting issues due to
its low solubility. Thus, difficulties in achieving the required efficacy in the clinical settings
are common. Fortunately, tumors can act as therapeutic targets and be passively
reached by nanomedicines through the well-known enhanced permeability and retention
(EPR) effect. Hence, nanotechnology-based therapies with oncological indications have
grown considerably in recent decades, increasing the number of approved products by
regulatory agencies, as well as those enrolled in clinical trials. In this regard, the use of
nanoparticles as nano-sized drug delivery systems (nano-DDS) is a potential option that
provides the opportunity to increase the therapeutic efficacy of loaded agents, reduce
harmful side effects and, most importantly, specifically target and eradicate the CSC
fraction. Noteworthy, depending on the nano-DDS nature, it is possible to deliver a wide
range of payloads, improving their pharmacokinetic patterns while evading the CSC
characteristic resistance mechanisms and, consequently, achieving higher drug
intracellular accumulation. In particular, polymeric micelles (PM) are nano-DDS widely
used in the biomedical field due to their high stability, increased cargo bioavailability,
biocompatibility and biodegradability. Moreover, PM can be manufactured through a
simple and economic production method, which can be easily scaled-up for future clinical

implementation.

Therefore, aiming to specifically eliminate the CSC subset, previous studies performed
in our laboratory group were focused on the identification of characteristic CSC targets,
namely the arachidonate 5-lypoxigenase (ALOX5) enzyme and the structural
maintenance of chromosomes 2 (SMC2) protein. Herein, we have designed and

developed two new anti-CSC therapeutic strategies based on blocking key molecular
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pathways essential for CSC survival and proliferation, through the ALOX5 and SMC2
inhibition. In addition, combination therapy, which simultaneously eradicates both CSC

and bulk tumor cells subpopulations, has also been assessed.

Specifically, two anti-CSC subpopulation therapeutic strategies have been developed,
namely i) pharmacological approach, with the ALOX5 chemical inhibitor Zileuton™; and
ii) biotherapeutic approach, where the specific SMC2 blockade is achieved with
antibodies anti-SMC2 (Ab-SMC2) protein. Aiming to allow their solubilization and to
protect therapeutic agents from degradation, Pluronic® F127-based PM were designed
to encapsulate Zileuton™ (PM-Zileuton™) and Ab-SMC2 (PM-CON:SMC2). Both
formulations were physicochemically characterized, and preclinically validated in vitro
and in vivo breast and colon cancer models. The obtained results demonstrated that
both proposed anti-CSC therapeutic strategies, PM-Zileuton™ and PM-CON:SMC2,
improve their effectiveness in vitro compared to their free anti-cancer agent, particularly
in the challenging fraction of CSC. Importantly, when conventional treatments showed
strong resistance, both formulations were substantially effective in terms of cell viability
reduction and colony formation impairment. Further, thanks to the great structural
versatility provided by Pluronic® F127-based PM it was possible to perform combination
therapy, mixing PM-CON:SMC2 with conventional chemotherapeutics such as Paclitaxel
(PTX) and 5-Fluorouracil (5-FU) to treat not only the primary tumor, but also the resultant
metastasis by targeting both CSC and differentiated tumor cells, respectively. Notably,
the combined micelles showed higher efficacy than their free forms in terms of inhibition
of tumorspheres formation. In addition, due to the preferred accumulation of PM at the
tumor site and the specificity of Zileuton™ in CSC elimination, a significant intratumoral
decrease of CSC in vivo after PM-Zileuton™ treatment was observed. Moreover, our
results also showed a strong reduction of circulating tumor cells (CTC) and CSC in blood
stream, and subsequent reduction of intravasation and invasion capacity of CSC,
resulting in a significant reduction of lung metastasis in highly resistant MDA-MB-231 BC
model. In conclusion, our data clearly suggest the anti-metastatic potential of PM-
Zileuton™, the effective intracellular release of antibodies targeting SMC2 protein and,
furthermore, the opportunity to offer a multifunctional delivery system nanoplatform to

improve overall therapeutic outcomes of metastatic cancer.

Keywords: Breast and colon cancer; Cancer stem cells (CSC); ALOX5 enzyme; SMC2
protein; Zileuton™; Intracellular delivery of antibodies; Pluronic® F127-based polymeric
micelles (PM); Circulating tumor cells (CTC); Combination therapy; Paclitaxel (PTX); 5-
Fluorouracil (5-FU).

XV



Resum

XVi



Nanotechnology-mediated strategies targeting cancer stem cells for advanced cancer treatment

XVii



Resum

Tot i els darrers avencgos en el diagnostic precog i 'augment de recursos emprats per a
desenvolupar noves opcions terapéutiques, el control efica¢c de la malaltia del cancer
continua sent un repte. De fet, el cancer és la segona causa de mort arreu del mén i
representa un gran impacte econdmic pel que fa a la salut mundial. A més, les terapies
disponibles a dia d’avui presenten una eficacia limitada per al tractament de les
metastasis, fent del cancer avancgat una malaltia incurable. En aquest context, s’ha
demostrat que la difusi6 metastatica, la resisténcia al tractament i I'agressivitat dels
tumors recurrents sén degudes a la preséncia de cél-lules mare del cancer (CMC) dins
dels tumors, una petita subpoblacié de cél-lules que té la capacitat de regenerar-los
després dels tractaments amb quimio- o radioterapia. De fet, les CMC soén
intrinsecament resistents als farmacs i, per tant, responsables de molts dels fracassos
terapéutics. Aixi, amb la finalitat d'incrementar la supervivéncia dels pacients amb
cancer, és necessari el desenvolupament de noves estratégies terapéutiques dirigides
especificament a la subpoblacié de CMC, per a poder superar amb éxit la resisténcia
farmacologica i, aixi, evitar la posterior recaiguda de la malaltia. D’altra banda, la
quimioterapia convencional produeix una alta toxicitat sisttmica a més de presentar
limitacions a I'hora d’administrar-la degut a la seva baixa solubilitat. Per tant, sén
frequents les dificultats per a aconseguir I'eficacia necessaria a la practica clinica.
Afortunadament, els tumors poden actuar com a dianes terapéutiques i ser assolits
passivament per les nanomedicines mitjangant el conegut efecte de permeabilitat i
retencié millorada. Es per aquest motiu que les terapies basades en nanotecnologia
amb indicacions oncoldgiques han crescut considerablement en els ultims temps,
augmentant tant el nombre de productes aprovats per les agéncies reguladores, com
els inscrits a assajos clinics. Aixi, I's de nanoparticules com a sistemes de
subministrament de farmacs de mida nanométrica (nano-DDS) possibilita I'increment de
I'eficacia terapéutica dels agents anticancerigens administrats, reduint els efectes
secundaris nocius i, el més important, eliminant especificament la fracci6 de CMC de
dins dels tumors. Es important destacar que segons la naturalesa dels nano-DDS és
possible administrar una amplia gamma de molécules terapéutiques, millorant els seus
patrons farmacocinétics tot evitant els mecanismes de resisténcia caracteristics de les
CMC i, en consequéncia, aconseguir una major acumulacio intracel-lular dels farmacs.
Concretament, les micel-les polimériques (MP) sén nano-DDS ampliament utilitzats al
camp biomeédic degut a la seva elevada estabilitat, biocompatibilitat i biodegradabilitat.
Altrament, aquestes nanoparticules es poden fabricar mitjangant un métode de

produccio senzill, econdmic i facilment escalable per a una futura implementacié clinica.
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Aixi, amb I'objectiu d’eliminar especificament el subconjunt de CMC, els estudis previs
realitzats al nostre grup de laboratori es van centrar en la identificacié de dianes
terapéutiques caracteristiques de les CMC, com ara sén l'enzim arachidonat 5-
lipoxigenasa (ALOXS5) i la proteina structural maintenance of chromosomes 2 (SMC2).
En aquest treball, hem dissenyat i desenvolupat dues estratégies terapéutiques anti-
CMC basades en el bloqueig de vies moleculars essencials per a la seva supervivéncia
i proliferacié, mitjangant la inhibicié de 'ALOXS i SMC2. També s’ha avaluat la terapia
combinada per tal de valorar I'efecte de l'erradicacié simultania, eliminant d’aquesta

manera tant la fraccio de CMC, com les cél-lules tumorals diferenciades.

Les estrategies proposades es fonamenten en dos meétodes d’inhibicié diferenciats,
concretament: i) 'opcié farmacologica, amb l'inhibidor quimic de 'ALOXS5, el Zileuton™,;
i ii) 'opcid bioterapéutica, on el bloqueig especific de la proteina SMC2 s’aconsegueix
mitjangant anticossos anti-SMC2 (Ab-SMC2). En tots dos métodes, s’han utilitzat MP
produides amb el polimer amfifilic Pluronic® F127 per tal de millorar la solubilitzaci6 de
les molécules anti-CMC emprades, aixi com protegir-les d’'una degradacié prematura.
D’aquesta manera, les micel-les s’han dissenyat per a encapsular el Zileuton™ i els Ab-
SMC2, donant lloc a PM-Zileuton™ i PM-CON:SMC2, respectivament. Les dues
formulacions es van caracteritzar fisicoquimicament i es van validar preclinicament en
models de cancer de mama i colon in vitro i in vivo. Els resultats obtinguts van demostrar
que les dues estratégies terapéutiques anti-CMC proposades milloren la seva efectivitat
in vitro en comparacié amb el seu agent anticancerigen lliure, particularment a la fraccio
de les problematiques CMC. A més, quan els tractaments utilitzats regularment a la
practica clinica van mostrar una forta resisténcia, ambdues formulacions van resultar
ser significativament efectives pel que fa a la viabilitat cel-lular i impediment en la
formacid de colonies. D’altra banda, gracies a la gran versatilitat estructural
proporcionada per les MP de Pluronic® F127, es va poder provar I'efecte de la terapia
combinada barrejant PM-CON:SMC2 amb quimioterapies d’Us convencionals com ara
el Paclitaxel (PTX) i el 5-Fluorouracil (5-FU), amb I'objectiu de no només tractar el tumor
primari, sin6 també la metastasis resultant tot dirigint-nos tant a les CMC com a les
cél-lules tumorals diferenciades, respectivament. Cal assenyalar que les micel-les
combinades van mostrar una eficacia superior a les seves formes lliures respecte a la
inhibicié de la formacié d’esferes tumorals, model de creixement especific de les CMC.
A més, degut a I'acumulacio preferencial de les MP a la regié tumoral i I'especificitat del
Zileuton™ eliminant les CMC, es va poder observar una disminucié intratumoral
significativa de CMC in vivo en models de cancer de mama després del tractament amb

PM-Zileuton™. Els resultats també van mostrar una forta reduccié de cél-lules tumorals
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circulants (CTC) i CMC al torrent sanguini, donant lloc a una posterior reduccié en la
capacitat d’'invasio de les CMC i, per tant, una disminucié significativa de les metastasis
pulmonars al model de cancer de mama MDA-MB-231 altament resistent. Com a
conclusio, les nostres dades demostren el potencial anti-metastatic de les PM-
Zileuton™, aixi com un eficag alliberament intracel-lular d’anticossos dirigits a la proteina
SMC2, a més d’oferir 'oportunitat de crear una nanoplataforma multifuncional, com a
sistema d’administracid, per tal de poder millorar els resultats terapéutics globals del

cancer metastatic.

Paraules clau: Cancer de mama i colon; Cél-lules mare del cancer (CMC); Enzim
ALOX5; Proteina SMC2; Zileuton™: Alliberament intracel-lular d’anticossos; Micel-les
polimériques (MP); Cél-lules tumorals circulants (CTC); Terapia combinada; Paclitaxel
(PTX); 5-Fluorouracil (5-FU).
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Introduction

1. Cancer statistics and facts

According to World Health Organization (WHO), cancer is defined as “a generic term
that involves a large group of diseases, all of them characterized by the rapid creation of
abnormal cells that growth beyond their usual boundaries, which can invade adjoining

parts of the body and spread to other distant organs” (1).

Nowadays, cancer is the second leading cause of death globally after cardiovascular
diseases. It accounts for an estimated of 9.9 million deaths and 19 million new cancer
cases in 2020, being expected to increase to almost 30 million new cancer cases
annually by 2040 (Figure 1) (1-3). Statistically, it is estimated that 1 in 8 men and 1 in 10
women will develop an oncological disease during their lifetimes, thus being considered
a public health priority (3, 4). Moreover, taking into account the high cost of cancer care,
it is urgent to find new efficient anti-cancer therapies. Breast, colorectal, lung, cervix uteri
and thyroid cancers are the most common types of cancer in women, while lung,
prostate, colorectal, stomach and liver cancers are the most common among men (3).
Regarding worldwide population, although breast cancer is the most prevalent, rising to
2.26 million new cases in 2020 and becoming the cancer type with higher incidence in
both sexes; lung cancer still remains the deadliest, accounting for nearly 1.8 million
deaths in 2020 (Figure 1) (3).

Currently, the most challenging issues regarding cancer treatment are related to tumor
resistance and the metastasis process (2, 5). Cancer development is a complex
interaction between environmental and genetic factors, where only about 5-10% of all
cancers are associated with inherited mutations (3). Thus, the vast majority of cancers
arise from the negative impact of environmental agents such as tobacco and alcohol
consumption, radiation exposure, infectious agents, air pollution, obesity, unbalanced
diet, sedentary and stressed lifestyle (3, 6, 7). Interestingly, some risk factors, including
infections and obesity/diet, change remarkably based on the human development index
(HDI) and, therefore, according to geographical region. Cancers caused by infections
such as stomach cancer, cervical cancer and liver cancer are highly prevalent in low HDI
countries or underdeveloped regions, whereas high or very high-HDI countries have
reduced infection-related cancers due to the better control of its eradication (8).
Conversely, high and very high-HDI countries or developed regions present higher rates
of cancers that have been related to sedentary behaviors and unhealthy lifestyles,

including breast cancer, lung cancer, colorectal cancer, prostate cancer and thyroid



Nanotechnology-mediated strategies targeting cancer stem cells for advanced cancer treatment

cancer. However, although between 30-50% of these lifestyle-related cancers could be
easily prevented, they are continuously growing and have become the leading cause of

cancer’s mortality in these developed-regions (1, 3).

Number of new cases in 2020 Number of deaths cases in 2020

Breast

2261419 (11.7%) Lung

1796 144 (18%)

Lung Other cancers
2206771 (11.4%) 3557 464 (35.7%)
Other cancers
8275 743 (42.9%) Colorectum Colorectum
1931590 (10%) 935173 (9.4%)
Prostate Prostate Liver
1414 259 (7.3%) 375304 (3.8%) 830180 (8.3%)
Oesophagus Stomach Pancreas Stomach
604100 (3.1%) 1089 103 (5.6%) 466 003 (4.7%) 768 793 (7.7%)
Cervix uteri Liver Oesophagus Breast
604 127 (3.1%) 905 677 (4.7%) 544 076 (5.5%) 684 996 (6.9%)
Total: 19 292 789 cases Total: 9 958 133 deaths

ASR (World) per 100 000

- 22571

- 1888-257.1

W 14041888
1119-1404  mmm Notapplicable
<1119 Nodata

74.9-847 m Not applicable
<749 Nodata

Figure 1. Cancer statistics in worldwide population. Number of new cases and deaths in 2020,
both sexes, all ages. Estimated age-standardized incidence (blue) and mortality (red) rates for all
cancers, both sexes, all ages. Data source: GLOBOCAN 2020 (9).

1.1. The complexity of cancer disease

Cancer development is a stepwise and dynamic process, where tumor cells
progressively accumulate genetic and epigenetic alterations, activate oncogenes or
inactivate tumor suppressor genes, thus evolving the primary tumor through different

stages (10).

In this regard, Hanahan and Weinberg reported several biological features acquired by
malignant cells that allow their uncontrolled growth, survival, and metastatic spread to
distant organs (11, 12). Originally, the multistep development of carcinogenesis lays on
six original hallmarks, including: i) proliferative signaling activation; ii) growth
suppressors inhibition; iii) invasion and metastasis initiation; iv) replicative immortality; v)

angiogenesis stimulation; and vi) resistance to cell death (11). Then, two new enabling
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factors were also considered as essential for carcinogenesis development, namely vii)
the genomic instability and the consequent formation of random mutations; and viii) the
tumor-promoting inflammation. In addition, two emerging hallmarks have also been
considered as crucial steps for the evolution of cancer, including ix) immune destruction
prevention and x) deregulation of cellular energetics (Figure 2) (12). Furthermore, it has
also been described that other components, such as aging or environmental factors,
together with epigenetic mechanisms contribute to the modification of each individual

hallmark by indirectly altering the two enabling characteristics (13, 14).
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Figure 2. Hallmarks of cancer. Ten main biological acquired capabilities during the multistep
development of human tumors. Defined by Hanahan and Weinberg, these hallmarks traits
represent the driving forces of neoplastic transformation. Adapted from (12).

Metastasis represents the main cause of therapeutic failure and cancer-related death
(15). More specifically, metastatic colonization is a multistep process that can be

subdivided into two major phases: i) the cellular migration from primary tumors to distant
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tissues and organs; and ii) the acclimatization of these malignant cells to foreign
microenvironments, as well as the escape from immune system in order to achieve a

successful establishment at a secondary site (Figure 3) (16).

Further, in the first step of the process, tumor evolution begins with local invasions, where
epithelial cells lose their polarity and their cell-to-cell contacts, starting to detach from the
extracellular matrix (ECM) while altering their cell-to-ECM adhesion. Then, malignant
cells infiltrate nearby blood and lymphatic vessels, circulate through them, extravasate,
and eventually reach new remote sites (15, 16). In that sense, the epithelial-
mesenchymal transition (EMT) plays a leading role conferring these new biological
capabilities to the primary tumor, enhancing its invasiveness and migratory potential (17-
19). Although originally essential during embryonic development and adult tissue
regeneration, EMT is also activated under pathological conditions, being a key process
for the progression of most tumors, since about 90% of them are epithelial in nature
(carcinomas) (18, 20, 21). At the molecular level, the EMT process is a reversible
phenotypic change that is characterized by the downregulation or loss of epithelial
markers, including E-cadherin, cytokeratin and laminins, among others; as well as the
upregulation of mesenchymal markers, such as N-cadherin, vimentin and fibronectin (22,
23). Of note, while E-cadherin is an important molecule in maintaining adherent junctions
and cellular quiescence between epithelial sheets; mesenchymal markers increase cell
motility, cellular migration capacity, and resistance to apoptosis, thus promoting tumor
malignancy (12, 24). Several molecular pathways are involved in the EMT phenomenon,
including transforming growth factor B (TGF-B)/SMAD pathway (25), WNT/ B-catenin
signaling (26), ECM-integrin signaling cascade (27), Hedgehog and Notch signaling
pathways (28), among others (29). Furthermore, these pathways induce the EMT
program by upregulating specific transcription factors (TF), such as Snail1/Snail,
Snail2/Slug, Twist, and ZEB1, which maintain the acquired mesenchymal phenotype (30,
31).

In the second step of the metastasis process, malignant cells must adapt and establish
themselves in the new microenvironment to successfully form small colonies of cancer
cells or micrometastases. Finally, these lesions grow and evolve into macroscopic
tumors or macrometastases, achieving the so-called colonization (12, 32). Noteworthy,
in order to properly develop secondary tumor colonies, EMT has to be reversed when
circulating tumor cells (CTC) find their new target organ, returning the cells to their initial
epithelial phenotype through the inverse process known as mesenchymal-epithelial

transition (MET) (33, 34). Thus, while the EMT process is related to the early steps of
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metastatic development, MET is necessary to perpetuate the new tumor masses growth
at distant locations, both processes being essential at different points in this sequential
transition (15, 35).
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Figure 3. Metastatic cascade. Schematic representation of the multistep process of metastatic
development. Five key steps allow the progression from the primary tumor to the site of
metastasis, including: invasion, intravasation, circulation, extravasation, and colonization. EMT
plays a leading role conferring new biological capabilities to the primary tumor, promoting its
invasiveness and migratory potential. MET occurs when CTC arrive to the new target organ in
order to achieve a successful establishment in foreign microenvironments and perpetuate the
growth of new tumor masses (15). CTC: circulating tumor cells; EMT: epithelial-mesenchymal

transition; MET: mesenchymal-epithelial transition.

1.1.1. The crucial role of tumor microenvironment

The tumor microenvironment (TME) is an important regulator of the EMT/MET
phenotypic plasticity of cancer cells, tumor proliferation, invasion and colonization and,
therefore, a crucial player in ensuring cancer progression as well as a subsequent
metastatic expansion (36, 37). In fact, it has been widely studied that even before
metastatic spread, the primary tumor actively preconditions specific distant sites by
creating host microenvironments, the so-called pre-metastatic niches (PMN), aiming to
successfully receive and accommodate the arriving CTC (Figure 3) (15, 38). Among the
different steps conforming the niche development, ECM remodeling, vascular leakage,
and immunosuppression stand out (38). Importantly, clinical data have shown that
metastasis is a non-random process, since different types of cancer tend to metastasize

to target organs, which is known as “metastatic organotropism” (39, 40). For instance,
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breast cancer strongly confirms the “seed and soil” hypothesis postulated by Steven
Paget in 1889, being observed organ-specific metastasis in bone, lung, liver and brain
(40, 41).

Being considered one of the main causes of tumor heterogeneity, TME is composed of
cancerous cells closely connected to the non-malignant part of the tumor, the tumor
stroma, which actively modulates tumor cells and provide them nutrients while
maintaining their survival (42, 43). The non-cancerous components include inflammatory
and immune cells such as macrophages, neutrophils, eosinophils, mast cells,
lymphocytes, natural killer, dendritic cells, and monocytes among others; as well as
structural elements, like ECM, fibroblasts, endothelial cells, adipocytes, vessels, nerves
and lymph nodes (42, 44). In addition, TME also comprises soluble tumor-secreted
factors (e.g., enzymes, cytokines, chemokines, growth factors, miRNAs, and
extracellular vesicles), which enable the communication between cancer and stromal

cells, while inducing the PMN development (38, 44).

As a result, tumor-secreted factors are capable of transforming the aforementioned cell
populations to a more malignant phenotype, mainly fibroblasts and macrophages
subpopulations to cancer-associated fibroblasts (CAFs) and tumor-associated
macrophages (TAMSs), respectively. In particular, TGF-f is a potent inducer that allows
the transformation of stromal fibroblasts into CAFs, which represent one of the main cell
subpopulations within TME (45, 46). Once activated, CAFs increase their expression of
growth factors, chemokines, cytokines, matrix proteins, as well as their proteolytic
enzymes secretion, among others; thus, modifying the ECM structure and composition
while promoting tumor invasive potential and cancer cell migration (47). In turn, CAFs
release increased levels of TGF-3, which have been shown to induce EMT in different
cancer types (48, 49). Conversely, TAMs are polarized macrophages that acquire a M2-
like phenotype, which present tumorigenic and anti-inflammatory features. Moreover,
TAMSs contribute to immunosuppression, promoting cancer development and metastasis
by suppressing the T-cell-mediated anti-tumor immune response and secreting high
levels of anti-inflammatory cytokines such as IL-10 and TGF-§ (50-52). Additionally, high
levels of TAMs infiltration have been related to tumor initiation, angiogenesis, tumor
progression, and chemotherapeutic resistance, being closely associated with poor

clinical outcomes as patients are less responsive to treatment (53, 54).

Regarding the cell-to-cell communication, other TME important modulators are

exosomes, nano-sized membrane vesicles (30-150 nm) derived from endocytic
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compartments that are secreted by different cell types (55, 56). Thus, being intracellular
messengers, their main function is to transfer different sorts of cargos from their cell of
origin, including nucleic acids, proteins and lipids, not only facilitating the intracellular
exchange of information between tumor and stromal cells, but also preconditioning the
tumor niche while modulating the target organ for future metastases (56-58). Namely,
exosomes are key players during the process of developing organ-specific metastases,

driving cell organotropism (59).

Importantly, TME is highly variable among patients and tumor types, being also altered
during the development of the disease (60). Therefore, in order to develop new targeted
therapeutic strategies, tumors cannot be taken as a single mass, otherwise they must
be treated as a complex and evolving network. In this regard, cancer complexity is also
caused by the intratumoral heterogeneity. Specifically, growing tumors are composed of
diverse cell subpopulations with different phenotypes and proliferative abilities (61, 62).
Among them, cancer stem cells (CSC) stand out for exhibiting high tumorigenic potential

and tumor repopulation capacities, being intrinsically resistant to most therapies (63).

2. Cancer Stem Cells

CSC represent a minority subpopulation of undifferentiated tumor cells within the entire
heterogeneous tumor mass that can vary from 0.1 to 30% depending on the type and
cancer stage (64-66). Lately, their crucial role in tumor initiation, relapse and metastatic
spread has been highlighted, which is why they are also accurately named “tumor-
initiating cells” (TIC). Being designated as the driving force of tumorigenesis, CSC are
also able to avoid several cell regulatory mechanisms, rendering them insensitive to
conventional anti-cancer therapies, antimitotic agents or radiation (63, 67). All these
features lead to the development of highly aggressive metastases, being CSC

considered the main cause of cancer mortality.

2.1. Cancer stem cells models

Before the CSC discovery, it was thought that all cells conforming the tumor mass had
similar features, equal tumorigenic potential, and that tumor propagation was possible
through a progressive accumulation of somatic cell mutations (68). Proposed by Peter
Norwell in 1976, this theory known as the clonal evolution model postulates that this

accumulation of mutations in single clones produces dominant clone populations, whose
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expansion depends on the natural selection process, leading the tumor to a more

aggressive phenotype (69-71).

Afterwards, CSC were first identified, isolated and characterized in acute myeloid
leukemia (AML) patients (72). Specifically, the study performed by Bonnet and Dick in
1997 demonstrated that AML stem cells, with CD34+/CD38- stem-like phenotype, were
capable of generating AML in severe combined immune-deficient (SCID) mice as well
as maintaining tumor progression (73). Thus, these data were the first evidence
supporting the idea that tumors are hierarchically organized, being the hierarchic cancer
model of tumorigenesis and cancer propagation then reported. In particular, the
hierarchical model, also known as CSC theory, postulates that tissues are perfectly
organized with the specific CSC subset at the top of the linear hierarchical chain.
Accordingly, CSC subpopulation represents an essential component within the whole
tumor mass, being considered the unique driver of tumor formation, chemoresistance
gain, and metastatic dissemination, thus harboring the ability to self-renew, differentiate,
and proliferate (74, 75). Moreover, CSC are also responsible for tumor recurrence and
relapse due to the unlimited self-renewal capacity of their own population. Further, they
exhibit the ability to differentiate into “bulk” tumor cells or non-CSC, generating the entire
neoplasm, contrariwise to normal cells, whose propagation finish by clonal exhaustion
(62, 76).

Since its first discovery in leukemia (73), the presence of CSC have been identified in
both solid and non-solid tumors such as brain (77), breast (78), colon (79), gastric (80),
head and neck (81), liver (82), lung (83), melanoma (84), ovarian (85), pancreas (86),
prostate (87), among others. In this regard, different cell markers are used to
characterize and isolate CSC subpopulations, including CD24, CD29, CD34, CD44,
CD54, CD90, CD117, CD133, CXCR4, ALDH, EpCAM, among others (88-90). In fact,
some of them are specific for a certain cancerous tissue, whereas others are commonly

expressed by different types of cancer (89).

Even though their origin is still unclear, CSC are considered key players in tumor
heterogeneity and chemoresistance. Therefore, intending to explain tumor heterogeneity
development, two theoretical models have been proposed (65, 91). According to the
clonal evolution model, the increase in tumor heterogeneity is given by the genetic and
epigenetic alterations of the tumor cells, which allow the neoplasia to evolve through
clonal selection advantages (70). Conversely, based on the hierarchical cancer model,

CSC are the unique drivers of tumor formation that can differentiate into non-CSC, being

10



Introduction

the sole progenitors of de-differentiated cells and, thus, conferring heterogeneity within
the tumor (92). Although explaining the gain of heterogeneity differently, both models are
not mutually exclusive, being interrelated processes where tumors combine some of their

biological features (76, 91).

In this regard, an alternative model has to be considered since it has been seen that
CSC do not exist as an isolated and static population within the tumor. Indeed, there is
a dynamic equilibrium among tumor cell subpopulations, where not only CSC are
capable of differentiating into “bulk” tumor cells, but also CSC phenotype can be
achieved by the de-differentiation of non-CSC. This process, called reversion, takes
place to ensure tumor progression, thus enabling the interconversion between CSC and
differentiated bulk tumor cells (76, 93). Therefore, a new insight has emerged to
understand tumor structure and reconstitution after treatment, which is known as the
interconversion cancer model (76, 94). Specifically, this model suggests that under
certain tumor cell intrinsic factors, as well as extrinsic microenvironmental stimuli, cancer
cells can enter or exit from the stem-state in a bidirectional switching, thus harboring all
cell subpopulations tumor-initiation capabilities (62). Furthermore, the heterogenous
tumor senses when a specific cancer cell subpopulation is depleted after therapy, being
able to replace it in order to maintain the intratumoral equilibrium (62). Of note, both
TME and exosomes are key factors regulating this stable and controlled but dynamic

equilibrium, guaranteeing always the CSC survival (55, 95).

2.2. Cancer stem cells properties

Like adult and embryonic stem cells, CSC exhibit distinctive and essential stemness
properties, including tumor initiation and multilineage differentiation capacities, unlimited
self-renewal abilities, as well as long-term repopulation potential (74, 96, 97). Of note, all
these features confer CSC an uncontrolled propagation capacity within the tumor,
endowing them not only the ability to generate but also to perpetuate the neoplasia by
maintain their undifferentiated state. Owing their anchored-independent growth capacity,
CSC are able to survive in tridimensional tumorspheres, which increase their potential to
invade and migrate by acquiring mesenchymal features, intravasating into the blood
stream, and finally colonizing distant tissues (62). For all these reasons, CSC are
considered essential for tumor initiation, progression, and further metastatic process,

thus being highly tumorigenic (Figure 4).
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Differing from normal stem cells or differentiated tumor cells, CSC exhibit specific traits
and deregulations which contribute to their aggressive behavior. In this regard, Notch,
Wnt/B-Catenin and Hedgehog pathways stand out as the main CSC signaling routes
involved in self-renewal, differentiation and survival (74, 98). Interestingly, these
molecular pathways also modulate the EMT process, which confer cells a more
aggressive mesenchymal phenotype, enhancing their invasion capacity and
dissemination ability to distant healthy organs (21, 99). In fact, although traditionally
studied independently, accumulating evidence suggests high parallelism between EMT
activation and CSC formation (99, 100). Thus, it has been demonstrated that EMT
induction is relevant to not only the acquisition but also the maintenance of cells with
stem properties (101, 102). Specifically, several studies show an increase in CSC
signature during EMT processes in many carcinomas such as pancreatic, hepatocellular,
breast and colorectal (103, 104). Of note, the maintenance of stemness properties, as
well as the regulation of EMT/MET and CSC plasticity are orchestrated by cell-intrinsic
factors (e.g., mutations, epigenetic modifications or transcription factors) and cell-

extrinsic factors such as TME and their tumor niche secreted molecules (75, 95, 105).

Furthermore, CSC are intrinsically insensitive to most conventional chemotherapies,
antimitotic agents and/or radiation, which are completely valid therapeutic options for
differentiated bulk tumor cells (63). Thanks to their particular phenotype, CSC harbor an
aggressive behavior by containing multiple mechanisms to protect themselves from
cytotoxic drugs and, therefore, perpetuate the tumoral spread, showing resistance to
different types of stress (88). In particular, CSC are resistant to apoptosis due to their
high expression levels of anti-apoptotic proteins (106), while harboring a high DNA repair
response, as well as different mechanisms to avoid DNA damage-programmed cell
death (107, 108). Consequently, these resistance mechanisms protect CSC from radio
and chemotherapy-mediated apoptosis, conferring them additional protection and
contributes to their therapeutic resistance (89). Besides, CSC overexpress a remarkable
number of multidrug resistant (MDR) channels on the cell membrane, including ATP-
dependent drug efflux transporters like P-glycoprotein (P-gp), the multidrug resistance-
associated proteins (MRP), and ATP-binding cassette (ABC) transporters (e.g., ABCG2,
ABCG1, ABCB1, MDR1, among others), which are able to pump-out chemotherapeutics
from their cytoplasm (109, 110). Therefore, the intracellular drug accumulation is
significantly decreased, being one of the most important limitations regarding drug
efficacy (62, 111). In addition, a great number of detoxifying enzymes such as aldehyde
dehydrogenase 1A1 (ALDH1A1) and bleomycin hydrolase (BLMH) are also expressed,
providing CSC with further protection against anti-cancer therapies (90). Thereby,
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prolonged exposure to anti-cancer drugs promotes elevated expression levels of efflux
pumps and detoxifying enzymes, which leads to chemoresistance and correlates with a

worse prognosis in cancer patients (112).
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Figure 4. CSC hallmarks. Exhibiting unique features, CSC have been designated as the driving
force of tumorigenesis for their key role in tumor progression, metastatic spread, and treatment

resistance.

Furthermore, hypoxia is a key factor in maintaining stemness properties and
overexpressing genes that promote CSC drug resistance capacity, being thus a hallmark
of TME that has also been associated with poor prognosis (113, 114). Specifically,
experimental data have shown that the hypoxic condition stimulates the de-differentiation
process, contributing to tumor malignancy (115). Moreover, CSC are capable of inducing
quiescence under hypoxic conditions and proliferate afterwards, once the stress state
has been overcome (116, 117). In this regard, CSC present two distinct phenotypes,
proliferative and quiescent, being the latest a reversible state in which cells do not divide
or cells endow low proliferation rates, harboring the ability to return to the proliferative
mode (118). Noteworthy, the presence of CSC with quiescent phenotype, also known as

dormancy state, represents an important drawback which has been highly related to
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therapy failure and tumor recurrence. In fact, a wide range of chemotherapeutics only
target highly proliferating cells, whereas their effect is reduced in dormant or slow-
dividing cancer cells, thus being quiescent CSC not only resistant to conventional

cytotoxic drugs but also capable of metastasize to distant organs (89, 119).

2.3. CSC role and impact in cancer disease treatment

Despite advances in cancer treatment, most therapies still fail in achieving the complete
cure, without long-term desired results and disease relapse once it is overcome.
Therefore, conventional cancer treatments appear to be effective at reducing tumor
mass by only eliminating bulk or differentiated tumor cells, while being ineffective against
CSC subpopulation (100). Hence, CSC are not only able to evade treatment, but also to
promote cell resistance and, eventually, regenerate the tumor (Figure 5a). In this regard,
the remaining CSC may suppose a problem since only few of them are enough for tumor
re-growth in vivo (62, 120). In addition, the percentage of CSC within the tumor often
increases after traditional anti-cancer therapies, leading to cancer recurrence with
increased malignancy, aggressiveness, and faster spreading metastasis, which are
unresponsive to treatment although having achieved an early therapeutic success in
controlling neoplastic disease (62, 121, 122). Furthermore, a higher amount of CSC has
also been observed in patients with recurrent resistant tumors, which correlates with a
worse prognosis and an increased metastasis risk (123-125). Thereby, according to the
interconversion cancer model and the CSC’s involvement in cancer treatment, the
development of new therapies specifically targeting CSC fraction as well as their
implementation in the clinical practice are required in order to completely eradicate
cancer and prevent disease relapse (89, 126). Moreover, the selection of specific
candidates for CSC targeting and elimination will improve the efficiency and specificity

of the new therapeutic strategies under development.

2.4. CSC-specific targeting strategies

The main objective of CSC-specific therapeutic strategies is to achieve the potential to
remove residual disease while hindering its relapse after therapy. Nowadays, there is an
increasing interest and intensive research in this field, with multiple anti-CSC drugs in in
vivo pre-clinical stages and also in early phases of clinical trials, showing positive anti-
metastatic effects (Table 1). Notably, the ability to effectively target the CSC subset will

be the key factor regarding their clinical success (127).
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Table 1. Examples of different cancer therapeutic approaches targeting the CSC fraction (99).

Therapeutic

Therapeutic target approach Cancer type Development stage References
AKT2 siRNA Breast cancer Preclinical (in vivo) (128)
Bmi-1 Nigericin Nasopharyngeal b inical (in vivo) (129)
carcinoma
. Nasopharyngeal - L
Bmi-1 shRNA carcinoma Preclinical (in vivo) (130)
Hedgehog signaling Cyclopamine Glioblastoma Preclinical (in vivo) (131)
. AT-406, SM-164, and Nasopharyngeal - L
IAP family TRAIL carcinoma Preclinical (in vivo) (132)
JAK 1/2 Ruxolitinib Ovarian cancer Preclinical (in vivo) (133)
Krippel-like factor 5 Metformin TNBC Preclinical (in vivo) (134)
mTOR Rapamycin Neuroblastoma Preclinical (in vivo) (135)
NADH DECA-14 Neuroblastoma Preclinical (in vivo) (135)
dehydrogenase
Glioblastoma
Nestin shRNA Lung carcinoma Preclinical (in vivo) (136-138)
Pancreatic cancer
Nestin siRNA Pancreatic cancer Preclinical (in vivo) (139)
PISK-AKT; ERK1/2 LY294002; U0126 Breast cancer Preclinical (in vitro) (140)
pathways
STAT3 LLL12; shRNA Breast cancer Preclinical (in vivo) (141)
STAT3 BBI608 Various cancers Preclinical (in vivo) (142)
STAT3 Salinomycin Breast cancer Preclinical (in vitro) (143)
. Hepatocellular - .
STAT3 pathway Oncostatin M carcinoma Preclinical (in vivo) (144)
WNT pathway Nigericin Lung cancer Preclinical (in vitro) (145)
ZEB1 shRNA Pancreatic cancer Preclinical (in vivo) (146)
. . - *NCT02047149
ALOX5 Zileuton Leukemia Clinical (phase 1) «NCT01130688
AKT MK2206 Breast cancer Clinical (phase 1) *NCT01277757
Hedgehog GDC-0449 Ovarian cancer Clinical (phase Il)  *NCT00739661
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Ovarian cancer

p53 mutant cells Metformin FTPPC, Clinical (phase Il) :mgg;g;ggﬁ
Pancreatic cancer

PI3K, mTORC1/2 VS-5584 Solid tumors Clinical (phase 1) *NCT01991938

STAT3 OPB-31121 Solid tumors Clinical (phase I) *NCT00955812

*ClinicalTrials.gov identifier. HNSCC: head and neck squamous cell carcinoma; FTPPC: fallopian

tube, primary peritoneal cancer; TNBC: triple negative breast cancer.

Different approaches have been developed and are currently being explored to
specifically target CSC subpopulation in cancer therapy, including: i) targeting specific
cell surface CSC biomarkers, such as CD34, CD44, CD90, CD133, CD117, and EpCAM,
among others; ii) targeting specific CSC signaling pathways or proteins related to CSC
survival and proliferation, like PI3K-AKT, JAK/STAT, NF-kB signaling or ALOX5 and
SMC2 proteins, as well as pathways linked to their self-renewal and pluripotency, such
as Notch pathway, WNT pathway, and Hedgehog signaling; iii) microRNA-based
therapeutics; iv) targeting CSC microenvironment or niche components, such as
chemokine receptors, TGF-f3; v) using immunotherapy for CSC targeting; vi) targeting
CSC metabolism; vii) reversing the EMT process; and viii) inhibiting specific molecules,
such as ALDH1A1 or PTEN (89, 126, 127, 147).

2.5. Combination therapy — the real solution for cancer treatment?

Although CSC specific eradication is crucial and a promising strategy, their elimination
without killing non-CSC may not result in the complete cancer cure, since there is
constant need for the presence of CSC within the tumor. Therefore, after CSC removal,
differentiated bulk tumor cells revert into CSC thanks to their high plasticity and dynamic
phenotype, ensuring tumor survival and propagation after therapy (Figure 5b) (62, 99).
As aforementioned, it should be noted that tumors are evolving entities, where the
amount of CSC within them seems to be constant in order to maintain a specific
equilibrium between CSC and non-CSC subpopulations (99). Indeed, this tumor
plasticity and CSC dynamic phenotype represent a huge challenge when developing
cancer therapies. Consequently, aiming to achieve the complete tumor elimination, the
combination of two types of active compounds, which simultaneously eradicate both bulk
or differentiated cancer cells and CSC fraction is of utmost importance. In this scenario,
new therapeutic strategies based on combined therapy represent the ideal treatment in

order to not only remove the problematic CSC subpopulation but also hamper the non-
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CSC reversion and, eventually, avoid future cancer relapses caused by the

interconversion between both subpopulations (Figure 5c).

Before treatment After treatment Tumor recurrence

a) Conventional therapy

Chemotherapy
Radiotherapy

b) CSC-targeted therapy

CSC-specific
treatment

Metastasis

L_ASH

Chemotherapy . ¢sc
Radiothera
+ Py . Bulk tumor cells
CSC-specific 5
P, Effective treatment —— Reversion

Figure 5. Different therapeutic strategies in cancer treatment. Since eliminated CSC are
constantly replaced by new cells with stemness phenotype through a process of de-differentiation
of bulk tumor cells, combination therapy is the proper treatment option for tumor remission. a)
Conventional therapies are only active eradicating bulk tumor cells. Resistant CSC remain in
treated tumors, promoting tumor recurrence and aggressive metastasis. b) Following the
interconversion model, after CSC-targeted elimination, bulk tumor cells can acquire stemness
characteristics through a complex process called reversion. Therefore, even after their specific
eradication, restored CSC induce tumor recurrence. ¢) Combination therapy enables the
possibility to simultaneously eradicate both CSC fraction and bulk tumor cells, while avoiding their
interconversion capacity.
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3. Breast and colorectal cancers

3.1. Breast cancer

Breast cancer (BC) is the most frequent neoplasm in women and, currently, the most
common cancer worldwide in terms of incidence with an estimated 2.26 million new
cases in 2020. Specifically, 1 in 8 females is expected to develop the disease in their
lifetime (3).

Although being referred as a single disease, BC is a heterogeneous malignancy at the
molecular level, which includes several subtypes with different morphological features,
biological behaviors, as well as distinct prognosis and clinical response to the treatment
(148-150). While early BC (stages | and Il) is regarded curable, advanced or metastatic
BC (stage V) is still considered an incurable disease, with no treatment options currently
available to patients (149, 151). In terms of tumor structural and morphological
heterogeneity, invasive ductal carcinoma (IDC) is the most common type of BC,
accounting for about 70% of all cases, followed by invasive lobular carcinomas (ILC),

which represent around 15-20%, being the two main subtypes of all breast cancers (152).

According to their histopathological features and the presence of specific markers, breast
tumors have been classified in several subtypes depending on the presence or absence
of hormone receptors (HR+/HR-): estrogen receptor (ER) and/or progesterone receptor
(PR); and overexpression of human epidermal growth factor receptor 2 (HER2) (153). In
fact, ER, PR and HER2 are the three tumor biomarkers routinely tested in BC for
diagnosis, treatment selection and prognosis (148, 149). Thus, the combination of these
markers allows their classification into different subsets: ER+ (ER+/HER2-), HER2+ (ER-
/HER2+), triple positive (ER+/PR+/HER2+) and, triple negative (ER-/PR-/HER2-) (150,
153).

Further, accounting for about 70% of all breast carcinomas, hormone-positive BC is
characterized by ER and/ or PR overexpression, being associated with the most
favorable prognosis compared to other subtypes due to its slow growth (148, 153, 154).
In addition, these tumors respond to anti-estrogen hormonal therapy, such as ER
antagonists and aromatase inhibitors, which are therapeutic strategies targeting ER-
dependent signaling pathways (151). Conversely, HER2-enriched tumors represent the
10-20% of BC patients and are associated with an aggressive phenotype and poor

prognosis (148, 155). Nevertheless, HER2 positive tumors are responsive to HER2-
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targeted therapy, anti-HER2 monoclonal antibodies such as Trastuzumab™, reverting

much of their expected outcome (156).

STAGES OF BREAST CANCER
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Figure 6. Breast cancer overview. Breast cancer progression and main intrinsic molecular
subtypes. Prevalence, molecular signature, proliferation, recurrence, prognosis and treatment
options (149, 151).

Finally, tumors phenotypically characterized by the lack of both ER and PR expression
and the absence of HER2 overexpression represent the triple-negative breast cancer
(TNBC) molecular subtype (157, 158). Being the only subgroup lacking targeted
therapeutic options, TNBC present the worst prognosis of all BC patients due to its

aggressive behavior and metastatic nature, harboring the ability to develop early visceral
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metastases rather than local recurrences (148, 159). TNBC is mainly seen in young
women and is more common among African-American ethnicity, accounting for
approximately 15-20% of all BC malignancies (160). Moreover, women with TNBC are
usually diagnosed at a later stage (lll or IV), which is why they no longer respond to
conventional therapies. In addition, TNBC has often, but not exclusively, a basal-like
phenotype and is a highly heterogenic BC subset (161-163). In spite of sharing the triple-
negative phenotype, Lehmann, et al. (2011) have described six different molecular
TNBC subtypes with distinct response to therapy as well as clinical outcomes (164, 165).
Thus, due to the intrinsic complexity of TNBC, specific molecular-based therapies will be

required for each subtype in order to obtain better treatment responses (161).

Of note, BC is a clear example of how a molecular subclassification has significantly
improved the patient outcomes as well as their quality of life, being able to properly select
the specific therapeutic strategy in each particular case. In this regard, Perou, et al.
(2000), based on gene expression patterns using DNA microarrays, described different
molecular subtypes with complementary information to conventional classification (166,
167). Therefore, the main intrinsic subtypes are: i) Luminal A; ii) Normal-like; iii) Luminal
B; iv) HER2-enriched; and v) Basal-like/TNBC. As shown in Figure 6, these molecular
subtypes are associated with different prognoses, treatment options, as well as relapse

probability and expected overall survival (168, 169).

3.2. Colorectal Cancer

Colorectal cancer (CRC) is the third most common cancer in men and the second in
women worldwide, accounting for an estimated 1.93 million new cases in 2020 and being
the second leading cause of cancer mortality (3, 170, 171). More specifically, 71% of all

the CRC cases are in the colon while 29% correspond to the rectum (172).

Nowadays, effective diagnoses, screening methodologies, such as colonoscopy, as well
as prevention strategies are available in developed countries, which has reduced
mortality from CRC in this target population (3, 172). However, incidence rates in these
areas are still about five times higher compared to the African, Asian and South American
regions (3). In this regard, CRC is highly related to sedentary lifestyle and diet of western
countries, being thus a largely preventable disease with healthy dietary and physical
activity patterns (173, 174). Furthermore, environmental and/or genetic factors also
increase the chance of developing CRC (172, 175). Despite the effort to have an early

detection, 25% of CRC patients exhibit metastasis at the time of diagnosis, and around
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half of the treated patients will develop distant metastases, mainly in the liver and lungs
(176, 177). In fact, although clinical advances have improved the overall outcome, the 5-
year survival rate is about 90% for localized disease, meanwhile it still remains low for
metastatic CRC (mCRC), around 14% (171).

As many solid tumors, CRC is a heterogeneous disease conformed by distinct subtypes
that display specific genetic features with different prognosis and response to treatment
(175, 178, 179). Specifically, around 75% of all CRC cases occur sporadically with no
family history involved in the pathogenesis or apparent genetic predisposition (180, 181).
Conversely, about 15-20% of patients present a positive family history of the disease,
while 5-10% of all cases are hereditary and patients exhibit inherent germline mutations
(182, 183). In all cases, CRC is characterized by being a sequenced carcinogenesis
process, where the disease evolves through several stages, from a benign dysplastic
adenoma (Stage 0) to a malignant metastatic carcinoma (stage IV). In particular, CRC
pathogenesis arises as a result of the sequential acquisition of genetic mutations and
epigenetic alterations by healthy epithelium (175, 184). Thus, the progressive
accumulation of these modifications leads not only the onset, but also the progression
of adenomas to invasive carcinomas and, finally, to metastatic colorectal tumors, a

process that requires between 10 and 15 years on average (Figure 7) (185, 186).

Such malignant colorectal transformations can be developed through two different
molecular pathways: i) the conventional adenoma-carcinoma pathway; and ii) the
alternative or serrated pathway, each subtype being characterized by specific alterations
and, therefore, exhibiting distinct phenotypes (175, 184, 187). Namely, the classic
adenoma-carcinoma sequence is a staggered mutational pathway subdivided into two
possible mechanisms of tumorigenesis: i) chromosomal instability (CIN); and ii)
microsatellite instability (MSI) (188, 189). While CIN is found in 85% of sporadic CRC
and is associated with the Adenomatous polyposis coli (APC) tumor suppressor gene
loss of function, followed by the activation of Kirsten rat sarcoma viral (KRAS) proto-
oncogene mutations (180, 188); MSI accounts for around 15% of CRC and is related to
Whnt signaling alterations followed by serine/threonine-protein kinase B-Raf (BRAF)
mutations (190, 191). Moreover, MSI has also been detected in the serrated pathway
(187, 192). In contrast, the alternative serrated pathway displays a subset of polyps, the
so-called sessile serrated polyps, as precursor lesions of cancer development (193,
194). At the molecular level, BRAF mutations are highly common in CRC caused by
serrated lesions. Furthermore, there are also two different mechanisms that evolve

serrated polyps in CRC: i) MSI; and ii) excessive aberrant CpG island DNA methylation
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phenotype (CIMP) (187, 195). In fact, CIMP has been regarded for being the main
mechanism implicated in the serrated pathway, harboring this phenotype around 20-30%
of all CRC (187, 196).

According to the CRC subtyping consortium, distinct molecular subtypes have been
defined with different clinical outcomes, namely CMS1 (MS| immune), CMS2 (canonical),
CMS3 (metabolic) and CMS4 (mesenchymal) (197-199).
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Figure 7. Colorectal cancer overview. Stages and progression of CRC. The sequential
mutational process development from benign dysplastic adenoma to invasive colon cancer (175,
187).
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3.3. Unmet needs in current cancer treatment

Nowadays, cancer treatment is based on a combination of surgery, radiation and/or
systemic therapy, including chemotherapy, immunotherapy, hormone therapy and
targeted therapy (200).

In order to determine the best therapy for BC patients, it is critical to identify its molecular
subtype by biochemical or genomic approaches (148). Thus, luminal-like and HER2-
enriched subtypes are treated quite effectively with hormonal and HER2-directed
therapies, Tamoxifen (Nolvadex®) and Trastuzumab (Herceptin ®), respectively (149,
151). In contrast, being phenotypically characterized by the lack of the aforementioned
receptors, TNBC is a molecular subtype with no specific approved therapies available,
which restricts it treatment options to ineffective conventional chemotherapies (151).
Among them, anthracyclines, such as Doxorubicin (Adriamycin®, Rubex®), and taxanes,
such as Paclitaxel (Taxol®) and nab-paclitaxel (Abraxane®), are the most common
drugs for advanced breast cancer used clinically (201, 202). Regarding CRC patients,
the routinely employed procedure includes surgical removal followed by the
administration of chemotherapy. In this sense, first-line chemotherapy treatment
comprises intravenous administration of 5-Fluorouracil (5-FU) and the oral administration
of capecitabine (Xeloda®) (203). Both in combination with oxaliplatin (Eloxatin®) and
irinotecan (Camptosar®) significantly improve their treatment efficacy (204). Thus, the
main doublets used in first-line treatment are FOLFOX (5-FU plus oxaliplatin), FOLFIRI
(5-FU plus irinotecan), XELOX (capecitabine plus oxaliplatin), and XELIRI (capecitabine
plus irinotecan) (203). Additionally, Cetuximab (Erbitux®) and Bevacizumab (Avastin®),
monoclonal antibodies to block EGFR and VEGF respectively, are also used in clinical
settings (205).

Although more effective therapies that have improved the overall survival are now
reaching the market, many patients still fail therapy and present dismal prognosis. Of
note, diagnoses at advanced stages of the disease are related to the presence of
aggressive metastases, which do not respond to current therapeutic strategies due to
their intrinsic and acquired drug resistance (206, 207). Furthermore, these conventional
therapies still present some important drawbacks concerning treatment-associated
toxicity, since the anti-cancer agent is indiscriminately delivered. Consequently, there is
a high systemic toxicity associated with undesired side effects in healthy tissues and
systems such as the renal, hepatic, gastrointestinal, pulmonary, cardiac, hematologic

and nervous (208).
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Therefore, the development of new, more personalized and efficient targeted therapeutic
strategies is completely required to improve current outcomes since advanced cancer
cure still remains as an important challenge, being considered a strong clinical unmet
need. In this regard, nanotechnology offers a great opportunity to achieve this objective

by overcoming some of the limitations related to current therapies.

4. Nanotechnology and nanomedicine in cancer field

The history of nanotechnology as well as the concept behind nanoscience began with
the conference entitled “There’s Plenty of Room at the Bottom” given by the physicist
Nobel Prize laureate Richard Feynman at an annual American Physical Society meeting
in 1959 (209). In this lecture, he described for the first time the possibility of manipulating
matter at the atomic level, thus opening a new field of research that later inspired many
scientists. For all these reasons, Feynman is considered the father of nanotechnology
(210). Later on, in 1974, the term “nanotechnology” was firstly coined by Norio Taniguchi,
postulating that “nanotechnology mainly consists of the processing of separation,
consolidation, and deformation of materials by one atom or one molecule” (211). Finally,
the concept of nanotechnology became more popular and widespread when, in 1986,
the first book on nanotechnology entitled “Engines of Creation: The Coming Era of
Nanotechnology”, was published by K. Eric Drexler (212). From then until today, the
nanotechnology field has been constantly growing and evolving, being one of the most

revolutionary and promising new technologies of the 21 century (210).

In this regard, the National Nanotechnology Initiative (NNI) defined nanotechnology as
“a science, engineering, and technology conduced at the nanoscale (1 to 100 nm), where
uniqgue phenomena enable novel applications in a wide range of fields, from chemistry,
physics and biology, to medicine, engineering and electronics” (213). Of note, nano-
sized particles show unique features compared to their large-sized scale material due to
their structural conformation. While in conventional materials most of the atoms are part
of their bulk, on the nanometer scale, the surface area to volume ratio is increased,
exhibiting many of their atoms available on the particle surface (214). Thus,
nanoparticles (NP) behave differently at physical (structural, mechanical, optical,

magnetic, and electrical), chemical, and biological levels (210, 215).

Taking advantage of nanomaterials distinctive properties, NP are currently being used

in almost all areas of knowledge, with potential new applications in different fields, such
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as electronics, energy, environment, textile industry, food industry, biology, and
medicine, among others. In particular, the application of nanotechnology in the medical
field is called nanomedicine (216, 217). According to the European Science Foundation
(ESF), nanomedicine is defined as “the science and technology of diagnosing, treating
and preventing diseases and traumatic injuries, of relieving pain, and of preserving and
improving human health, using molecular tools and molecular knowledge of the human
body” (218, 219). Over the past few decades, the nanomedicine field has undergone a
remarkable growth, emerging as a new independent field of health and life science
(Figure 8) (217, 220). In fact, around 250 nanoproducts have been commercialized or
are being evaluated in clinical trials, thus confirming their high potential in the biomedical
field (221, 222).

Due to their unique properties, nanomedicines are being applied in several areas of the
healthcare field, including diagnostics, molecular imaging and contrast agents,
biomaterials and sensors, regenerative medicine and tissue engineering, as well as drug
and gene delivery systems (217, 222). Specifically, three-quarters of the nano-
pharmaceuticals in clinical development are for oncological indications, as reported in
the European Pharmaceutical Review 2020 (223). Of note, nanomedicine has made
important contributions to oncology, being a promising tool for the challenging
development of cancer therapy (224). Namely, since DOXIL® commercialization, the first
FDA-approved nanodrug based on PEGylated liposomes in 1995 (225), several
nanomedicines for oncological indications have reached the patients, being available for

clinical use (Table 2).
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Figure 8. Historical timeline. Overview of the main advances in cancer nanomedicine field.
Adapted from (224, 226).

4.1. Advantages of using nano-DDS for cancer treatment

As formerly mentioned, conventional cancer therapies are intrinsically related to several
undesired side effects caused by the lack of drug specificity to the tumor site and the
consequent affectation of healthy tissues and organs. Furthermore, these types of

compounds present dose-limiting issues due to their low solubility and poor penetration

26



Introduction

capacity, which leads to suboptimal therapeutic indexes (227, 228). Therefore, in cancer
medicine, nano-sized drug delivery systems (nano-DDS) have the potential to overcome

most of these drawbacks by improving the therapeutic index of the conventional drugs.

Interestingly, most nanomedicines passively accumulate in tumoral tissues due to the
enhanced permeability and retention (EPR) effect, caused by the characteristic leaky
vasculature of tumors and surrounding inflamed tissues (229, 230). This effect is based
on tumor tendency to rapidly grow and expand creating new blood vessels to receive
more oxygen, nutrients, and other growth factors from the blood stream through a
biological process called angiogenesis, which increases the permeability of the
intratumoral vasculature (231). Owing to this fast-growing tumor vasculature, newly
formed blood vessels exhibit unhealthy and irregular endothelium, composed of wide
fenestrations larger than 100 nm, like small pores (229). Furthermore, tumor tissues are
also characterized by the lack of effective lymphatic drainage, that along with the
fenestrated endothelium, lead not only to the prolonged accumulation of nano-DDS but
also their preferred retention within the tumor over healthy tissues and, consequently,
minimize adverse systemic side effects while increasing the anti-cancer drug efficacy
(232, 233). Thereby, taking advantage of NP’s small size, as well as the inherent tumor
features, it is possible to selectively deliver cytotoxic drugs to the malignant region

through a passive mechanism, strategy known as passive targeting.

Once administered, NP must overcome different biological barriers to achieve proper
biodistribution patterns and be able to carry out their therapeutic action. In this regard,
the physicochemical properties of NP are of utmost importance to successfully fulfill their
systemic circulation, transport from the blood vessels to the tissues, accumulation in
target cells and, finally, reach their cellular uptake (234). In practice, to effectively take
advantage of the EPR effect and obtain a desired biodistribution, the size of developed
NP is one of the most important parameters to be considered. Namely, the optimal
particle size ranges from 10 nm to 100 nm since particles smaller than 10 nm are cleared
from the blood stream by renal filtration before their action, whereas those higher than
100 nm are accumulated in different organs and, finally, uptaken and removed by
reticuloendothelial system (RES) or mononuclear phagocyte system (MPS) (234, 235).
Specifically, NP tend to accumulate in liver and spleen due to their vascular fenestrations
which are around 200-500 nm, or within the pulmonary capillaries, which have a diameter
of few micrometers (236). Of note, the EPR effect is a phenomenon highly dependent
on tumor vascularization. In this regard, Cabral, et al. (2011), have demonstrated how

NP of different sizes, from 30 nm to 100 nm can accumulate within highly permeable
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tumors, whereas only small-sized NP (30 nm) are able to penetrate in poorly permeable

tumors, such as pancreatic adenocarcinoma (237).

Besides, larger particles in size also increase their outer contact area and are more
quickly recognized by the complement system due to their higher protein adsorption onto
their surface. Therefore, after being intravenously injected, NP interacts with plasma
proteins, where the protein corona effect may be observed (238). In this sense, stealth
properties play an important role in prolonging their blood circulation half-life and, thus
being the NP surface another critical parameter to be cogitated in their design.
Noteworthy, adequate stealth properties mask NP from the biological environment,
avoiding plasma protein interactions, cellular adhesion or NP opsonization, which could

lead to early recognition, sequestration and clearance by RES or MPS (234).

Importantly, the surface charge of NP is also a key parameter to take into account, since
the protein corona phenomenon has been mainly seen in hydrophobic and positively
charged NP, in addition to showing higher toxicities such as platelet aggregation or
hemolysis (239, 240). Hence, aiming to minimize undesired interactions with serum
proteins, as well as their accumulation in organs, the ideal nanocarrier should be
hydrophilic and neutral or slightly negatively charged (234). This effect can be achieved
through surface decoration with hydrophilic polymeric coating, such as polyethylene
glycol (PEG) or amphiphilic copolymers (241, 242). Among them, PEG is the most widely
used biocompatible polymer for steric stabilization in clinical practice (243). Of note, PEG
shielding confers a dense protective layer onto the NP’s surface that impairs the
absorption of opsonin proteins, increases drug hydrophilicity, as well as the nanocarrier’s
hydrodynamic size. This, consequently, decreases their renal filtration while reducing
their interactions with the RES and, thus, significantly enhances the NP’s stability and
blood circulation half-life (244). Noteworthy, PEG chains improve the nano-DDS
performance, being especially important for in vivo applications since blood vessels and
cells present negatively charged surfaces, which is even more accentuated in tumor cells
(245). In fact, NP’s surface charge can be used to passively direct them towards the
tumor, since they have a tendency to accumulate there by electrostatic affinity. In this
context, usually positively charged NP are associated with higher rates of non-specific

internalization by tumor cells compared to normal endothelial vasculature (246).
In this regard, apart from being slightly negatively charged, TME exhibits intrinsic

features that may favor the passive targeting of NP. Specifically, the reduced tumor

drainage limits the availability of oxygen and nutrients, which is supplied with glycolysis
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and an altered metabolism, generating a surrounding acidic environment (247).
Consequently, these physiological differences between healthy and tumor tissues have
recently been used to develop stimulus-responsive or “smart” nano-DDS (248). These
intelligent nanocarriers are based on controlled drug release mechanisms at the tumor
site in response to a specific external or internal stimulus. Of note, controlled external
stimuli, including temperature, light, ultrasounds, radiation, and magnetic or electric
fields, can be applied locally to the nanosystem once at the tumor area, reducing normal
tissue damage (249). Conversely, internal stimuli provided by the tumor biology such as
changes in pH compared to normal tissues (6.7 vs 7.4 respectively), redox potential,
enzyme expression or higher tumor temperature are the most commonly used in
preclinical studies (249). Interestingly, an innovative application is site-specific charge
conversion, where the NP superficial charge is switched as response to environmental
stimuli, such as pH. Thus, this enables prolonged circulation times after intravenous
administration, and increased cellular uptake once NP reach the tumor site, which are
achieved with neutral/slightly negative charges or positively charged surfaces,
respectively (234, 250). For example, Yuan, et al. (2012) have designed zwitterionic NP
with a switchable charge based on environmental stimuli, which released the anionic
component from their surface after extravasation into TME with lower pH values.
Consequently, the positive surface charge of NP was exposed and facilitated their

penetration into tumor cells, with improved in vivo responses (251).

In addition, the shape and geometry of NP is also important regarding the biodistribution
pattern, being the spherical particles the preferred ones since they present fluid
dynamics in blood vessels while reducing their adhesion to endothelium (252).

Therefore, along with size, NP shape is a critical parameter that affects their in vivo fate.

Overall, an ideal nano-DDS for cancer treatment should be: i) biocompatible and
biodegradable; ii) non-immunogenic; iii) exhibit stealth properties to circumvent the
immunological recognition and achieve longer circulation times; iv) avoid premature drug
release and degradation before reach the target area; v) promote a controlled release
pattern at the desired site; and vi) be easily functionalized to promote an active targeting
(255, 256). Depending on their final target, NP can be loaded with different payloads,
including molecular drugs, cytotoxic compounds, imaging agents, nucleic acids, proteins,
among others (257, 258).
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Figure 9. Tunable physicochemical properties of nano-DDS. A summary of nano-DDS
explored for cancer treatment and their possible modifications. Adapted from (253, 254). AgNPs:
silver nanoparticles; AuNPs: gold nanoparticles; CNTs: carbon nanotubes; MNPs: magnetic
nanoparticles; MSNs: mesoporous silica nanoparticles; PM: polymeric micelles; PNP: polymeric

nanoparticles; QDs: quantum dots; SLNs: solid lipid nanoparticles.

4.1.1. Passive vs. active targeting

Although the EPR effect is widely important in the nanomedicine field, its benefits are
closely linked to the specific characteristics of each tumor, such as its vasculature as
well as the irregular size of its fenestrations (229). In this context, passive targeting
presents important limitations, including non-uniform distribution and inefficient drug
diffusion into tumor cells, thus being EPR effect a highly heterogeneous phenomenon
that varies significantly among patients (259, 260). For this reason, active targeting has
become a widely researched strategy in cancer therapy, aiming to achieve directionality

towards a desired target area.

While passive targeting uses and depends on the pathophysiological properties of tumor
tissue, active targeting is able to direct nano-DDS by conjugating different moieties onto
the NP surface that recognize and specifically bind to biomarkers or receptors
overexpressed by diseased target cells (261, 262). Thereby, different targeting ligands

have been tested for surface decoration, including monoclonal antibodies, antibodies
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fragments, peptides, aptamers, vitamins, carbohydrates or sugars among others (262).
In this regard, active targeting reduces off-target interactions and allows better control of
the nano-DDS biodistribution, thus increasing their specificity as well as their uptake
through endocytosis process and, subsequent intracellular drug release. Consequently,
higher intracellular drug concentration is achieved, which overall improve its therapeutic
efficacy. Nowadays, the discovery of new and suitable targeting moieties has become a
priority and a promising alternative to EPR or the passive targeting strategy to further

improve the efficiency of currently available cancer nanomedicines (262, 263).

4.2. Advantages of using nano-DDS for specific targeting against CSC

One of the main advantages regarding the use of NP is that due to their cellular uptake
via endocytosis, the membrane diffusion and drug expulsion through MDR channels is
avoided. In fact, regarding CSC intrinsic treatment resistance, nanomedicine field offers
an unparalleled platform to specifically deliver anti-CSC therapies taking advantage of
the nano-DDS inherent features (62, 264). Moreover, these nanomedicines are able to
incorporate drugs or biotherapeutic products targeting key molecular processes in CSC
survival and self-renewal. On the other side, since nanomedicines are often able to
evade MDR channels skipping the highly expressed CSC pump-out machinery, higher
amount of anti-CSC agents can be accumulated in the perinuclear region (62). In this
regard, Karandish, et al. (2018) have demonstrated a decreased expression of NOTCH-
1 and NANOG cancer stemness markers after the treatment with napabucasin loaded
into stimuli-responsive iIRGD-targeted polymersomes. Their results also showed how
napabucasin encapsulated polymersomes significantly reduced cell viability in both
pancreatic and prostate CSC, reinforcing their potential against cancer stemness (265).
Additionally, Li, et al. (2019) have encapsulated the CGX1321 inhibitor into liposomes to
reduce its associated undesired side effects. Namely, CGX1321 is currently being
evaluated in clinical trials (phase |, NCT02675946), exhibiting potential to effectively
block Wnt ligand synthesis. CGX1321-loaded liposomes interfered with the aberrant Wnt
signaling form CSC and significantly inhibited tumor growth in LoVo xenograft and
GAO0OQ7 patient derived xenograft (PDX) models. Their results showed focused effects on
LGR5+ CSC, without being significantly cytotoxic to other cells (266).

Importantly, it has been shown that reduced drug resistance and better therapeutic
outcomes are achieved by combination therapy, where synergistic effects are observed.
Therefore, the combination of specific anti-CSC inhibitors together with conventional

anti-cancer drugs within the same nanoplatform represents the solution to
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simultaneously eradicate the entire tumor mass and be able to obtain better clinical
results (267). Recently, co-delivery nano-DDS for combination therapy are being
developed and investigated. For instance, Ren, et al. (2016), designed a co-delivery
system for simultaneously eliminate CSC and non-CSC. Specifically, they have
produced PAMAM modified hollow gold nanoparticles (HGNPs) loaded with miR-21
inhibitor and DOX, D-P-HGNPS/21i system. The sequential release of both agents using
D-P-HGNPS/21i significantly improved cytotoxicity compared to free Dox and simple co-
administration therapy in breast cancer cell lines. Furthermore, a potent inhibition in
tumor growth was also observed after D-P-HGNPS/21i treatment compared to the simple
co-administration therapy in a subcutaneous MDA-MB-231 tumor model in nude mice.
Thus, they have demonstrated that specific miR-21 inhibition is critical to improve the
drug sensitivity and impair the CSC malignancy upon the sequential therapy (268). In
addition, Zhao, et al. (2016) have developed an elastin-like polypeptide (iTEP)-
conjugated NP to co-deliver salinomycin (Sali) and paclitaxel (PTX), iTEP-Sali-ABA NP
and PTX NP. Their combination therapy suppressed the primary tumor growth and
decreased subsequent metastasis compared to IiTEP-Sali-ABA NP alone in

subcutaneous BC in vivo model (269).

4.3. Different types of nanoparticles

Nowadays, there are a large variety of nano-DDS whose fate and therapeutic outcome
can be modified by altering their chemical composition (organic or inorganic), physical
characteristics, dimensions, morphology, surface properties and functionalization, as
shown in Figure 9 (241, 254, 270). Organic-based nanocarriers, including lipid,
polymeric, and protein-based nanoformulations, have been widely investigated and used
for drug and gene delivery applications as well as imaging agents (256, 271). Meanwhile,
inorganic-based systems have intrinsic ability for imaging, diagnostic and sensing
applications due to their unique physicochemical properties (272, 273). Among them
stand out carbon-based nanocarriers, metal-based nanoformulations, such as gold and
silver NP, quantum dots, mesoporous silica NP, and magnetic nanocarriers. Each type
of nanoplatform presents unique strengths and drawbacks, which are compiled in Figure
10.
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Figure 10. Different types of NP. Summary of the main advantages and drawbacks of NP used
for drug delivery applications. MRI: magnetic resonance imaging; RES: reticuloendothelial

system.

4.3.1. Lipid-based nanoformulations

There are different types of lipid-based nanoformulations such as liposomal systems,
solid lipid nanoparticles (SLNs), and nanostructured lipid carriers (NCLs), among others;
most of them showing spherical structure with an internal aqueous cavity and at least

one surrounding lipid bilayer.

4.3.1.1. Liposomes

Liposomes are self-assembled colloidal spherical vesicles constituted by a lipid bilayer
membrane of amphiphilic phospholipids and cholesterol which surround an interior
aqueous space (274). Owing to their lipid structure and polar nature, hydrophilic
compounds can be encapsulated within the liposome liquid core, whereas hydrophobic
therapeutics are retained by affinity in their lipid bilayer (275, 276). Noteworthy, liposomal
structure shares morphological similarities with cellular membranes, which provide them
easier cellular uptake and thus higher therapeutic activity (275). Furthermore, neutral
conventional liposomes surface can be coated with PEG chains in order to enhance their

blood circulation time. These PEG-coated liposomes are also known as stealth
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liposomes (SLs) (242). Of note, both neutral conventional and PEGylated liposomes can
be produced with either natural or synthetic phospholipids that confer them
biocompatible and biodegradable properties while reducing possible toxicity or antigenic
reactions. Moreover, several physicochemical parameters can be controlled by mixing
different fatty acids chain lengths, as well as different head groups in order to modulate
their interactions with the environment (277). Therefore, exhibiting several advantageous
characteristics, liposomes have been extensively investigated for more than 50 years. In
fact, liposomes are the most common type of FDA-approved nano-DDS for cancer
treatment, being Doxil® the first nanomedicine that reach the market in 1995 for the
treatment of HIV-related Kaposi’s sarcoma, ovarian cancer and multiple myeloma (278,
279).

Nonetheless, liposomal-based formulations present some limitations including low
encapsulation capacity, burst drug release profiles, phospholipid oxidation or
degradation, poor stability, and difficulties in industrial reproducibility (274). As a result,
different types of lipid-based nanocarriers, such as SLNs and NCLs, have been

developed to overcome these drawbacks.

4.3.1.2. Solid Lipid Nanoparticles

SLNs are colloidal carriers composed of solid-lipid core at physiological temperature,
surrounded and stabilized by surfactants for their emulsification (280). SLNs have
emerged as a promising alternative aiming to overcome the limitations presented by
traditional carriers, including liposomes and polymeric nanoparticles (280). In fact, being
more stable than liposomes, SLNs provide prolonged and controlled drug release, thus
improving its overall therapeutic efficacy. Besides, SLNs are versatile nanocarriers that
allow both lipophilic and hydrophilic compounds loading, which show lower toxicities
since they can be produced without using organic solvents (280). Importantly, in order
to obtain high quality SLNs formulations, as well as suitable drug release patterns, its
lipid matrix crystal structure is a crucial feature, which depends on the selection and

proportion of the lipids and surfactant components conforming the particles (280, 281).

Nevertheless, SLNs have also presented some limitations in drug loading and
encapsulation capacity. Since they are compactly packed solid lipid matrix, the available
space for drug encapsulation is limited, thus resulting in low drug loading efficiency (282).

Furthermore, this problem increases the possibility of drug expulsion from the
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formulation due to polymorphic transitions produced during storage (280). Accordingly,
in order to overcome these limitations, Mdller, et al. (2011) developed nanostructured
lipid carriers (NCLs), which incorporate liquid lipids (LL) into the previous formulations
(283).

4.3.1.3. Nanostructured Lipid Carriers

NLCs are nano-DDS composed of both liquid and solid lipids (LL and SL, respectively)
as a core matrix, which overcome the aforementioned limitations, and are considered
the second generation of SLNs (280, 284). The introduction of the LL into the solid matrix
is the key point that allows significantly improve their properties compared to SLNs (284).
Specifically, NLCs have a non-ideal crystalline structure, which not only avoid drug
expulsion triggered by polymorphic transitions, but also improve their physical stability
(280, 284). In addition, the incorporation of LL into the crystalline solid matrix generates
an amorphous core structure with substantial imperfections, which provides more space
for drug accommodation and, consequently, increases its drug loading capacity (280,
284). According to their composition, NLCs can be classified into different subtypes, all
of them generally requiring the nanoemulsification of a lipophilic phase, composed of a

mixture of SL and LL, and further stabilization with surfactant solutions (285).

4.3.2. Polymer-based nanoformulations

Polymer-based nanocarriers are widely used for drug and gene delivery applications due
to their biocompatibility and biodegradability, with specific physicochemical features that
can be modified by varying the type and nature of polymer (natural or synthetic), as well
as its chain length. They can be presented in different structures: i) polymeric micelles,
characterized by their amphiphilic core-shell structure; ii) dendrimers, hyperbranched
macromolecules; and iii) polymeric nanoparticles, constituted by nanocapsules or

nanospheres, among others (286).

4.3.2.1. Polymeric Micelles

Polymeric micelles (PM) are self-assembled nano-constructs composed of amphiphilic
block copolymers (ABC) that spontaneously form spheroidal core-shell structures in
aqueous environments (287-289). Structurally, ABC are heterogeneous polymers

composed of at least two regions of distinct chemical nature, hydrophilic and
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hydrophobic, which are organized in blocks. Changing the chain length of the different
blocks or the polymer type it is possible to modulate the final polymer properties (288,
290). Of note, ABC stand out for their biocompatibility, biodegradability, water solubility
and low immunogenicity, making them suitable for human administration (291, 292).
Several factors such as hydrophobic chain size, amphiphiles concentration, temperature,
and solvent type affect the micelle formation. Another important parameter is the so-
called critical micellar concentration (CMC), which corresponds to the minimum polymer
concentration where the micelles remain self-assembled (293, 294). Therefore, at lower
concentrations, amphiphilic molecules exist separately, whereas spontaneous
supramolecular aggregates are formed when CMC is reached due to the saturation of
the solution (295). Accordingly, PM are stable when the concentration of polymeric
chains is higher than CMC, being CMC value the most important parameter regarding

micelles thermodynamic stability (295, 296).

PM are versatile nanocarriers used to deliver a wide variety of payloads, including
hydrophobic small molecules, peptides, proteins, small interfering RNA (siRNA), and
DNA, among others (287, 297). In fact, nano-sized micelles are able to accommodate
high payload, allow more controlled drug release patterns, as well as improved stability
compared to liposomes, which together with an outstanding biocompatibility improve
system biosafety (298, 299). In addition, different types of polymers are used for micelles
production, including amphiphilic diblock copolymers (polystyrene and PEG), triblock
copolymers (Pluronics®), graft copolymers (chitosan), and ionic copolymers
(poly(ethylene glycol)-poly(e-caprolactone)-g-polyethyleneimine) (295). Among them,
Pluronics® stand out for their unique properties, being Pluronic®-based PM a suitable

nanoplatform for the delivery of different therapeutic agents.

In particular, Pluronics®, also known as poloxamers, are synthetic triblock copolymers
of poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) arranged in an A-B-A
structure, namely PEO-PPO-PEOQO, available in different PEO/PPO ratios and molecular
weights (300, 301). Due to their amphiphilic nature, above CMC, Pluronics® self-
assemble into micelles in agueous media, ranging from 10 to 100 nm. In these core-shell
nanoparticulate structures, PPO constitutes the hydrophobic core while PEO chains form
hydrophilic outer shell, providing stealth properties to the system, which in turn improve

particle stability and increase half-life blood stream circulation (287, 300, 301).

Moreover, increases in both temperature and poloxamer concentration promote polymer

gelation, being a thermo-reversible process characterized by the sol-to-gel transition
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temperature (302, 303). At high temperatures, poloxamer copolymer molecules
aggregate into micelles through the dehydration of hydrophobic PPO blocks, leading to
the PM formation. Subsequently, increasing their hydrophobicity and insolubility,
poloxamers start the gelling process (303, 304). Due to their versatility, innocuous
nature, and feasibility of modulating their properties, poloxamers have been used in a
wide range of biomedical applications, including tissue engineering, bone regeneration,

wound healing, as well as nano-DDS (305-307).

Among the wide variety of Pluronics®, Pluronic® F127 (PEO19o-PPQOgs5-PEO1¢0), also
known as poloxamer 407, is an FDA-approved biodegradable polymer that has gained
special interest due to their potential in the nanomedicine field (306, 308). In preclinical
studies, Pluronic® F127-based PM are being assessed as versatile nanocarriers to
deliver a wide range of payloads. Regarding gene delivery strategies, Rafael, et al.
(2018) have demonstrated that the presence of Pluronic® F127 in their PEI-siRNA-
Pluronic® PM-based systems improves the transfection efficiency of PEI-siRNA
polyplexes and reduces PEl-associated cytotoxicity. Consequently, the results showed
a significant reduction in invasion and colony formation capabilities of breast cancer
cells, after the inhibition of different genes of interest through siRNA technology (128,
309).

Interestingly, Kabanov, et al. (2008) have discovered that poloxamers reduce the MDR
capacity of cancer cells by interfering with the function of efflux transporters, such as P-
gp or multidrug resistance proteins, inducing ATP depletion, as well as increasing pro-
apoptotic signaling, among other mechanisms (301, 310). In this sense, Pluronic® F127
can act as a biological response modifier by sensitizing CSC and, subsequently,
reducing cancer recurrence. For instance, Xu, et al. (2020) have produced doxorubicin
hybrid micelles based on Pluronics® F127 and P123 for efficiently overcome MDR in
breast cancer. Their results showed increased drug accumulation at tumor sites and high
efficacy in in vivo breast cancer models, with 78.2% inhibition of tumor growth (311).
Further, Russo, et al. (2016) have demonstrated the ability of Niclosamide (NCS) loaded
in biotin-targeted Pluronic® P123/F127 mixed micelles to overcome MDR in multidrug
resistant NSCLC. Their results showed significant cytotoxicity of NCS-loaded biotin-
targeted micelles in A549 lung cell line, resistant to cisplatin, 5-FU and docetaxel; being

the treated cells unable to proliferate (312).

Importantly, thanks to their structural versatility, Pluronic® F127-based PM also allow

the co-delivery of different therapeutic agents, providing the possibility of performing a
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combined therapy. In this regard, Kelishady, et al. (2015) were able to co-load PTX and
lapatinib (LPT) in Pluronic® F127-based PM to be delivered simultaneously against
metastatic BC. Their results showed a sustained release pattern in vitro and a significant
reduction in terms of proliferation in the resistant T-47D cell line after PTX-LPT-loaded
PM compared to the binary free mixture (313). Further, positive effects after the co-
delivery of miR-345 and gemcitabine (GEM) for pancreatic cancer treatment were
obtained by Uz, et al. (2019). They presented a novel multifunctional polymeric dual
delivery nanoscale device (DDND) using Pluronic® F127 to encapsulate GEM, and the
pH responsive cationic polymer (poly(2-diethylaminoethyl methacrylate)) (PDEAEM) to
efficiently release the miR-345 in the cytoplasm, facilitating its endosomal escape.
Specifically, PDEAEM electrostatically complexed the miR-345 and, subsequently, self-
assembles with GEM encapsulated into Pluronic® F127, enabling its co-delivery. Their
results showed an efficient reduction in terms of cell viability in Capan-1 and CD18/HPAF
pancreatic cells lines after DDND co-loaded with GEM and miR-345 treatment compared
to GEM or miR-345 alone. Furthermore, the combination therapy was able to significantly
inhibit tumor growth, accompanied by a significant reduction in metastasis compared to

individual treatments in orthotopic pancreatic cancer in vivo model (314).

4.3.2.2. Dendrimers

Dendrimers are unique multi-branched polymeric nanocarriers that are synthesized from
a central core molecule by controlled and repeated polymeric reactions, leading to their
complex three-dimensional architecture (315, 316). Dendrimers are highly
monodispersed, homogeneous and symmetric structures surrounded by surfaces
containing multifunctional peripheral groups that allow the easy modification of their
surface (315).

Regarding their structure, dendrimers are composed of three different components: i)
the core; ii) the branches; and iii) the terminal groups linked to the ramifications (315).
The core is formed by a central atom or group of atoms, where the branches of the so-
called “dendrons” begin to grow through repeated covalent chemical reactions.
Therefore, during the synthesis process, each successive reaction generates a layer
labeled as dendrimer generation (G). Namely, they are classified as low- and high-
generation dendrimers according to their G, G < 4 and G = 4 respectively, being the
dendrimer core designated as generation zero or GO (317). Eventually, terminal groups
are attached to their outer branches as “caping agents”, thus ending the chemical chain

reaction (315). These end-groups can be easily functionalized not only to modify the
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physicochemical properties of dendrimers, but also to bind different ligands as targeting

moieties and perform active targeting (318, 319).

Unlike the self-assembly method used in the aforementioned PM production, dendrimers
are obtained by specific synthesis methods, which allow the control of various
parameters throughout the process (316). During their synthesis, polymer arrangement
generates internal cavities which are used to accommodate different types of therapeutic
molecules, thus increasing either their solubility and stability (315, 316). However,
although showing unique properties and advantageous points over other types of NP,
there are also some drawbacks that can hinder their clinical application. Due to the
complexity of dendrimers, their production requires specialized workforce and presents
high manufacturing costs (315, 320). Furthermore, dendrimers have amine groups,
positively charged groups, which increase their cytotoxicity (321). To overcome this
effect, dendrimers can be modified by adding PEG chains or fatty acids onto their
surfaces (320, 322).

4.3.2.3. Polymeric Nanoparticles

Polymeric nanoparticles (PNP) are defined as biodegradable solid colloidal systems
build with both natural and synthetic polymers leading to spherical nano-sized vehicles
(323). Thanks to their high versatility, several types of cargos can be delivered, where
therapeutic molecules are either encapsulated, physically entrapped, dissolved,
adsorbed, and/or conjugated into or onto the resulting polymeric matrix (324). Depending
on their production method, as well as the composition of the organic phase, PNP
present different morphological structures (323, 325). Namely, two main polymeric
particles can be prepared: i) nanocapsules, also known as reservoir system; and ii)
nanospheres, recognized as matrix system (323). Thereby, nanocapsules consist of a
core-shell structure where the therapeutic agent is dissolved into an oily or aqueous
cavity, surrounded by a polymeric shell, that enable controlled drug release pattern (323,
325, 326). Conversely, in nanospheres, the active compound is uniformly dispersed
throughout the polymeric matrix or adsorbed onto their surface, conforming a polymeric
network (323).

Of note, PNP stand out for their controlled and sustained drug release, the ability to
protect the loaded therapeutic molecule from the external environment, the improvement
of cargo bioavailability, the enhancement of the therapeutic index, as well as the

possibility of combining both therapy and imaging techniques, the so-called theranostics
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(327-329). In addition, they also exhibit high drug payload and controllable
physicochemical properties. Nevertheless, particle aggregation, as well as polymer
chemical instability are the main limitations regarding PNP industrial applications,

showing poor long-term stability (323, 330).

4.3.3. Protein-based nanoformulations

Proteins can be defined as natural synthetic polymers, biopolymers, which are
considered excellent raw materials that present interesting features for nano-DDS
development (331). Like polymers, proteins are constructed by molecular subunits,
known as amino acids, linked through covalent peptide bonds. Protein-based NP are
suitable and versatile platforms for several purposes due to their intrinsic properties such
as biodegradability, biocompatibility, and bioavailability, as well as allowing the
accommodation of a wide range of active compounds (332, 333). Regarding their source,
proteins can be subclassified into animal or vegetal origin, where gelatin, serum albumin,
collagen, keratin, elastin, silk fibroin and milk proteins are the most widely used animal
proteins, while legumin, prolamins such as corn zein and wheat gliadin, soy proteins and
lectins are the most common of plant origin (332, 334). Importantly, since they are
obtained from sustained and renewable sources, protein-based NP are cheaper than
synthetic polymer-based ones, while being easy to produce and scale-up (335, 336).
Besides, they are also decomposable and metabolizable into harmless peptides through
digestive enzymes, thus being less cytotoxic than synthetic polymers (332). Owing to the
multiple functional groups comprised in the primary structure of the protein, the
possibilities of modifying the resulting nanocarrier are higher compared to other
biomaterials, thus highlighting for their tunable properties (337). Namely, the NP internal
cavity can be modified to achieve different types of interactions with the loaded
therapeutic agent. On the other side, the presence of surface functional groups, such as
carboxylic and amino groups, offer the opportunity to decorate their surfaces, leading to
the development of active targeting through specific ligands conjugation onto their
surfaces (332).

Nonetheless, they also present some limitations related to their heterogeneity and NP
size distribution, which lead to batch-to-batch variation and may produce allergenic
problems (338). Furthermore, hydrophilic protein-based NP show abrupt drug release
patterns in aqueous environments. In this sense, recombinant protein technology and
chemical crosslinkers are being used in the produced formulations in order to overcome
these drawbacks (332).
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4.4. Nanopharmaceuticals for cancer treatment

Over the past few decades, nanomedicine has emerged as a new field of health and life
science, with a major impact on human health (217). Although still being in an early
stage, the nanopharmaceutical market is continually expanding and is expected to
continue growing with the development of new and innovative products (221). In fact,
these types of formulations have evolved from being simple new therapeutic hypothesis
to being real products available on the market. In 2016, according to BBC Research, the
global nanomedical market was valued at $134.4 billion, and is projected to grow to
$293.1 billion by 2022 (339). Noteworthy, nanopharmaceuticals have made important
contributions in the treatment of various diseases, especially in the field of oncology
where it appears as a promising tool for the challenging development of cancer therapy
(224).

Nowadays, several nanopharmaceuticals for cancer treatment are available on the
market and used in clinical settings (Table 2). They are mainly based on the
reformulation of small-molecule drugs in order to improve their pharmacokinetic profiles
and reduce undesired side effects to, finally, enhance their therapeutic efficacy.
Therefore, representing the first-generation nanopharmaceuticals, the majority of
approved nanomedicines depend on passive targeting provided by the EPR effect (262,
340). However, the future of nanomedicine is focused on active targeting strategies in
order to improve their specificity and cellular uptake once at the tumor site. In this sense,
our proposed nanosystem offers the possibility to perform active targeting, which has

been shown to have positive results in in vivo colon cancer models (341).

Table 2. Examples of clinically approved nanomedicines for cancer treatment in Europe and
United States (221, 222, 256, 278).

Trade Active

Name Formulation compound Cancer type Company Approval year

Lipid-based nanoformulations

HIV-related
Kaposi’s
sarcoma,
Doxil / PEGylated Llpqsomal Doxorubicin Ovarian
Caelyx Doxorubicin cancer, Breast
cancer,
Multiple
myeloma

Janssen 1995 (FDA)
1996 (EMA)
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Trade . Active
Name Formulation compound Cancer type Company Approval year
Lipid-based nanoformulations
Liposomal Daunorubicin HIV-related
DaunoXome DaSnorubicin citrate Kaposi's Galen 1996 (FDA)
sarcoma
Lymphoma,
DepoCyt Liposomal Cvtarabine Leukemia, Enzon 1999 (FDA)
poty Cytarabine y Meningeal  Pharmaceuticals 2001 (EMA)
Neoplasms
Liposomal -
Myocet Doxorubicin Doxorubicin Breast cancer Teva 2000 (EMA)
Liposomal . . Takeda
Mepact Mifamurtide Mifamurtide  Osteosarcoma Pharmaceutical 2009 (EMA)
S Acute
. . s Vincristine . Talon
Margibo Liposomal Vincristine sulfate Iymphoblgstlc Therapeutics 2012 (FDA)
leukemia
onvde  PEGvlated Liposomal . Maentif;::g Merrimack 2015 (FDA)
y Irinotecan P Pharmaceuticals 2016 (EMA)
cancer
Cytarabine
Dual Liposomal and .
. - Acute myeloid Jazz 2017 (FDA)
Vyxeos Cytarablne.a.nd Dau'norublcm leukemia Pharmaceutics 2018 (EMA)
Daunorubicin (5:1 molar
ratio)
Polymer-based nanoformulations
Leuprolide acetate
. and polymer Leuprolide Prostate Tolmar
Eligard [PLGH (poly (dI- acetate cancer Pharmaceuticals 2004 (FDA)
lactide-coglycolide)]
Apealea Paclitaxel Micellar Paclitaxel Ovarian Oasmia 2018 (EMA)
cancer Pharmaceutical
Protein-based nanoformulations
Acute
lymphoblastic
Oncaspar PEGylated L- Pegaspargase leukemia, Enzon 1994 (FDA)
P Asparaginase gasparg Chronic Pharmaceuticals 2016 (EMA)
myelogenous
leukemia
Recombinant
diphtheria toxin Denileukin Cutaneous T- Eisai
Ontak protein conjugated to diftitox cell ymphoma Pharmaceuricals 1999 (FDA)
IL-2
Human Serum Breast cancer
Albumin-bound east cancer,
. . NSCLC, 2005 (FDA)
Abraxane Paclitaxel Paclitaxel Pancreatic Celgene 2008 (EMA)
nanoparticles cancer
(nab-PTX)
PEGylated Interpheron
Sylatron interpheron alfa-2b alfa-2b Melanoma Merck & Co. 2011 (FDA)
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Metal-based nanoformulations

Iron Oxide

NanoTherm . Aminosilane Brain tumors MagForce 2011 (EMA)
Nanopaticles
Electron
. . production .
Hensify g;?’;éar']';”neo H::t’l‘(';‘lje”; through Ss‘g:éf;:e Nanobiotix 2019 (EMA)
P external
radiation

EMA: European Medicines Agency; FDA: Food and Drug Administration; NSCLC: Non-small cell lung
cancer; PEG: Polyethylene glycol; PTX: Paclitaxel.

Specifically, PM have been widely used for drug delivery applications in the oncology
field due to their excellent physicochemical properties, allowing the solubilization and
administration of several types of payloads. Noteworthy, several drug-loaded PM are
currently under clinical evaluation for cancer treatment with promising anti-cancer activity
(Table 3). In fact, Genexol-PM® and Nanoxel® M are PM-based formulations that are
approved in South Korea and commercialized by Samyang Biopharmaceuticals
Corporation (342). In particular, Genexol® was the first micellar formulation to be
approved for human use in 2007 for the treatment of breast, non-small cell lung cancers
(NSCLC) and ovarian cancers. It consists of 20-50 nm PTX loaded-PM of block
copolymer methoxy poly(ethylene glycol)-b-poly(D,L-lactide) (mPEG-b-PDLLA). Being a
Cremophor EL-free formulation, Genexol-PM® allows PTX solubilization with limited
hypersensitivity-related reactions, improving its safety compared to Taxol® (343).
Further, Genexol-PM® is currently in clinical evaluation in the USA and EU under the
trade name of Cynvilog™ (344, 345). Furthermore, Nanoxel® M is a docetaxel (DTX)-
loaded mPEG-b-PDLLA PM, which was developed using the same PM-based
formulation as Genexol-PM®. In this case, micelles are used to solubilize DTX removing
the excipient Tween 80 and, thus, find an alternative for Taxotere®, the conventional
DTX formulation (346). It was approved by South Korean regulatory agencies in 2012
for the treatment of breast, NSCLC, esophageal, ovarian, head and neck, gastric and
prostate cancers; and it is currently in clinical trials for the treatment of head and neck

squamous cell carcinoma (HNSCC) and non-muscle-invasive bladder cancer (342).

On the other side, the first anti-cancer micellar formulation to reach clinical trials in 1999
was SP1049C, composed of a mixture of Pluronics®, namely L61 and F127 (1:8 weight
ratio) (300, 347). Specifically, SP1049C is a doxorubicin-loaded PM developed by
Supratek Pharma Inc, which obtained two orphan drug designations by FDA for the

treatment of adenocarcinoma of the esophagus and gastric cancer (347, 348).
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Table 3. Examples of PM approved or in clinical trials for cancer treatment (298, 349).

Product Active Clinical Reference/
name Polymer compound Cancer type phase Trial code
Breast cancer Approved
Paclitaxel NSCLC in Korea (344, 345)
Ovarian cancer (2007)
Paclitaxel Breast cancer Phase Il *NCT00876486
Genexol-
PM® mMPEG-b-PDLLA | paglitaxel NSCLC Phasell  *NCT01023347
Paclitaxel Pancreatic cancer Phase Il *NCT00111904
Paclitaxel Ovarian cancer Phase | *NCT00877253
. Approved
Docetaxel Adv?nced solid in Korea (342, 346)
umors (2012)
Nanoxel®M | \pEG-b-PDLLA
Docetaxel HNSCC Phase Il *NCT02639858
MPEG-b- Advanced or
NK105 o Paclitaxel recurrent breast Phase Il *NCT01644890
modified P(Asp)
cancer
Cisplatin / Pancreatic Phase Il *NCT02043288
Gemcitabine
Cisplatin / . *
NC-6004 B Solid tumors Phase I/l NCT02240238
Nanoplatin® PEG-b-P(Glu) Gemcitabine
Cisplatin
/5-FU/ HNSCC Phase I/l *NCT03109158
Cetuximab
Pluronic® L61 - Advanced
SP1049C and F127 Doxorubicin adenocarcinoma Phase Il (347, 348)
SN-38 TNBC Phase |l *NCT00951054
PEG-b-P(Glu)
NKO12 covalent drug- SN-38 SmalCellung  phasell  *NCT00951613
copolymer
conjugate Metastatic CRC
SN-38/5-FU Advanced solid Phase | *NCT01238939
tumors
PEG-b-
CPC634 P(HPMAm-
. Lac,) covalent Docetaxel Ovarian cancer Phase Il *NCT03742713
CriPec®
drug copolymer
conjugate
PEG-b-P(Asp)
covalent - .
NK911 drug-copolymer Doxorubicin Solid tumors Phase | (350)
conjugate
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PEG-b-P(Glu) Advanced solid
NC-4016 coordination Oxaliplatin tumors and Phase | *NCT03168035
complex lymphoma

*ClinicalTrials.gov identifier. 5-FU: 5-Fluorouracil; CRC: colorectal cancer; HNSCC: head and
neck squamous cell carcinoma; HPMA: poly[N-(2-hydroxypropyl) methacrylamide]; mPEG-b-
PDLLA: methoxy poly(ethylene glycol)-b-poly(D,L-lactide); NSCLC: non-small cell lung cancer;
P(Asp): poly(aspartic acid); P(Glu): poly(glutamic acid); PEG; polyethylene glicol; TNBC: Triple
negative breast cancer.

5. Different proposed nanotechnology-mediated strategies targeting
CSC fraction

Nanotechnology-mediated therapeutic strategies have emerged as promising options to
overcome the aforementioned drawbacks related to currently available cancer therapies.
In this project, two therapeutic strategies have been designed to eradicate CSC fraction
by specifically targeting signaling pathways related to CSC survival and proliferation,
namely, i) the pharmacological approach, and ii) the biotherapeutic approach. To this
purpose, we have taken advantage of the properties provided by nanomedicine, using
Pluronic® F127-based PM as nano-DDS. Specifically, the proposed nanocarriers will
lead their loading molecules towards CSC, after passively accumulate within the tumor
fenestrations. We then hypothesized the consequent decrease of tumor growth and
metastatic spread. Moreover, Pluronic® F127-based PM can be used as a
multifunctional nanoplatform to co-delivery different compounds in order to
simultaneously eliminate both populations, CSC and bulk tumor cells, while hampering

their interconversion ability.

Therefore, the pharmacological approach is based on the arachidonate 5-lypoxigenase
(ALOX5) enzyme blocking through its chemical inhibitor, Zileuton™. Due to its
hydrophobicity, Zileuton™ will be encapsulated within the inner core of Pluronic® F127-
based PM. On the other side, in the biotherapeutic approach, the structural maintenance
of chromosomes 2 (SMC2) protein will be specifically blocked through antibodies anti-
SMC2 (Ab-SMC?2). In order to avoid enzymatic degradation and enable the extracellular
membrane crossing, Ab-SMC2 will be conjugated with PM using two different
approaches: i) encapsulation by affinity into the PM hydrophilic shell (PM:SMC2), and ii)
covalent conjugation between the -COOH terminals of the PM and the -NH: groups of
the Ab-SMC2 (PM-CON:SMC2). Furthermore, to evaluate the effects of the combination
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therapy, PTX and 5-FU chemotherapeutics will also be entrapped into the hydrophobic
PM region of the decorated Ab-SMC2 micelles.

For that, Pluronic® F127-based PM will be produced using the thin-film hydration
technique, as explained in detail in the materials and methods of the results section, and

showed in Figure 11.

i Rotary evaporation
Pluronic F127 Hydrophobic
agents .
=
PEO PPO PEO + L —
Hydrophilic Hydrophobic Hydrophilic —> ¥ |G
Hydropilic Hydrophobic 0 Zileuton @ =
agent agents .—"—E“
Solvent removal
Ab-SMC2 Zileuton i 3 - -
b » O Paclitaxel " @) - Vacuum conditions
Paclitaxel () -60°C
5-Fluorouracil @ -200 rpm

5-Fluorouracil @

Dried film
Organic solvent :gATNA
Et:M_et (1:1)
mixture
Hydrophilic

agents

! Ol }

@

o o Rehydration Rehydration Rehydration
@ik -PBS + Vortex 5' - PBS + Ab-SMC2 -PBS
O 2 -EDC (30'stirring) - Vortex §' - Vortex 5'
PM-CON:SMC2/PTX - Ab-SMC2 (2h stirring)

O O O PM:SMC2 PM-Zileuton

PM-CON:SMC2/5-FU PM-CON:SMC2

Figure 11. Schematic representation of PM production. (1) Pharmacological approach; (2)
Biotherapeutic approach alone and in combination with standard of care drugs. 5-FU: 5-
Fluorouracil; Ab-SMC2: antibodies anti-SMC2; EDC: (1-ethyl- 3-(3-dimethylaminopropyl)-
carbodiimide); O.N.: overnight; PEO: poly(ethylene oxide); PM: polymeric micelles; PPO:

poly(propylene oxide); PTX: paclitaxel; RT: room temperature.
5.1. Targeting CSC: in vitro and in vivo fluorescent models

In order to validate our nano-DDS we will use fluorescent CSC models, in which CSC
can be assessed separately. To precisely evaluate the therapeutic effect of proposed
treatment on CSC subpopulation, these cells have to be previously separated from the
whole tumor mass, non-CSC or bulk tumor cells. Thus, a CSC in vitro model was

developed and used in our laboratory, which enable the identification and isolation of
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CSC, using a tdTomato reporter vector (351). In this system, tdTomato protein, a
fluorescent reporter close to the near infrared region, is expressed under the control of
ALDH1A1 promoter, a CSC-specific marker (351, 352). Consequently, just cells
expressing the CSC-specific marker are detected by red fluorescence (tdTomato® cells),
while the non-CSC are not fluorescent in cell culture (tdTomato™ cells). Therefore, this
strategy allows to identify and isolate CSC, but also to biological monitor the presence

of CSC in situ; before, during and after the treatment.
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Objectives

Since CSC survival after treatment seems to be the leading cause of cancer recurrence,
therapeutic resistance, and metastatic aggressiveness, new and more efficient

strategies that specifically target the CSC fraction are of utmost importance.

Therefore, the main aim of this project is to develop two new anti-CSC therapeutic
strategies to eradicate the challenging CSC subpopulation within the tumor in order to
prevent the metastatic spread and the tumor re-growth. Specifically, this work is mainly
focused on the design, production, characterization and functional validation of
Pluronic® F127-based PM, used as a multifunctional nanoplatform that allows the
loading of different specific compounds for the CSC inhibition, such as hydrophobic
drugs and macromolecules. Aiming to achieve this general purpose, specific objectives

have been addressed, which are listed below:

1. To validate specific and suitable CSC targets for the design of a novel therapeutic
strategy. For this purpose, the inhibition of chosen targets will be assessed in

CSC isolated from breast and colon cancer cell lines.

2. To design, produce and physicochemically characterize Pluronic® F127-based
PM.

3. To evaluate the proposed formulation regarding cytotoxicity and cellular

internalization profiles using in vitro models.

4. To functionally validate the proposed formulation in both adherent and low
attachment conditions in relation to free compounds treatment in vitro, as well as
to compare the efficacy of the proposed anti-CSC therapeutic strategy with

current standards of care used in the clinic for the cancer treatment.

5. To assess the synergistic effect of combined therapy, simultaneously addressed

to the CSC fraction and the differentiated bulk tumor cells in vitro.

6. To evaluate the toxicity and accumulation of Pluronic® F127-based PM to

guarantee an efficient and safe transport of the cargo in vivo.

7. To assess the therapeutic efficacy of the presented formulation in appropriate

tumor-bearing mice disease models.
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Breast cancer (BC) has been the most common cancer worldwide in terms of incidence
in 2020, being metastatic BC (mBC) still an incurable disease. In this regard, the
aggressiveness of recurrent cancer is related to the presence of surviving cancer stem
cells (CSC) within the tumor, which promote tumor relapse despite having achieved an
early therapeutic success. Apart from being ineffective eradicating CSC, conventional
chemotherapy not only produces high systemic toxicity, but also presents dose-limiting
issues that hinder reaching clinically desired efficacy. In this context, nano-sized drug
delivery systems (nano-DDS) offer the great opportunity to develop an effective therapy

specifically targeting the CSC subpopulation.

In this work, we have proposed a new anti-CSC strategy to eradicate the challenging
fraction of CSC in advanced BC. Therefore, we have identified and functionally validated
arachidonate 5-lypoxigenase (Alox5) as an essential gene for CSC survival in different
breast CSC fluorescent models by high throughput screening, which has been
considered a promising candidate to block specific CSC pathways while overcoming the
progressive gain of chemo-resistance related to this cell subpopulation. Once ALOX5
was selected as a suitable target for breast CSC elimination, Zileuton™, an FDA-
approved ALOXS5 iron-chelator chemical inhibitor already on the market for the treatment
of asthma, has been validated as a suitable drug for the development of a new
therapeutic strategy targeting CSC subset. After being encapsulated within the
hydrophobic core of Pluronic® F127-based polymeric micelles (PM), Zileuton™
therapeutic potential was subsequently demonstrated both in vitro and in vivo breast
CSC fluorescent models. Specifically, it has been shown how Zileuton™ loaded into
Pluronic® F127-based PM core effectively reduces CSC content within treated primary
tumors in both in vivo orthotopic BC models. Noteworthy, in the highly aggressive triple
negative breast cancer (TNBC) metastatic MDA-MB-231 in vivo model, CSC reduction
was convoyed with the circulating tumor cells (CTC) eradication in the blood stream after
PM-Zileuton™ treatment. Furthermore, CTC blockade was also accompanied by a
significant decrease in lung metastasis, thus diminishing their characteristic metastatic

potential.

Keywords: Arachidonate 5-lypoxigenase (ALOX5), Cancer stem cells (CSC), Pluronic®

F127-based polymeric micelles (PM), Zileuton™, Circulating tumor cells (CTC).
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Abstract

Tumor recurrence, metastatic spread and progressive gain of chemo-resistance of advanced cancers are sustained by the presence of
cancer stem cells (CSCs) within the tumor. Targeted therapies with the aim to eradicate these cells are thus highly regarded. However, often
the use of new anti-cancer therapies is hampered by pharmacokinetic demands. Drug delivery through nanoparticles has great potential to
increase efficacy and reduce toxicity and adverse effects. However, its production has to be based on intelligent design. Likewise, we
developed polymeric nanoparticles loaded with Zileuton™, a potent inhibitor of cancer stem cells (CSCs), which was chosen based on high
throughput screening. Its great potential for CSCs treatment was subsequently demonstrated in in vitro and in in vivo CSC fluorescent
models. Encapsulated Zileuton™ reduces amount of CSCs within the tumor and effectively blocks the circulating tumor cells (CTCs) in the
blood stream and metastatic spread.
© 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

Key words: Cancer stem cells (CSC); Circulating tumor tells (CTC); Nanomedicine; Polymeric micelles; Zileuton™

Despite the latest progress in early diagnosis and more
effective treatments, advanced breast cancer is still an
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incurable disease.'*? Particularly aggressive is the Triple
Negative Breast Cancer (TNBC), which does not respond to
current hormonal therapy and medicines targeting HER2
receptors, because of the absence of estrogen—, progesterone
—, and Her2- surface receptors in tumor cells. It has been
suggested that tumor progression and dissemination are
mediated by the presence of specific Cancer Stem Cells
(CSCs) subpopulations within the tumor. CSCs are also
thought to be responsible for cancer relapse and of being
intrinsically resistant to most current treatments. According-
ly, CSCs are thus responsible for many therapeutic failures.-
33 Unfortunately, there are no effective treatments yet
targeting CSCs and their metastatic spread to distal organs.

1549-9634/© 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license 4.0
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Therefore, in order to increase patient survival, it has
become essential to develop new therapeutic strategies
against CSC to successfully eradicate advanced cancer and
prevent metastasis.

Unfortunately, many prospective drugs do not have
sufficient solubility or adequate pharmacokinetics to reach
good efficacy and toxicity profiles for clinical use. In this
context, specific nano-sized drug delivery systems (nano-
DDS) offer the possibility of converting agents with low
therapeutic profile into forthcoming clinical drug candidates.
Further, nano-encapsulation facilitates the administration of
hydrophobic agents while protecting them during circulation,
lowering the undesired side effects associated with a
systemic, non-controlled distribution of the drug. Nanome-
dicines can also evade Multi Drug Resistant mechanisms
(i.e., MDR channels) and increase drug's intracellular
accumulation, improving the efficacy of the treatment.*:®’

We have used two recently characterized fluorescent
breast CSC models to identify by high throughput screening
potential therapeutic target candidates in CSCs.*® These
models express tdTomato (red fluorescence) under the
control of the CSC specific promoter, ALDH1Al. Thus,
tdTomato fluorescence is detected exclusively in the CSC
subpopulation, while differentiated cancer cells (non-CSCs)
do not express the fluorescent marker. This system allows
not only to segregate CSCs from non-CSCs subpopulations,
but also to monitor the biological performance of CSCs in
situ; before, during and after treatment.*!" Our data
revealed arachidonate 5-lipoxygenase (5-LO) gene (Alox5)
as a potential therapeutic candidate in breast CSCs.
Recently, ALOX5 was also identified as a critical regulator
of CSCs from Chronic Myeloid Leukemia (CML).'?
Moreover, we have recently demonstrated that siRNA
inhibition of Alox5 is able to downregulate the expression
of the gene in vitro and also of decreasing invasion and
malignant transformation of breast CSCs."?

Zileuton™ is a specific marketed drug inhibitor of
ALOXS, approved by the FDA as an anti-leukotriene oral
drug for the treatment of asthma.'*''> Its potential use as
anticancer drug has been recently addressed in clinical trials.
Thus, no safety issues related to oral administration of
Zileuton™ were reported in a clinical trial (Safety; phase 1)
in combination with Dasatinib (Sprycel®) (NCT02047149)
and with Imatinib Mesylate (Gleevec) (NCTO01130688)
respectively, in patients with CML. Unfortunately, additional
randomized phase-II trails to study the efficacy of oral
Zileuton™ in cancer patients in combination with Standard-
of-Care treatments have not yield positive results, so far
(Clinical.Trials.gov). Most likely, the need of an intravenous
administration, the high hydrophobicity of the drug and its
high ICsp, hamper its potential clinical use in the oncology
field. Here, we report on the anticancer and anti-metastatic
effects of new Zileuton™ -loaded polymeric micelles, using
in vivo breast CSCs models. Our data show significant
intratumoral reduction of CSCs in vivo, and also a strong
reduction of circulating cancer cells and CSCs in the blood
in these models.
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Methods
Microarray performance and validation

In total 8 RNA samples, comparing 2 technical replicates of
tdTomato positive (tdTomato™) and tdTomato negative (tdTomato ™)
samples (corresponding to CSC and non-CSC) sorted from two
different cell lines (MCF7-ALDHI1A 1:tdTomato, MDA-MB-231-
ALDHIA1:tdTomato) (details in supplementary data) were ana-
lyzed by microarray. For this, 100 ng of total RNA was labeled using
LowhputQuick Amp Labeling kit v6.5 (Agilent 5190-2305)
following manufacturer instructions. The labeled cRNA was
hybridized to the Agilent SurePrint G3 Human gene expression
8x60K microarray (ID039494) according to the manufacturer's
protocol. The arrays were scanned on an Agilent G2565CA
microarray scanner at 100% PMT and 3 pm resolution. Raw data
were taken from the Feature Extraction output files and were
corrected for background noise using the normexp method.'® To
assure comparability across samples we used quantile
normalization.'” Differential expression analysis was carried out in
noncontrol probes with an empirical Bayes approach on linear
models (limma), applying a paired test.'® Results were corrected for
multiple testing according to the False Discovery Rate (FDR)
method.'® Obtained results were confirmed by gPCR and flow
cytometry (details in supplementary data). Clinical and expression
data of ALOX5 were obtained from The Cancer Genome Atlas
(TCGA) for breast invasive cancer collection, in order to correlate
these two features. Also, expression microarray data from the same
portal were used to evaluate ALOXS overexpression with ovarian
serous cystadenocarcinoma, lung adenocarcinoma and colon
adenocarcinoma.

In vitro functional validation of free and encapsulated
Zileuton™

To validate efficacy of Zileuton™ in vitro, we performed i.)
Cell viability assay ii.) CSC resistance assay, and iii.) Cell
Transformation Assay (Anchorage-Independent Growth Assay)
(experimental details are in supplementary data).

Production and physicochemical characterization of PMs for
Zileuton™ delivery

PMs were prepared using the thin-film hydration technique
and characterized them by Dynamic Light Scattering (DLS)
(Malvern Instruments), Transmission Electron Microscopy
(TEM) and Cryo-Transmission Electron Microscopy (Cryo-
TEM) (details in supplementary data).

Furthermore; i.) Entrapment efficiency ii.) PMs stability, and
iii.) PMs internalization were evaluated (details in supplementary
data).

In vivo preclinical validation of PM-Zileuton™

Animal care was handled in accordance with the Guide for the
Care and Use of Laboratory Animals of the Vall d'Hebron
University Hospital Animal Facility, and the Animal Experi-
mentation Ethical Committee at the institution approved the
experimental procedures. All the in vivo studies were performed
by the ICTS “NANBIOSIS” of CIBER-BBN's In Vivo
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Experimental Platform of the Functional Validation &
Preclinical Research (FVPR) area (CIBBIM-Nanomedicine,
Barcelona, Spain).

Orthotopic breast cancer models

MCF-7 and MDA-MB-231 breast cancer cells were orthoto-
pically inoculated into mammary fat pad (i.m.f.p) as previously
described.®>*?' In detail, MDA-MB-231 cells and MCF-7
cells suspended with Matrigel (1:1) (BD Bioscience, Bedford,
MA, USA) were respectively implanted into the right abdominal
mammary fat pad (i.m.f.p.) of NOD-SCID mice (Supplementary
data). MCF-7 tumor bearing mice were also subcutaneously
injected with estrogen pellets (17p-Estradiol, 0.36 mg/pellet,
90 days release; Innovative Research of America, Sarasota FL,
USA). Further, 3 days before i.m.f.p. inoculation their drinking
water was supplemented with Baytril (Enrofloxacin) 0.08 mg/
mL as a preventive measure to minimize the side effects from
estradiol. Tumor growth was monitored twice a week by
conventional caliper measurements (D x d2/2, where D is the
major diameter and d the minor diameter).

Toxicity

Female athymic mice were treated intravenously (i.v.) with
1.5, 5 and 15 mg/kg (n = 5/dose) 3 times per week during
3 weeks. Body weight changes and animal welfare were
monitored along the assay. Animals were euthanized 1 h after
the last administration and blood and tissue samples collected
after gross necropsy.

Biodistribution

Ten mice were administered with a unique dose of PMs
labeled with fluorescent dye DIR at 0.8 mg DiR/kg by i.v.
administration route. Eight of these mice had i.m.f.p. MDA-MB-
231 tumors and 2 mice without tumor were also included in the
assay as a control to set the autofluorescence of the tissue. At 24,
44 and 72 h administration, tumor-accumulation and whole-
body biodistribution were measured non-invasively by DiR
fluorescence imaging (FLI) from the ventral and dorsal mouse
views, using the IVIS Spectrum (Perkin Elmer) imaging system
analyzed using Living Image® 4.5.2 software (PerkinElmer). In
addition, at 72 h post administration end time point, plasma,
tissue and tumor samples were collected, weighed and processed
for ex vivo imaging. The fluorescence signal in ex vivo images
was quantified in Radiant Efficiency units and referred to the
tissue weight following procedures previously described.®:2%+2!

Efficacy

In order to test the effects of PM-Zileuton™ in the tumor
growth and in the CSC population, orthotopic breast cancer
models were generated using freshly sorted tdTomato+ cells
(0.6 x 10° cells / mouse for the MCE-7 cell line and 0.1 x 10°
cells/animal for the MDA-MB-231 cell line). Animals were then
treated with i.v. administration of PM-Zileuton™ (15 mg/kg), 3
times per week during 3 weeks. One day (MDA-MB-231) or
7 days (MCF-7) after the last administration animals were
euthanized and blood and tumor samples were collected for the
analysis of CSC content. To measure the extent of lung
metastasis ex vivo bioluminescent imaging (BLI) was
also performed using the IVIS Spectrum after administering

150 mg/kg of luciferin to mice. Inmediately after necropsy, lung
tissues were placed individually into separate wells containing
300 pg/mL of D-luciferin, and imaged and quantified using
Living Image® 4.5.2 software.>' Determination of circulating
tumor cells in the blood stream and the content of tdTomato+
cells within the tumor was performed by flow cytometry (details
in supplementary data). For this all injected cells expressed GFP
under CMV promotor. We analyzed all alive cells (Dapi™) that
emitted green fluorescence and quantified the ones which were
also tdTomato™ as CSC.

Results:
ALOXS is a breast CSC specific therapeutic target candidate

In order to design an effective anti-cancer therapy, we
analyzed transcriptome of CSCs sorted from two different CSC
fluorescent models; MDA-MB-231-ALDHIA1:tdTomato, a
basal-like breast cancer cell line highly aggressive and chemo-
resistant, and MCF7-ALDHI1A1:tdTomato, a luminal breast
cancer cell line. Correlation-based clustering analysis of
microarray data revealed substantial disparity due to epithelial
(MCF7) and mesenchymal (MDA-MB-231) characteristics of
respective cell lines (Figure S1). Several mesenchymal markers
(e.g. VIM, CD44, SERPINEI/2, ESAM) were clearly over-
expressed in MDA-MB-231 cells and under-expressed in MCF7
cells. Contrarily, epithelial markers (e.g. CD24, KRT6B, KRTS,
KRT18, CDHI) were over-expressed in MCF7 cells and under-
represented in MDA-MB-231 cells® (Figure S1). These
pronounced differences between cell line characteristics, partly
concealed the expected differences in reported CSC markers
(e.g. KLF5, DUSP6, ITGB2, ALDHIAI, SOX9/2, NOTCH2/4,
MUC16, GRHL2) comparing CSCs with non-CSCs'
(Figure S1). Nonetheless, we identified 75 up-regulated genes
(FC > 2) and 58 down-regulated genes (FC < 0.5) in CSCs
segregated from both, MCF7 and MDA MB 231 cell lines.
Several candidates were chosen for further confirmation based
on the uniformity of these increased levels found in CSCs in all
related samples and/or their relationship with CSC biology
(Figure 1, A).

In MDA-MB-231 CSCs, we confirmed increased mRNA
expression of;, ALOX5 (Arachidonate 5-Lipoxygenase),
CMKLRI (Chemokine like receptor 1), BST2 (Bone Marrow
Stromal Cell Antigen 2), SNA/I (Snail family zinc finger 1). In
MCF7 CSCs, we confirmed increased expression of, TGFB2
(Transforming Growth Factor B 2), ALOXS, SPARC (Secreted
Protein, Acidic, Cysteine-Rich), PTPRE (Protein Tyrosine
Phosphatase, Receptor type, E), EGR4 (Early Growth Response
4), and SNAI1/2. Contrary to the microarray analysis, validation
through q-PCR did not prove any significant difference between
CSC and nonCSC regarding BST2 and LIPA in MCF7, and
EGR4, PTPRE, LIPA, TGFB2 and SNAIL2 genes in MDA-MB-
231 (Figure 1, B).

Only ALOXS was significantly overexpressed in both, MDA -
MB-231 and MCF7 CSCs. Moreover, in silico analysis of data
from 590 patients with invasive breast cancer, revealed over-
expression of ALOX5 mRNA (FC > 2) in 83.6% of total cases
(Figure 1, C). However, no significant correlation with known
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Figure 1. High-throughput microarray data from breast cancer cell lines.(A) Expression microarray analysis showing selected candidates for further validation by
qPCR. FC = fold-change. P value >0.05 shown in light red, P value <0.05 shown in light green. (B) Relative expression levels of selected candidates in CSC in
MCF-7 and MDA-MB-231 cell lines. Significant results with P value >0.05 are marked with *. Alox5 gene is upregulated in both cell lines. (C) ALOXS
expression levels for Breast Cancer, Ovarian Cancer, Lung Cancer and Colorectal Cancer according to The Cancer Genome Atlas (TCGA).(D) AloxS5 expression
in CSCs in breast cancer cell lines. In order to obtain a CSCs enriched population, cells were grown as mammospheres in low attachment conditions without
FBS. (E) Increased expression of ALOXS protein level was confirmed in MDA-MB-231 mammospheres. Significant results with P value <0.001 are marked

with ***,

clinical pathological features of the patients was found (data not
shown). Interestingly, clinical data also revealed over-expression
of ALOX5 mRNA in 80% of patients with ovarian cancer, 75%
of patients with lung cancer and in 50% of patients with
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colorectal cancer. Increased ALOX5 mRNA expression was
further confirmed in a battery of triple negative breast cancer cell
lines (TNBC), BT549, MDA-MB-231, MDA-MB-468,
HCC1086, HCC1187, comparing normal cell culture conditions
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(growing in attachment and with complete medium) with CSC
culture conditions (growing in non-attachment and in serum
depleted medium as mammospheres) (Figure 1, D). Moreover,
the increase of ALOXS protein level was confirmed in MDA-
MB-231 CSC culture (Figure 1, E). Therefore, we have further
explored ALOXS prospects as therapeutic target candidate to
develop anti-CSCs therapy. "

Significant antitumoral efficacy of Zileuton™ against CSCs
mammospheres

To validate the antitumoral effects against CSCs of inhibiting
ALOXS5 we investigated the efficacy of a selective, FDA
approved ALOXS inhibitor; Zileuton™. First, we determined the
half inhibitory concentration (ICs() of Zileuton™ in MDA-MB-
231 and MCF7 breast cancer cell lines. As expected, Zileuton™
was more effective against MCF7 than in more resistant
and aggressive MDA-MB-231 cell line. Of note ICs,
[MCF7] = 292 uM, ICso [MDA-MB-231] =461 uM
(Figure S2). After, we determined the ICs;, of Zileuton™ using
pure tdTomato™ CSCs subpopulation sorted from both cell lines.
The IC50 was determined in two different cell culture conditions.
On the one hand, in attachment conditions as normal cell culture
conditions and on the other, in low attachment conditions as
optimal conditions for CSCs culture. Interestingly, we observed
increased efficacy of Zileuton™ in CSCs from both cell lines
when CSCs were cultured in low attachment conditions; (ICsq
[MCF7] = 29.4 uM, IC5, [MDA-MB-231] = 619 uM) com-
pared to normal attachment culture (ICso [MCF7] = 499 uM,
ICso [MDA-MB-231] = 852 uM) (Figure 2, A). Of note, we
could also determine that ALOXS expression is increased when
CSCs are cultured as mammospheres (Figure 1, D, E).

Furthermore, Zileuton™ efficiently inhibited cellular growth
in soft agar (transformation assay), which is a hallmark of CSCs,
in a concentration dependent manner (Figure 2, B). Moreover, in
order to compare the effect of Zileuton™, with Paclitaxel (PTX)
and Abraxane™ (ABX), both drugs curmrently used in the
clinics,”>** we evaluated the relative abundance of CSCs before
and after treatment, respectively. However, in order to mimic
chemotherapeutic cycles in a similar way than used as standard-
of-care, CSC in vitro models were treated with Zileuton™, PTX
and ABX for 72 h, and then cells left to recover in medium
without drugs during 48 additional hours. Even though in all
cases similar efficacy was reached, the relative abundance of
tdTomato® CSCs increased significantly after PTX and ABX
treatment while remarkably, this was not observed after
Zileuton™ treatment, particularly in the resistant line, MDA-
MB-231 (Figure 2, C).

Production and physico-chemical characterization of pluronic-
F127 polymeric micelles loaded with Zileuton™

Zileuton™ is a highly hydrophobic compound that cannot be
administrated iv. to reach the required therapeutic effect.
Because of this, we encapsulated Zileuton™ in the inner core
of polymeric micelles formed by amphiphilic polymer Pluronic®
F127, by thin-film hydration technique.”**® The micelles
obtained (PM-Zileuton™) showed a mean diameter of 25 nm,
with a low polydispersity index (< 0.2) (Figure 3, A). These data

were confirmed by TEM and Cryo-TEM images, where it was
possible to observe micelles of small size in the region of 25 nm
with spherical morphology (Figure 3, B). DLS measurements
performed one and two months after the preparation of the
polymeric micelles confirmed their high stability at room
temperature, since their physico-chemical features did not
change over time (Figure S3, A). In addition, we tested the
stability of PM-Zileuton™ in bovine serum. Accordingly, no
aggregates appeared during 24 h in medium with FBS (50%)
(Figure S3, B). Further, we could also establish 0.075 pM
Zileuton™ stock as maximal encapsulatable dose, with up to
96% of encapsulation efficacy. These results were confirmed by
UPLC. Of note, it was impossible to further increase the
concentration of encapsulated Zileuton™, because at higher
concentration Zileuton™ precipitated and formed crystals during
the rehydration step.

Moreover, with the perspective to allow future clinical
studies, we also demonstrated stability and efficacy of
lyophilized PM-Zileuton™. Accordingly, no significant differ-
ences regarding size and in vitro efficacy were observed after the
lyophilization and rehydration processes (Figure 3, C).

Finally, internalization studies were also performed. Fluores-
cently tagged PMs were internalized as early as one minute after
its addition to cell culture in both cell lines (results of MCF7 cell
line not shown). After 10 min all cells have internalized the
tagged micelles and the intracellular amount of them followed to
increase afterwards, as it was perceived by a constant increase of
the fluorescence intensity (Figure 4, A). Interestingly, no
significant differences regarding PMs internalization were
observed between the subpopulations of CSCs and non-CSCs,
respectively (Figure 4, A). By confocal microscopy, we observed
lysosomal co-location of PMs tagged with 5-DTAF after 1 h and
also 24 h after intemnalization (Figure 4, B).

Strong inhibition of CSCs by PM-Zileuton™ in in vitro and in
vivo breast CSC models

Once polymeric micelles were produced and characterized, its
functional validation was assessed. First, a biodistribution study
was performed with DiR labeled PM™ in tumor bearing mice. In
vivo fluorescent imaging (FLI) clearly showed that micelles tend
to accumulate in the tumor area (mammary gland in the left
caudal area). Fluorescent signal was also observed in the
abdominal area, corresponding to the liver. Ex vivo imaging
and quantification of the fluorescent signal were performed 24
and 72 h post-injection showing the kinetics of the micelles
biodistribution and excretion (Figure 5). Data revealed that
micelles were being accumulated in the tumor with a relative
accumulation of 9.11% +/-2.68% of total FLI signal per gram of
tissue at 24 h that was kept practically invariable at 72 h post-
administration (8.21% +/— 0.83% FLI/g). Liver and spleen also
retained the micelles in levels comparable to those in the tumor.
On the other hand, fluorescent signals in plasma, kidneys, lungs
and muscle showed clearly descended between 24 and 72 h,
indicating that micelles were cleared out by these organs.

Second, in vitro and in vivo efficacy was tested. Accordingly,
the ICso of Zileuton™ was significantly decreased after its
encapsulation into PMs (ICs, [PM-Zileuton™] = 304 uM). Of
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Figure 2. In vitro cell viability and transformation capacity of breast cancer cell lines and CSCs treated with Zileuton™.(A) Cell viability (MTT) assay for MCF7
and MDA-MB-231 CSCs treated with Zileuton™. Cells were grown in normal condition (NAP: normal attachment plates) and as mammospheres (LAP: low
attachment plates). ICs corresponds to the half maximal inhibitory concentration and is indicated by a discontinuous red line. Cells without treatment represent
100% of viability. (B) Transformation capacity (anchorage independent growth) of MCF-7 and MDA-MB-231 CSCs treated with Zileuton™. (C) Content of
CSCs (tdTomato+) after treatment with Zileuton™ and ABX / PTX was quantified by flow cytometry in MCF-7 and MDA-MB-231 cell lines.
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note, unloaded polymeric micelles did not show any substantial
toxicity (Figure 6, A). Further, the transformation capacity of the
cells was significantly decreased by PM-Zileuton™ when
compared to free Zileuton™ (Figure 6, B). Moreover, because
CSCs growing as tumorspheres in low attachment are highly
resistant to common treatment (PTX, ABX), we wondered if
PM-Zileuton™ would be effective in these conditions. Remark-
ably, PM-Zileuton™ were able to reduce the viability of CSCs in
low attachment conditions, while no effect was seen for PTX and
ABX in these conditions (Figure 6, C). Moreover, we have
compared the viability of CSCs in normal growth condition or in

low attachment (mammospheres) after Zileuton™ treatment in
combination with Abraxane or Paclitaxel. Even though no
synergistic or additive effect was observed in combinatory
treatment, Zileuton™ PMs significantly compromised the
viability of MDA-MB-231 CSCs in all tested conditions (Figure
S4).

Next, to determine possible in vivo adverse side effects,
maximal feasible dose (MFD = 15 mg/kg) of PM-Zileuton™
was intravenously (i.v.) administrated into athymic mice. We did
not observe significant loss of weight of the animals or any
alterations in their overall well-being. Also, no macroscopic
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alterations were found by gross necropsy and further histological
evaluation (Figure S5).

Finally, we performed in vivo efficacy studies using
orthotopic breast cancer models. For this, CSCs sorted from
the MCF7 luminal breast cancer cell line and from the highly
aggressive MDA-MB-231 basal-like breast cancer cell line were
used. Cells were injected into mammary fat pad to ensure high
CSCs content in the growing tumors. Remarkably though, PM-
Zileuton™ significantly reduced almost by two-fold the content
of CSCc in the treated tumors compared to non-treated animals,
in both orthotopic models (Figure 7, A). CSCs decrease from
58% +/— 9% in vehicle-treated MDA-MB-231 tumors to 37.2%
+/— 4.7% in PM-Zileuton™ treated ones, and from 33.43% +/—
3.18% to 17.98% +/— 6.25% in MCEF-7 models, respectively.
CSCs reduction was convoyed with the eradication of circulating
tumor cells (CTC) after PM-Zileuton™ treatment in a metastatic
MDA-MB-231 in vivo model (Figure 7, B). No CTC was
detected in MCF7 in vivo model in any case (data not shown). As
expected, reduction of CTC in MDA-MB-231 model was

accompanied by a significant reduction of metastasis detected
by BLI (Figure 7, C). In contrast, we have not observed
differences in tumor growth comparing group of animals treated
with vehicle or PM-Zileuton™ (Figure S6).

Discussion

To identify CSC specific targets, in order to design effective
anti-CSCs treatment, we performed high throughput screening of
breast cancer CSCs. Our microarray results confirm that CSCs
derived from luminal MCF7 epithelial cell type are related to the
Epithelial to Mesenchymal Transition (EMT) phenotype as it
was previously suggested.”” We identified several EMT genes
(TGFB2, SNAI2 and SPARC) upregulated in CSCs isolated
from MCF7 cell line. Contrarily, these genes were not up-
regulated in MDA-MB-231 luminal cell line, most likely,
because of the high basal expression of EMT genes in this cell
line. In this context, overall data suggest that the EMT pathway
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Figure 6. In vitro cell viability of breast cancer cell lines treated with PM-Zileuton™.(A) Cell viability of MDA-MB-231 cell line treated with Zileuton™ and
PM-Zileuton™ and with corresponding mass of empty nanoparticles has been determined. ICs( corresponds to the half maximal inhibitory concentration and is
indicated by a discontinuous red line. Cells without treatment represent 100% of viability.(B) Cell transformation assay of MDA-MB-231 treated with
Zileuton™ and PM-Zileuton™ has been determined. (C) Cells were grown in normal condition (NAP: normal attachment plates) and as mammospheres (LAP:
low attachment plates) and treated with Zileuton™ and PM-Zileuton™, PTX or ABX. ICs, corresponds to the half maximal inhibitory concentration and is
indicated by a discontinuous red line. Cells without treatment represent 100% of viability.

may serve for effective targeting of CSCs derived from luminal
breast tumors.'??"*?® Future high throughput screening might
reveal additional CSCs target candidates, because the disparity
between the two analyzed cell lines can veil some less
pronounced differences in gene expression when comparing
CSCs versus non-CSCs. Nonetheless, we have found and
corroborated ALOXS overexpression in CSC subpopulations
from these two highly distinctive breast cancer cell lines.

It has been reported that Alox5 deficiency resulted in a
significant reduction of Leukemic Stem Cells (LSCs) in bone
marrow, and thus largely prolonged survival of CML mice.”’
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Importantly, there was no significant influence of Alox5
deficiency on normal hematopoietic stem cells (HSCs) or on
the induction of lymphoid leukemia by BCR-ABL.'? Besides,
ALOXS is largely known as an oncogene in solid tumors, e.g.
prostate cancer and pancreas cancer.>’ > On the molecular level,
the inhibition of Alox5 was linked to upregulation of the tumor
suppressor gene, Msrl, and consequent regulation of PI3K-
AKT-GSK-3p and p-Catenin pathways (19). In this study we
have further confirmed ALOXS overexpression in a large battery
of TNBC breast cancer cell lines cultured as mammospheres, in
order to mimic CSCs growth. Further, clinical data confirmed its
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Figure 7. Effects of PM-Zileuton™ on CSC and CTC in vivo.Orthotopic breast cancer models were generated using tdTomato+ MDA-MB-231 cells. A
posteriori, animals were then treated with i.v. administration of PM-Zileuton™ (15 mg/kg), 3 times per week during 3 weeks and blood and tumor samples were
collected for the analysis of CSC content. Also lung metastasis ex vivo bioluminescent imaging (BLI) was performed using the IVIS Spectrum after
administering 150 mg/kg of luciferin to mice. (A) In vivo effects of PM-Zileuton™ in CSC content in mice tumors; (B) In vivo effects of PM-Zileuton™ in CTC
and CSC in the blood stream in tumor bearing mice; (C) In vivo effects of PM-Zileuton™ in lung metastasis.

overexpression in 86% of human breast tumors even though its
overexpression was not significantly confined to any clinical
feature, or any specific cancer stage. Our data suggest a potential
role of Alox5 in CSC homeostasis in tumorigenesis.
Fortunately, Zileuton™, a specific inhibitor of ALOXS, is
approved by the FDA for treating asthma.'*'> Studies with
Zileuton™ as anti-cancer agent are undergoing. Zileuton™
(Zyflo®) is in clinical trial (phase 1) in combination with Dasatinib
(Sprycel®) (NCT02047149) and with Imatinib Mesylate (Gleevec)
(NCTO01130688), respectively, in patients with CML. Zileuton™
(Zyflo®) is also being investigated for lung cancer chemoprevention

(currently in phase 2), with the aim to prevent lung cancer in patients
with bronchial dysplasia (NCT00056004).

We have confirmed the effectiveness of its inhibition against
CSCs population in various in vitro assays. Interestingly,
Zileuton™ shows much better ICs, score in low attachment
conditions, where just CSCs can proliferate because of their
capacity to survive in non-adherent conditions, a clear feature of
stemness. Of note, ALOX5 expression is also significantly
increased during these conditions. This might suggest a potential
functional role of Alox5 in non-attached cells where its inhibition
causes greater effect in CSC than in normal adherent culture
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conditions. This further confirms the feasibility of targeting
CSCs by using Zileuton™. In agreement to this, we also
confirmed the anti-CSCs effects of Zileuton™ by using
transformation assays in soft agar, one of the hallmarks of CSCs.

Nonetheless, Zileuton™ efficacy dose is considerably
high in terms of future clinical use. Moreover, because of its
highly hydrophobicity, Zileuton™ also needs to be solubi-
lized for i.v. administration. Here, we used versatile
amphiphilic polymer, Pluronic® F127 to encapsulate Zileu-
ton™. It is an FDA approved biodegradable polymer with
known characteristics and proved advantages for synthesis of
drug delivery systems, and its usefulness has been demon-
strated previously in various drug delivery systems. 10,11,24
"> We employed a thin-film hydration technique to
synthesize polymeric micelles with Zileuton™ encapsulated
in their hydrophobic inner core. Importantly, due to their
stability and the possibility of lyophilization, PM-Zileuton™
are easily scalable for future Good Manufacturing Practice
(GMP) production in order to facilitate posterior translation
and clinical implementation.

Furthermore, we do not observe any toxicity in vivo when
using the maximal feasible dose (MFD) (15 kg/mg). This dose
was calculated based on maximal encapsulation dose and
volume that can be injected per mice. The biodistribution assay
performed with DiR labeled PM in tumor bearing mice shows
very good accumulation of PM within the tumor. On the other
hand, fluorescent signals in plasma, kidneys, lungs and muscle
clearly diminish between 24 and 72 h, indicating that micelles
are cleared out from these organs.

As expected, CSCs population is significantly decreased
in both CSCs orthotopic models after PM-Zileuton™
treatment and importantly, in the highly metastatic MDA-
MB-231cell line we observe a complete eradication of CTCs
in the blood stream. Because CTCs and particularly, the
fraction of CSCs within them are thought to be responsible
for metastatic spread, we hypothesized an effect of PM-
Zileuton™ treatment on tumor dissemination. Our data
confirms that metastatic foci from MDA-MB-231 in our
orthotopic in vivo model are significantly smaller after PM-
Zileuton™ treatment suggesting a clear potential use of PM-
Zileuton™ as anti-metastatic agent. This further suggests that
PM-Zileuton™ could show synergistic efficacy in combina-
tion with current cytotoxic treatments, which might be highly
relevant to improve current Standard-of-Care therapies. Of
note, therapies seeking for the elimination of CSCs in order
to prevent tumor growth and the appearance of metastases
have an important limitation. Eliminated CSCs are constantly
replaced by new cells with stemness phenotype by a process
of de-differentiation (so call reversion) of non-CSC in order
to ensure tumor survival and propagation after treatment. As
a result, CSCs specific treatments have just limited clinical
success, so far. We thus propose to evaluate the combination
of PM-Zileuton™ and Standard-of-Care treatments (i.e.,
Abraxane™ (Nab-PTX) nanoparticles), used in the clinical
setting. This cocktail may represent an ideal option to
abrogate tumor and metastatic growth, along with avoiding
CSC reversion.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.nan0.2019.102106.
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Supplementary information:

Supplementary information about material and methods:

Cell lines and culture conditions

Breast cancer MDA-MB-231 and MCF7 cell lines were obtained from American Type
Culture Collection (ATCC). Cells were cultured in RPMI medium (ThermoFisher
Scientific) supplemented with 10% of Fetal Bovine Serum (FBS) (Lonza), 1% of
antibiotic-antimitotic mixture, 1% of Non-Essential Amino Acids (NEAA) and 1% of
sodium pyruvate (ThermoFisher Scientific). In addition, 5 mg/ml of blasticidin

(ThermoFisher Scientific) was used for selection.

Both cell lines were also cultured in low attachment conditions, as mammospheres, in
serum-free media. This medium consisted of RPMI (1640) supplemented with 30% of
glucose (Sigma), 1% L-GlutaMAX (Sigma), 1% penicillin-streptomycin (ThermoFisher
Scientific), 100 mg/ml Heparin (Sigma), 2 g/l of Bovine Serum Albumin (BSA) (Sigma-
Aldrich), 20 ug/ml of human recombinant EGF (Sigma-Aldrich), 10 pg/ml of human
recombinant bFGF (BD Bioscience) and 10% of Hormone Mix (Glucosis, Putrescin, Apo-
transferrin, Insulin, Selen, Progesterone). Cells cultured were seeded in Ultra-Low

attachment surface plates (Corning).

Quantitative (QPCR)

The cDNA reverse transcription product was amplified with specific primers, which were
tested for specificity and efficacy (Table S1) using SYBR Green method (ThermoFisher
Scientific). B-ACTIN together with GAPDH were used as endogenous controls. Relative
normalized quantities (NRQ) of mMRNA expression were calculated by the comparative
Ct method (2e - AACt) using gBase software (353). At least three biological replicates,
each involving at least two technical replicates were involved in final results expressed
as the mean + SEM. Some of the original candidates could not be validated by QPCR
because their primers didn’t conquer the validation test. This was the case for PGC
(Progastricsin (Pepsinogen C)), HLA-DRB5 (Major Histocompatibility Complex, Class II,
DR Beta 5), IL10RA (Interleukin 10 Receptor, alpha), GRM5 (Glutamate Receptor,
metabotropic 5), TLR2 (Toll-like Receptor 2) and GATA4 (GATA binding protein 4).

72



Results

ALOXS5 protein detection by flow cytometry

ALOX5 protein expression was quantified by flow cytometry using Fortessa instrument
(BD Biosciences). Equal amount of MDA-MB-231 cells grown in the attachment or as
mammospheres was tripsinised, centrifuged (1,200 rpm, 5 min, 4°C) and fixed in 100 pl
of 2 % formaldehyde for 10 min at room temperature. The pellet was washed with PBS-
BSA. Cells were then resuspended in 75 ul of blocking solution (Human Ig 200 ug/mL
PBS) for 15 min at room temperature. 1/50 dilution of 5-LO (33) (Santa cruz
Biotechnology, sc-136195) antibody were added. 45 min after incubation at 4°C out from
light. Samples incubated only with secondary antibody were used as negative control.
For each sample, at least 10000 individual cells were collected and the mean

fluorescence intensity was evaluated.

Production and physicochemical characterization of PMs for Zileuton delivery

First, amphiphilic polymer, Pluronic® F127 was diluted in an ethanol:methanol (1:1)
mixture and Zileuton™ was added. Then, the solvent was removed under vacuum in a
rotary evaporator (bath temperature 60°C, 200 rpm). The resulting thin-film was
rehydrated with PBS and vortexed during 5 minutes at full speed. The obtained product
was filtered through a 0.22um syringe filter to sterilize the final formulation. PMs’ mean
hydrodynamic diameter and polydispersity index (Pdi) were measured by Dynamic Light
Scattering (Malvern Instruments). All samples were diluted 1:5 in PBS, pH 7.4, in order
to obtain an adequate nanoparticle concentration. Data reported from each type of
formulation are mean values, which were measured at least in triplicate.

The morphology of PMs was observed by Transmission Electron Microscopy (TEM) and
Cryo-Transmission Electron Microscopy (Cryo-TEM). For TEM, a drop of sample was
placed on a carbon 400-mesh copper grid, treated with uranil acetate and then assessed
in a JEM-1400 Electron Microscope (JEOL Ltd., Tokyo, Japan) with an applied voltage
of 120kV. For Cryo-TE, a drop of the sample was deposited onto the grid. Subsequently,
the aqueous suspension of PMs was immediately vitrified by rapid immersion in liquid
ethane. Images were obtained using a Jeol JEM 2011 cryo-electron microscope
operating at 200kV, under low-dose conditions and using different defocus degrees (500-

900 nm) in order to obtain an adequate phase contrast.
Cell viability assay: In order to analyze the cytotoxic effect of Zileuton™ we calculated

the half maximal inhibitory concentration (IC50) and viability curves. Serial dilutions of

Zileuton™ (free and encapsulated) were added to cells growing in adhesion or as
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mammospheres for 24-72h, depending on experiment requirements. A corresponding
mass of empty nanoparticles has been used as negative control in each assay. In
addition, combinatory treatment; Zileuton™ (free and encapsulated) with 0.1 pM
Paclitaxel and 0.1 uM Abraxane for MDA-MB-231 has been applied. Viable cells were
identified by using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) or
PrestoBlue (ThermoFisher Scientific), and respective absorbance acquired. At least 6

technical and 3 biological replicates were used.

Cancer stem cells resistance assay: In order to assess the therapeutic effect of
Zileuton™, Paclitaxel and Abraxane® (Nab-PTX), different amount of cells were seeded
(1.10° cells for the controls and 3.10° cells for treated ones) and left 24h to allow
adhesion. Cells were treated with the concentration corresponding to the 1Cso of the
respective drugs (500/300 pM Zileuton, 1/0.1 uM Paclitaxel and 1/0.1 uM Abraxane for
MDA-MB-231 / MCF7 cells, respectively) for 72h. Afterwards, cells were let to recover in
drug free complete medium for 48h. We evaluated the relative abundance of CSCs
before and after the treatment by flow cytometry, using Fortessa (BD Bioscience). Cell
viability and cell proliferation were controlled along the experiment in order to ensure the
equal therapeutic effect of the tested drugs. For each replicate, at least 10.000 individual

cells were collected and the mean fluorescence intensity was evaluated.

Cell Transformation Assay (Anchorage-Independent Growth Assay): Anchorage
independent growth of breast cancer cell lines was assessed by CytoSelect™ Cell
Transformation Assay Kit (Cell Biolabs). A semisolid agar media was prepared according
to the manufacturer instructions prior addition of the proper inhibitor to each well;
assessing each sample in triplicate. After 6-8 days of incubation, colonies were observed

under optical microscopy and viable transformed cells were counted using trypan blue.

Entrapment efficiency determination: PMs loading Zileuton™ were filtered through
centrifugation for 10 minutes at 12000 rpm using Nanosep 100k devices (Pall
Corporation). The amount of free drug (unloaded drug) was determined from the
obtained filtrate with a Waters Acquity Ultra Performance Liquid Chromatography
(UPLC) coupled with a Waters Xevo TQ MS triple quadrupole mass spectrometer.
Separation was achieved on an Acquity UPLC HSS C18 column (2.1 x 100 mm, 1.8 um
particle size). A gradient elution program was conducted for chromatographic separation
with mobile phase A (0.1% Formic Acid in Acetonitrile) and mobile phase B (0.1% Formic
Acid in water) as follows: 0—2 min (30% A-70% B), 2—3 min (95% A-5% B), 3.0-3.5 min
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(30% A-70% B), and 3.5—4.5 min (30% A-70% B). The flow rate was 0.300 mL/min. The
overall run time was 4.5 min. The autosampler was at room temperature. The injection
volume of sample was 5 p. The mass spectrometer was operated using an electrospray
source in positive mode. The Zileuton™ MRM transition was m/z 237—127.9. The
system control and data analysis were carried out using MassLynx software (Version

4.1) and processed using TargetLynx™ program.

PMs stability

Three independent assays regarding PM stability were performed: a) storage stability,

b) serum stability and c) post-lyophilization stability.

a) PMs were stored at room-temperature for 30 and 60 days and the size analyzed by
DLS.

b) In order to study the stability of formulations in the presence of serum and predict their
aggregation pattern in vivo, medium containing a concentration of 50% FBS to simulate
blood conditions, was prepared and incubated with the micelles. Samples were collected
at different time-points (0, 4, 6, 12 and 24 hours) and measured by DLS.

c) After production, PMs were lyophilized in a Virtis BenchTop Freeze Dryer (SP
Scientific, USA) in order to study their efficacy after this process. Briefly, PMs were
produced with 5% of mannitol as a cryoprotectant and immediately frozen in liquid
nitrogen. Then, the primary drying was set overnight at room temperature and under
vacuum conditions (40 ubar). Finally, obtained powder was rehydrated in sterile water to

obtain the PMs formulation.

Internalization Assay: To assess the internalization behavior of PMs in MDA-MB-231
cell line, a fluorescent tag (5-DTAF) was conjugated with the amphiphilic polymer as
previously reported [9,10]. Briefly, 2x10° cells / 100ul were seeded in complete RPMI
medium in 96-well plates and left to attach for 24h. Micelles were added to cells at
different time points: 1, 3, 10, 30 minutes and, 1, 4, 6 and 24 hours. Then, cells were
washed with 1x PBS, tripsinized and resuspended in PBS-FBS (10%) with DAPI (1
pg/ml), used for vital staining. Only cells alive (DAPI negative cells) were admitted for
the analysis, while cell debris or possible aggregates were removed by forward and side
scatter gating. The plate was read using the cytometer Fortessa (BD Biosciences) and
data was analyzed with FCS Express 4 Flow Research Edition software (De Novo

Software).
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Animals

Female immunodeficient athymic (Hsd:Athymic Nude-Foxn1, Envigo, Spain) and NOD-
SCID (NOD.CB17-Prkdcscid/J, Charles River Laboratories, Spain or NOD.CB-17-Prkdc
scid/Rj from Janvier Laboratories Le Genest-Saint-Isle, France) mice were kept in
pathogen-free conditions and used at 7 weeks of age. Animal care was handled in
accordance with the Guide for the Care and Use of Laboratory Animals of the Vall
d’Hebron University Hospital Animal Facility, and the Animal Experimentation Ethical
Committee at the institution approved the experimental procedures. All the in vivo studies
were performed by the ICTS “NANBIOSIS” of CIBER-BBN'’s In Vivo Experimental
Platform of the Functional Validation & Preclinical Research (FVPR) area (CIBBIM-

Nanomedicine, Barcelona, Spain).

Quantification of CSCs and CTCs present in tumor and blood samples

At the end point of in vivo experiments, tumors were excised, weighted, and divided into
several fragments for FACS analyses. Tumor tissue was digested using cocktail of
Collagenase | and DNAse 1 and homogenized to single cell suspension. In addition,
blood samples were drawn from each animal by cardiac puncture. Whole blood was
transferred directly into commercial EDTA containing tubes and processed immediately
to isolate circulating tumor cells (CTC). Briefly, blood samples were subjected to several
cycles of hemolysis using mixture of 90% of 16 M NH4Cl and 10% of 0.17 M Tris (pH
7.65) and centrifuged. White blood cell pellets and disintegrated tumor tissue were
resuspended in phosphate buffered saline (PBS; Lonza, Porrifio, Spain), supplemented
with 10% Fetal Bovine Serum (FBS). DAPI (1 ug/mL, Life Technologies) was used for
vital staining (Life Technologies). Cells were examined for tdTomato and DAPI
expression in a by flow cytometry (Fortessa, BD Biosciences,CA, USA). Data were

analyzed with FCS Express 4 Flow Research Edition software (De Novo Software,).
Statistical analysis

All data are represented as the mean value + SEM, standard error of the mean. Unpaired
Student’s t-test was used to determine p-values. Differences were regarded as

statistically significant when p-value was smaller than 0.05 (*), 0.01 (**) and 0.001 (***).

All the analyses and graphs were performed using GraphPad Prism 6 software.
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Table S1: List of primers used for gPCR

Name Sequence (5'to 3") Name Sequence (5'to 3")
ALOX5 FO1 AGAACCTGGCCAACAAGATTGT LIPA FO1 CCTCATGGGAGGAAGAACCA
ALOX5RO1 TCTGGTGGACGTGGAAGTCA LIPA RO1 CCACACGTCAAAACCAGCAT
BST2 FO1 AAGGGCTTTCAGGATGTGGA IL10RA FO1 CCTCTGGAGAAGTGGGAGAGTTC
BST2 RO1 CGCGTCCTGAAGCTTATGGT IL10RARO1 GGACAAAGGCAAAGAAGATGATG
CMKLR1 FO1 GGAGCCTGTGATTGGCAGAA HLA-DRB1FO01 GAGTACTGGAACAGCCAGAAGGA
CMKLR1 RO1 CAGCCAATCAGTCCCTGTACAC HLA-DRB1RO1 GGGCTGGGTCTTTGAAGGAT
EPHA4 FO1 ACCTGTGACCGAGGCTTTTTC PTPRE FO1 GTCAGCACCAGCGACAAGAA
EPHA4 RO1 GCGGCCACCTGTATTCTGA PTPRE RO1 TCGTCGGCGGATCTGATAC
TLR2 FO1 GATGCCTGGCCCTCTCTACA TGFB2 FO1 CGTCTCAGCAATGGAGAAGAATG
TLR2 RO1 CTGACAAGTTTCAGGCATAGAATGA TGFB2 RO1 CGCTGGGTTGGAGATGTTAAA
GATA4 FO1 CCGACACCCCAATCTCGATA SNAI2 FO1 GGCTGGCCAAACATAAGCA
GATA4 RO1 ATGCCGTTCATCTTGTGGTAGA SNAI2 RO1 GCTTCTCCCCCGTGTGAGT
GRM5 FO1 GTTTCCACAGGAGAACAGCAAAT SNAI1 FO1 ATGCCGCGCTCTTTCCT
GRM5 RO1 CAGAGGGACATCTGCATGTTGT SNAI1 RO1 GCTGGAAGGTAAACTCTGGATTAGA
GRM5 FO2 ACTCTCCAGGAAGGTATGAAATAATGA |SPARC FO1 TCGGGCCTTGCAAATACATC
GRM5 R0O2 ATTTTTAATTCTCCATTGTCCCAACT SPARC RO1 GGTGACCAGGACGTTCTTGAG
EGR4 FO1 CCTGGAGCAGGCGACTTCT GAPDH F ACCCACTCCTCCACCTTTGAC
EGR4 RO1 AGGAAGCAGGAGTCGGCTAAG GAPDH R CATACCAGGAAATGAGCTTGACAA
PGC FO1 CTCTTCCTCTGTGGCCAGTTG ACT O1F CATCCACGAAACTACCTTCAACTCC
PGC RO1 CAGCAAGCCCTTCTCCTTCA ACT O1R GAGCCGCCGATCCACAC
PGC FO2 CCCAGCAGTACATGAGTGCTCTT
PGC RO2 GGCAGATTCTGAATGCTGTTACA
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Figure S1: Sample clustering of CSC from breast cancer cell lines
(A) Correlation-based clustering of samples using 25623 probes with SD/mean > 0,5;

(B) Expression microarray analysis comparing mesenchymal, epithelial and stemness

genes expression.
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Figure S2: In vitro cell viability of breast cancer cell lines treated with Zileuton™
Cell viability (MTT) assay for MCF-7 and MDA-MB-231 “bulk” cells treated with

Zileuton™. ICso corresponds to the half maximal inhibitory concentration and is indicated

by a discontinuous red line.
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Figure S3: Stability of polymeric micelles

(A) Stability over time: DLS size distributions by intensity with Z-average and Pdl values

of micelles stored in PBS solution at room temperature during one month and two
months. (B) Stability in serum: PMs were mixed (1:1) with medium-FBS 50% and

incubated up to 24 h. All solutions were diluted 1:5, with sterile water, before each DLS

measurement. (Small peak = nanoparticles < 20nm; medium peak = nanoparticles 20-

100nm; big peak =nanoparticles>100nm).
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Figure S4: Assessment of synergic effect

Results of cell viability assay after 48h of combined treatment. MDA-MB-231 CSCs
(tdTomato+ cells) were grown in both low attachment conditions (LAP) and normal
attachment conditions (NAP). Cells without treatment represented 100% of viability. (A)
Zileuton™ (B) Zileuton™ combined with Paclitaxel; (C) Zileuton™ combined with

Abraxane. Significant results with p-value < 0.001 are marked with ***,
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Figure S5: Body weight monitoring during treatment
The graph presents the body weight variation of animals up to 19 days post-injection (tail
vain) of vehicle (PBS) and PM-Zileuton™ (15 mg/kg). Arrows in the figure are showing

the different time-points of injection.
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Figure S6: In vivo tumor growth

Orthotopic breast cancer models were generated using freshly sorted tdTomato+ cells
(0.6x 106 cells / mouse for the MCF-7 cell line and 0.1x 106 cells/animal for the MDA-
MB-231 cell line). Posteriori, animals were then treated with i.v. administration of PM-
Zileuton™ (15 mg/kg), or vehicle (PBS) 3 times per week during 3 weeks and subsequent

tumor growth has been monitored.
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Even though therapeutic strategies specifically directed against the cancer stem cells
(CSC) fraction are completely required to overcome tumor resistance and recurrence,
the unique elimination of CSC do not represent the complete cancer cure, as few
surviving CSC are able to regenerate the tumor. In this regard, combination therapies
that simultaneously target not only CSC subpopulation but also differentiated tumor cells
are needed. Importantly, there are a wide range of intracellular targets that lack small
drugs for their inhibition, the so-called undruggable targets. In this context, the
intracellular delivery of antibodies is gaining special interest in nanomedical field, since
they are able to reach a large number of molecules that currently have no available
inhibitors. In particular, previous results from our laboratory group showed the structural
maintenance of chromosomes 2 (SMC2) protein importance in tumor survival and cancer
cell malignancy, being until now an undruggable target without any chemical inhibitor
currently available for this protein. Therefore, we opted to block the cytosolic SMC2
protein through intracellular delivery of specific antibodies against SMC2 protein, anti-
SMC2 antibodies (Ab-SMC2).

In this work, we have proposed a combined therapy aiming to eliminate the entire tumor
mass, using the SMC2 protein as a target for CSC eradication, whereas Standard-of-
Care (SoC) drugs for cancer treatment will be responsible for killing bulk or differentiated
tumor cells. In particular, Ab-SMC2 have been encapsulated in the hydrophilic shell of
Pluronic® F127-based polymeric micelles (PM) in order to protect their integrity as well
as improve their cellular internalization, while SoC drugs have been entrapped into the
hydrophobic core of the resulting PM. Thus, micelles loaded with Ab-SMC2 significantly
increase their therapeutic effect in terms of cell viability and hinder the tumorspheres
formation, meanwhile neither the micelles nor Ab-SMC2 alone showed any efficacy.
Furthermore, a combinatorial effect has also been assessed by combining Ab-SMC2-
containing micelles with Paclitaxel (PTX) and 5-Fluorouracil (5-FU). Herein, strong
inhibition of tumorspheres formation, CSC-like in vitro cultures, was observed after
combined treatment compared to free SoC drugs or Ab-SMC2 treatment. Therefore, the
presented system offers the possibility of simultaneously eliminating both tumor

subpopulations, CSC and bulk tumor cells, potentially improving its performance.

Keywords: Structural maintenance of chromosomes 2 (SMC2) protein, Cancer stem
cells (CSC), Pluronic® F127-based polymeric micelles (PM), Intracellular delivery of

antibodies, Combined therapy.
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Abstract: Structural maintenance of chromosomes protein 2 (SMC2) is a central component of the
condensin complex involved in DNA supercoiling, an essential process for embryonic stem cell
survival. SMC2 over-expression has been related with tumorigenesis and cancer malignancy and
its inhibition is regarded as a potential therapeutic strategy even though no drugs are currently
available. Here, we propose to inhibit SMC2 by intracellular delivery of specific antibodies against
the SMC2 protein. This strategy aims to reduce cancer malignancy by targeting cancer stem cells
(CSC), the tumoral subpopulation responsible of tumor recurrence and metastasis. In order to prevent
degradation and improve cellular internalization, anti-SMC2 antibodies (Ab-SMC2) were delivered
by polymeric micelles (PM) based on Pluronic® F127 amphiphilic polymers. Importantly, scaffolding
the Ab-SMC2 onto nanoparticles allowed its cellular internalization and highly increased its efficacy
in terms of cytotoxicity and inhibition of tumorsphere formation in MDA-MB-231 and HCT116 breast
and colon cancer cell lines, respectively. Moreover, in the case of the HCT116 cell line G1, cell-cycle
arrest was also observed. In contrast, no effects from free Ab-SMC2 were detected in any case. Further,
combination therapy of anti-SMC2 micelles with paclitaxel (PTX) and 5-Fluorouracil (5-FU) was
also explored. For this, PTX and 5-FU were respectively loaded into an anti-SMC2 decorated PM.
The efficacy of both encapsulated drugs was higher than their free forms in both the HCT116 and
MDA-MB-231 cell lines. Remarkably, micelles loaded with Ab-SMC2 and PTX showed the highest
efficacy in terms of inhibition of tumorsphere formation in HCT116 cells. Accordingly, our data clearly
suggest an effective intracellular release of antibodies targeting SMC2 in these cell models and, further,
strong cytotoxicity against CSC, alone and in combined treatments with Standard-of-Care drugs.

Pharmaceutics 2020, 12, 185; doi:10.3390/pharmaceutics12020185 www.mdpi.com/journal/pharmaceutics
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1. Introduction

Protein therapy has emerged as a promising therapeutic alternative due to its high specificity and
reduced off-target effects [1]. Among protein-based therapies, the use of antibodies have been largely
explored and numerous treatments are currently available for a broad spectrum of clinical indications,
from transplant rejection to cancer [2]. One of the most interesting features of antibody-based therapies
is their potential to reach a wide range of targets, including those that are usually unattainable by
other strategies (i.e., undruggable targets). However, because most antibodies are unable to easily
cross the extracellular membrane, their applications are often limited to extracellular targets [3,4].
In the last years, several research groups have explored the use of antibodies against intracellular
targets. Straightforward techniques for antibody delivery, such as microinjection, electroporation and
antibody modification with cell penetration peptides (CPPs), have been tested. Unfortunately, even
though experimentally effective in vitro, they have not been efficiently translated to in vivo models
or into clinical applications [5,6]. In addition, although different nanoparticles, mainly metallic and
lipidic, have been developed for intracellular delivery of antibodies, only few of them showed efficient
intracellular delivery [7,8]. The current drawbacks are related with limited cargo for hydrophilic
substances, un-adequate endosomal escape, in vivo instability and a short half-life circulation time.
Thus, intracellular delivery of antibodies is still a considerable challenge [9,10].

On the other hand, although extensively investigated and besides constant development of new
therapies, cancer often remains as an incurable disease. Insights into cancer physiology have shown the
complexity of cancer regulatory networks in which a large variety of different cell types are involved
and largely interconnected to determine disease progression. In this regard, particular attention
should be addressed to metastatic spreading, resistance to treatment and tumor recurrence. These
features are related with the presence of a cancer cell subpopulation known as cancer stem cells (CSC).
CSC display stemness properties, such as self-renewal, quiescence and the capability to remain in an
undifferentiated state [11,12]. Besides, CSC have been shown to exhibit high expression levels of drug
efflux transporters and unregulated DNA repair machinery, conferring them drug resistance potential.
In this context, CSC have become a highly appealing target in order to improve current anti-cancer
therapies [13,14]. Although the number of new drugs with therapeutic potential against CSC is rising
and several products are already in clinical trials, there is still strong need to broaden the catalogue of
therapeutic options.

In this sense, the Structural Maintenance of Chromosomes 2 (SMC2) protein could be a good
therapeutic target candidate. SMC2 forms part of the condensin complex that has a central role in many
aspects of chromosome biology, including the segregation of sister chromatids and compaction
of chromosomes during cell division, as well as the regulation of gene expression during the
interphase [15-18]. Importantly, SMC2 protein has been mostly located at the cell cytoplasm during cell
interphase with only a minor amount remaining associated to chromatin in the nucleus. The condensin
complex is formed by five subunits and requires the initial arrangement of a SMC2/SMC#4 heterodimer.
The condensin complex is completed by the union of a subcomplex, formed by the three non-SMC
subunits (Cnd1, Cnd2 and Cnd3), to the heterodimer of SMC2/SMC4 [15-17]. Of note, SMC2 has been
found to be over-expressed in a significant number of patients with colorectal cancer, gastric cancer,
lymphoma and some types of neuroblastoma [19,20], and has been suggested as a risk biomarker in
pancreatic cancers [21]. Moreover, when SMC2 expression was knocked down it drastically reduced
tumor growth in colorectal cancer mice models [18]. This data and the central role of the condensin
complex in cell division suggested that an effective inhibition of the activity of this complex would
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prevent cancer cells from dividing. Under this premise, directing SMC2-targeted inhibitory molecules
into the cell cytoplasm should ensure SMC2 protein blockade and serve as a novel therapeutic strategy.

Hereby we propose a polymeric micelle delivery system (PM) based on amphiphilic polymers,
namely the Pluronic® F127 as a nanoplatform to cluster the antibodies directed against the SMC2
protein. Because of its small size, biocompatibility, stealth properties and amphiphilic nature, this is an
ideal system to overcome major drawbacks related to intracellular delivery of antibodies. Furthermore,
poloxamer polymers like Pluronic® F127 have shown to interfere with the function of P-glycoprotein,
being therefore helpful to further overcome drug resistance and reduce cancer recurrence [22-24].
Moreover, taking advantage of the plasticity provided by amphiphilic PM we have also explored
potential combinatorial therapeutic strategies with 5-FU and PTX, drugs commonly used in colon and
breast cancer, respectively.

2. Materials and Methods

2.1. Cell Lines and Culture Conditions

The HCT116 (ATCC® CCL-247™) colon cancer cell line, MDA-MB-231 (ATCC® HTB-26™) breast
cancer cell line and PANC-1 (ATCC® CRL-1469™) pancreas cancer cell line were obtained from
American Type Culture Collection (ATTC®, LGC Standards, Barcelona, Spain). Cells were cultured in
RPMI medium (ThermoFisher Scientific, Madrid, Spain supplemented with 10% Fetal Bovine Serum
(FBS) (ThermoFisher Scientific, Madrid, Spain), a 1% penicillin-streptomycin mixture (ThermoFisher
Scientific, Madrid, Spain), 1% L-glutamine (Lonza, Basel, Switzerland) and 1% Non-Essential Amino
Acids (NEAA) (ThermoFisher Scientific, Madrid, Spain). All cell lines were maintained at 37 °C under
a 5% CO,-saturated atmosphere. The medium was changed every two days, and upon sub-confluence,
cells were harvested from plates with 0.25% trypsin-EDTA and subcultured (ThermoFisher Scientific,
Madrid, Spain).

Cells were also cultured in low attachment conditions as tumorspheres in serum-free media and
seeded in ultra-low attachment surface plates (Corning Life Sciences, Chorges, France). The medium
for breast and pancreas sphere growth was supplemented with glucose, 60 mg/mL (Merck Life
Science S.L.U., Madrid, Spain), as well as 10 uL/mL L-Glutamax (Merck Life Science S.L.U., Madrid,
Spain), 10 uL/mL antibiotic—antimitotic mixture (Merck Life Science S.L.U., Madrid, Spain), 4 ug/mL
heparin (Merck Life Science S.L.U., Madrid, Spain), 2 mg/mL BSA (Merck Life Science S.L.U.,
Madrid, Spain), 0.02 ug/mL of human recombinant EGF (Merck Life Science S.L.U., Madrid, Spain),
0.01 pug/mL of human recombinant bFGF (ThermoFisher Scientific, Madrid, Spain) and 10% of
Hormone Mix: 10 pg/mL putrescin, 20 uM progesterone (both from Merck Life Science S.L.U., Madrid,
Spain), 0.1 mg/mL apo-transferrin, 25 pg/mL insulin and 30 uM selen (ThermoFisher Scientific,
Madrid, Spain). Tumorspheres from the HCT116 cell line were also cultured in serum-free media
supplemented with a 1% antibiotic—antimitotic mixture, 10 ng/mL of human recombinant EGF, 20 ng/mL
of human recombinant bFGF and 10 ng/mL of LIF Recombinant Human Protein (TermoFisher Scientific,
Madrid, Spain).

2.2. Phase Contrast Microscopy

The morphology and structure of adherent cells and spheres were routinely assessed by phase
contrast microscopy imaging after treatment with the distinct compounds. Images were acquired at 10x
amplification using a Nikon Eclipse TS100 (Nikon Instruments Europe BV, Amsterdam, Netherlands)
inverted microscope and further edited with Image] 1.49v software.
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2.3. Cell Transfection with siRNA

2.3.1. Gene Expression Determination

105 cells were seeded in 6-well plates and transfected with SMC2-siRNA (SI102654260, Qiagen,
Hilden, Germany) using Lipofectamine® 2000 (ThermoFisher Scientific, Madrid, Spain) according
to the manufacturer’s instructions. A nonspecific sequence was used as the control (siControl). The
culture medium was changed 6 h after transfection and cells harvested after 72 h of incubation. Samples
were further processed for RNA extraction as detailed below in Section 2.4.

2.3.2. Cell Growth Assay

After cell transfection, cells were washed in PBS and harvested by trypsin digestion following
standard procedures. Cells were counted in a Countess™ 11 (ThermoFisher Scientific, Madrid, Spain).

2.3.3. Sphere Formation Assay

SMC2 knock-down was performed following a 2-times siRNA shot strategy in order to guarantee
an efficient gene expression inhibition along the assay. Briefly, a first treatment with SMC2-siRNA
using Lipofectamine® 2000 (ThermoFisher Scientific, Madrid, Spain) was performed as described
above. After 72 h an identical SMC-siRNA shot was performed. After 6 h upon the second siRNA
transfection, cells were harvested and washed 3 times in serum free media. Then, 1000 cells were
seeded in ultra-low attachment 96-well plates, adding sphere growth media for assessing sphere
formation (as described in the cell viability assay Section 2.10.1).

2.4. RNA Extraction and Real-Time Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from cells using RNeasy Micro Kit (Qiagen, Hilden, Germany), and
the obtained RNA was reverse transcribed with a High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Madrid, Spain), according to the manufacturer’s instructions. The cDNA reverse
transcription product was amplified with specific primers for SMC2 (hSMC2 F: 5" AAT GAG CTG
CGG GCT CTA GA 3’; hSMC2 R: 5" TTG TTG CTT GTG ATA TGA GCT TTG 3'); GADPH (hGADPH
F: 5 ACC CAC TCC TCC ACC TTT GAC; hGADPH R: 5 CAT ACC AGG AAA TGA GCT TGA
CAA 3') and Actin (hActin F: 5’ CAT CCA CGA AAC TAC CTT CAA CTC C 3’; hActin R: 5GAG
CCG CCG ATC CAC AC 3') by qPCR using SYBR Green (ThermoFisher Scientific, Madrid, Spain)
to fluorescently label double stranded DNA. The reaction was performed on a 7500 Real time PCR
system (Applied Biosystems, Madrid, Spain). At least three biological replicates, each comprising
two technical replicates, were performed. Relative normalized quantities (NRQ) of mRNA expression
were calculated using the comparative Ct method (2e-AACt) with two reference genes (\GAPDH and
hActin) used as endogenous controls through Qbase™ software v3.2.

2.5. Protein Extraction and Western Blotting

Cell pellets were lysed with the Cell Lytic M reagent (Merck Life Science S.L.U., Madrid, Spain)
containing a protease inhibitor cocktail (Roche cOmplete™, Merck Life Science S.L.U., Madrid,
Spain). Proteins in the crude lysates were quantified using the Pierce™ BCA protein quantification
kit (ThermoFisher Scientific, Madrid, Spain) following the manufacturer’s instructions. A total of
20 ug of whole-cell lysates were separated by SDS-PAGE and transferred onto PVDF membranes.
Blots were probed using primary antibodies anti-SMC2 (Merck Life Science S.L.U., Madrid, Spain)
and g-Tubulin (Invitrogen, ThermoFisher Scientific, Madrid, Spain). Proteins were detected using
HRP-conjugated secondary antibodies (Dako, Palex Medical SA, Barcelona, Spain) and developed after
appropriate incubation in an Immobilion® Western reagent (Merck Life Science S.L.U., Madrid, Spain)
using an Odissey FC imaging system (LI-COR Biotechnology GmbH, Bad Homburg, Germany) for
chemiluminescence detection.

92



Results

Pharmaceutics 2020,12, 185 5 0f 20

2.6. Production of Polymeric Micelles

Pluronic® F127 was kindly provided by BASF (Ludwigshafen, Germany). PM were prepared using
the thin-film hydration technique [22]. Pluronic® F127 carboxylation was performed as previously
reported [25]. Briefly, F127 and F127:COOH polymers were individually weighed in an 8:2 (w/w)
ratio and dissolved in a mixture of methanol:ethanol (1:1) (Merck Life Science S.L.U., Madrid, Spain).
For the formation of loaded micelles, the drug, 5-FU or PTX (both from Merck Life Science S.L.U.,
Madrid, Spain) were added to the organic solution at the desired concentration. Then, the solvent was
removed under vacuum in a rotary evaporator (bath temperature 60 °C, 200 rpm), and the resulting
film left to dry overnight at room temperature to eliminate any remaining solvent. The film was then
hydrated with PBS and vortexed for 5 min at full speed. For the PM encapsulating SMC2 antibodies
(PM:SMC2), the antibody (Anti-SMC2/hCAP-E Antibody, Merck Life Science S.L.U., Madrid, Spain)
was added at the aqueous phase during the rehydration step. For PM functionalized with SMC2
antibodies (PM-CON:SMC2), an adequate amount of EDC (polymer:EDC ratio 1:1.5) (Merck Life
Science S.L.U., Madrid, Spain) was incubated with the formulation during 30 min at RT. Afterwards,
the SMC2 antibody solution was added and incubated under stirring during 2 h at RT. Samples were
freeze-dried for long-term storage using a VirTisBenchTop Freeze-Dryer (SP Scientific, Ipswich, UK)
when required.

2.7. Physicochemical Characterization of the Polymeric Micelles

2.7.1. Zeta Potential Measurements

Zeta potential was assessed by laser Doppler microelectrophoresis using a NanoZS (Malvern
Instruments, Malvern, UK) with an angle of 173°. Samples were diluted 1:5 in Milli-Q® water
(18.2 M()-cm at 25 °C) in order to obtain an adequate nanoparticle concentration. Data obtained from
each formulation were represented as mean values and measured at least in triplicate.

2.7.2. Transmission Electron Microscopy (TEM)

Particle shape and morphology were observed by TEM, using a JEM-1400 Electron Microscope
(JEOL Ltd., Croissy-sur-Seine, France) with an applied voltage of 120 kV. For that, a drop of sample
(previously diluted 1:20 in Milli-Q® water) was placed on a carbon 400-mesh copper grid, the liquid
excess removed, and the sample contrasted with uranyl acetate before visualization. Image J 1.49v
software was used to process information and determine diameter measures (n > 200) from TEM
images, while histogram plots from nanoparticles size distribution were generated by GraphPad
Prism 6. The dispersion index (d) was determined by Equation (1).

Standard Deviation (SD)/Particle Size Arithmetic Mean (1)

2.7.3. Loading/Association Efficiency Determination

The efficacy of SMC2 loading in the case of PM:SMC2 and association efficiency in the case of
PM-CON:SMC2 was assessed by BCA protein assay. Briefly, the amount of free SMC2 antibody in
the aqueous phase of the PM was separated by centrifugation with filtration (10,000 g, 10 min at
RT) using 300k membrane centrifugal devices (Nanosep® Centrifugal Devices, Pall Espaiia, Madrid,
Spain). Then, the protein level was measured from the flow using a Pierce™ BCA protein assay
kit (ThermoFisher Scientific, Madrid, Spain). The Loading/Association efficiency percentage was
determined according to Equation (2):

Total amount of SMC2 (unfiltered PM) — free SMC2 in filtrate/Total amount of SMC2

(unfiltered PM) x 100 @
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2.7.4. Fourier-Transform Infrared Spectroscopy (FTIR)

The conjugation of the SMC2 antibody at the PM surface was also confirmed by FTIR analysis.
FTIR was carried out using a spectrometer Perkin-Elmer Spectrum One (energy range: 4504000 cm™1)
equipped with a Universal Attenuated Total Reflectance Accessory (U-ATR, Perkin-Elmer, Madrid,
Spain). Prior to analysis, samples were freeze-dried using a VirTisBenchTop Freeze-Dryer (SP Scientific,
Ipswich, UK).

2.8. Micelles Internalization: Flow Cytometry and Confocal Microscopy

Cell internalization of the different formulations was assessed in HCT116 and MDA-MB-231 using
5-DTAF (Merck Life Science S.L.U., Madrid, Spain) fluorescently labeled PM [25,26].

2.8.1. Flow Cytometry

Briefly, 20,000 cells were seeded in complete RPMI medium in 96-well plates and left to attach
for 24 h. PM were added to cells (10 mg/mL) and incubated for 15, 30, 60, 180, 360 and 1440 min,
respectively. Then, cells were washed with 1x PBS, trypzinized and neutralized with PBS supplemented
with 10% FBS and 1 pg/mL DAPI (Merck Life Science S.L.U., Madrid, Spain) used for vital staining.
The plate was read in a cytometer Fortessa (BD Biosciences, Madrid, Spain) and data was analyzed
with FCS Express 4 Flow Research Edition software (De Novo Software, Los Angeles, USA, Version 4).
Three biological replicated were performed for each condition and only DAPI negative cells were
admitted for the analysis, while cell debris or possible aggregates were removed by forward and side
scatter gating. For each sample, at least 10,000 individual cells were collected, and the percentage of
fluorescent cells evaluated.

2.8.2. Confocal Microscopy

A total of 50,000 cells were seeded in complete RPMI medium in 8-well chambered coverglass
(ThermoFisher Scientific, Madrid, Spain) and incubated overnight at 37 °C and 5% CO; to allow cell
adhesion. Cells were incubated with 5-DTAF-fluorescently labelled PM (10 mg/mL) for 6 h. Lysosomes
were stained with 1 uM Lysotracker® Red DND-99 (ThermoFisher Scientific Madrid, Spain) for 30 min
at 37 °C while the cell membrane was stained with 5 ug/mL CellMask™ (Invitrogen, ThermoFisher
Scientific, Madrid, Spain) for 15 min at 37 °C. Subsequently, cells were fixed in 4% PFA (Merck Life
Science S.L.U., Madrid, Spain) at 4 °C for 20 min followed by nuclei staining with DAPI (1 ug/mL) for
5 min at RT in the dark. Cells were viewed under a Spectral Confocal Microscope MFV1000 Olympus
(Olympus Iberia, S.A.U., L'Hospitalet de Llobregat, Spain). The 561 nm excitation wavelength of the
green laser (10 mW) was used for selective detection of the red fluorochromes (Lysotracker® Red
and CellMask™). The 488 nm excitation wavelength of Argon multiline laser (40 mW) was used for
selective detection of the green fluorochrome (5-DTAF). The nuclear staining DAPI was excited at
405 nm with a violet laser (6 mW). Minimal single optical sections were collected for each fluorochrome
sequentially. Images were merged and analyzed with Image J 1.49v software.

2.9. Cell Cycle Assay by Flow Cytometry

A flow cytometric analysis of cell cycle with propidium iodide DNA staining was carried out.
Briefly, 40,000 cells of HCT116 cells and 30,000 cells of MDA-MB-231 cells were seeded in 24-well plates
and left to adhere during 24 h at 37 °C and a 5% CO,-saturated atmosphere. Then, cells were treated
and incubated with empty PM (control PM) (6 mg/mL) and PM-CON:SMC2 (5 mg/mL polymer and 32.9
ug/mL of SMC2 antibody) for 48 h. Untreated cells were used as the negative control. Afterwards, cells
were harvested, centrifuged (8000 rpm, 5 min at 4 °C) and fixed in cold 70% ethanol for 30 min at 4 °C.
After centrifugation, cells were washed two times with PBS and the cell pellets resuspended in 250 pL
of the staining solution containing 100 pug/mL of ribonuclease PureLink™ RNase A (ThermoFisher
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Scientific, Madrid, Spain) and 50 pg/mL of propidium iodide (Merck Life Science S.L.U., Madrid, Spain)
in order to ensure that only DNA, not RNA, was stained.

Cell cycle evaluation was performed using an FACS Calibur (BD Biosciences, Madrid, Spain) flow
cytometer and the resulting histograms analysed with FCS Express 4 Flow Research Edition software
(De Novo Software, Version 4). Three biological replicates were performed and at least 5000 individual
cells were collected for the analysis once debris were removed by forward and side scatter gating.
The multicycle option in autofit mode was performed in order to automatically quantify the percentage
of cells in each cell cycle phase. By this method a Gaussian curve was fitted to each phase allowing the
precise determination of the area under the curve. In addition, the G2/G1 ratio was also represented,
scoring around 2 in all the cases, in compliance with the accepted quality standards for cell-cycle assays.

2.10. Tumor Cell Viability Assays

2.10.1. Viability Assay in Adherent Cell Cultures

3000 cells of the HCT116 cell line and 5000 cells of the MDA-MB-231 cell line were seeded in 96-well
plates and incubated in overnight to allow adhesion. Then, cells were treated and incubated during
72 h with crescent concentrations of the different formulations (PM, PM:SMC2 and PM-CON:SMC2) at
5 mg/mL of polymer and 32.9 pug/mL of SMC2 antibody. To determine the cytotoxicity of free 5-FU and
free PTX (Merck Life Science S.L.U., Madrid, Spain), cells were incubated during 48 h with a range
concentration of 5-FU and PTX of 384.40 uM to 0.023 uM and 1 uM to 0.0078 uM, respectively. Complete
medium was used as negative control and 10% DMSO as positive control of toxicity. Cell viability
was measured using the 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) reagent
(Merck Life Science S.L.U., Madrid, Spain). The absorbance of each well was read on an absorbance
microplate reader ELx800 (BioTek, Colmar, France), at 590 and 630 nm for 5-FU and PTX, respectively.
The half-maximal inhibitory concentration (ICsp) was determined by nonlinear regression of the
concentration-effect curve fit using Prism 6.02 software (GraphPad Software, Inc.).

2.10.2. Tumorsphere Viability Assays

Studies were performed using ultra-low attachment surface plates (Corning Life Sciences, Chorges,
France). Cells were cultured in serum free media supplemented differently for HCT116 colon cell line
and MDA-MB-231 breast cancer cell line, as mentioned above. HCT116, MDA-MB-231 and Panc-1 cells
were transfected with siRNA anti-SMC2, as previously described. A total of 1000 cells were seeded
and cultured for 6 days in ultra-low attachment plates.

For PM and drug efficacy assays, 1000 cells from the HCT116 cell line and 2000 cells from
the MDA-MB-231 cell line were seeded in 96-well ultra-low attachment plates in serum-free media,
supplemented as described above. After overnight incubation, cells were treated with different PM
formulations (PM, PM-CON:SMC2, PM/5-FU, PM-PTX, PM-CON:SMC2/5-FU, PM-CON:SMC2/PTX)
(1 mg/mL of polymer), the free drugs (5-FU, 3.84 uM and PTX, 0.1 uM) and free SMC2 antibody
(6.58 ug/mL) for 7 days. The IC5 of the free tested drugs were also determined in low attachment
conditions. Cells were treated with serial 1:2 dilutions of 5-FU (from 768.80 uM to 0.047 uM) and PTX
(from 10 uM to 0.078 uM) for 7 days. Free serum medium was used as negative control and 10% DMSO
as positive control of toxicity. In all cases, sphere formation was monitored with a Nikon Eclipse TS100
inverted microscope (Nikon Instruments Europe BV, Amsterdam, Netherlands) and quantified by
Presto Blue® Reagent assay (ThermoFisher Scientifics, Madrid, Spain). The absorbance of each well
was read on a Multiskan™ EC Microplate Photomer (ThermoFisher Scientific, Madrid, Spain), at 570
and 620 nm, and the data were processed by GraphPad Prism 6 software.

2.11. Statistical Analysis

At least three batches of each PM were produced and characterized. The results were expressed
as the mean + standard deviation. For biological studies, at least 3 replicates, each involving at least
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two technical replicates, were involved in the final results expressed as the mean + standard deviation.
Statistical analysis was performed in GraphPad Prism 6 software using a non-parametric Dunn test for
multiple comparisons and Mann-Whitney U test for simple comparisons. Differences were regarded
as statistically significant when the p-value was smaller than 0.05.

3. Results

3.1. SMC2 Silencing Causes Strong Reduction of Tumorsphere Formation in Cancer Cells

SMC2 siRNA efficiently reduces the expression of the gene at mRNA and protein level in the three
different cell lines. Namely, colorectal cancer cell line HCT116, triple negative breast cancer cell line
MDA-MB-231 and pancreatic cancer cell line PANC-1 (Figure 1a,b and Figure Sla,b). Interestingly,
the effect of SMC2 silencing resulted in a clear decrease in cell viability in HCT116, whereas only a
trend to reduce the number of cells was observed for MDA-MB-231 (Figure 1c); no difference could be
detected in other tumor types tested as in the case of PANC-1 (Figure Slc). Importantly, when cells
were serum deprived and forced to grow in absence of cell-surface contacts, a remarkable decrease of
tumorspheres proliferation was observed in all cell lines treated with SMC2 siRNA (Figure 1d and
Figure S1d). Of note, as previously reported by our group and others [27,28], cells growing as spheres
display CSC-like features (i.e., HCT116 cell line; Figure S2).
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Figure 1. SMC2 siRNA inhibition. (a) Relative mRNA levels after SMC2 silencing for HCT116 and
MDA-MB231 cell lines (siSMC2). Fold change is represented with respect to mRNA levels obtained
from non-relevant siRN A-treated cells (siControl); (b) SMC2 and beta tubulin proteins detected by
Western blot after SMC2 silencing (siSMC2) and compared to non-relevant siRNA-treated cells C;
(c) cell viability assay for HCT116 and MDA-MB-231 adherent cells after treatment with siRNA against
SMC2 (siSMC2) and with a scrambled control siRNA (siControl); and (d) cell viability assay for HCT116
and MDA-MB-231 growing in non-adherent conditions as tumorspheres, after treatment with siRNA
against SMC2 (siSMC2) and with a scramble control siRNA (siControl). * p < 0.05, *** p < 0.001.

3.2. Physicochemical Characterization of Polymeric Micelles with Conjugated or Encapsulated SMC2
Antibodies

In order to develop a drug delivery system able to target SMC2 protein intracellularly, anti-SMC2
antibodies (Ab-SMC2) were successfully conjugated onto PM using two different approaches: (1)
encapsulation by affinity into the PM hydrophilic shell (PM:SMC2) and (2) by covalent conjugation
between the -COOH terminals of the PM and the -NH2 groups present in Ab-SMC2 (PM-CON:SMC?2).
Particles TEM analysis revealed spherical morphologies in all cases and displayed rather homogenous
populations in size (Figure 2b). The PM obtained by the first approach presented a mean diameter of
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35.99 + 0.39 nm with a dispersity index of 0.16, and a slightly negative superficial charge measured
by NanoZS (Figure 2c). The micelles produced according to the second approach presented a mean
diameter of (35.04 + 0.42 nm), a d value of 0.18 and are faintly negatively charged (Figure 2c).
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Figure 2. PM-Ab-SMC2 characterization. (a) Schematic representation of the two strategies employed
for PM synthesis loaded with anti SMC2 antibody, namely encapsulation and surface conjugation.
(b) TEM micrographs of the four distinct PM formulations. The panels above the micrographs
correspond to the size distribution of the particles obtained by TEM image analysis. Scale bar represents
200 nm. (c) Summary table of mean diameter (Md), Dispersity Index (d), Zeta Potential (ZP) and
(d) FTIR spectra, displaying the appearance of a peak at 1646 cm~! and corresponding to amide I

bond formation.
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Regarding the antibody loading/association efficiency, it was determined by the measurement of
free antibody in the micelle’s supernatant after 300 KDa filtration. PM:SMC2 presented an SMC2 loading
efficiency of 68.02% + 1.01% and PM-CON:SMC2 showed an association efficiency of 61.49% + 3.11%.
Moreover, the loading/association of Ab-SMC2 at the micelles surface were confirmed by FTIR
(Figure 2d). Regarding FTIR analysis, control PM-COOH showed a peak at 1727 cm™! corresponding
to the -C=0 stretching of the -COOH groups of the carboxylated Pluronic® F127. As expected, this
peak is absent in control PM composed only by unmodified Pluronic® F127 [25]. Ab-SMC2 showed a
peak at 1654 cm™! corresponding to the C=0 stretching vibrations of the peptide bond of the amide I
and also a peak at 1545 cm™! related to the N-H bending vibration/C-N stretching vibration of the
amide II [29].

In the case of PM:SMC2, it was possible to observe a small shift of the peak corresponding to
the amide I of Ab-SMC2 from 1654 to 1648 cm™?, possibly due to non-covalent interactions/hydrogen
bonding between the protein and the Pluronic® F127 [30]. In the case of PM-CON:SMC2, a small shift
together with an increase in the intensity of the peak of the amide I (1646 cm™1) were detected, probably
due to the conjugation of the -NH2 of Ab-SMC2 with the -COOH from carboxylated Pluronic® F127
and the formation of new bonds. A small peak shift (1726 cm™!) accompanied by a drop of intensity of
the -COOH peak also suggested a reduction of the availability of these free groups due to conjugation
with -NH2. Altogether, these results suggest a covalent conjugation of Ab-SMC2 to the surface of the
PM. In order to better confirm the peaks, PM-CON:SMC2 were produced with 100% of carboxylated
Pluronic® F127 (Figure S3). A peak at 1728 cm™!, corresponding to the -C=0 stretching of the -COOH
groups, and a peak at 1653 cm™1, corresponding to the C=0 stretching vibrations of the peptide
bond of the amide I, were observed. The lower shift of the amide I peak could be a result of the
absence of the -OH groups from the unmodified Pluronic® F127 and, consequently, lower hydrogen
bonding interactions.

3.3. In Vitro Efficacy of PM-SMC2 and PM-CON:SMC?2 in Adherent Cultures

Cell viability assays were performed in HCT116 colon and MDA-MB-231 breast cancer cells.
PM-SMC2 and PM-CON:SMC2 formulations were compared with the free SMC2 antibody and control
PM. As expected, control PM and the free antibody did not show cell cytotoxicity at the maximum
tested dose, namely 32.9 ug/mL for Ab-SMC2 and 5 mg/mL for Pluronic® 127 (Figure 3a,b). On the
other hand, the two formulations presented a significant cytotoxic effect in both cell lines at 72 h
of incubation (Figure 3b). Nonetheless, PM-CON:SMC2 displayed a slight advantage in terms of
effectiveness comparing to PM:SMC2. Thus, we decided to continue with the conjugated formulation
of Ab-SMC2.

Further, we analyzed whether PM-CON:SMC2 might also cause changes in cell morphology
and cell distribution in HCT116 and MDA-MB-231 models. Our data show a dramatic change in
cell morphology in HCT116 cells. Cells treated with PM-CON:SMC2 showed a highly stretched
shape and formed significantly less cell clusters than free Ab-SMC2 and empty PM (control PM).
For fibroblast-shaped MDA-MB-231 cultures, cells treated with PM-CON:SMC2 displayed similar
morphology and distribution than controls. Interestingly, a significant number of vacuoles were
observed in samples incubated with PM-CON:SMC2 whereas no such structures were detected with
free Ab-SMC2 and control PM (Figure 3a). These results show a biological activity of Ab-SMC2 when
administered in PM that is not observed when PM are not employed.
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Figure 3. In vitro efficacy of Ab-SMC2 in tumor cell lines. (a) Phase contrast images of HCT116 (above
panel) and MDA-MB-231 (below) after 48 h incubation with free SMC2 antibody, control PM and
PM-CON:SMC2. Red arrows point at vacuoles appeared after PM-CON:SMC2 treatment. Scale bar
correspond to 100 um; (b) cell viability representation of HCT116 (above panel) and MDA-MB-231
(below) after 72 h of incubation with anti SMC2 antibody, control PM, PM:SMC2 and PM-CON:SMC2.
The concentrations of the antibody and Pluronic® 127 were 32.9 ug/mL and 5 mg/mL, respectively.
These concentrations were also maintained in both formulations: PM:SMC2 and PM-CON:SMC2.
**p <0.01, ** p < 0.001.

3.4. PM-CON:SMC2 Micelles Show Faster Cellular Uptake than Control PM

Cellular internalization and intracellular localization assessment of PM decorated with Ab-SMC2
were carried out at several time-points by flow cytometry. Accordingly, 5-DTAF fluorescently labeled
PM-CON:SMC2 were incubated with HCT116 and MDA-MB-231 cells. Figure 4a shows that the
conjugated nanoparticle (PM-CON:SMC2) presented a faster uptake profile than PM in both cell lines.
Further, we could also observe that the MDA-MB-231 cell line exhibited faster uptake profiles than
HCT116 cells, which indicates that internalization efficiency is largely dependent on the cell type.

Fluorescently labelled PM were also employed for confocal analysis, after 6 h of incubation with
HCT116 and MDA-MB-231 cells. Acidic vesicles were labelled with Lysotracker® Red to discriminate
whether particles ended up into the lysosomes or were able to escape, at least partially, from the
endosomal compartments. For all the tested formulations, we observed yellow dots corresponding to
the merge of the green signal provided by DTAF and the red signal produced by the Lysotracker®
labelling late endosomes, lysosomes and other membrane structures with an acidic pH (Figure 4b).
These results indicate that at least part of the formulated PM was endocyted and finally processed in
the lysosomes. Nevertheless, because an effective blockage of SMC2 will require a cytosolic delivery
of Ab-SMC2, we also measured the green fluorescence intensity at the cytoplasm of the HCT116 and
MDA-MB-231 cells after their incubation with PM-CON:SMC2. For this, we used cell mask membrane
staining and DAPI nucleus labelling to define a region of interest, namely the cellular cytosol. Excluding
from the analysis bright green dots as PM accumulation within endosomal vesicles, we could detect an
increase of green fluorescence in the cell cytoplasm of cells treated with PM-CON:SMC2, suggesting
that this formulation was able to reach the cell cytoplasm (Figure 4c).
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3.5. G1/S Cell Cycle Arrest Induced by PM-CON:SMC2

Finally, to further validate these results, we performed cell cycle assays in HCT116 and
MDA-MB-231 cells treated with PM and PM-CON:SMC2. Of note, an effective targeting of intracellular
SMC2 should have an impact in the cell cycle and reduce the number of cells into G2/M phase.
As it can be observed in Figure 4d, HCT116 cells treated with PM-CON:SMC2 displayed a markedly
higher percentage of cells in G1 in comparison to untreated cells and cells incubated with PM as
controls. In addition, the percentage of cells in G2/M was also reduced in the PM-CON:SMC2-treated
samples. For MDA-MB-231 the response pattern was similar when comparing untreated and
PM-CON:SMC2-treated cells, exhibiting even higher differences regarding the decrease of G2/M
percentage. Unexpectedly, control PM also showed an impact in cell-cycle arrest at G1 in this cell line
(see Figure S3 for cell-cycle curve fitting examples).
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Figure 4. PM-CON:SMC2 uptake and intracellular fate. (a) Flow cytometry graphs displaying the
percentage of fluorescent cells after HCT116 and MDA-MB-231 cell incubation with 5 mg/mL PM,
PM:SMC2 and PM-CON:SMC2. (b) Confocal images showing either PM or PM-CON:SMC2 in green,
acidic vesicles in red and nuclei in blue for HCT116 and MDA-MB-231 cells after 6 h incubation
with 5 mg/mL PM. Scale bar represent 10 um. (c) Confocal images displaying PM-CON:SMC2 in
green, plasma membrane in red and nuclei in blue, for HCT116 and MDA-MB-231 cells after 6 h
incubation with 5 mg/mL PM. Scale bar represent 20 um. Side panels, graphical representations of

green fluorescence measures in the cytoplasm. (d) Diagrams of cell cycle assay performed for HCT116
and MDA-MB-231 cells after 48 h of incubation with 5 mg/mL PM, PM-CON:SMC2 (32.9 ug/mL of
antibody) and their respective untreated control. Percentages of cells at distinct cell cycle phases: G1,
S and G2/M are displayed. The G2/GI1 ratio is shown inside the circle. ** p <0.01.
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3.6. Strong Anti-CSC Efficacy of PM-CON:SMC2 in Comparison with Free Ab-SMC2

CSC growing under serum starvation conditions and in independent cell anchorage were employed.
Tumorsphere formation assays were performed using HCT116 and MDA-MB-231 cancer cells treated
with PM-CON:SMC2, Ab-SMC2 and control PM. As expected, free Ab-SMC2 did not produce any
cytotoxic effect in sphere formation in any of the tested cell lines. Remarkably, strong cytotoxicity was
observed when cells were treated with PM-CON:SMC2 for both cell lines, while control PM showed a
slight decrease on the capacity of cells to produce tumorspheres. Furthermore, a deeper analysis of
the structure of the tumorspheres showed that in PM-CON:SMC2 treated cells spheres shrank and
displayed looser conformations, confirming the effects of PM-CON:SMC2 over CSC. These results
suggest that SMC2 blockage is crucial in order to eliminate CSC. Moreover, these data confirm the
intracellular delivery of Ab-SMC2 through PM also in a tumorsphere model (Figure 5).
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Figure 5. PM-CON:SMC2 in vitro efficacy in CSC. Left panels, microscopy images of HCT116 (a) and
MDA-MB-231 (b) tumorspheres after treatment with Ab-SMC2 (6.58 ug/mL), control PM (1 mg/mL of
Pluronic® 127) and PM-CON:SMC?2 (6.58 ug/mL of antibody and 1 mg/mL of Pluronic® 127). Scale
bar correspond to 100 um. Right panels represent cell viability assays in HCT116 and MDA-MB-231
spheres growing for 7 days in non-adherent conditions. *** p < 0.001.

3.7. PM-CON:SMC2/5-FU and PM-CON:SMC2/PTX Combined Effect

In the clinical setting, PTX and 5-FU are often used in combined chemotherapeutic regimens against
breast and colon cancer, respectively. Because a combination of different chemo-therapeutic drugs is
commonly endured to improve clinical outcomes, we tested the cytotoxic activity of PM-CON:SMC2
loaded with either PTX or 5-FU anti-tumor drugs for combined treatments. For this, we took
advantage of the amphiphilic nature of Pluronic® 127. Thus, while Ab-SMC2 remained conjugated
onto the PM surface, we were able to encapsulate these drugs into the hydrophobic core of the
resulting PM. Interestingly, when looking respectively at the efficacy of 5-FU and PTX as free drugs in
regular cell cultures of HCT116 and MDA-MB-231 in comparison to cells growing as tumorspheres
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(non-attachment), we observed that both drugs were significantly more active against adherent cells
than against tumorspheres (Figure 6a). Tumorsphere resistance was noticeable for 5-FU in HCT116 at
concentrations up to 1 uM. In the case of MDA-MB-231, tumorspheres showed resistance to PTX at all
tested concentrations, including the highest one (10 uM) (Figure 6a, right panel). These results are in
accordance to the CSC-like phenotype associated with tumorsphere growth and more specifically to
the described drug resistance capacity of CSC.

Because eradicating CSC in tumors is becoming a great challenge for designing new treatments,
we focused in the potential synergism of delivering Ab-SMC2 together with either PTX or 5-FU against
tumor cells in non-adherent conditions. In this regard, the efficacies of 5-FU and PTX were tested at
concentrations of 48 uM of 5-FU and 1 uM of PTX in HCT116 and MDA-MB-231 cells in adherence,
respectively, during 48 h of incubation with either the free drugs or the drugs encapsulated in PM
(PM/5-FU or PM/PTX). In both cell lines, PM-CON:SMC2 did not show cytotoxic activity at 48 h.

Despite drug efficacy that was observed, no significant differences were detected between free
and encapsulated drugs, with or without Ab-SMC2 in both cell lines cultured in adherent conditions.
On the other hand, when treatments were applied against tumorsphere formation, remarkable cytotoxic
activity was detected with PM-CON:SMC2 in both cell lines. Interestingly, significant stronger activities
were also detected for 5-FU and PTX when encapsulated alone or in combination with SMC2, compared
to free drugs (Figure 6¢). In fact, no efficacy was detected for PTX in MDA-MB-231 (Figure 6c, right
panel). These results indicate that encapsulation of 5-FU and PTX into PM improves their performance,
in particular when added to CSC-like cells. Of note, the combination of a classical chemotherapeutic
agent with Ab-SMC2 was non-deleterious for both encapsulated 5-FU and PTX formulations offering
the possibility of eliminating both subpopulations simultaneously, CSC and “bulk” or differentiated

cancer cells.
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Figure 6. PM-Ab-SMC2/Drug combination. (a) Cell viability curves of HCT116 and MDA-MB-231 cells
cultured in adherent culture or as tumorspheres after the incubation of increasing concentrations of
5-FU for HCT116 (from 0.023 uM to 384.40 uM for adherent conditions and from 0.047 uM to 768.86 uM
for low-attachment conditions) and PTX for MDA-MB-231 cells (from 0.0078 uM to 1 uM for adherent
growing cells and from 0.078 uM to 10 uM for tumorspheres). (b) Efficacy on adherent cells of the free
drug (48 uM of 5-FU and 1 uM of PTX), encapsulated drug into PM (0.625 mg/mL for HCT116 and 5
mg/mL for MDA-MB-231 of polymer) and encapsulated drug into PM-CON:SMC2 (4.11 pg/mL for
HCT116 and 32.9 ug/mL for MDA-MB-231 of Ab-SMC2). (c) Left panels, microscopy images of HCT116
and MDA-MB-231 spheres after treatment with the free drug (3.84 uM of 5-FU and 0.1 uM of PTX),
PM/Drug (1 mg/mL of polymer) and PM-CON:SMC2/Drug (6.58 ug/mL of anti SMC2 antibody). Scale
bar correspond to 100 um. Right panels, sphere formation assay of HCT116 and MDA-MB-231 cells after
treatment with the free drug, PM/Drug and PM-CON:SMC2/Drug. * p < 0.05, ** p < 0.01, *** p < 0.001.

4. Discussion

SMC2 forms part of the condensin I and II complexes, thus being a crucial player in several cellular
biological processes related to mitotic and meiotic chromosome condensation and rigidity, interphase
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ribosomal DNA compactation, as well as removal of cohesion during mitosis and meiosis [15-17].
Moreover, SMC2 overexpression and mutations in some of the condensing subunits had been reported
in cancer genomes, suggesting that functional alterations affecting condensin complexes are common
in tumorigenesis [19,20]. Given the essential role of SMC2 in the survival of embryonic stem cells,
it is reasonable to speculate that SMC2 could play an important function also in the homeostasis of
tumoral CSC. This is a relevant issue since finding an efficient target against this subpopulation is of
major importance in order to avoid cancer resistance and tumor recurrence [11,13]. Ideally, a therapy
should be able to eradicate not only the primary tumor but also CSC that often survive after most
conventional treatments. In order to investigate CSC response to new therapeutic strategies, several
methods have been described to generate CSC models in vitro [31]. A simple and rapid approach
is based on culturing tumor cell lines in non-adherent conditions, exploiting CSC ability to form
pseudo-spherical colonies. This method was firstly reported in 1992 by Reynolds and colleagues [32]
and lately improved by Tatianna Herheliuk et al., in 2019 [33], among others.

Aiming to validate SMC2 as a CSC target, SMC2 was silenced in different cancer cell lines (HT116,
MDA-MB-231 and PANC-1, from colorectal, breast and pancreatic origin) using RNA interference
technology. Its effect was assessed in terms of cell viability and colony formation impairment.
As predicted, the silencing of SMC2 was able to reduce cell viability in adherent conditions and the
formation of spheres for HCT116 cells in non-adherent cultures. In the case of MDA-MB-231 and PANC-1
the effect of SMC2 silencing was only observed in low attachment conditions. This result revealed
that SMC2 could be an important target within stem cell subpopulations (Figure 1 and Figure S1).
After SMC2 validation as a promising target, different therapeutic silencing strategies were considered.
SMC2 silencing by siRNA arose as the most straightforward approach since a previous report by our
group showed effective in vivo tumor growth inhibition after ex vivo silencing of the SMC2 gene in
tumor cells [18]. However, unforeseen challenges related with siRNA stability and the need to reach
high doses to render biological efficacy after i.v. administration, prompted us to choose an alternative
strategy [34]. Thus, we attempted to block SMC2 activity by specific interaction with an antibody against
the protein. In order to protect the antibody integrity and improve its intracellular delivery, Ab-SMC2
was conjugated with Pluronic® F127-based PM. The use of nanocarriers allows (i) the systemic delivery
of high amount of Ab, (ii) to decrease off-target related toxicity in other organs, (iii) to protect the cargo
from enzymatic degradation, and (iv) the sustained release of the Ab alone or in combination with
other chemo-therapeutic compounds [9]. In the last years, several formulations have been developed
for the intracellular release of antibodies. One of them consists of cationic lipid-based carriers, which
are also employed for siRNA delivery, as proven by Courtete et al. (2007) [35]. Nonetheless, even
though some of these formulations are reaching clinical trials, strong concerns about their reported
toxicity are delaying its entrance into the clinical practice. Moreover, inorganic and viral carriers
have also been developed but with the same toxicity and immunogenicity concerns that reduce their
clinical expectations. Some polymeric-based nanoparticles also has been developed for intracellular
delivery such as the polymersomes described by Canton et al. (2013) and Tian et al. (2014) [36,37], or the
self-assembling pyridylthiourea modified polyethylenimine nanoparticles designed by Postupalenko et
al. (2014) [8]. Although great efforts have been invested until today, the proposed formulations still
present important limitations, such as (i) difficult and expensive production methods, (ii) high mean
diameter and immunogenicity issues, (iii) lack of endosomal escape capacity, and (iv) toxicity, among
others [9]. In this regard, the proposed delivery system solves some of these drawbacks. Accordingly,
they are biocompatible and non-immunogenic, present a small size, and can be produced in compliance
to a simple and easily scalable production method. In previous studies, we have demonstrated that
these PM can be repeatedly administered in vivo without causing toxicities and can accumulate into
tumors upon i.v. administration [38]. Furthermore, our PM were previously used to efficiently conjugate
Cetuximab, showing an effective active targeting against the epidermal growth factor receptor (EGFR)
in overexpressing breast cancer cells [25].
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In the present work, we focused into the intracellular delivery of Ab-SMC2 to silence the activity
of SMC2 in CSC. For that, Ab-SMC2 was conjugated to PM through two different approaches. The first
one consisted in the encapsulation of the antibody into the micelles hydrophilic shield (PM:SMC2).
The second one was based on the covalent bonding of the amine groups of the antibody with the
carboxylic terminals of the modified polymer (PM-CON:SMC2). As expected, the formulations
with Ab-SMC2 presented larger mean diameter. The conjugation was also confirmed by the FTIR
where was possible to see the appearance of a peak at 1646 cm™! (Figure 2 and Figure S3). Since the
two encapsulation techniques presented adequate physicochemical features and similar association
efficiency, both formulations were tested for cell toxicity in HCT116 and MDA-MB-231 colon and
breast cancer cells, to evaluate whether the level of exposure to Ab-SMC2 might affect its in vitro
efficacy. As expected, control PM and free antibody did not show cell toxicity in any tested cell lines.
However, when conjugated, Ab-SMC2 showed higher efficacy in terms of cell toxicity and impairment
of colony formation, suggesting specific positive activity against CSC. In addition, the way Ab-SMC2
was loaded into the PM might affect the efficacy of the formulation, since a slight higher effect was
displayed by cells treated with PM-CON:SMC2 in comparison with the ones treated with PM:SMC2 in
both tested cell lines (Figure 3). These results and the fact that the covalent conjugation of Ab-SMC2
would be more stable and controlled, made us select PM-CON:SMC2 for further studies. Moreover,
the differential effect observed between free antibody and the one conjugated onto PM was clear when
analyzing the morphology of treated cells. Thus, it was possible to detect strong morphologic changes
in HCT116 cells and the formation of vacuoles in MDA-MB-231 after treatment with PM-CON:SMC2.
In contrast, no changes were detected when cells were treated with free antibody or non-conjugated
PM. These data indicate that PM-CON:SMC2 were exerting a specific cytotoxic action visibly affecting
cellular structures. This was also in accordance with the results seen in the viability assays.

Additionally, in terms of internalization, PM-CON:SMC2 demonstrated to have a faster uptake
when compared with the control PM, probably due to its more negatively charged particle surface and
Van der Waals interactions between the functional groups of the particle and the cellular membrane.
Confocal microscopy images revealed the co-localization of fluorescently labeled PM with endocytic
vesicles, suggesting that PM formulations could enter into the cells via endocytosis, at least partially.
Other cellular entry routes cannot be discarded, nonetheless. One of the most critical steps regarding
the intracellular delivery of antibodies is the need of their endosomal escape. The antibody must be
released to the cytosol before reaching the lysosomes, otherwise it might be degraded inside these
vehicles. By analyzing the levels of green fluorescence in the whole cytoplasm, it was possible to
conclude that a substantial part of Ab-SMC2 PM was able to escape the endosomes and reach the
cytoplasm, where the Ab-SMC2 exert its activity. Importantly, these results strongly support the in vitro
efficacy outcomes in terms of cell toxicity and colony formation. In order to confirm the biological
action of PM-CON:SMC2 inhibiting the SMC2 protein, a cell-cycle assay was performed. Of note, the
condensin complex is mostly found in the cell cytoplasm in interphase while during mitosis is found
associated to chromatin. Therefore, in order to effectively block SMC2 dimerization and the activity
of the condensin complex, the antibody must reach the cell cytosol. Our results demonstrate that at
least in the case of HCT116 cells a significant arrest of cell cycle in G1 was driven by the incubation
with PM-CON:SMC2, reinforcing our previous results showing a decrease in cell viability. These
also suggest the capacity of our system to deliver the antibody to the cell cytoplasm. This pattern,
however, was not clear for MDA-MB-231 cells. The effect of the SMC2 inhibition in adherent cultures
was restricted to the CSC-like subpopulation in this cell line (Figure 1).

Finally, we further investigated the potential use of PM-CON:SMC2 as adjuvant treatment
with Standard-of-Care (SoC) drugs. 5-FU and PTX are the SoC therapy for colon and breast cancer,
respectively. Therefore, 5-FU and PTX were loaded into the hydrophobic core of PM-CON:SMC2. In a
previous study, we showed that Zileuton™, a drug with reported efficacy in breast CSC, presented
higher efficacy when encapsulated in similar micelles than its free form [38]. In agreement with this,
both 5-FU and PTX also presented higher efficacy in terms of inhibition of colony formation when
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encapsulated into PM-CON:SMC2. Interestingly, both 5-FU and PTX showed increased efficacy when
encapsulated into PM, particularly regarding tumorsphere formation. This was remarkable in the case
of the MDA-MB-231 cell line, known for its high resistance to most treatments. In this case, no efficacy
was detected with free PTX (Figure 6c). Although, we could not detect a clear additive efficacy when
treating cells with PM-CON:SMC2 loaded with the respective chemotherapeutic drugs, a significant
effect was observed in CSC-like in vitro models in comparison with SoC. Our results suggest that the
combination of drugs and Ab-SMC2 delivery might cooperate in the eradication not only of bulk tumor
cells but also of cells with stemness properties.

5. Conclusions

SMC2 block emerges as a promise strategy to complement the current therapies based on
chemotherapeutic drugs, intending not only to attack bulk tumor cells but also the remaining CSC. The
intracellular delivery of antibodies is still considered a challenge; thus, the discovery of a delivery system
with this capacity is of major importance. When conjugated with PM, the Ab-SMC2 is able to reach the
cytoplasm, block SMC2 action and obtain a significant impairment in the viability of CSC enriched
cultures from colon and breast origin. Moreover, PM were adapted for the combinatory delivery of
conventional chemotherapeutic agents and potentially improved their performance. Altogether, the
present results suggest that the proposed nanosystem gathers ideal features to ensure the intracellular
delivery of Ab-SMC2 into cancer cells. More importantly, it is possible to conclude that by combining
PM, drugs and Ab-SMC2, we can make an important contribution, not only to the treatment of the
primary tumor, but also in the eradication of the CSC population responsible for tumor recurrence and
the metastatic spread of the disease.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/2/185/s1,
Figure S1. SMC2 therapeutic target validation, Figure 52. Stemness gene expression of HCT116 growing in
adherent cell cultures or as tumorspheres, Figure S3. FTIR spectra for PM-CON:SMC2 at 100% —COOH, Figure S4.
Examples Cell cycle curves fitting.
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Figure S1. SMC2 therapeutic target validation. a) Relative mRNA levels after SMC2 silencing for PANC-1

pancreatic cancer cell line (siSMC2). Fold change was represented with respect to mRNA levels obtained

from non-specific siRNA sequence treated cells (siControl); b) SMC2 and beta-tubulin proteins detected by

western blot after SMC2 silencing compared to siControl treated cells (C); c) Cell viability assay for PANC-1

adherent cells after treatment with siSMC2 and siControl; d) Relative cell number percentage for PANC-1

cells growing in non-adherent conditions treated with siSMC2 and siControl.
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Figure S2. Stemness gene expression of HCT116 cell line growing in adherent cell culture or as
tumorspheres (non-attachment). Fold change in gene expression for cells growing as tumorspheres (red bars)
are represented with respect to mRNA levels obtained for adherent cells (blue bars). Stemness genes in colon

cancer: ALDH1A1, CXCR4 and Nanog were analyzed using GAPDH and B-Actin as housekeeping references.
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Figure S4: Representative cell cycle analysis of HCT116 colon cell line (a) and MDA-MB-231 breast cell line

(b). Plots of cell cycle fitting curves distribution. Below, quantification of the percentage of cells at distinct cell
cycle phases: G1, S and G2/M. G2/Gl1 ratio was also determined.
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Discussion

Cancer treatment still represents a clinical challenge with almost ten million deaths per
year, being tumor resistance and recurrence two of the main causes of therapeutic
failure. Patients suffering from resistant tumors are insensitive to available treatments,
and most of them develop distant metastases over time, accounting for more than 90%
of cancer-related deaths (15, 118, 354). A broad body of evidence places CSC as the
main responsible for this progressive gain of chemo-resistance and the high aggressivity
of the recurrent tumors. Taking this into consideration it is of utmost importance the
complete eradication of CSC reservoirs to increase the success of the current therapies.
In this context, the interest in CSC has been increasing in the last years, which originates

an increase in the design of new therapies to specifically target this subpopulation.

Fortunately, the development and clinical implementation of different nanotechnology-
based therapies have emerged as promising options to achieve more efficient and safer
therapeutic strategies for a wide range of indication, especially focusing on cancer
disease. In fact, oncology is one of the sectors that has benefited the most from the
nanotechnology revolution, being the first covered therapeutic indication and
representing around 37% of the global nanopharmaceutical market (221). In this regard,
nano-DDS offer the possibility of converting low-profile therapeutic agents into future
clinical drug candidates, thus increasing the therapeutic index of anti-cancer drugs.
Among the different materials under investigation, lipids, polymers and proteins stand
out, all of them seeking biocompatibility and biodegradability as the main objective in
order to generate safe nanocarriers for their implementation in clinical practice.
Specifically, PM have been successfully used for their multiple advantages, including: i)
versatility to deliver a wide variety of payloads; ii) increased encapsulation capacity and
cargo solubility; iii) precise control of physicochemical properties; iv) easy surface
modification; v) enhanced cargo bioavailability; and vi) suitable biodistribution patterns,
among others (293, 355). All these benefits have allowed the clinical implementation of

PM-based nanosystems such as Genexol-PM® and Nanoxel® M (298).
Based on this background, our research group has developed efficient anti-CSC

therapeutic strategies mainly focused on the inhibition of specific targets essential for
CSC survival by using PM-based nano-DDS, namely Pluronic® F127-based PM.
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1. CSC-specific therapeutic target candidates: study and target selection for

the design of new nanomedicines against the CSC compartment

Owing to their unique characteristics and dynamic phenotype, CSC are insensitive to
conventional therapies while maintaining metastatic spread and tumor relapse. In fact,
tumor resistance and recurrence are the main challenge in clinical practice, with CSC
being a key factor when improving current anti-cancer treatments (126, 356, 357). Lately,
there has been an increase in the number of therapeutic approaches specifically
targeting CSC-related pathways, being most of them in preclinical phases and a small
percentage in clinical trials (99, 127, 147). However, there are still important handicaps
related to the specificity of the recently developed anti-CSC products. Therefore, a
proper target selection is of major importance to guarantee the specific target of CSC

without damage the somatic stem cells or normal cells.

In this regard, high-throughput screening techniques have proven to be reliable
approaches to find new therapeutic targets to design effective and specific treatments
against CSC. For example, in the present work the transcriptome of CSC and non-CSC
from two BC cell lines: i) MDA-MB-231, a basal-like BC cell line highly aggressive and
chemo-resistant; and ii) MCF7, a luminal BC cell line, was analyzed and compared
(Article 1, Figure 1A). Due to their differential nature and phenotype, the correlation-
based clustering analysis of microarray data showed substantial disparity between both
analyzed BC cell lines (Article 1, Figure S1). Nonetheless, using the microarray results
as a cribbage step and further validation through quantitative polymerase chain reaction
(g-PCR) of preselected candidates, Alox5 was the only gene significantly overexpressed
in CSC subpopulations of these highly distinct BC cell lines (Article 1, Figure 1A and
1B). ALOX5 is an oxidative enzyme with a non-heme iron atom in its active site, which
in humans is encoded by the Alox5 gene, a member of lipoxygenase gene family (358).
It is involved in the regulation of inflammatory responses, degrading essential fatty acids
into leukotrienes (LT), pro-inflammatory mediators implicated in many human chronic
inflammatory diseases such as asthma, allergic diseases, as well as cancer (359, 360).
In this sense, ALOX5 has a crucial role in cancer development, particularly in CSC
malignancy, of several cancer types (361-364). Furthermore, clinical data from The
Cancer Genome Atlas (TCGA) confirmed overexpression (FC > 2) of ALOX5 mRNA in
83.6% of invasive breast cancer patients, 80.5% of patients with ovarian cancer, 75% of
patients with lung cancer and 50.3% of patients with colorectal cancer (Article 1, Figure
1C). On the molecular level, Chen Y, et al. (2011) described a non-canonical pathway

regulated by ALOX5 which may explain its involvement in cancer development (365).
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Thus, Alox5 inhibition leads to the upregulation of the tumor suppressor gene,
macrophage scavenger receptor 1 (Msr1) and, consequently, to the inhibition of PI3K-
AKT-GSK-3B and B-Catenin pathways, both of them crucial signaling routes related to
BC development, as well as CSC malignancy and proliferation (366-368). Moreover, in
a similar screening, Alox5 gene has been identified as a critical regulator of leukemia
stem cells (LSC) in chronic myeloid leukemia (CML), since ALOX5 enzyme deficiency
resulted in a significant reduction of LSC in bone marrow and prevents the induction of
CML in mice (361, 369, 370). Importantly, no significant influence of ALOX5 deficiency
was observed on normal hematopoietic stem cells (HSC), providing the opportunity to
only harm CSC without being toxic to somatic stem cells and, therefore, being a selective
target for the CSC compartment (361, 370).

On the other side, previous studies by our laboratory group showed a strong inhibition
of tumor growth in colorectal cancer mouse models when SMC2 expression was
knocked down through ex vivo silencing of the SMC2 gene in tumor cells (371). In
particular, SMC2 protein is a central component of the condensin | and Il complexes
which has a key role in many aspects of chromosome biology, including the regulation
of gene expression during interphase, chromosomes condensation, and segregation of
sister chromatids during cell division (372-374). Condensins are pentameric complexes
that requires the initial arrangement of the core SMC2/SMC4 (hCAP-E/hCAP-C)
heterodimer, and is completed by the union of three non-SMC subunits (Cnd1, Cnd2 and
Cnd3) (375). Importantly, dysfunction or mutations in some human condensin subunits
can cause defects in chromosome condensation and segregation, leading to
chromosomal instability that has been reported in some cancer genomes (376). Indeed,
SMC2 overexpression has been related to tumorigenesis and cancer malignancy, with
SMC2 being involved in a significant number of patients with colorectal cancer,
pancreatic cancer, gastric cancer, breast cancer, lymphoma and some types of
neuroblastoma (371, 376-378). Furthermore, given its crucial function in embryonic stem
cell survival, the SMC2 protein is likely to play an important role in tumor CSC
homeostasis. Therefore, the blockage of SMC2 dimerization, as well as its condensin
complex activity, has emerged as a promising strategy, where SMC2 could be a potential

therapeutic target.

Aiming to validate ALOX5 and SMC2 as suitable CSC-specific targets and investigate
their response to new therapeutic strategies, CSC subpopulation was isolated using an
in vitro fluorescent model based on the tdTomato expression under the control of CSC-

specific promoter, ALDH1A1 (351). In addition, their behavior was also assessed by
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culturing tumor cells under stressful conditions, such as in low adherence and serum
deprivation, where only CSC have the ability to survive forming spherical colonies or
tumorspheres (379, 380). Of note, cells growing in these conditions display CSC-like
features, which serve as a CSC in vitro growth model (Article 2, Figure S2) (351, 381).
In this sense, reinforcing the idea that ALOX5 is specific for CSC subpopulation, its
overexpression in mammospheres was confirmed in comparison with normal cancer
cells at mRNA and protein expression levels (Article 1, Figure 1D and Figure 1E).
Noteworthy, Alox5 overexpression was also corroborated in CSC from a battery of TNBC
cell lines (Article 1, Figure 1D). This result is highly relevant since TNBC is the BC
subtype with the worst prognosis, and the only subgroup that currently lacks targeted
therapeutic options. Consequently, its treatment is based on ineffective chemotherapies
that cause recurrence and, finally, aggressive and lethal metastasis (151). Taking all this
into account, we have focused on the design of an anti-CSC strategy based on the
inhibition of ALOX5. One of the used strategies consisted in the ALOXS5 inhibition by
gene silencing using small interfering RNA (siRNA) delivered by PEI-siRNA-Pluronic®
nanosystems (309). This study demonstrated that Alox5 silencing caused a significant
reduction in the invasion and colony formation capabilities of CSC subpopulation isolated
from the MDA-MB-231 TNBC cell line (Article 3, Figure 5D-F). Being the invasive
potential and cell neoplastic transformation two key hallmarks of the CSC aggressive
behavior, the importance of ALOXS involvement in CSC survival and its potential as a
CSC-specific therapeutic target candidate, was again corroborated. The same siRNA
technology was used to validate SMC2 as a suitable CSC-specific target. SMC2
silencing caused a reduction in cell viability and a significant impairment in colony
formation in different tested cell lines. While the reduction of cell viability was only
relevant in the case of HCT116 CRC cell line, the inhibition of colony formation was
remarkable in all tested cell lines, namely HCT116 CRC cell line, MDA-MB-231 TNBC
cell line, and PANC-1 pancreatic cancer cell line (Article 2, Figure 1C, Figure 1D and
Figure S1). All these data, together with its central role in cell division, showed that an
effective inhibition of the condensin complex activity would prevent cancer cells

proliferation, especially in the CSC fraction.
In conclusion, both ALOX5 enzyme and SMC2 protein have demonstrated to meet the

essential requirements to become promising CSC-specific therapeutic candidates for the

development of novel and more efficient anti-CSC nanomedicines.
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2. Different proposed strategies: specific inhibitors selection

Nowadays, there is a wide range of therapeutic options to inhibit specific molecules,
block cancer-related proteins, or signaling networks involved in tumor incitation and
proliferation. Regarding cancer treatment, small-molecule drugs, antibody-based
therapeutics, and gene therapy are among the most common strategies. Their strengths

and drawbacks are listed in Table 4.

Table 4: Different inhibition strategies: summary of advantages and drawbacks of different
therapeutic approaches for cancer treatment.

Small-molecule drugs Antibody-based therapeutics Gene therapy
Advantages Drawbacks Advantages Drawbacks Advantages Drawbacks
Difficult i.v. Ability to reach . Ability to reach .
Low-cost s . High-cost High-cost
. administration undruggable X undruggable X
production (Hydrophobic targets production targets production
drugs)
Systemic
Low MW toxicity and High specificity | In vivo instability | High specificity Low stability
undesired side
effects
CArg!:theOH Not all targets Reduced off- Immunogenicity Reduced off- Easy
membranes are druggable target effects related toxicity target effects degradation

High
interaction Enzymatic Useful for any Loss of activity
High stability surfaces with degradation type of in vivo
targeted mutation
protein
. Insufficient
Poor intracellular transfection
penetration i
efficiency

MW: molecular weight; i.v.: intravenous.

In this project, two different inhibitory strategies have been presented: i) pharmacological
approach, and ii) biotherapeutic approach; both designed to eradicate CSC by

specifically targeting key molecular pathways involved in CSC survival and proliferation.

For the pharmacological strategy, Zileuton™ has been selected as a specific iron-
chelator ALOXS5 inhibitor for being the only FDA-approved drug among several ALOX5
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inhibitors that has already reached the market as an oral anti-leukotriene drug for the
treatment of asthma (382-384). Furthermore, the potential use of Zileuton™ as an anti-
cancer drug is currently undergoing clinical trials. Specifically, Zileuton™ (Zyflo®) is in
phase | in combination with Imatinib Mesylate (Gleevec®) (NCT01130688) for first-line
therapy in patients with CML, since LSC are not eradicated by Imatinib alone (370). In
addition, no safety issues have been reported in phase | clinical trials of Zileuton™
(Zyflo®) in combination with Dasatinib (Sprycel®) (NCT02047149) in CML patients, also
being in phase Il clinical trials aiming to prevent lung cancer in patients with bronchial
dysplasia (NCT00056004). Importantly, positive effects for cancer treatment of drugs
previously approved for other indications have already been reported, thus facilitating
their regulatory process. In fact, Corsello, et al. (2020) have tested the antitumor activity
of 4518 non-oncology drugs in 578 human cancer cell lines. An unexpected number of
drugs selectively inhibited subsets of cancer cell lines, finding that provides an excellent
starting point for developing new oncological therapeutics based on drug repurpose and,
eventually, enabling their clinical translation (385). In this regard, studies performed in
our laboratory have demonstrated the potential of Niclosamide (NCS) in eradicating the
CSC subpopulation (341). NCS is an FDA / EMA approved anti-helminthic drug that has
shown anti-cancer activity by inhibiting crucial pathways related to proliferation, invasion,

and migration, including the Wnt / B-catenin pathway (386, 387).

Nonetheless, Zileuton™ efficacy dose is considerably high regarding future clinical use
in the oncology field, as it was designed to reduce the specific inflammation produced by
asthma and not to cause cell death (Article 1, Figure S2). Additionally, its high
hydrophobicity hinders its intravenous (i.v.) administration in vivo, requiring its

solubilization. Thus, the use of nano-DDS for Zileuton™ delivery was assessed.

On the other side, although the SMC2 inhibition has been validated as a potential
therapeutic strategy against CSC, no drugs are currently available for SMC2 protein,
being considered an undruggable target. In this sense, different inhibitory therapeutic
strategies were evaluated. Initially, SMC2 silencing by siRNA emerged as a possible
option due to the positive results previously obtained by our laboratory group (371).
However, the limitations associated with the low siRNA stability and its loss of activity in
vivo after i.v. administration, led us to select an alternative strategy (388). Thus, we opted
to block the SMC2 activity through the specific interaction with antibodies against the
intracellular protein SMC2. Of note, one of the main advantages of using antibody-based
therapies is their high potential to inhibit a wide range of targets, including those that

remain unattainable by other strategies, such as SMC2. However, the condensin
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complex is mostly located in the cell cytoplasm during interphase with only a minor
amount remains associated to the chromatin in the nucleus, being apparently
inaccessible to antibodies since they are unable to cross extracellular membranes (389,
390). Thereby, the use of nanoplatforms that allow the clustering of antibodies directed
against the SMC2 protein will not only enable their cell penetration but will also protect
their integrity by avoiding the cargo enzymatic degradation, which overall increases the

intracellular delivery of antibodies.

Since most of the presented limitations presented in Table 4 can be solved using nano-
DDS, both promising inhibitors have been encapsulated into the hydrophobic core or
conjugated with Pluronic® F127-based PM, obtaining PM-Zileuton™ or PM-CON:SMC2,

respectively.

3. The proposed nanosystem based on Pluronic® F127 gather the

requirements for an efficient and safe transport of anti-cancer agents

The use of Pluronic® F127-based PM as nano-DDS allows not only to improve the
biodistribution patterns of CSC-targeting agents, but also to increase their therapeutic
efficacy, while reducing the undesired off-target side effects. In this project, we have
produced and characterized Pluronic® F127-based self-assembly PM due to its
biocompatibility and biodegradable nature, both essential properties to obtain successful
nanomedicines. Specifically, Pluronic® F127 is an FDA-approved biocompatible and
biodegradable triblock copolymer, which is composed of PEO-PPO-PEO and had shown
to be useful in a wide range of biomedical applications, including nano-DDS synthesis
(300, 306, 308). In fact, the first PM formulation for cancer treatment that entered in
clinical trials was composed of Pluronic® block copolymers, namely SP1049C, which
consists in doxorubicin solubilized in a mixture of Pluronic® F127 and Pluronic® L61
(347).

Our Pluronic® F127-based PM were produced using the thin-film hydration technique, a
simple, economic, robust and reproducible production method. Furthermore, being easy
to scale-up, thin-film hydration technique is already applied at industrial level. In fact,
Genexol-PM® and Nanoxel® M, PM currently on the market, base their production
method on this technique, thus making its future clinical implementation feasible (298).
Particularly, the physicochemical characterization of the obtained nano-DDS
demonstrates a spherical, neutral, small-sized, and monodisperse PM formulation
(Article 1, Figure 3A and Figure 3B; Article 2, Figure 2B and Figure 2C). While the
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small size (< 30 nm) and low polydispersity index (Pdl) values (< 0.2) of Pluronic® F127-
based PM could be explained by their low CMC that give rise to compact micelles, their
neutral surface charge at physiological pH is an intrinsic characteristic of poloxamers
(391, 392). Note that when measuring mean diameter (Md) by transmission electron
microscopy (TEM) image analysis, the obtained size is slightly smaller as a consequence
of the vacuum atmosphere into the TEM column, situation in which PM are dry and do

not show their real hydrodynamic radius (Article 2, Figure 2B and Figure 2C).

Furthermore, the produced formulation presented high stability at room temperature,
maintaining its physicochemical properties over time, namely 30 and 60 days after its
production (Article 1, Figure S3, A). Besides the large stability time in liquid form, the
possibility to lyophilizate these PM was studied in order to facilitate the long-term storage
of the formulations. No significant differences were observed after the lyophilization and
rehydration process in terms of mean hydrodynamic diameters and in vitro efficacy of
both fresh and lyophilized samples (Article 1, Figure 3C). Altogether, the results showed
a stable and reproducible formulation, parameters completely required to guarantee the

nano-DDS safety and allow its subsequent clinical implementation.

Moreover, stability in serum was also confirmed since no aggregates appeared after 24h
of incubation with bovine serum components (Article 1, Figure S3, B). Being a critical
characteristic for drug delivery, the obtained stability suggested that PM may be suitable
for in vivo applications, particularly for i.v. administration. The observed PM stability is
due to the presence of external PEG regions of the Pluronic® F127 triblock copolymer,
which act as a shell mask for the biological environment, known as stealth properties.
These intrinsic features enhance particle stability and protect PM from protein
opsonization, avoiding their premature removal before they reach their target sites. In
addition, the small size of obtained micelles (< 30 nm) also helps to prevent their
clearance by the RES, thus increasing their half-life in blood stream. Importantly, another
benefit related to the PM small size is their ability to easily penetrate through the tumor
fenestrations, even in poorly permeable tumors, passively accumulating in the lesion
area due to the so-called EPR effect (237).

In order to verify that PM are able to enter in the cells of interest, internalization studies
at different time-points were performed for each one of the prepared formulations.
Therefore, the uptake profile of Pluronic® F127-based fluorescent-labelled PM was
assessed quantitatively by flow cytometry (Article 1, Figure 4A; Article 2, Figure 4A)
and qualitatively by confocal microscopy (Article 1, Figure 4B; Article 2, Figure 4B and

122



Discussion

Figure 4C). Generally, the produced PM were completely internalized after few hours of
incubation with cells (Article 1, Figure 4; Article 2, Figure 4 A-C). Moreover, yellow
dots were observed due to the co-localization of the fluorescently labeled 5-DTAF-PM,
in green, with the endocytic vesicles, in red (Article 1, Figure 4B; Article 2, Figure 4B),
showing that at least part of PM were internalized via endocytosis. Importantly, since
both selected targets, ALOX5 and SMC2, are intracellular proteins, it is necessary that
Zilteuton™ and Ab-SMC2 reach the cytosol to perform their biological function. However,
unlike small-molecule drugs that by their low molecular weight are able to easily cross
cell membranes through passive diffusion, antibodies exhibit difficulties to achieve
endosomal escape, being one of the most critical steps regarding the intracellular
delivery of antibodies. In fact, antibody-based therapies are currently limited to
extracellular targets due to the difficulties related to their internalization process (393,
394). Although several delivery approaches have been explored in the last years, there

is still no efficient system for the intracellular delivery of antibodies (395, 396).

In this sense, poloxamers have shown the ability to interfere with cell membranes and
decrease their microviscosity (290, 397), thus facilitating the Ab-SMC2 endosomal
escape possibly via pore formation and membrane disruption. Consequently, aiming to
confirm the intracellular delivery of Ab-SMC2, the green fluorescence in the whole cell
cytoplasm was evaluated after incubation with Pluronic® F127-based PM-CON:SMC2
(Article 2, Figure 4C). The results showed a significant increase in fluorescence
intensity, which indicates that a substantial part of Ab-SMC2 was able to escape the
endosomes, avoiding their degradation by the lysosomes acidic pH. In addition, the
intracellular delivery of Ab-SMC2 was also confirmed with the in vitro efficacy outcomes,

results that are discussed in the following sections.

Noteworthy, problems related to toxicity are among the possible limitations when
developing nano-DDS. In this context, the proposed system did not present significant
toxicity both in vitro (Article 1, Figure 6A and Figure 6B; Article 2, Figure 3 and Figure
5) or in vivo (Article 1, Figure 5 and Figure S5), which is in accordance with the
aforementioned Pluronic® F127 biocompatibility. Note that when tested in low-
attachment conditions, empty PM are slightly toxic (Article 1, Figure 6C; Article 2
Figure 5). Nonetheless, since no adverse effects were observed in in vivo studies, the
resulting toxicity has been attributed to the CSC-like model culture conditions, namely
serum starvation and surface contacts absence. In fact, when treating cells once
tumorspheres are completely formed, PM do not cause toxicity (data not shown).

Importantly, PM can be repeatedly intravenously administrated in vivo without causing
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undesired toxicity at the maximum feasible dose (MFD) of Ziluton™ (15 mg/kg, three
times per week during three weeks), where no significant loss of weight or any alteration

in mice overall well-being was detected (Article 1, Figure S5).

Another key factor to evaluate the nano-DDS safety and efficacy is its biodistribution
pattern. Our results demonstrated that PM were able to reach and accumulate in the
tumor area (mammary gland in the left caudal area) through passive targeting, with
almost 10% of the injected dose detected 24 and 72 h post-administration (Article 1,
Figure 5). This result is highly relevant since, for free drugs, the average rate of tumor
accumulation is 0.1% of the total dose, thus corroborating the potential of Pluronic®
F127-based PM in the oncological field (398). On the other side, nanomedicines tend to
accumulate in different organs such as liver, lung, and spleen due to their vascular
fenestrations and the presence of the RES. In this regard, the results showed an
accumulation of 14% in liver, 13% in lung and 6% in spleen 24 h post-injection. However,
fluorescent signals in plasma, kidney, lungs and muscle diminish between 24 and 72 h
post-administration, indicating that micelles are cleared out from these organs (Article
1, Figure 5). Of note, similar biodistribution profiles were observed with NCS-loaded PM
functionalized with Fab-CD44v6 in CRC models (341).

Additionally, another micellar formulation with similar physicochemical properties also
produced in our laboratory, namely PEI-siRNA-Pluronic® F127-based PM, was used to
assess its behavior in the blood stream (128). Thus, this formulation was able to
extravasate from blood circulation to the tumor mass in an in vivo pancreatic cancer
model, which is in accordance with our biodistribution obtained results. Of note, thanks
to the obtained PM small size, around 25 nm, higher local accumulation in tumor lesions
is promoted by the EPR effect, being reported the ability of 30 nm PM to penetrate poorly

permeable tumors, including challenging pancreatic tumors (237).

Altogether, the proposed nano-DDS based on Pluronic® F127 amphiphilic triblock
copolymer meets all the required physicochemical parameters for an efficient and safe
transport, providing several benefits for the development of targeted therapeutic

strategies against CSC fraction.
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4. Pluronic® F127-based PM significantly increases its cargo therapeutic

efficacy, particularly in the challenging fraction of CSC

Aiming to functionally validate the antitumor effects against CSC subpopulation in vitro,
both selected CSC-specific targets were inhibited. Regarding the pharmacological
approach, the specific FDA-approved iron-chelator ALOX5 inhibitor, Zileuton™, showed
anti-CSC efficacy since its ICso score was significantly reduced when cells were grown
under serum starvation and low attachment conditions, optimal environment for CSC
culture (Article 1, Figure 2A). In fact, ALOX5 overexpression was also significantly
increased in these conditions, which may explain its higher sensitivity to Zileuton™
treatment, thus confirming the feasibility of using this ALOX5 chemical inhibitor to
specifically eradicate the CSC fraction (Article 1, Figure 1D and Figure 1E).
Furthermore, the transformation capacity of CSC was significantly abolished by
Zileuton™, in a concentration-dependent manner, also impairing the proper colony
formation (Article 1, Figure 2B). Of note, this anchorage-independent growth ability is
an important CSC hallmark involved in their malignancy, being low attachment condition
not only a specific CSC growth model where normal cancer cells are not able to survive,
but also serve as a model for CTC in the blood stream, which are destined to form
metastases (399). Thus, an effective eradication of CSC in low adherence conditions is
related to proper removal of metastatic founders in vivo. Importantly, similar effects were
shown after the SMC2 silencing, where a significant decrease of tumorspheres
proliferation was detected in all tested cell lines, CSC-like models (Article 2, Figure 1D
and Figure S1, D). Therefore, ALOX5 and SMC2 involvement in CSC survival reinforce
their suitability as specific targets to develop novel targeted therapeutic strategies
against CSC subpopulations, which is crucial to overcome CSC resistance and is also
in accordance with the current market trend. In fact, 18 of the 19 anti-cancer drugs
approved by the FDA between 2012 and 2014 were already targeted drugs, which based
their action mechanism on inhibiting specific cancer-related proteins or pathways, unlike

the unspecific and toxic conventional chemotherapies (241).

Noteworthy, both proposed strategies showed higher therapeutic efficacy in terms of ICs
and cell viability reduction, when the molecules were loaded into the hydrophobic core
of PM or conjugated onto their hydrophilic shell, PM-Zileuton™ or PM-CON:SMC2,
respectively (Article 1, Figure 6A; Article 2, Figure 3). Further, the transformation
capacity of MDA-MB-231 cells was significantly decreased more than two-fold by PM-

Zileuton™ compared to free Zileuton™ (Article 1, Figure 6B). Importantly, in the
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particular case of PM-CON:SMC2 formulation, the conjugation of Ab-SMC2 permit the
antibodies to have a biological effect, since the free antibody did not show capacity to
cross cell membrane and exert its effect. Interestingly, when conjugated, Ab-SMC2 were
able to change cell morphology in HCT116 cell line, showing a stretched shape and
forming less clusters compared to free Ab-SMC2 (Article 2, Figure 3A above panel).
For MDA-MB-231 cell line, an increased number of vacuoles were observed, whereas
no such structures were detected after free Ab-SMC2 and control PM treatment (Article
2, Figure 3A below panel). In addition to exerting visible action modifying cellular
structures, the biological action of PM-CON:SMC2 blocking cytosolic SMC2 protein was
assessed through a cell cycle assay. A significant cell cycle arrest in G1 after PM-
CON:SMC2 treatment reinforces the observed decreases in cell viability. Moreover,
these results are in accordance with the green fluorescence observed by confocal
microscopy in the cell cytoplasm, showing the capacity of the proposed system to deliver

antibodies intracellularly (Article 2, Figure 4C, Figure 4D and Figure S4).

Additionally, the use of nano-DDS is of utmost importance when targeting the CSC
subpopulation in order to circumvent CSC-related toxicity. In this regard, the obtained
results demonstrate that anti-CSC efficacy have been displayed by both proposed
Pluronic® F127-based PM formulations in tumorsphere models compared to adherent
cell cultures, with higher efficacies achieved by the encapsulated option (Article 1,
Figure 6C; Article 2, Figure 5, Figure 6B and Figure 6C). As a result, increased cell
toxicity and impaired colony formation were observed, suggesting positive specific
activity against the CSC subpopulation and confirming that the ALOX5 and SMC2
blockage using nano-DDS is crucial to eliminate these cancer-sustaining cells (Article
1, Figure 6C; Article 2, Figure 5). Similar results were also obtained with the same
NCS-loaded functionalized Pluronic® F127-based PM for advanced CRC treatment
(341). Furthermore, PM designed for gene delivery have also shown efficacy at
eliminating the most resistant cancer cells in previous experiments using PEI-siRNA-
Pluronic® F127-based PM (Article 3, Figure 5D-F) (128, 309).

In addition, the use of Pluronic® F127 as a nanoplatform for Zileuton™ and Ab-SMC2
delivery not only improve their therapeutic efficacy against CSC fraction, but also make
their in vivo administration possible. Importantly, thanks to their structural versatility, PM
also allow the co-loading of different therapeutic agents on the same nanoplatform,
providing the possibility of performing a combined therapy (discussed in the following

section).
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5. Pluronic® F127-based PM proposed strategies are effective against CSC

fraction when conventional treatments show resistance

Exhibiting high expression levels of drug efflux transporters and unregulated DNA repair
machinery, CSC are intrinsically resistant to conventional anti-cancer treatments,
therefore MDR-related problems still represent a great challenge in the clinical practice
(63, 400). In particular, Paclitaxel (PTX) and 5-Fluorouracil (5-FU) are the standard of
first-line treatment for BC and CRC, respectively (203, 401). These types of drugs are
only effective eradicating differentiated tumor cells, while resistant CSC remain intact. In
this regard, our results showed strong resistance when cells growing in tumorspheres,
CSC-like models, were treated with PTX or 5-FU compared to their activity in cells
growing in adherent cultures (Article 1, Figure 6C; Article 2, Figure 6A). Noteworthy,
the effect of CSC-related resistance was remarkably observed in the highly aggressive
MDA-MB-231 basal-like BC cell line, remaining its cell viability around 100% at the
maximum tested doses, 1 uM (Article 1, Figure 6C) or 10 uM (Article 2, Figure 6A), in
cells growing in serum-deprived medium and without surface contacts. Importantly, when
common treatments currently used in clinical settings showed high resistance, both
proposed anti-CSC strategies based on Pluronic® F127 PM were substantially effective
in terms of cell viability reduction and colony formation impairment (Article 1, Figure 6C
and Figure S4; Article 2, Figure 6C), result that is of utmost importance in the TNBC

model since it currently lacks specific options available in clinical practice.

Indeed, PM based on Pluronic® block copolymers have the potential to improve the
efficacy of the loaded agent by increasing its intracellular accumulation while
circumventing MDR mechanisms and, finally, enhancing the overall treatment efficiency
(62, 402). In this sense, Kabanov, et al. (2008) have discovered that poloxamers reduce
the MDR capacity of cancer cells by interfering with the function of efflux transporters,
inducing ATP depletion, as well as increasing pro-apoptotic signaling, among other
mechanisms (301, 310). Thus, since CSC present most of the features of MDR cells,
Pluronic® F127-based PM exhibit the capacity to improve the antitumor efficacy of both
Zileuton™ and Ab-SMC2, especially in the CSC fraction, as shown in Article 1, Figure
6B and Figure 6C; Article 2, Figure 5. Of note, being helpful to overcome drug
resistance, several Pluronic®-based PM encapsulating commonly used chemo-
therapeutics have been explored, where the cytotoxic activity of PTX was significantly
increased in PTX-resistance models (403, 404). In fact, NK105 (phase |Ill,
NCT01644890) is a PTX-incorporating micellar NP formulation that is currently being

tested in clinical trials for BC treatment (405), whereas Genexol-PM® is already
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approved in Korea and is being evaluated in EU and USA as Cynvilog® for the treatment
of breast, ovarian and non-small cell lung cancers (344, 345). Accordingly, regarding our
results, when encapsulated in Pluronic® F127-based PM, PTX improves its performance
showing increased efficacy compared to the free drug, especially in tumorsphere growth
models, where no effect was detected for free PTX in MDA-MB-231 resistant cell line
(Article 2, Figure 6C). Altogether, these results confirm the great potential of the
proposed micelles to overcome CSC-related resistance and prevent future cancer

relapses.

Furthermore, the presence of CSC represents an important challenge when developing
new and more effective therapies since they are not only intrinsically resistant to
traditional treatment strategies, but also their percentage within the tumor often
increases after chemotherapy, being only small fraction of them enough to re-growth the
entire tumor (62, 122). In this regard, we assessed the relative abundance of CSC
subpopulation before and after treatment, aiming to mimic the chemotherapy cycles
performed in clinical practice. Notably, while after conventional drugs treatment, PTX
and Abraxane® (ABX), the CSC content was increased, Zileuton™ significantly
abolished the relative increase of CSC, particularly in the resistant MDA-MB-231 BC cell
line (Article 1, Figure 2C). ABX is an albumin-bound paclitaxel nanoparticle (nab-PTX)
that has been approved by EMA for metastatic BC (mBC). Being a solvent-free
formulation, nab-PTX permits higher administration doses with shorter infusion duration,
thus increasing the drug concentration that reaches the tumor area (406). However,
despite the promising clinical results treating the primary tumor, ABX did not show
efficacy in terms of CSC eradication. In fact, it was demonstrated that CSC remain in the
lesion after the first tumor treatment with ABX, which originates a secondary lesion with
more aggressive phenotype (407). Taking all this into account it is possible to assume
that the ideal anti-cancer therapy would consist in a combination of molecules able not
only to treat the primary tumor, but also to eradicate the reminiscence CSC, thus avoiding

the formation of a recurrent tumor.

In this context, we have also explored the combination therapy strategy, mixing our
proposed anti-CSC therapeutic strategies with either PTX and ABX or 5-FU, standard of
care (SoC) drugs commonly used in the clinical settings against breast and colorectal
cancers, respectively. Regarding the pharmacological model, no additive effect was
observed when comparing the cell viability of CSC growing in both adherent and low
adherent conditions treated with PM-Zilteuton™ alone or in combination with PTX or ABX

(Article 1, Figure S4). Conversely, in the biotherapeutic model, taking the advantage
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provided by the amphiphilic PM plasticity, the co-encapsulation of PTX or 5-FU into the
hydrophobic core of PM-CON:SNC2 was assessed. Although no significant synergistic
effect could be detected at tested concentrations, after combined treatment, a
remarkable reduction in cell viability was observed in tumorsphere models compared to
free SoC drugs (Article 2, Figure 6C). Therefore, it would be interesting to perform a
study with different concentration ranges to find synergistic concentrations that improve

the efficacy of the combined therapy.

Nevertheless, our results have shown the feasibility of the proposed nano-DDS of being
able to co-delivery different types of therapeutic agents that cooperate to simultaneously
eliminate both tumor cell subpopulations, CSC and differentiated cancer cells. Of note,
this co-administration has emerged as a promising therapeutic option, as the unique
eradication of differentiated tumor cells or CSC may not result in the complete cancer
cure. Furthermore, since there is a constant need for the presence of CSC within the
tumor, removed CSC are constantly replaced by new cells with stemness phenotype
arising from a de-differentiation process or reversion of non-CSC, thus ensuring tumor
survival and propagation after treatment. Therefore, the ideal option should be able to
eradicate not only the primary tumor but also the metastatic disease caused by surviving
CSC, as well as avoid interconversion from non-CSC to CSC; a challenging goal that
can be achieved with the implementation of an efficient combination therapy (Figure 5,

Introduction section).

6. Zileuton™ loaded in Pluronic® F127-based PM effectively reduces

intratumoral CSC and CTC in in vivo BC models

The anti-CSC therapeutic potential of PM-Zileuton™ was also demonstrated in in vivo
orthotopic breast CSC fluorescent models. For that purpose, all injected cells expressed
GFP under CMV promotor to detect CTC in the blood stream and tdTomato under
ALDH1A1 promotor to determine the CSC content within the tumor by flow cytometry,
green and red fluorescence, respectively. Remarkably, PM-Zileuton™ significantly
reduced the amount of intratumoral CSC compared to non-treated animals in both BC
models, namely from 58.00% * 9.00% to 37.20% * 4.70% in MDA-MB-231, and from
33.43% £ 3.18% to 17.98% * 6.25% in MCF7 (Article 1, Figure 7A). Nevertheless, no
differences in primary tumor size were observed (Article 1, Figure S6), which is in
accordance with the CSC amount present in the entire tumor mass. The number of CSC
has been reported to vary between 0.1 to 30% depending on cancer type and stage

(402). In this sense, since Zileuton™ specifically impairs the CSC survival by inhibition
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of ALOX5 overexpression, it is not expected that cause direct effects on primary tumor
growth. Consequently, the reduction of intratumoral CSC led to an effective eradication
of CTC from the blood stream in the highly metastatic MDA-MB-231 BC model after PM-
Zileuton™ treatment (Article 1, Figure 7B). Of note, the decrease in the number of CSC
subsequently reduced their intravasation and invasion capacities, which was directly
related to the abolition of CTC detected in blood. This is a promising result due to their

involvement in the disease dissemination (408).

Therefore, taking into account the key role of CSC and CTC in metastatic spread, we
hypothesized a positive effect on metastases reduction after PM-Zileuton™ treatment.
In this regard, the presence of secondary lesions in the pulmonary area was examined
since, following the organotropism concept, lungs have been described as one of the
main affected organs in breast metastases (41). As expected, metastatic foci from TNBC
in vivo model were significantly smaller in treated animals, thus being confirmed the
potential of PM-Zileuton™ as anti-metastatic agent. Finally, in order to be able to perform
a complete tumor eradication, the next step should be the combination therapy of our
PM-Zileuton™ with conventional chemotherapies, therefore improving the SoC therapies
currently available for the treatment of metastatic disease. The actual implementation of
this kind of cocktail in clinical settings would improve the overall outcomes and bring new

hopes in the treatment of this challenging disease.
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Conclusions

The clinical implementation of anti-CSC therapies to overcome tumor drug resistance
and improve the overall therapeutic efficacy of cancer treatment is of utmost importance.
Therefore, two innovative anti-CSC therapeutic strategies for advanced cancer treatment
based on nano-DDS have been developed, characterized and successfully tested. The

reached objectives are described below:

1. ALOX5 enzyme and SMC2 protein were validated as promising CSC-specific
targets, thus being suitable candidates for the development of new

nanotechnology-mediated therapeutic strategies.

2. Two types of Pluronic® F127-based PM were developed, aiming to show two
different inhibitory strategies for breast and colon cancer treatments, namely the

pharmacological and the biotherapeutic approaches.

3. The proposed nanosystems met the essential requirements to allow safe
transport and become an efficient anti-CSC therapy. Pluronic® F127-based PM
formulation was stable, monodisperse, and lyophilizable, where no significant
toxicity was observed both in vitro or in vivo. Furthermore, the biodistribution

pattern of the micelles showed values around 10% of tumor accumulation.

4. Both produced formulations, PM-Zileuton™ and PM-CON:SMC2 were able to
reach the cytoplasm and block their specific target, ALOX5 and SMC2,
respectively. Increased therapeutic efficacy was shown in terms of cytotoxicity

and impairment of colony formation compared to their free compounds.

5. Both PM-Zileuton™ and PM-CON:SMC2 formulations were effective overcoming
CSC-related resistance compared to currently available SoC therapies, even in
the highly aggressive MD-MB-231 TNBC cell line.

6. Combination therapy offers the possibility of eliminating both CSC and
differentiated tumor cells subpopulations. In this regard, Pluronic® F127-based
PM showed the feasibility of co-load small-molecule drugs, including PTX and 5-
FU, into the hydrophobic core of decorated PM-CON:SMC2 micelles. Combined
micelles significantly improve their performance in CSC-like models compared to

conventional chemotherapeutic agents.
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7. The administration and therapeutic efficacy evaluation of PM-Zileuton™ was
possible in in vivo orthotopic BC models, showing its potential as anti-metastatic
agent. Altogether, this type of treatment in combination with those that target
differentiated tumor cells will prevent tumor recurrence and improve the

therapeutic outcomes of patients with advanced cancer.

In fact, these types of combined nanomedicines would provide a potential option to
improve the current treatment of metastatic disease and may represent the future of
cancer treatment. Furthermore, the use of nano-DDS is a helpful tool for the design of
new therapeutic strategies based on personalized medicine. In this regard, the current
oncology market is moving from the first-generation of nanopharmaceuticals to the new
generation of NP-based delivery systems, where biotherapeutics (e.g. antibodies,
nucleic acids, and recombinant proteins, among others) are gaining more importance.
Importantly, due to their unique specificity, they exhibit high therapeutic potential and

offer promising opportunities, being able to target specific mutations.

In this context, our proposed nanoplatform enables the safe and efficient administration
of this type of molecules alone or in combination with small-molecule drugs.
Furthermore, Pluronic® F127-based PM are capable of being covalently functionalized
with different types of moieties to perform active targeting. Therefore, by modifying the
PM surface, we would expect to achieve enhanced specificity, higher cellular penetration
once at the tumor site, as well as improved in vivo responses. Finally, proper optimization
of targeted nano-DDS in order to obtain robust, reproducible and scalable nanosystems
are some of the challenges of this second-generation NP-based delivery systems.
Nevertheless, all these requirements are necessary to obtain approval from regulatory
agencies and reach their actual clinical implementation. Despite the aforementioned
difficulties, an increase in these next-generation products is expected in the following

years, bringing new and more effective therapies to cancer patients.
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e qRT-PCR Quantitative real time polymerase chain reaction
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Abstract

The search for an ideal gene delivery system is a long and laborious process in which several factors
from the first idea to final formulation, including main challenges, peaks and troughs, should be deeply
taken into consideration to ensure adequate biological safety and in vivo efficacy endpoints.
Arachidonate 5-lipoxygenase (ALOXS), a crucial player related with cancer development and in
particular with cancer stem cells malignancy. In this work we describe the process behind the
development of a small interfering RNA (siRNA) delivery system to inhibit ALOXS in cancer stem
cells (CSC), as a model target gene. We started by screening chitosan polyplexes. among different types
of chitosan in different complexation conditions. Due to the low silencing efficacy obtained. chitosan
polyplexes were combined with Pluronic®-based polymeric micelles with recognized advantages
regarding gene transfection. We tested different types of polymeric particles to improve the biological
efficacy of chitosan polyplexes. Nevertheless, limited transfection efficiency was still detected. The
well-established polyethylenimine (PEI) cationic polymer was used in substitution of chitosan, in
combination with polymeric micelles, originating PEI-siRNA-Pluronic® systems. The presence of
Pluronic® F127 in the formulation showed to be of utmost importance, because not only the silencing
activity of the polyplexes was improved. but also PEI-associated toxicity was clearly reduced. This,
allowed to increase the amount of PEI inside the system and its overall efficacy. Indeed. different types
of PEI, N/P ratios and preparation methods were tested until an optimal formulation composed by PEI
10k branched-based polyplexes at an N/P ratio of 50 combined with micelles of Pluronic® F127 was
selected. This combined micelle presented adequate technological properties, safety profile and
biological efficacy. resulting in high ALOXS5 gene silencing and strong reduction of invasion and
transformation capabilities of a stem cell subpopulation isolated from MDA-MB-231 triple negative
breast cancer cells.
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Rationale and Purpose

The design and development of a nanoparticle-
based drug delivery system is a long and
complex process that is often not reflected in
the literature. There are years of backstage work
and a wide collection of negative results that are
considered not publishable. However, this data
gives crucial information for moving forward in
the proper direction. Moreover, the publication
of negative results, although not usual, is of
great importance for time and resources
optimization, by avoiding the repetition of
similar errors by other research groups and,
more importantly, by redefining the work plan
priorities. Described in this work is the rational
design and experimental sequence beyond the
development of a nanocarrier system for siRNA
intracellular delivery. with the negative results
and the consequent modifications and
improvements. The ultimate goal is the
development of a new nanotechnology-based
approach for cancer treatment.

Introduction

Despite of considerable number of advances
achieved in the past decades, clinical use of
nucleic acids as gene-based antitumor therapy
is still precluded, mainly because of their poor
cellular uptake, vulnerability to enzymatic
degradation, and rapid renal clearance. Until
now, most gene therapy strategies rely on the
use of viral vectors, even though their use
frequently raises important safety issues,
challenging their clinical standardization as
gene delivery vectors. Further, several
limitations have also been identified in some
non-viral vectors, such as low specificity,
cellular toxicity, and limited transfection
efficiencies (1, 2). Therefore, successful
clinical application of gene therapy in the
oncology field wurgently demands the
emergence of new and safer vehicles to first,
enable oligonucleotides (OGN) to be
effectively delivered into tumor target cells, and
second, to overcome the well-known
drawbacks of current vehicles (1. 3-6).
Moreover, the design of a new vehicle has to
take into account that an ideal gene delivery
system should be efficient, stable, cost
effective, and able to avoid rapid hepatic and
renal clearance. Safety issues such as
biocompatibility, biodegradability and lack of

Annex

immunogenicity are also critical, as well as the
need of an appropriate balance between
protection and release of the genetic material
from the endosomes (e.g. proton-sponge effect)
in order to ensure biological functionality (1, 7).
Other characteristics such as particle size,
surface charge, presence of moieties and also
their interactions with the tumoral environment
should be finely tuned in order to improve their
biological behavior and efficacy (8, 9).
Nanoparticles intended for gene delivery
usually possess in its composition cationic
polymers, such as chitosan (CS) and
polyethylenimine  (PEI) that condense
negatively charged nucleic acids through
electrostatic interactions (2, 10, 11).

CS is a natural cationic polysaccharide
composed of glucosamine and N-acetyl
glucosamine, whose ability to interact with
negatively charged OGN depend, among other
factors, on its Molecular Weight (MW) and
Deacetylation Degree (DD). Whereas high DD
enables better interaction with genetic material,
high MW improves stability of the complexes,
while low MW ameliorates intracellular release
of OGN (12-14). Accordingly, DD and MW of
CS should be adequately considered in order to
ensure an appropriate balance between
protection and release of OGN. In order to
improve transfection efficiency of CS-based
carriers, different chemical modifications as
well as the use of the water-soluble salt forms
of CS have been investigated (12, 13, 15-21).
Regarding PEI and despite its high transfection
efficiency. its use as a delivery vehicle is
hampered because of its high cationic charge
density (22-24). In fact, the transfection
efficiency and cytotoxicity of these polymers
are highly dependent on their linear versus
branched structure, their branching degree and
their MW (23, 25-28). PEI branched forms
present higher transfection efficiencies than
linear forms. Furthermore, higher MW PEI are
frequently associated with higher buffering
capacity, higher transfection efficiencies and
also with increased cytotoxicity. An adequate
ratio between the nitrogen content of the
polymer and the number of phosphate groups
from the OGN (N/P ratio) should be optimized
for each formulation in order to find an
equilibrium of charges and to achieve maximal
efficacy with minor toxicity (23, 25, 27, 29).
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Many different strategies have been explored in
order to improve the efficiency of PEI
transfection by reducing cytotoxicity. avoiding
aggregation, and decreasing nonspecific
interactions. Among them. grafting PEI with
polyethylenglycol (PEG) has become one of the
most popular ones (30, 31).

In this study, both CS and PEI polycations have
been used in combination with poloxamers
(Pluronic®) based micelles (PM) in order to
achieve an improvement of their transfection
efficiency and toxicity profile. as well as their
efficacy against cancer cells. Poloxamers are
amphiphilic polymers consisting in ethylene
oxide (EO) and propylene oxide (PO) chains
arranged in an a-b-a triblock structure (EO-PO-
EO) (32, 33). They have been included in the
formulation due to their recognized ability to
enhance transfection of genetic material (33-
36). Because of their PEGylated surface,
poloxamers offer stealth properties to the
system and can be easily functionalized with

Materials and Methods
Materials

Different types of CS with DD of ~86%
(Protasan Ultrapure) were gently provided by
NovaMatriX (USA). namely, glutamate-CS
low (G113 - 160 kDa) and high (G213 - 470
kDa) MW, and hydrochloride-CS low (CL113
- 110 kDa) and high (CL213 - 270 kDa) MW.
Glycol-CS was purchased from Sigma Aldrich
(Madrid, Spain). Pluronic® F68, F108 and F127
were kindly provided by BASF (Ludwigshafen,
Germany), while 10k branched and 25k
branched PEI were provided by Alfa Aesar
(Thermo Fisher GmbH, Karlsruhe, Germany)
and  Sigma-Aldrich  (Madrid.  Spain),
respectively. siRNA against gree fluorescent
protein (GFP-siRNA) and the scramble
sequence  (siC) were  provided by
LifeTechnologies (Spain). The sense anti-
ALOX5 siRNA sequence used was 5°-
CUGAGCGCAACAAGAAGAATT-3", while

) ) o a non-specific sequence, 5°-
different targeting moieties (37). Moreover, UUCUCCGAACGUGUCACGUTT-3". was
these polymers are approved for human used as negative control. MDA-MB-231

administration due to their optimal water-
solubility, biodegradability, and biocompati-
bility, as well as their low immunogenicity
profile, which makes them a simple and safer
approach for in vitro and in vivo gene
transfection (38. 39). Several conditions and
combinations have been tested to better define
those which show the highest transfection
efficiency and good antitumor efficacy in
bioluminescent breast cancer models. Indeed,
among the big challenges in cancer therapy are
the avoidance of the metastatic spread of the
disease, the appearance of multidrug resistance,
and tumor recurrence as those features which
are mostly related to the presence of CSC
within a tumor (40). Arachidonate 5-
lipoxygenase (ALOXS5) silencing was selected
as a candidate target due to its recognized key
role in CSC survival and self-renewal (41). Our
data show that poloxamer-PEI combinations
with ALOXS5-siRNA were effective in
silencing ALOXS5 in breast CSC and showed
great therapeutic potential as anticancer
treatment, significantly reducing cell malignant
transformation and CSC invasion.

(ATCC number HTB-26) cell line was obtained
from American Type Culture Collection
(ATCC, LGC Standards, Barcelona, Spain),
and RXO-C colon cancer cells expressing GFP
were generously provided by Dr. Diego Arango
(CIBBIM-Nanomedicine). RPMI medium,
phosphate buffered saline (PBS), and fetal
bovine serum (FBS) were purchase from Lonza
(Barcelona, Spain). Penicillin-streptomycin, L-
glutamine, non-essential amino acids, sodium
pyruvate, 0.25% Trypsin-EDTA,
Lipofectamine® 2000,  4’.6-diamidino-2-
phenylindole (DAPI). and LysoTracker® Red
were brought from Life Technologies Litd.
(Madrid, Spain). Other reagents used were
methanol.  ethanol. dimethyl sulfoxide
(DMSO), 3-(4,5-dimethythiazol-2-yl)-2.5-
diphenyl tetrazolium bromide (MTT), gelatin,
paraformaldehyde, Triton X-100, and 5-([4.6-
dichlorotriazin-2-yl]Jamino)fluorescein
hydrochloride (5-DTAF) from Sigma-Aldrich
(Madrid, Spain), and Type 1 ultrapure water
(18.2 MQ.cm at 25 °C. Milli-Q®, Billerica, MA.,
USA).

Methods

Polyplex Preparation
Polymer-siRNA complexes were prepared by
simple complexation, adding the polymer
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solution dropwise to an equal volume of siRNA
solution. The mixture was quickly vortexed
during few seconds and incubated at room
temperature for 30 minutes. CS-siRNA
complexes were prepared at different N/P ratios
calculated according to Equation 1 (mass per
charge of phosphate = 330 g/mol and mass per
charge of Nitrogen = 160 g/mol) and at different
conditions (Table 2).

Mass of polycation

Mass per charge of Nitrogen

—ratio=
Mass of siRNA

Mass per charge of Phosphate

Equation 1

For the PEI-based polyplexes. two types of
branched PEIL namely 10k and 25k, were used.
Different N/P ratios were tested ranging from 5
to 75 (Table 4) and calculated according to
Equation 1 (Considering mass per charge of
phosphate = 330 g/mol and mass per charge of
nitrogen = 43 g/mol).

Micelles Preparation through the Direct
Dissolution Method (DM)

The amphiphilic polymer was dissolved
overnight (O/N) under agitation in aqueous
solution, and added dropwise to the polyplexes
solution, previously prepared. After vortexing,
the mixture was left to incubate for 30 minutes
and filtered through a 0.22 um syringe filter.
Micelles Preparation through the Thin-
Film Hydration (FH) Technique

The amphiphilic polymers were individually
weighted and dissolved in a mixture of
methanol:ethanol=1:1. This mixture of solvents
was chosen because the polymers are insoluble
in ethanol alone (Class 3 solvent), but soluble
in methanol (Class 2 solvent). By mixing both
solvents it was possible to solubilize the
polymers and reduce the use of methanol. as
previously described. Then. the solvent was
removed under vacuum and the formed film
was left to dry at room temperature to eliminate
any remaining solvent. Afterwards, the film
was hydrated with PBS for empty micelles or
with the previously prepared polymer-siRNA
polyplexes and vortexed for 1 minute. The
obtained dispersion was filtered through a 0.22
um syringe filter to remove possible
aggregates.

Annex

Association Efficiency (AE)

The non-associated siRNA present in the
aqueous phase of the polyplexes was separated
by centrifugation with filtration (10,000 rpm,
10 minutes) using a 100K membrane
(Nanosep® Centrifugal Devices, Millipore,
USA) and measured by spectrophotometry
(Nanodrop NP-1000, Thermo Scientific, USA).
AE was calculated according to Equation 2. and
also assessed by agarose gel electrophoresis.
Polyplexes were loaded onto 1% agarose gel
with 6X loading buffer. The mixture was
separated in 0.5X Tris/Borate/EDTA (TBE)
buffer at 100V for 25 minutes. siRNA bands
were visualized using an ultra violet imaging
system (Uvidoc, UVItec Ltd, Cambridge, UK).

_ Total amount of SiRNA-Free siRNA in filtrate
Total amount of SIRNA

AE x 100

Equation 2

Farticles Physicochemical Characterization
Particles mean hydrodynamic diameter (md)
and polydispersity index (PDI) were measured
by dynamic light scattering (DLS). Zeta
potential was assessed by laser Doppler micro-
electrophoresis using NanoZS (Malvern
Instruments, UK). For each formulation, at least
three batches were produced and analyzed.
Particle shape and morphology were observed
by transmission electron microscopy (external
services from IBMC, University of Porto,
Portugal).

Serum Stability

To assess the stability of formulations in the
presence of serum, particles were incubated in
a proportion of 1:1 with 50% FBS culture
medium. Mean diameter was measured by DLS
at 0, 6. 12, and 24 hours.

Cell Lines Culture Conditions

RXO-C and MDA-MB-231 breast cancer cell
lines were cultured in RPMI medium
supplemented with 10% FBS. 1% penicillin-
streptomycin, 1% L-glutamine, 1% non-
essential amino acids and 1% of sodium
pyruvate. CSC subpopulation from MDA-MB-
231 cell line was isolated using a model
previously validated by our group (42). Briefly.
the model is based on the expression of
tdTomato under the control of a CSC specific
promoter (ALDHI1A1), which allows the
separation of CSC among the bulk tumor cells
population and the study of the biological
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efficacy of the developed therapeutic system in
this subpopulation of cells. Blasticidin (0.5
mg/mL) was used as a selective antibiotic for
ALDHI1A1/tdTomato cell lines. All cell lines
were kept at 37°C under 5% CO; saturated
atmosphere. Cell medium was changed every
other day and, upon confluence, cells were
harvested from plates with 0.25% trypsin-
EDTA

Cell Transfection

Different siRNA formulations were transfected
into cells according to the conditions shown in
Table 1. For silencing experiments, the medium
was changed after 4 hours of incubation with

polyplexes and PM-polyplexes. For the toxicity
assays, cells were left 24 hours in contact with
formulations, while for internalization assays,
cells were incubated over 4 hours. Cells were
harvested 24 to 72 hours after transfection. For
internalization experiments, particles were
diluted at a ratio of 1:10. Lipofectamine® 2000
was used as positive control for transfection
according to suppliers’ protocols and in order to
obtain a final siRNA concentration in the well
of 200 nM. For all experiments, cells were
transfected at the same conditions using a
scrambled siRNA sequence (siC).

Table 1. Transfection Conditions for the Different Experiments

Day 0: before transfection Day 1: during transfection time (4 hours)
Cells seeded | Volume of medium Vohupe . Vomme.Of Final SII_{I\.IA
Plates (cells/well) (ul) medium formulation concentration
(uh (uh (M)
96 well 5.0x103 100 50 50 200
24 well 5.0x10* 1000 100 100 200
6 well 2.0x10° 2000 250 250 200

GFP Reporter Gene Silencing Assay

RXO-C cancer cells expressing GFP were used
as amodel to assess the silencing efficacy of the
different nanosystems. Polyplexes and micelles
prepared using a GFP-siRNA and different
cationic polymers were transfected to cells
previously seeded in 96 well plates. Complexes
formed between Lipofectamine® 2000 and
GFP-siRNA were used as positive controls. The
expression of GFP in cells after transfection
was assessed with fluorescence microscopy
(Olympus, USA). The intensity of cells
fluorescence was also measured using an
FLX800 Fluorescent Microplate Reader
(BioTek, Germany).

In vitro Cytotoxicity Assay

The cytotoxicity of different components was
assessed in MDA-MB-231 breast cancer cells
using the MTT assay. Briefly, cells previously
seeded in 96-well plates were incubated in the
presence and absence of increasing
concentrations of polymers/formulations for 24
hours. After the incubation time, medium was
changed, and cells left for additional 72 hours.
Complete medium was used as negative control
and 10% DMSO as positive control of toxicity.

After 72 hours of incubation, 0.5 mg/mL of
MTT was added to each well. Plates were
incubated for additional 4 hours at 37°C, the
medium discarded, and the formazan crystals
produced by  mitochondrial  succinate
dehydrogenase dissolved with DMSO. The
absorbance of each well was read on a
microplate reader (ELx800 absorbance reader,
BioTek, Germany) at 590 nm and cell viability
calculated accordingly. Cell viability data were
used to determine ICso value by nonlinear
regression of the dose-effect curve fit, using
Prism 6.02 software (GraphPad Software, Inc.,
CA, USA).

Conjugation of F127 with 5-DTAF

F127 was fluorescently conjugated with 5-
DTAF in an aqueous medium via nucleophilic
aromatic  substitution by an addition-
elimination pathway. as previously describedﬂ
Briefly, a stock solution of 20 g/ 5-DTAF in
DMSO was diluted in 0.1M sodium bicarbonate
(pH 9.3) and added to a 6% (w/v) F127 solution
in 0.1M sodium bicarbonate (pH 9.3) to a final
molar ratio of 1:2 (F127:5-DTAF). The reaction
was left overnight in the dark, at room
temperature. Unreacted 5-DTAF was washed
out by dialysis (12.000-14.000 MWCO
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Spectra/Por® membrane from Spectrum Europe complete medium without antibiotic and
BV. The Netherlands) against type I ultrapure stored.*

water. Dialyzed polymer solutions were RNA Extraction and Quantitative RT-PCR
lyophilized and stored in closed containers (qRT-PCR)

protected from light (Virtis Benchtop Freeze
Dryer, SP Scientific).

Internalization Assays

Flow cytometry and confocal microscopy were
used to assess quantitatively and qualitatively
the internalization capacity of the nanosystem
into MDA-MB-231 breast cancer cells. For
quantitative Fluorescence-activated cell sorting
(FACS) assays. 2x10° cells were seeded in 6
well plates and incubated for 24 hours. After
incubation, 5-DTAF-labelled micelles were
added to cells and incubated for 4 hours, and
washed with 1x PBS, detached with 0.25%
trypsin-EDTA, and re-suspended in PBS

Total RNA was extracted from cells using
RNeasy Micro Kit (Qiagen. Madrid, Spain).
RNA was reverse transcribed with High
Capacity ¢cDNA Reverse Transcription Kit
(Applied Biosystems., Madrid.  Spain)
according to manufacturer instructions. The
cDNA reverse transcription product was
amplified with specific primers for ALOXS5
(hALOXS F:

5" AGAACCTGGCCAACAAGATTGT A 3’;
hALOXS5 R:

57  TCTGGTGGACGTGGAAGTCA 3))
GADPH (hGADPHEF: 5 ACC CAC TCC TCC
ACCTTT GAC:

supplemented with 10% FBS. Cells were then hGADPH R:

stained with DAPI (1 pg/mL). Plates were 5° CAT ACC AGG AAA TGA GCT TGA
analyzed in a Fortessa cytometer (BD CAA 3°) and

Biosciences, San Jose, California, USA). Data Actin (hActin F:

were analyzed with FCS Express 4 Flow
Research Edition software (De Novo Software,
Los Angeles, USA). Contaminants were
removed by forward and side scatter gating. For
each sample, at least 10000 individual cells
were collected to measure mean fluorescence
intensity. For qualitative confocal microscopy
assay  (Spectral  Confocal = Microscope
MFV1000 Olympus, USA), cells were cultured
in 0.1% gelatin-treated coverslips at a density
of 2.5%10° cells per well in 6 well plates. After
24 hours, cells were incubated with 5-DTAF
labelled-PM for 4 hours, and further incubated
for 30 minutes with LysoTracker® Red.
Subsequently, cells were fixed using 4%
paraformaldehyde. Finally, nuclei were stained
with DAPI (0.2 mg/mL) for 5 minutes in the
dark and further visualized.

5" CATCCACGA AACTACCTTCAACTC
C3%

hActin R:

5’GAG CCG CCG ATC CAC AC 3°) by qPCR
using the SYBR Green method. The reaction
was performed in triplicate in a 7500 Real-Time
PCR system (Applied Biosystems, Madrid,
Spain). Actin and GADPH, were used as
endogenous controls. Relative mRNA levels
were calculated using the comparative Ct
method (2e- AACt).

Cell Transformation Assay (Anchorage-

Independent Growth Assay)

Anchorage-independent growth of the different
breast cancer cell lines was assessed by
CytoSelect™ Cell Transformation Assay Kit
(Cell Biolabs, San Diego, CA., USA). A

Cell sorting semisolid agar media was prepared according
FACS was used to sort CSC and non-CSC to manufacturer prior addition of PM-siALOX5
subpopulations from a  heterogeneous or PM-siC to each well. After 6-8 days of
population  MDA-MB-231 cells. For cell incubation, colonies were observed under

sorting, a starting amount of 5x10° cells was
used. Cells were detached with 0.25% trypsin-
EDTA and re-suspended in PBS supplemented
with 10% FBS and DAPI (1 pg/mL) used for

optical microscopy and viable transformed cells
counted using trypan blue.

Invasion Assay

vital staining. Cells were sorted according to gellss IIH\T;I;:CDC.SS. galih a'ss.essed 11s111<1g
tdTomato expression and DAPI staining in a ytose e;t aminin ¢ell nvasion Assay Kit
FACS Aria cell sorter (BD Biosciences, (Cell Biolabs, San Diego. CA, USA)

accordingly to manufacturer instructions.

Madrid, Spain). Sorted cells were collected in

Briefly, inserts were placed in 24 well plates
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and 2.5x<10* cells previously transfected (24
hours before) with PM-siALOXS and PM-siC,
added to the upper chamber. After 48 hours
incubation, invasive cells were dissociated
from the membrane, lysed, and quantified with
CyQuant® GR Fluorescent Dye using an
FLX800 Fluorescent Microplate Reader
(BioTek, Germany).

Statistical Analysis

At least three batches from each polyplex and
PM were produced and characterized, and
results expressed as meanzstandard deviation
(SD). For biological studies, at least 3
replicates, each involving at least two technical
replicates, were involved. Final results were
also expressed as mean+=SD. Statistical analysis

>

)
S

-
—

siRNA concentration (ng/ul)
o o

0

“free SIRNA 1 2.5 5 10

siRNA:CS ratios

% Cell Viability

was performed in Microsoft Office Excel™
2010 using unpaired Student's  t-test.
Differences were considered as statistically
significant when p-values were smaller than
0.05.

Results

CS-Based Systems

Due to known advantages of CS and its
derivatives for gene delivery, a screening for
the best CS polyplexes with optimal
transfection conditions was performed. GFP
silencing efficacy of different conditions and
combinations were also tested (Table 2). For all
CS showing high AE in vitro cytotoxicity was
also assessed.

—
o
o

50

(Mean + SD)

10 20 40 60 80 100
CS:siRNA N/P Ratios

15

<+ CL113-CS = G113-CS =+ CL213-CS = G213-CS - Glycol-CS

Figure 1. A, In vitro cytotoxicity of CS-siRNA polyplexes at different N/P ration in MDA-MB-231 cells. B, Polyplexes association
efficiency. The graph represents the concentration of free siRNA detected in the supernatant by spectrophotometry after
formulation filtration by centrifugation using different N/P ratios. Agarose gel electrophoresis for the CL213-based polyplex.
1 — free siRNA; 2 — 1:10 ratio; 3 — 1:5 ratio; 4 — 1:2.5 ratio; 5 — 1:1 ratio. Free siRNA was observed in siRNA:CS ratio of 5:1

(encircled).

According to our data, all CS were able to
efficiently complex with siRNA (Figure 1A). A
decrease in the concentration of free siRNA
was observed upon complexation with CS even
at low ratios. Additionally, in the agarose gel
assay, a small amount of free siRNA was only
detected in CS:siRNA 1:1 ratio. Nonetheless,
low N/P ratios are not enough to produce
biological efficacy, thus higher N/P ratios were

further tested in terms of cell toxicity. Figure
1B demonstrates that CL113, G113, CL213 and
G213 have a similar toxicity pattern, being an
N/P ratio of 80 the maximum N/P ratio that can
be used without causing severe toxicity.
Glycol-CS causes higher toxicity even at lower
N/P ratios.
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Table 2. Summary of the Different Conditions Tested on CS-Based Polyplexes

Tested Conditions Observations
. 50 nM No effect
200 nM Effective (at certain conditions)
Glycol-CS Toxic (at ratios > 60)
G113 No effect
Polyplexes CL113 No effect
G213 Effective (at certain conditions)
CL213 Effective (at certain conditions)
<10 No effect
20 No effect
30 No effect
40 No effect
N/P ratios 60 No effect
Knockdown detected (at certain
80 g
toxicity)
100 Toxicity
>100 Highly toxic
H 4.5 (in acetate buffer) Higher efficacy
P 7 (in water) Low effect
24 hours No effect
Time-points 48 hours No effect
72 hours Knockdown detected
Micelles CL213 (N/P 80, pH 4.5) + F127 (1%) Effect < than Lipofectamine® 2000
Time-point 72 hours

As described in Table 2, the most promising
polyplexes, such as those able to cause a visible
decrease in the number of cells expressing GFP
without promoting significant toxicity, were
obtained with the following conditions: GFP-
siRNA at a final concentration of 200 nM per
well, complexed with CL213 and G213 CS ata
N/P ratio of 80 and pH 4.5. observed in a post-
transfection incubation time of 72 hours.

Results depicting the silencing efficacy of
CL213-based GFP-siRNA polyplexes
produced at optimal conditions, are showed in
Figure 2A. A partial silencing of the expression

of GFP at 72 hours after transfection, was
observed. Nonetheless, a significantly stronger
silencing was observed in cells transfected with
Lipofectamine® 2000. On the contrary, no
decrease of GFP expression was observed in
cells transfected with siC. Similar results were
obtained with the polyplexes composed by
G213. No significant silencing efficacy was
observed with other types of CS tested. CS-
siRNA polyplexes produced with CL213-CS
were further characterized resulting in 17nm
size, positive charge (+ 15 mV) and spherical
shape (Table 3).

Table 3. Physicochemical Characterization of Polyplexes using CL213 CS

Parameters CL113-CS polyplexes
Md (nm) 16.6 £0.8

PDI 0.19 £0.07

Zp (mV) +152+1.7

Md = mean diameter; PDI = polydispersity index: Zp = Zeta potential. Md, PDI, and Zp values for Cs-siRNA

polyplexes are expressed as mean+SD, n=3.
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Table 4. Physicochemical Characterization of Different Pluronic®-Based Micelles

Polymer Md (nm) PDI Zp (mV) ICso (mg/mL)
F68 228.6+31.2 0.5+0.2 2.9+1.0 n.d.
F108 130.2+184 0.4+0.2 2.1£1.2 >10
F127 68.5+94 0.2+0.1 2.7+1.8 >10

Md=Mean diameter; PDI=polydispersity index; Zp=Zeta potential. Md, PDI and Zp values for polyplexes Cs-

siRNA are expressed as mean+SD, n=3.

Different Pluronic®-based PM obtained by
direct DM were tested with the objective to
ensure protection of the siRNA sequence and to
increase the biological efficacy of these
polyplexes. All micelles presented sizes under
250 nm (lower than 75 nm for Pluronic® F127)
and nearly a neutral surface charge (Table 4).

Due to high polydispersity and low
reproducibility of micelles obtained with F68,
this polymer was discarded from the further
studies. Regarding cytotoxicity assessment,
both Pluronic® F108 and F127 presented ICso
higher than 10 mg/mL (Table 4). Because
Pluronic® F127 micelles showed the smallest

siC

siGFP

B

e

%

o/

Lipo-:siGFP

CL231-CSF127

size and lowest polydispersity, it was selected
to produce micelles combined with CL213-CS-
based polyplexes (CS-siRNA-Pluronic®). In the
biological assessment, we observed better
silencing of GFP expression from CS-siRNA-
Pluronic®-polyplexes compared to CS-
polyplexes (Figure 2B). Conversely, no
silencing was noticed in cells transfected with
siC. However, despite the improvement in gene
silencing promoted by the presence of
Pluronic® F127, silencing efficacy of this
system is still lower than the one obtained using
Lipofectamine® 2000, as positive control.

Figure 2. A, Silencing efficacy of CS-siRNA polyplexes at 72 hours after transfection in RXO-C cells expressing green fluorescent
protein (GFP). Biological activity was assessed based on GFP expression reduction in cells transfected with CS polyplexes
loaded with GFP-siRNA versus siC, using a fluorescence microscope. Lipofectamine® 2000-based complexes were used as
positive control. B, GFP silencing efficacy of CS-siRNA-Pluronic® micelles 72 hours post-transfection, using siGFP and siC in

RXO-C cells, respectively (results are expressed as mean+SD, n=3).

PEl-based Systems: DM

As cationic polymers, CS show advantages
related with siRNA complexation efficiency
and biological safety but fail in biological gene
silencing efficacy. Therefore, the substitution
of CS by PEI as cationic polymer was tested.
Despite its potential cytotoxicity effects, PEI is

also known for its endosomal membrane
disruptive properties and high transfection
ability. Pluronic® F127 PM were maintained as
part of the formulation with the intention to
reduce the required amount of PEI to obtain the
desired biological effect, thus reducing PEI-
associated toxicity (Table 5).

Precisionnanomedicine.com DOI: 10.29016/180629.1
License: CCBY-NC-SA4.0

@2018 Andover House, Andover, MA USA

95

172



Annex

Table 5. Summary of the Different Tested Conditions Regarding the Branched PEI-Based Systems

Tested Conditions Observations
SIRNA ﬁxl\i}ecl:l() me. in the 200 nM Effective (at certain conditions)
PEI 10K Low effect
PEI 25K Low effect
Polymess conbinations PEI 10K + F127 (0.5%) Effect < than Lipofectamine® 2000
PEI 25 K+ F127 (0.5%) Effect < than Lipofectamine® 2000
PEI 10K + F127 (1%) Effective (at N/P 50)
PEI 25 K + F127 (1%) Effective (at N/P 25 and 50)
5 No effect
N/P ratios 25 Effective only for PEI 25K
PEL:siRNA 50 Effective
75 Toxic

Formulations composed by PELsiRNA
polyplexes of N/P ratio 50 presented higher
transfection efficacy than polyplexes with
lower N/P ratios (Figure 3A). No significant
differences were observed between both types
of PEI (Figure 3A). The 10K branched PEI was
chosen as cationic polymer because of its lower
toxicity profile.**¥’ As observed for CS-
polyplexes, the presence of 1% Pluronic® F127
in the formation of micelles (prepared by DM)
improved  significantly the transfection
efficiency of PEI-polyplexes (Figure 3B).
Moreover, Pluronic® F127 reduces the
cytotoxicity of PEI-polyplexes (Figure 4B).

A _ . B PEiMOKsiGFP-F127
M Lipofectamine® 2000 T DT
207 | PEI10K o Z
3 Il PEI 10K-F127 —
§ 5] M PEI25K
= W PEI 25K-F127
w
> 1.04
=
=
@ 0.57
=
0.0

)
Vv
N

)
&

Therefore, Pluronic® 127 micelles associated
with PEL:siRNA polyplexes at a N/P ratio 50
were selected for further studies, and
characterized in terms of their internalization
profile, physicochemical features and serum
stability. The internalization of PEI-siRNA-
Pluronic® micelles was qualitatively assessed
by confocal microscopy (Figure 4A). For that,
MDA-MB-231 cells were incubated with 5-
DTAF-labeled micelles for 4  hours.
Internalization of PM was observed after
incubation time, as well as co-localization with
cytoplasmic endosomal vesicles (Figure 4A).

Figure 3. A, Green fluorescent protein (GFP) silencing efficacy of polyethylenimine (PEl)-siRNA polyplexes and PEI-siRNA-
Pluronic® micelles (obtained by DM) in GFP expressing RXO-C cells. Lipofectamine® 2000 was used as reference to determine
differences on the intensity of GFP expression upon incubation with different formulations. GFP silencing values are
normalized to Lipofectamine® 2000 as control. Results are expressed as mean+SD (n>3). * p<0.05 compared to the polyplexes
without Pluronic® F127. B, Fluorescent microscopy of GFP silencing efficacy of PEI10K-siGFP-F127 formulation.
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Despite the adequate association efficiency
(>93%), cytotoxicity (ICse> 10mg/mL), and
biological efficacy, the physicochemical
characterization of this formulation showed
increased polydispersity and aggregation over

time, under storage. (Table 6). Moreover,
serum stability studies showed an increase in
the mean diameter of particles after the first 6
hours of incubation, clearly indicating their
opsonization by serum proteins (Figure 4C).

Table 6. Physicochemical Characterization of PEI-siRNA-Pluronic® Micelles

Sample Md (nm) PDI ZP (mV) AE (%)
PM-siRNA 60.28 + 8.65 0.51+0.07 -0.21 £0.06 93.02+0.12
PM 73.22+9.54 0.28 £0.078 3.81+0.96

AFE=association efficiency; Md=mean diameter; PDI=polydispersity index; ZP=zeta potential. AE values are
calculated by undirected method previously described. Results are expressed as mean+SD, n=3.

A Lysotracker
DAPI ® RED 5-DTAF Merged

Polymeric Micelles

Negative Control

B
150 C
B PEI 10K 2000
E B PEI 10K-F127 ,E
:.'.: §1oo %1500-
S 2
= E % 1000+
0= 50 a
S § 500+
=
0 N

Q © 0 & o

Time (hours)

PEI concentration (ng/mL)
Figure 4. A, Comparative cytotoxicity of formulations with and without Pluronic® F127, at different concentrations. B, Confocal
microscopy analysis of labelled particles. Internalization after 4 hours of incubation showing DAPI stained nuclei (blue),
nanoparticles labelled with DTAF (green) and endocytic vesicles (Lysotracker [DND-99] red). C, Serum stability of PEI-siRNA-
Pluronic® formulation. The graphic shows mean diameter values of micelles after incubation with serum at different time-
points. Results are expressed as mean+SD, n=3. DAPI = 4',6-diamidino-2-phenylindole; DTAF = ([4,6-dichlorotriazin-2-
ylJamino) fluorescein hydrochloride; PEI = polyethylenimine.
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Based on these results, it is possible to conclude
that even though the combination of polymers
in optimized ratios could be promising,
unfortunately, the production method of PM by
direct dissolution did not generate nanoparticles
with adequate physicochemical features. The
production of micelles by thin-FH technique
was evaluated as an alternative, in order to
improve their physicochemical characteristics.

PEl-based Systems for siALOX5 Delivery,

as Model Gene: FH Technique

Next, we generated a system for siRNA
delivery combining (1) polyplexes formed by
electrostatic interaction of negatively charged
siRNA molecules and positively charged chains
of PEI-10K, and (2) Pluronic® F127-based PM
obtained by FH method, which yields better

A
15

Intensity(%)

o

Annex

physicochemical characteristics (Figure S5A,
Table 7).

Table 7. MD and PDI of loaded and unloaded
formulations, as well as a loaded formulation
stored 30 Days at 4°C.

Md (nm) +
Sample SD PDI+SD
2393+ 0.250 =

PM-Empty 0.65 0.007

. 2451+ 0276 +
FM-SALOXS 0.53 0.035

PM-siALOX5 (30 | 27.72+ 0231+
days) 1.16 0.070

Md=mean diameter; PDI=polydispersity index.
Results are expressed as mean+SD, n=3.
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PM-siALOXS5

Figure 5. A, Physicochemical characterization of PM-siALOX5. B, Flow cytometry analysis of PEI-siRNA-Pluronic®
internalization in MDA-MB-231 cells, after 4 hours of incubation with 5-DTAF labelled particles (green line). The black line
corresponds to the negative control. C, ALOX5 downregulation in CSC population from the MDA-MB-231cell line after
treatment with PM-siALOX5. ALOX5 expression was analyzed by qPCR. D, Invasion Assay: the number of invasive cells was
quantified after 24 hours of incubation with PM-siC and PM-siALOX5 in MDA-MB-231 CSC. E, Transformation Assay:
transformed cells were quantified after 8 days of incubation with PM-siC and PM-siALOX5 in MDA-MB-231-
ALDH1A1/tdTomato cell line. Pictures were taken at 10x in optical microscope and represent colonies formed within soft agar

matrix after a 7 day of incubation. Results are expressed as mean + SEM (n=3), ¥** p <0.001, ** p <0.01, * p < 0.05.
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ALOXS5, a gene involved in CSC homeostasis
was chosen as a model gene to test our siRNA
system (siALOXS). PM-siALOXS5 showed a
Md value of 24 nm and a low PDI (< 0.2).
Moreover, after 30 days of storage no
significant aggregation of particles was
detected (Figure 5A. Table 7). Further, PM
were easily internalized in MDA-MB-231
breast cancer cells with more than 98% of
positive cells, after 4 hours of incubation
(Figure 5B).

Biological efficacy of our system was also
tested in breast CSC. PM-siALOX5 were
transfected into CSC population isolated form
MDA-MB-231 cell line. ALOXS mRNA levels
were quantified by qPCR. As shown in Figure
5C an encouraging significant silencing of

ALOXS expression was achieved.
Furthermore, the effects of PM-siALOXS
transfection in CSC invasion and

transformation capacity were also assessed.
Accordingly, the invasive potential of breast
CSC was significantly decreased (p<0.001)
after transfection with PM-siALOXS5 (Figure
5D), as well as their anchorage-independent
growth ability (Figure S5E), showing that
treatment with PM-siALOXS reduced not only
the number of transformed cells but also
inhibits proper colony formation (Figure 5F).

Discussion

The present work aimed to develop an efficient
and safe siRNA delivery system. Most gene
delivery systems require the use of cationic
components able to complex and condense
genetic material, in order to facilitate their
cellular internalization and biological effects
(46-48). The use of cationic polymers however
exhibit several drawbacks, particularly,
exceeding levels of undesired toxicity. Because
of this, different polymeric-based formulations
were designed and tested overtime in order to
select the best performing system with optimal
characteristics for siRNA delivery. As a result,
several formulations were discarded due to
their toxicity and/or low biological efficacy. As
shown, our first approach consisted in the

complexation of siRNA in polyplexes
composed by CS (CS-siRNA), a well-
established biopolymer with recognized

advantages in terms of gene delivery (49.50).

Using Lipofectamine® 2000 as positive control,
different types of CS were tested at different

conditions regarding concentration, pH and N/P
ratio, in order to achieve the correct silencing
efficacy/toxicity  balance. RXO-C cells
expressing GFP were used to test the silencing
efficacy of polyplexes loaded with siRNA
against GFP. Biological activity was assessed
based on visual reduction of GFP expression in
cells transfected with CS-siGFP versus CS-siC,
using fluorescence microscopy. Regarding
association efficiency of polyplexes, different
polymer:siRNA ratios were also tested. As
previously reported, our data also show the so
well recognized capacity of CS to complex
OGN, even at lower ratios (51, 52). Although a
1:2.5 ratio showed to be enough to complex
siRNA, GFP reporter silencing assays
demonstrate that in order to promote endosomal
swelling and to obtain biological efficacy.
higher polymer concentrations are required.
This highlights that complexation is not the
unique condition for the existence of biological
effect, despite being essential for proper
delivery of genetic material. In fact, N/P ratio
proved to be an essential factor affecting
complexation efficiency of polyplexes.
Moreover, complexes formed at low molar ratio
in the range of 2-5 tend to aggregate due to
hydrophobic interactions, thus hampering its
efficient transfection. In contrast, higher N/P
ratios reduce aggregation as a result of
electrostatic repulsion of higher positive
surface charges of the complexes (49, 50). In
agreement with this, an N/P ratio of 80 was
required to observe biological efficacy. despite
the low ratios required to ensure siRNA
complexation.

According to our data, CS with higher MW
presented the best results regarding transfection
efficacy., which could be explained by its higher
positive charge and capacity to better complex
and protect siRNA. Similar data has been also
provided by others using plasmids and siRNA
(51-54). However, the biological -efficacy
observed with CS polyplexes showed to be
insufficient. Although higher MW CS seem to
better condense and protect siRNA for cellular
delivery, it is possible that concurrent strong
interactions of the system result in lower
dissociation between CS and the genetic
material after endosomal disruption, rendering
low biological efficacy. As referred previously,
it is of utmost importance to find a balance
between MW and DD to efficiently complex
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and protect genetic material, promote its
endosomal escape, and allow cytoplasmic
release of OGN (53, 54).

In order to increase the biological efficacy, the
most effective polyplex (CL213-CS) was
posteriorly combined with Pluronic® micelles.
This type of polymer has already been
described as an enhancer of transfection of
genetic material. Although not completely
understood and explained, poloxamers interfere
with cell membranes reducing their structure
and microviscosity/fluidity and allowing
escape from the endosomal compartment via
membrane disruption and pore formation (55,
56). Different Pluronic® (F68, F108, F127)
were tested, with Pluronic® F127 being the one
selected due to its better technological features.
The smaller size and PDI of F127-based
micelles can be explained by their lower critical
micellar concentration (CMC), hydrophilic-
lipophilic balance (HLB) and critical
micellization temperature (CMT) (24 °C for 1%
w/v solutions (57)), whereas F68 presents the
highest CMC and CMT (54-56.21 °C for 1%
w/v solutions (58)) and consequently, higher
diameter. Similar data has been reported
previously (59). Further, poloxamers with
intermediate HLB values like F127 (HLB=18-
23), have shown higher ability to interfere with
membranes than poloxamers with higher HLB
values like F68 and F108 (HLB>24) (60, 61).
Thus, higher biological efficacy of the system
containing Pluronic® F127 is expected.

Although the silencing efficiency of CS-based
polyplexes appears to improve with the
presence of Pluronic® F127 in the formulation,
it is still substantially lower than those obtained
with Lipofectamine® 2000. Taking into account
that the presence of Pluronic® improves the
transfection efficiency of CS-based polyplexes,
the substitution of CS for another cationic
polymer, in this case PEI, was addressed. In
order to rapidly screen different formulation
compositions regarding their transfection
efficiency. the reduction of GFP fluorescence in
RXO-C/GFP expressing cells was quantified.
Our data show that PEI-based polyplexes were
able to reduce gene expression, being the
transfection efficiency more significant for the
polyplexes with an N/P ratio of 50 than N/P
ratio 25. Because no significant differences in
terms of biological efficacy were observed
between both types of PEL the 10K branched

Annex

PEI was chosen due to its recognized lower
toxicity profile (44). Interestingly. the presence
of 1% Pluronic® (w/v) in the form of micelles
improves  significantly the transfection
efficiency of the polyplexes as observed both,
quantitatively and qualitatively by a higher
GFP gene expression inhibition. The
formulation where PEI 10k was complexed
with siRNA at an N/P ratio of 50 and further
incorporated into 1% (m/v) Pluronic® F127-
based PM. presented similar transfection
efficacy  and GFP  silencing  than
Lipofectamine® 2000. Contrarily to the need of
complex chemical modifications proposed by
other studies (62, 63), in this work we used a
simple association of PEI-based polyplexes
with Pluronic® F127-based PM. The micelles
prepared by DM present the great advantage of
being prepared by a simpler method.
importantly avoiding the use of organic
solvents. This is a relevant issue in terms of
future translatability to the clinical practice.
Unfortunately, higher sizes and polydispersity
were shown, as well as lower reproducibility
and stability, suffering aggregation in the
presence of serum and also under storage. To
overcome these technological drawbacks, we
changed to the FH technique as production
method (64). This method allowed the
production  of  micelles with  better
physicochemical features (lower size (<30nm)
and PDI, as well as neutral zeta potential). A
better control and more effective formation of
micelles and association of PEI-polyplexes
might explain this. Further, the importance of
nanoparticles design for gene therapy is not
only related with the condensation of genetic
material but also with the prevention of its
potential degradation. In our case, the particles
obtained using the FH method present higher
storage stability (64).

Oncology is certainly one of the fields that is
most benefiting from the application of
nanotechnology to drug and gene delivery. As
a result of their malignant phenotype and
resistance to conventional therapies, special
attention has been given to CSC and to their
specific targeting. An anti-CSC therapy, with a
delivery system able to effectively reach them,
is highly desirable. Otherwise, a reservoir of
resistant CSC can cause recurrence and
metastatic growth of a more aggressive form of
cancer. In this work we used a CSC model we
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previously validated both in vitro and in vivo invasive potential are two important hallmarks
(42). To specifically target CSC, we selected for CSC aggressive behavior, thus the strategy
siRNA against the gene ALOXS5 as model gene. of silencing ALOXS using PEI10K-siALOXS5-
It has been shown that inhibition of ALOXS is F127 could be a promising and successful
a promising strategy to hamper tumor future antitumor therapy, particularly in
development, due to its recognized role in CSC advanced cancers.

survival (41, 65, 66). Our data show that PM- In vivo toxicity of this formulation was tested
SIALOX5 were quickly and effectively through a maximum tolerated dose assay. and
internalized in breast cancer cells and did not any change of body weight or any adverse
present significant toxicity in vifro for the effect was detected (64). This formulation was
working concentrations. We also confirmed able to extravasate from blood circulation to the
that the presence of F127 was essential to tumor mass (64). Moreover, with a F127 based
reduce PEI-related cytotoxicity. delivery system with similar physicochemical
Downregulation of ALOXS after treatment features we assessed the biodistribution of the
with PM-siALOXS5 was studied by qPCR. A formulation in a breast cancer model and we
significant reduction of ALOX5 mRNA obtained high percentages of tumor
expression was observed. To study the effects accumulation (10 to 15%) mainly due to the
of PM-siALOXS on the metastatic potential of enhanced permeability effect associated with
isolated CSC, functional assays were the small size of the micelles (data not shown),
performed.  Interestingly, a  significant which demonstrates the potentiality of these
impairment of CSC invasion capacity and delivery systems in the field of cancer
anchorage-independent growth ability was treatment.

observed. Cell neoplastic transformation and

Conclusions

In this work different cationic polymers were tested for the production of polyplexes and different
polymeric systems. The choice of PM composed by Pluronic® F127 was based on their capacity to
improve transfection efficiency of polyplexes and reduce toxicity. The amphiphilic properties of the
system opened the possibility to design a multifunctional-targeted particle for combined therapies, such
as a combination of gene- and chemotherapies in one single nanoparticle formulation. Two different
PM preparation methods were also compared. The DM technique was the easiest and less time-
consuming method to prepare micelles and avoid organic solvents: however, it had important
disadvantages regarding the technological features when compared with micelles obtained by the FH
technique. Finally, a promising vehicle with adequate physicochemical and biological properties for
gene delivery (siRNA-ALOXS5) was selected after screening different formulations. Following the
concept of precision nanomedicine, the effective gene silencing of our system opens the door to design
better gene delivery strategies to specifically target cancer genes, and therefore, benefit specific groups
of patients according to their cancer type or genetic profiles.
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