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ABSTRACT
Two of the main limitations of conventional cancer drugs are their lack of ability to
discriminate between cancer and normal cells, producing the well-known side effects,
and the resistance to radio- and chemotherapy. The resistance is mainly due to the
presence of hypoxic (low oxygen) regions in tumours where the Hypoxia Inducible
Factor (HIF) transcriptional system regulates the expression of hypoxia-dependent prosurvival and drug resistance genes. The development of a delivery system capable of
specifically targeting and penetrating tumours is a promising strategy to overcome these
issues. Currently, one of the most investigated agents for cancer targeting is hyaluronic
acid (HA), since its main receptor, CD44, is overexpressed in many cancers. However,
it is still unclear which cell-related factors influence HA binding and internalisation
(collectively called “uptake”) into CD44 expressing cells. To address this, the
expression of CD44 (standard and variants isoforms, CD44s and CD44v respectively)
was evaluated in human dermal fibroblasts (HDF) as healthy control and in a large
panel of cancer cell lines. It was found that the expression of CD44v can negatively
influence the uptake of HA but, interestingly, the healthy control HDF that expressed
high levels of CD44s were less efficient in taking up HA when compared to high
expressing CD44s cancer cells. Starting from this knowledge, HA-coated chitosan (CS)based nanoparticles (NPs), engineered to contain siRNAs to knockdown HIF-1, were
used to target CD44s expressing pancreatic cancer cell lines (MIA PaCa-2 and PANC1). Two different NPs were formulated using low or high molecular weight (LMW or
HMW) CS evaluating differences in their internalisation by cells and correlating that
with gene silencing studies. Cells showed a slower internalisation of HMW CS/HA NPs
compared to the LMW counterpart. However, the latter were slightly more efficient in
HIF-1α and its downstream target genes knockdown. LMW CS/HA NPs were able to
penetrate deeply into multicellular spheroids, but when injected intravenously in tumour
bearing mice they resulted not completely stable (with potential decomplexation) as 48
hours post-injection most of HA was detected in the liver and the siRNA in the kidneys.
In conclusion, these results provide some understanding on the interplay between CD44
expression, its functionality and the underlying mechanism(s) for HA uptake and
importantly, demonstrate that factors other than the amount of CD44 receptor can play a
role in the interaction with HA. However, other methods for preparation or in vivo
administration of HA/CS NPs need to be evaluated to assess the system stability in a
route different from intravenous.
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Chapter 1 - INTRODUCTION
1.1 CANCER
1.1.1 STATISTICS AND DEFINITION
Cancer is one of the worldwide leading causes of death and can be defined as a group of
diseases in which abnormal cells divide without control and acquire the ability to invade
other tissues. Normal cells grow and divide in a controlled manner in order to produce
new cells to replace the damaged or old ones, which should undergo programmed cell
death or apoptosis. If something goes wrong in this process, changes in the genome of
cells can occur that can lead to cancer development. Carcinogenesis consists of three
main steps: initiation, promotion and progression. Initiation phase requires genetic
alterations which can lead to a gain of function in specific oncogenes (genes that have
the potential to cause cancer) or loss of function in oncosuppressors (genes that can
protect from cancer). These can enhance growth and, together with further mutations,
normal cells can turn to a premalignant state with an uncontrolled proliferation rate
(promotion phase), then to malignant and invasive cancer (progression phase) [1].

1.1.2. HALLMARKS OF CANCER
There are more than 100 types of cancer and each specific type of cance may occur in
different subtypes. However most, if not all of them, seem to share few characteristics.
In 2000, Hanahan and Weinberg identified six essential “hallmarks of cancer”, or
alterations in cellular physiology, that they suggested to be acquired during the
development of cancer.
Self-sufficiency in growth signals: generally, normal cells start to proliferate in
response to specific growth signals by the stromal microenvironment. Cancer cells,
however, have acquired the ability to produce many of these factors on their own or to
induce the stromal components to release them and to overexpress growth factor
receptors on their surface.
Insensitivity to growth-inhibitory signals: in normal tissues, anti-proliferative signals
are important to maintain cellular quiescence and homeostasis. Tumour cells, instead,
are able to evade these signals and go through the cell cycle.
Evasion of programmed cell death: apoptosis is used by the cells to control the
number of the population by eliminating mutant or damaged cells, therefore, altering the
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apoptotic machinery can dramatically affect the dynamics of cell proliferation,
promoting tumour progression [2].
Limitless replicative potential: normal cells have a finite replicative potential thanks
to the shortening of telomere DNA. Cells which succeed in up-regulating expression of
telomerase enzyme can undergo unlimited multiplication [3].
Sustained angiogenesis: once a tissue is formed the vasculature is normally quiescent.
In order to grow in size, tumours develop angiogenic ability (angiogenic switch) [4].
Tissue invasion and metastasis: metastatic cells can leave the primary tumour, reach
distant sites and invade other tissues forming new colonies where, at least at the
beginning, nutrients and space are not limited [5].
In 2011 Hanahan and Weinberg updated their “Hallmarks of Cancer”, after the latest
findings, with other emerging characteristics [6]:
Reprogramming energy metabolism: due to their uncontrolled proliferation, cancer
cells may undergo to a “metabolic switch” to ensure the necessary energy supply. They
limit their energy metabolism largely to glycolysis instead of other mitochondrial
oxygen-consuming reactions. This glycolysis dependence seems to be accentuated in
hypoxic conditions where glucose transporters and various enzymes of glycolytic
pathway are upregulated [7].
Evading immune destruction: the immune system is responsible of the detection and
elimination of the most cancer cells so, when a tumour appears, it must have evaded this
detection. Cancer cells may start, for instance, secreting immunosuppressive factors
such as transforming growth factor-β (TGF-β), so repressing the action of cytotoxic T
lymphocytes and natural killer cells [6].
Genome instability and mutation: mutations are rare events thanks to the DNA
monitoring and repair systems. Breakdown or malfunction of the genome maintenance
machinery or of the senescence and apoptosis systems may increase instability and
mutations [8].
Tumour-promoting inflammation: immune cells are known to infiltrate in virtually
every tumour and it has been demonstrated that the tumour-associated inflammatory
response had the paradoxical effect of enhancing tumorigenesis and progression. That is
because immune system

cells

release bioactive molecules in

the tumour

microenvironment, such as reactive oxygen species (ROS), growth factors, survival
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factors, pro-angiogenic factors, extracellular matrix-modifying enzymes, epithelialmesenchimal transition (EMT) inductive signals and others [9, 10].

1.1.4 TUMOUR MICROENVIRONMENT
Tumour microenvironment is also an important factor contributing to tumour
progression. Tumour cells can often alter the cellular and molecular composition of the
microenvironment, which in turn can become able to promote tumour progression. The
tumour microenvironment is composed of different cell types:
Cancer cells: are the main component of the tumour mass and are the responsible for
tumour progression and enlargement [6].
Cancer stem cells: are present in most cancers, capable of self-renewal and able to
generate tumours when injected in recipient mice [11]. It has been demonstrated that
cancer stem cells represent the cell population within the tumour that is most resistant to
commonly used chemotherapeutic treatments and so they may have the ability to
regenerate a tumour once therapy is stopped [6].
Endothelial cells: quiescent endothelial cells can be activated in tumours to construct
new blood vessels [4].
Pericytes: are specialised mesenchymal cells which surround blood vessels and produce
paracrine support signals to the endothelium [6].
Immune inflammatory cells: chronic inflammation has been observed in various tissue
pathologies including neoplasia [9]. Together with the conventional ones, a subclass of
“alternatively activated” macrophages, neutrophils and myeloid progenitors may secrete
angiogenic and growth factors and matrix remodelling enzymes, which favour
neoplastic progression [12].
Cancer-associated fibroblasts: fibroblast-like cells and myofibroblasts form the
tumour stroma and are known to enhance tumour phenotypes, cancer cell proliferation,
angiogenesis, invasion and metastasis [13].

1.1.5 CONVENTIONAL CANCER THERAPY
Many drugs designed to target these cancer features have been developed. Problems
occur when a hallmark capability is regulated by a partially redundant signalling
pathway, so the therapeutic agent may not completely block it and cancer cells may
adapt again or become less dependent on that hallmark and survive [6]. Moreover, the
conventional anticancer drugs are cytotoxic agents, which target highly proliferative
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cancer cells, but may also target proliferative normal cells causing indiscriminate
toxicity, the major cause of post-treatment side effects (nausea and hair loss). They have
also a short half-life in the bloodstream obligating the highest tolerated dose injections.
Nevertheless, cancer cells can develop resistance to drugs and also hypoxic regions
within the tumour may cause resistance to radio- and chemo-therapy [14]. For these
reasons new drug delivery systems to increase the transport to the tumour mass and
decrease it to normal tissues, reducing side effects, are strongly required.

1.2 HYPOXIA
1.2.1 DEFINITION
The correct supply of oxygen (O2) to every cell and tissue is fundamental to perform all
the biological functions. Normal cells satisfy their energy needs using O2 to produce
ATP with high efficiency through the mitochondrial oxidative phosphorylation. There
are many pathological situations where reduced O2 levels can be found such as
ischaemia, stroke, inflammation and cancer. Cells in the human body are exposed to an
oxygen concentration which can vary from 21% in the upper airway (about 150 mmHg
at sea level) to 1% at the corticomedullary junction of the kidney. Cells in culture are
maintained at 20% O2, a condition named “normoxia” by biologists [15]. “Hypoxia”
occurs when oxygen is present at a concentration of 2% or less; when it reaches 0.02%
or less is considered severe hypoxia or “anoxia” [16].

1.2.2 HISTORY
The history of hypoxia starts with Otto Warburg, who in the 20th century found that
tumour cells favour glycolysis and produce lactic acid even in presence of oxygen [17,
18]. The Warburg effect is nothing other than a reverse Pasteur effect (inhibition of
fermentation by O2). Thereafter, scientists started to speculate about the presence of
hypoxic cells in mammalian tumours and how these cells could be affected by radiation
[16]. While they were observing the transverse section of tumour cords, Thomlinson
and Gray in 1955 discovered that all tumour cords greater than 180-200 µm had a
necrotic centre which was about 100 µm distant from the vascularised stroma. As the
calculated distance of O2 diffusion is known to be a round 145 µm, they hypothesised
that the necrosis was caused by low O2 levels for long periods of time in those areas,
what has been successively called hypoxia [19]. Moreover, Gray et al. discovered that
well-oxygenated cells were more sensitive to X-ray than hypoxic cells [20]. Ionising
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radiation can generate a DNA radical that can be reduced and restored to the original
form or be oxidated by O2, which fixes the damage and can bring the cells to death
(figure 1.1).

Figure 1.1. Effect of radiation in hypoxic and normoxic cells.
Adapted from Curtis et al., 2016 [21].

Therefore, it was known at that time that the presence of hypoxic cells in human
tumours could represent an obstacle to radiotherapy. It was hypothesised that patients
could benefit from radiotherapy in hyperbaric chambers, but these clinical trials did not
give the expected results in part because it was not known at that time that “acute
hypoxia” could also occur in addition to “chronic hypoxia” [19, 22]. “Acute hypoxia”,
firstly described by Brown [23], is caused by temporary and local obstruction or
variable blood flow in tumour vessels [24].
The hypothesis formulated then, and still under investigation after 60 years, was that if a
subset of cancer cells can survive inside hypoxic niches then they must be difficult to
eradicate with conventional anti-cancer therapies and could be responsible for the
relapse after radiotherapy.

1.2.3 HYPOXIA IN TUMOURS
As a matter of fact, in about 50-60% of human tumours there are regions with reduced
O2 availability due to the uncontrolled cell proliferation, reduced cell death and
abnormal function and structure of blood vessels. For these reasons even highly
vascularised cancers may contain areas of severe hypoxia [24, 25]. Since the 1990s, it
was possible to make accurate measurements of O2 levels in human tumours thanks to
the introduction of the ‘Eppendorf’ electrode. In normal subcutaneous tissue, the
median value for O2 partial pressure (pO2) is usually between 40 and 60 mmHg, while
O2 concentrations in human tumours are highly heterogeneous with many regions at
very low levels (less than 5 mmHg), with median values much lower than the normal
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corresponding tissues [26]. For instance, the mean pO2 in breast cancer is 10 mmHg
while in the normal tissue it is more than 60 mmHg and it has been demonstrated that a
pO2 less than 10 mmHg in the primary tumour is correlated with a higher risk of
metastasis [24].
Hypoxic cells are extremely difficult to eradicate: because of their distance from blood
vessels, they are not only not adequately exposed to O2, but also to anticancer drugs
[27]. It has also been noted that tumour hypoxia triggers dysfunctional processes such
as selection for a more malignant phenotype [28], increase in mutagenesis [29],
activation of angiogenesis [30] and tumour invasion [31]. All of these modifications can
lead to a poor clinical prognosis [32]. This is due to the fact that at low O2
concentration, normal and cancer cells can become able to adapted to the new
environment thanks to the transcriptional activity of hypoxia-inducible factors (HIF-1
and HIF-2) (figure 1.2) [33]. They upregulate genes for cell survival in hypoxia, cells
switch from oxidative to glycolytic metabolism and produce angiogenic factors in order
to create new blood vessels for O2 supply, thus encouraging the metastatic phenotype
[34].

Figure 1.2. Tumour microenvironment.
HIF-1α accumulates far away from blood vessels, where oxygen levels are low.
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1.2.4 HIF-1
1.2.4.1 Structure
HIF-1 was discovered in 1992 by Semenza and co-workers studying the erythropoietin
gene, a glycoprotein hormone that controls erythropoiesis [35]. HIF-1 is a heterodimer
present in nucleated cells of all animal species and in humans consisting of two
subunits, HIF-1α and HIF-1β [36]. HIF-1β is constitutively expressed, while HIF-1α
expression is O2-regulated. HIF-2 is composed of HIF-1β and HIF-2α and also in this
case HIF-2α is O2-regulated. However, HIF-2α is expressed only in certain cell types
within vertebrate species [37] and can promote the expression only of some of the genes
regulated by HIF-1 (for example it regulates VEGF, but not glycolytic enzymes) [38].
The N-terminal half of HIF-1α, HIF-1β and HIF-2α consist of basic-helix-loop-helix
and Per-ARNT-SimHomology (bHLH-PAS) domains which are important for
heterodimerisation and DNA binding. The C-terminal half contains transcriptional
activation domains and in HIF-1α and HIF-2α O2-dependent regulatory domains [39,
40].

1.2.4.2 HIF-1 oxygen-dependent regulation
As already mentioned, HIF-1α is unstable in the presence of O2. In fact, it has been
demonstrated that when cells are cultured for 4 hours in the presence of 1% O2, they
accumulate HIF-1α, but when exposed to 20% of O2 HIF-1α protein is almost instantly
degraded [40, 41]. This happens because in the presence of O2 HIF-1α is hydroxylated
by prolyl hydroxylase domain protein 2 (PHD2) which inserts one oxygen atom in a
proline residue (Pro-402 or Pro-564) and the other atom into α-ketoglutarate generating
CO2 and succinate. Hydroxylated HIF-1α can be bound by Von Hippel-Lindau tumour
suppressor protein (VHL) which recruits E3-ubiquitin ligase, responsible of HIF-1α
targeting for proteasomal degradation (figure 1.3). Moreover, hydroxylation in Asp-803
by factor binding HIF-1 (FIH-1) blocks the binding of coactivators p300 and CBP,
which are important for their histone acetyltransferase activity and for stabilisation of
the binding with RNA polymerase II [7]. In hypoxic conditions, HIF-1α cannot be
degraded and, instead, dimerises with HIF-1β by binding to a consensus sequence (5’RCGTG-3’; R, purine [A or G]) within a hypoxia response element (HRE) (figure 1.3).
Intratumoral hypoxia can in this way lead to HIF-1α accumulation, which has been
associated with increased patient mortality in many cancer types [42].
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Figure 1.3. Oxygen-dependent regulation of HIF-1α.
Adapted from Bertout et al., 2008 [16].

1.2.4.3 HIF-1 oxygen-independent regulation
The accumulation of HIF-1 can be triggered, aside from hypoxia, even in an O2
independent manner by mammalian target of rapamycin (mTOR) deregulation after a
loss of function mutation in certain tumour suppressors, such as phosphatase and tensin
homolog (PTEN) or a gain of function in protein tyrosine kinases including Ras,
epidermal growth factor receptor (EGFR), HER2, and the phosphotidylinositol-3-kinase
(PI3K) pathway. mTOR can phosphorylate ribosomal protein S6 kinase and eIF-4E
binding protein 1, which is able to increase the rate of translation of HIF-1α mRNA [15,
43]. mTOR can also be activated by many proteins encoded by transforming viruses (as
in the case of Kaposi’s sarcoma) [42]. Other factors involved in the O2-independent
regulation of HIF-1 are the free radicals. These are chemical species, like ROS or
reactive nitrogen species (RNS), characterised by having unpaired electrons such as
superoxide anion (O2−) and hydrogen peroxide (H2O2). All of these are shown to
stabilise HIF-1α in normoxic and hypoxic conditions [44].

1.2.4.4 Role of HIF-1 in cancer progression
There are a lot of clinical data supporting the hypothesis that HIF-1 accumulation can
enhance cancer aggressiveness and malignancy [42]: studying tumour biopsies by
immunohistochemistry (IHC), it has been demonstrated that in many human cancers
there is an association between patient mortality and high expression of HIF-1α/HIF-2α.
There is also a large amount of experimental data demonstrating that HIF-1α gene loss
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of function brings a reduction in tumour growth, vascularisation and metastasis, while a
gain of function of the same gene has opposite effects [42].

1.2.4.5 Regulation of gene transcription by HIF-1
HIF-1 activates the transcription of many genes which are involved in important
pathways that regulate multiple aspects of cancer biology.

Angiogenesis
HIF-1 is responsible for transcription of virtually all critical angiogenic growth factors
including vascular endothelial growth factor (VEGF), stromal derived factor 1 (SDF1),
angiopoietin 2 (ANGPT2), placental growth factor (PGF), platelet-derived growth
factor B (PDGFB), and stem cell factor (SCF). Once produced, these factors can bind to
their receptors, which are expressed on the surface of vascular endothelial cells,
pericytes and smooth muscle cells, to promote angiogenesis and vascular remodeling
and increase the delivery of O2. Furthermore, in hypoxic endothelial cells, HIF-1 can
regulate the expression of many cell surface receptors for hypoxia-induced angiogenic
cytokines [45].

Resistance to radiotherapy and chemotherapy
HIF-1 inhibition has been shown to have radio-sensitising effects on cancer cells
increasing mitosis, decreasing apoptosis and promoting the glycolytic switch [46]. It can
also promote the radio-resistance of tumour vessels inducing cancer cells to express
cytokines such as VEGF. Even if the molecular basis of HIF-dependent drug resistance
is complex and dependent on tumour type, the overall conclusion of recent studies is
that HIF-1 transcribes the multidrug resistance 1 (MDR1) gene since a HIF-1 binding
site was found in the promoter of this gene [47]. MDR1 encodes for the membraneresident P-glycoprotein (P-gp) that pumps xenobiotic compounds out of cells [48].

Genetic instability
It has been demonstrated that under severe hypoxic conditions HIF-1 can downregulate
the MLH1 and MSH2 genes, which encode for the subunit MutSα. The latter is
responsible for the recognition of DNA mismatches, in a p53-dependent manner, thus
inducing genetic instability [49]. Furthermore, it has been reported that cells maintained
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in hypoxia and exposed to low pH showed a reduction in the expression of crucial
mismatch repair proteins compared to normoxic controls [50].

Immune evasion
Hypoxic cancer cells can evade the immune system with several different HIFdependent mechanisms that basically inhibit T cell cytotoxic functions and recruits
regulatory T cells that favour tumour tolerance [51].

Proliferation and cell immortalisation
HIF-1 has been demonstrated to regulate many genes encoding for growth/survival
factors involved in autocrine signaling such as transforming growth factor-α (TGF-α),
insulin-like growth factor-2 (IGF2), VEGF and EPO which activate pathways that lead
to cell proliferation and survival [52].
However, in order to limit the O2 consumption, the HIF-1α subunit is known to mediate
the arrest of cell cycle displacing the transcription factor MYC from the promoter of the
gene encoding for the cyclin-dependent kinase inhibitor p21(cip1), derepressing it [53].
HIF-1α binds to Cdc6 and promotes the interaction of this protein with of
minichromosome maintenance (MCM) complex helping the association with the DNA.
MCM has DNA helicase activity, but the binding of HIF-1α reduced MCM complex
phosphorylation and activation by Cdc7 kinase thus inhibiting firing of replication
origins, reducing the DNA replication and causing the cell cycle arrest in many cell
types [54]. Moreover, the HIF-1 complex can activate the transcription of a MYC
repressor [55]. On the other hand, HIF-2α has been shown to enhance MYC, so
stimulating the proliferation of some cancer cells [56].
Finally, in hypoxic cancer cells, HIF-1 can mediate TERT gene transcription that
encodes for telomerase, which is responsible for the telomere maintenance and thereby
allowing unlimited cell division of cancer cells [57].

Invasion and metastasis
Epithelial cells normally have intercellular junctions and connections with the basement
membrane. A crucial component for these junctions is the transmembrane molecule
epithelial (E)-cadherin. HIF-1 protein accumulation in hypoxia has been associated with
a loss of E-cadherin, leading to increased invasion and metastasis. HIF-1 also promotes
the transcription of genes encoding for proteases, including the urokinase-type
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plasminogen-activator receptor (uPAR) and matrix metalloproteinase 2 (MMP2), which
degrades the basement membrane and the extracellular matrix (ECM) [58].
Furthermore, HIF-1 stimulates EMT activating the transcription of genes encoding for
inhibitors of E-cadherin and other proteins that contribute to the epithelial cell features,
and activating the transcription of genes that contribute to the mesenchymal phenotype
(TGF-α, vimentin, hepatocyte growth factor receptor - c-MET) [52].

Metabolism and pH regulation
The genes encoding glucose transporters, GLUT-1 and GLUT-3, and almost all the
enzymes of the glycolytic and glycogen synthesis pathways are induced by hypoxia
and/or regulated by HIF-1 [7]. Firstly, HIF-1 activates the transcription of pyruvate
dehydrogenase kinase 1 (PDK1) which is an enzyme that phosphorylates and inactivates
pyruvate dehydrogenase (PDH). When PDH is inactivated acetylCoA cannot be
produced from pyruvate and cannot enter into the tricarboxylic acid (TCA) cycle.
Pyruvate is then converted to lactate by lactate dehydrogenase A (LDH-A), a HIF-1
target [59]. Another adaptive response mediated by HIF-1 to reduce oxidative
metabolism is the activation of the transcription of BNIP3 protein which induces
mitochondrial autophagy [60].
HIF-1 also targets genes encoding for plasma membrane proteins: monocarboxylate
transporter 4 (MCT4) transports lactate out of the cell, sodium-hydrogen exchanger 1
(NHE1) pumps protons (H+) into the extracellular space and carbonic anhydrase 9
(CA9) reversibly converts CO2 to carbonic acid. These proteins contribute to the
acidification of the extracellular pH, which can promote invasion, and intracellular
alkalization, which can promote proliferation [61]. In other words, in hypoxic
conditions HIF-1 triggers a “switch” from oxidative to a glycolytic metabolism,
promoting cell survival [62, 63].

Stem cell maintenance
Through the action of HIF-1, hypoxia triggers important stem cell maintenance
pathways. For instance, HIF-1α has been shown to stabilise Notch1, which maintains
the cells in an undifferentiated state, and HIF-2α to increase the expression of Oct-4, a
stemness marker. As already mentioned, HIF-2α activates MYC, which contributes not
only to proliferation, but also to the maintenance of a stemness status [64].
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Besides all the other mechanisms already listed, HIF-1 also provides an indirect
regulatory mechanism controlling the expression of many miRNAs and one miRNA
may target hundreds of different mRNAs [65]. Finally, HIF-1 seems to be involved
even in an epigenetic regulatory system, controlling the transcription of chromatin
modifying enzymes such as histone demethylases [66].

1.2.5 TARGETING HYPOXIA
Hypoxia is considered a valid therapeutic target for its role in resistance to therapy and
tumour progression, in addition to the fact that hypoxia is a unique feature of cancer.
The traditional strategy for targeting hypoxia consists in the use of bioreductive
prodrugs that are activated at low O2 levels.

1.2.5.1 Bioreductive prodrugs
Bioreductive prodrugs are not activated and are non-toxic if O2 is present at high
concentration, while they can be activated in hypoxia or in presence of specific
reductive enzymes [67]. The latter can reduce the prodrug adding an electron, but in the
presence of O2 the formed free radical can be rapidly oxidised to the original non-toxic
compound and the O2 becomes a superoxide. This ensures that the toxic agent is
maintained at low levels in normoxic cells, while it accumulates in hypoxic cells that
cannot re-oxidise it [67, 68]. Aromatic N-oxides, aliphatic N-oxides, quinones and
nitroheterocyclics are the four main groups of bioreductive prodrugs. Tirapazamine
(TPZ), an aromatic N-oxide, is considered the typical hypoxia-activated prodrug. TPZ
has been demonstrated to selectively kill the hypoxic cells within the tumour, therefore
strengthening the effect of radio- and chemotherapy. However, although TPZ and other
common bioreductive drugs seem to have clinical activity, they were also related to
severe side effects such as diarrhoea, nausea, muscle cramping and loss of hearing as a
consequence of unspecific activation in proliferating normal cells [68, 69]. Moreover,
there is another important issue for all the drugs used in cancer therapy, which is the
limited penetration into solid tumours. This becomes crucial when a molecule is
designed to reach and be activated in hypoxic areas, which are at least 100 µm away
from blood vessels [67, 68]. For these reasons, innovative treatment strategies are
strongly required.
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1.2.5.2 RNA interference
RNA interference (RNAi) technology has emerged as a new gene therapy technique and
a strong strategy to overcome problems of drug resistance and specific targeting. It was
discovered in 1998 by Fire and Mello while they were studying the Caenorabtis
elegans. They found that when injecting double strand RNAs corresponding to specific
genes, the worm was losing the expression of those particular genes [70]. In the
following years the complete RNAi machinery was discovered. Small interfering RNAs
(siRNAs) are about 19-21 nucleotides double-stranded RNA sequences used for
degrading specific mRNA. When in the cytoplasm, the siRNA is recognised by the
RNA-induced silencing complex (RISC) and can bind the 3’ untranslated region (UTR)
of its mRNA target. RISC has a catalytic part called Argonaute 2 (Ago2) that gets
activated when bound to mRNA and cleaves it (figure 1.4) [71].
Silencing HIF family by specific delivery of anti-HIF-1α\2α siRNAs can inhibit tumour
growth and HIF-1α siRNAs have already been used in cancer therapy applications [72,
73]. However, their adaptation to clinic has been restricted because their associated
disadvantages include instability in biological fluids, lack of specific cells
“targetability” and poor permeability of plasma membrane because of its hydrophilic
and anionic properties [74]. Moreover, their escape from the endosomal/lysosomal
compartments still remains a big challenge [74, 75]. In order to overcome these issues,
many carrier systems have been developed in recent years. Carriers should offer
protection to the cargo during transportation to the target cells and ensure its release
when in the cytoplasm where the RISC complex is located. However, an efficient
method for the intracellular delivery of agents for HIF silencing is a major, still unmet
need.

Figure 1.4. RNAi machinery.
Once in the cytoplasm the siRNA is recognised by RISC complex which binds to the target
mRNA and degrades it.
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1.3 SPECIFIC TUMOUR TARGETING IN CANCER THERAPY
1.3.1 CD44
CD44 is a cell membrane glycoprotein that was ﬁrst identiﬁed in 1982 in hematopoietic
tissues [76] and was initially found to have lymphocyte homing functions [77]. In 1989,
it was recognised as a member of the cartilage link protein family and many cancer cell
lines and solid tumours were found to express the CD44 gene [78]. In 1991, Günthert
and co-workers inserted the sequence of a CD44 isoform into a non-metastasising
tumour and discovered that this acquired metastatic properties, thus indicating that
CD44 had a role in the metastatic process [79]. Since then this protein has been
extensively studied and now the overexpression of CD44 is generally accepted as a
marker of cancer stem cells (CSCs) and malignancy. Cancer-initiating cells (CICs) or
CSCs represent a minor population of cells within the tumour, but are crucial for tumour
maintenance and progression. CD44 is considered the most commonly used cell surface
marker in the sorting of subpopulation of breast, prostate and gastric CSCs [80]. The
expression level of CD44 has also been associated with tumour relapse after therapy and
poor prognosis in many cancers [81, 82]. However, CD44 can be constitutively
expressed on various normal cells as it is involved in many cellular processes, including
regulation of cell-cell and cell-matrix interaction and also regulation of growth,
survival, differentiation and motility as it can complex with other molecules involved in
signalling processes [83].

1.3.1.1 CD44 structure
CD44 glycoproteins are encoded by a single gene, but differ in size (from about 85 to
about 250 kDa) due to N- and O-glycosylations and alternative splicing of specific
exons in the extracellular domains of the receptor. The smallest or standard isoform
(CD44s), which is expressed on the membrane of most mammalian cells, include seven
extracellular domains, a transmembrane domain and a cytoplasmic domain (figure 1.5)
[84].

Gene
The human CD44 gene is situated in the chromosomal locus 11p13 and is constituted of
twenty exons. The exons 1–5 and 16–20, are spliced together to form a transcript that
encodes for CD44s. The variable exons 6–15 (also known as v1–10) can be
alternatively spliced and included between exons 5 and 16 (figure 1.5, top panel).
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Molecules containing the variable exons are known as CD44 variants (CD44v) and, in
theory, alternative splicing would produce more than 1000 different CD44v, but only 12
forms are frequently observed. The exon v1 is not found in humans as it contains a stopcodon, but it is expressed in other mammals [85].

Figure 1.5. CD44 structure.
The 20 exons of CD44 gene, CD44s and CD44v protein structure. Adapted from Zoller, 2011
[84].

Protein
CD44s consists of 363 amino acids (aa) which form a protein with three regions: a 270
aa extracellular domain, a 21 aa transmembrane domain, and a 72 aa C-terminal
cytoplasmic domain. The N-terminal domain is encoded by exons 1 to 5 and is highly
conserved (~ 85%) between mammalian species. It forms a globular tertiary structure
thanks to disulphide bonds between three pairs of cysteine residues. It contains two
binding domains, the “link domain” (aa 32-132), where there are binding sites for
collagen, laminin, fibronectin and for other receptors such as E-selectin and L-selectin,
and a basic motif (aa 150-158) where hyaluronic acid (HA) binds [85]. There are also
other two regions (aa 21-45 and 144-167) rich in conserved basic residues, which are
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considered important in HA binding [83]. Between the N-terminal globular domain and
the transmembrane domain there is a stalk-like structure formed by 46 aa which
contains putative proteolytic cleavage sites. It is densely glycosylated and can be
enlarged by the insertion of the 10 variant exons in the aa position 223 [80]. The
inclusion of variant exons may depend on mitogenic signals that regulate alternative
splicing. Not surprisingly, cancer cell frequently express large CD44v [86].
The hydrophobic transmembrane domain is encoded by exon 18 (23 aa) and is 100%
conserved in mammalian species. This domain may be responsible for CD44
oligomerisation and incorporation in glycolipid-enriched microdomains (GEMs), also
called lipid rafts [87]. The inner side of GEMs holds adaptor and signal-transducing
molecules such as members of the SRC family, some of which are constitutively
associated with CD44 and are particularly important in CD44-mediated signal
transduction [86]. The cytoplasmic region is encoded by part of exon 18 and by exons
19 and 20, which also can undergo to alternative splicing, giving a short (when the exon
19 is present) or long tail (when the exon 20 is present). This portion contains binding
sites for proteins like ankyrin and ezrin, radixin, moesin (ERM proteins) (figure 1.5,
bottom panel). Ankyrin is an adaptor protein which mediates contact with spectrin and
plays a crucial role in regulating HA-mediated adhesion and motility [88]. ERM
proteins are involved in the regulation of cell migration and cell shape and they link
CD44 to cytoskeleton [85].

Post-translational modifications
The molecular weight of the CD44s protein is about 85 kDa and the largest possible
protein, containing peptides from all variant exons, can be over 250 kDa, which is much
greater than the expected value. This is due to the substantial post-translational
modifications of CD44 isoforms. There are at least five conserved consensus Nglycosylation sites in the N-terminal external domain and two chondroitin sulphate
attachment sites on the exon 5 product. Several potential O-glycosylation sites are
situated in the region proximal to the membrane and also variant exons can contain
specific post-translational modifications sites [89]. CD44v3, for instance, contains site
for heparan sulphate, which in turn binds proteins such as basic fibroblast growth factor
(bFGF) [90]. Moreover, CD44v6 contains a binding site for hepatocyte growth factor
(HGF), VEGF and osteopontin (OPN) and CD44v10 also contains binding site for OPN
[85, 91, 92].
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1.3.1.2 CD44 in cancer
Unlike CD44s, which is expressed on the membrane of most vertebrate cells, CD44v
can be only expressed on some epithelial and hematopoietic cells, on many cells during
embryonic development, lymphocyte maturation and activation, during inflammation, in
several types of leukemia and carcinoma and is overexpressed in cancer and leukemia
initiating cells [85]. Many clinical data clearly demonstrate that CD44v expression is
crucial for malignancy and is therefore correlated with higher metastasis and mortality
in many tumours [79]. In general, the overexpression of CD44 has unfavourable effects
on cancer control and prognosis. In particular CD44v6, has been associated with
increased tumour progression and metastatic potential in colon, lung and breast cancer
[83].
Post-translational

modifications

can

influence

the

affinity

of

CD44

for

glycosaminoglycans (GAGs) [93-95]. Altered interactions between HA, growth factors
and CD44 can contribute to activate key pathways in tumour progression and metastasis
[85, 96]. The interaction of CD44v6 with HGF, for example, can lead to the activation
of MET pathway in cancer cells, making CD44 a c-MET co-receptor for this factor [97].
It has also been reported that CD44v8-10 can interact with a glutamate-cysteine
transporter and so control the intracellular level of reduced glutathione (GSH) leading to
an increased cellular anti-oxidative ability [98]. CD44 has also been found to play a role
in matrix metalloproteinase 9 (MMP9) activation, thus facilitating peri-cellular
proteolysis and cell migration and growth factor responses [99]. It can also enhance
tumour invasion and angiogenesis through activation of TGF-β [100].
The CD44 receptor can interact with members of the membrane-associated
metalloproteases, which can cleave CD44 in a soluble extracellular fragment (solCD44),
whose levels were found correlated with metastases in some tumours [101]. Also an
intracellular fragment (CD44ICD) that can be produced by cleavage of CD44, can
translocate into the nucleus and regulate the transcription of target genes, including
CD44 itself. CD44 cleavage seems to be correlated with increased cell migration [102]:
indeed, it was found that migration of melanoma cells on HA was associated with an
increased CD44 cleavage and turnover [103].
To summarise, pathological conditions or specific stimuli can trigger alternative
splicing and post-translational modifications, thereby leading to the production of
different CD44 molecules with altered HA binding affinity and increased
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tumorigenicity. This is because aberrant CD44 expression or disrupted CD44-ligand
interaction can directly or indirectly affect the signal transduction, chemo-/radioresistance, resistance to oxidative stress, adhesion, extracellular matrix interaction,
tumour matrix formation or modulation of CSCs niche [84].

1.3.2 HYALURONIC ACID
The interaction between cells and the extracellular microenvironment, especially the
extracellular matrix (ECM), is strongly regulated. In cancer and inflammation these
regulations are disrupted, cell interactions lost and microenvironment is remodelled,
thus enhancing cell proliferation, migration, invasion and inflammation. The matrix
remodelling, which occurs during carcinogenesis, inflammation and embryogenesis, is
associated with the synthesis and degradation of HA, the main component of ECM [83].
Therefore, in addition to its structural role, HA is involved in different cellular functions
including cell differentiation, proliferation and migration [104]. HA is a non-sulfated
linear polysaccharide and is constituted of disaccharides of N-acetyl-D-glucosamine and
D-glucuronic

acid linked via alternating β-1,4 and β-1,3 glycosidic bonds (figure 1.6).

Figure 1.6. Structure of hyaluronic acid.
HA is constituted of repeating dimers of glucuronic acid and N-acetylglucosamine. The polymer
is negatively charged due to the carboxyl groups of glucuronic acid. Taken from Toole, 2004
[104].

HA is synthesised on the cell membrane by HA synthases (HAS1, HAS2, HAS3 in
human and mice), a family of integral membrane proteins, and its synthesis is regulated
by external stimuli [105]. Polymers of HA can range in size from 5 to 20,000 kDa in
vivo and high molecular weight (HMW) HA can be digested by hyaluronidase 2 (Hyal
2) present on the cell membrane (figure 1.7). The carboxyl groups are usually ionised
under physiological conditions (pH 7.4), thus, HA is found in a poly-anionic form in
vivo. Every 24 hours about 30% of HA present in the human body is replaced by new
synthesised polymer to guarantee the tissue homeostasis [104].
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1.3.2.1 Cell internalisation of Hyaluronic acid
Two main mechanisms of internalisation have been described for HA: receptormediated endocytosis and macropinocytosis (figure 1.7). After internalisation, HA can
be further degraded by hyaluronidase 1 (Hyal 1) present in lysosomes or reactive
oxygen species (ROS) [106]. The HA effects on cellular processes and functions are
different depending on the molecular weight of the polymer. The HMW HA (>10 Mka)
seems to regulate a variety of cell processes, including cell growth, adhesion and
motility. The medium molecular weight HA (40-400 kDa) seems to be mainly involved
in inflammatory responses and macrophage activation, while the small HA fragments
(about 20 monosaccharide or less) may have different functions including inducing
angiogenesis and inflammation [107-110].
The receptors involved in HA enocytosis can be then recycled or turned over after HA
degradation. Here are described the main HA receptors and the effect of their
interaction:
CD44: It is the HA main receptor. HA internalisation ability of cells seems to be
correlated with the expression level of this receptor on the cellular membrane [83].
Despite all CD44 isoforms containing the basic motif where the HA binds, not all the
cells expressing CD44 bind HA constitutively [85]. CD44 binding and internalisation of
HA depends on the activation state of the receptor. In many cases CD44 may not bind to
HA unless activated by external stimuli; this mechanism is in place to avoid nonnecessary responses, as they are ubiquitous molecules. It has been reported that CD44
has three different activation states with respect to HA: active, which can constitutively
bind HA; inducible, which can bind HA only after activation by proper stimuli (i.e.
cytokines, phorbol esters, anti-CD44 antibody, or deglycosylation); inactive, which
never binds HA [89].
Post-translational modifications can affect the affinity of CD44 for GAGs and HA, but
it is still not completely clear whether they influence it directly or the structure of
certain isoforms favours oligomerisation of the receptor conferring an increased affinity.
However, it has been reported that HA binding can be enhanced by clustering of CD44
which can in turn be regulated by the expression of variant exons, glycosylations in the
extracellular domain and through phosphorylation of specific serine in the intracellular
domain [93, 111]. In particular, glycosylations can both enhance or decrease HA
binding affinity of CD44, and it varies between cell lines [94]. It seems also that the
interaction of CD44 with its ligands is favoured when the receptor is active and
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recruited into lipid rafts [112]. Desialylation of CD44 can increase HA binding affinity,
maybe by reduction of negative charges in the receptor [113]. The expression of variant
exons may either enforce CD44 clustering leading to an increased HA-binding affinity,
or it may cause conformational changes leading to the exposure of distal HA binding
site [111].
RHAMM: The receptor for hyaluronic acid mediated motility (RHAMM), as the name
suggests, is mainly involved in cell migration, proliferation and differentiation. It is not
a transmembrane protein and it can be localised on the intracellular or extracellular
portion of the cell membrane. Little is known about its mechanism of HA endocytosis,
but more is known about its role in the signal transduction, i.e. it can associate with
CD44 and co-signal through the ERK1/2 pathway [114].
LYVE-1: The lymphatic vessel endothelial-1 (LYVE-1) is expressed on endothelial
cells of lymphatic vessels and can bind HA only after the cleavage of an extracellular
glycosylated domain. HA bound to LYVE-1 is recognised by CD44 receptor expressed
on leucocytes to facilitate their migration into lymphatic vessels. The mechanism of HA
internalisation is thought to be similar to the CD44-mediated one, although also in this
case not much is known [105].
HARE: Hyaluronan receptor for endocytosis (HARE) is found in the liver (sinusoid
hepatocytes), in the spleen (venous sinuses of the red pulp) and in the in lymph nodes
(medullary sinuses). It is mainly involved in systemic HA turnover [115]. In fact, it was
found that HARE blocking resulted in reduction of HA catabolism in the liver [116].
Moreover, HARE-mediated endocytosis has been shown to occur through clathrincoated pit pathway after which HARE is recycled to the plasma membrane [117].

Besides receptor-mediated endocytosis, HA can be also non-specifically internalised by
cells through micropinocytosis (figure 1.7). Macropinocytosis is an actin-driven uptake
mechanism that occurs through plasma membrane ruffled extensions (macropinosomes)
which, in this manner, can internalise extracellular entities and fluid. Melanoma cells
were found to internalise HA mainly through micropinocytosis despite their highly
CD44 expression [118].
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Figure 1.7. Scheme of HA metabolism.
HMW HA is first degraded by Hyal 2 into smaller fragments that can be internalised by the cell
through receptor-mediated endocytosis or macropinocytosis. Once internalised, HA is directed
to the lysosome which contain Hyal 1 that degrade HA into small fragments.

1.4 NANOTECHNOLOGY AND NANOMEDICINE
Nanotechnology is the science that designs, characterises, produces and applies
materials, structures, devices and systems with sizes in the nanoscale range (1-100 nm).
Through the development of these systems, nanotechnology has now applications in a
variety of fields, such as medicine. Nanosystems, unlike macroscopic materials, have a
high ratio of surface area to volume, regulated optical, electronic, magnetic, and
biological properties and have the advantage that can be engineered to have different
sizes, shapes, compositions and surface chemical characteristics (they can be coated
with different molecules) [119]. In fact, many nanosystems are designed to target
tumours in vivo as drug carriers for therapy or as contrast agents for diagnostics. They
have also the advantage of a large loading capacity, protecting the cargo in biological
environment and controlling the release minimising the dose and toxicity in normal
cells. This is also thanks to the enhanced permeability and retention (EPR) effect that
allows accumulation in tumours when the vasculature is leaky and permits nanocarriers
extravasation [120].
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A variety of nanoparticles (NPs) have been developed in recent years as spherical drug
delivery carriers, made from different materials, such as polymers, dendrimers, lipids,
carbon and also metals. So far, those that have been approved by the food and drug
administration (FDA) or that are in clinical trials are polymer or lipid-based
nanocarriers [121]. Of polymers, the materials of choice for the delivery of drugs,
oligonucleotides and proteins have mostly been albumin, chitosan and heparin for their
biocompatible nature [122].
NPs have the advantage that their size and shape is tuneable. They should be large
enough to remain in circulation without being quickly eliminated by kidney, but small
enough to escape from macrophages present in the reticuloendothelial system. It has
been reported that particles with a diameter between 10 to 70 nm can flow through
small capillaries, while bigger particles (from 70 to 200 nm) showed prolonged half-life
in the bloodstream [123]. Moreover, to avoid macrophage recognition, NPs should have
a hydrophilic surface [122].
As already mentioned, naked nucleic acids (i.e. siRNAs) are unsuitable for systemic
delivery for their instability, negative charge and large molecular weight. When in the
bloodstream they are rapidly degraded by serum endonucleases and removed by renal
excretion [74]. The classical approach is based on the utilisation of (modified) viruses
due to their ability to target cells, cross biological membranes, escape from the
endosome/lysosome system and carry the genetic material to the nucleus. However,
despite these benefits, the risks of immunogenic responses, toxic reactions, viral
recombination, the little payload ability and large-scale production issues have
stimulated research in non-viral vectors [124].
NPs present the required features of an ideal carrier for the transport of drugs or nucleic
acids. They can be engineered to be small enough to be able to access tissues and target
cells, transport molecules inside cells by-passing the endo-lysosomal system as well as
providing their time-controlled release. Interestingly, in 2010 a phase I clinical trial has
for the first time been conducted in humans (melanoma patients) using polymer-based
siRNA-loaded NPs systematically administrated. The NPs used in this study consisted
of a cyclodextrin-based polymer modified on the surface with a transferrin receptor
ligand to target cancer cells. Polyethylene glycol (PEG), commonly used to enhance
NPs stability in biological fluids, was used to decorate NPs. NPs were loaded with an
anti-M2 subunit of ribonucleotide reductase (RRM2) siRNA, a well-known anti-cancer
target. The outcome of this work was that NPs were detected in tumour biopsies from
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patients and a reduction in RRM2 mRNA and the protein product was observed when
compared to pre-dosing tissues [125]. Also lipid-based NPs have been used for delivery
of siRNA. In 2013 results of another phase I clinical trial have been published showing
that these NPs loaded with siRNAs against VEGF and kinesin spindle protein (KSP)
(two other cancer targets) administered biweekly in humans were, not only safe and
well tolerated, but were detected in tumour biopsies and were able to the knockdown of
these genes in the liver, contributing to complete regression of liver metastases in
endometrial cancer [126]. Both the cited siRNA therapeutics completed the phase I
clinical trials and are currently significant drugs in cancer programs [127].

1.4.1 CHITOSAN-BASED NANOPARTICLES FOR SIRNA DELIVERY
Among polymers, Chitosan (CS) is one of the most used for NPs preparation due to its
important characteristics: biocompatibility, biodegradability, low toxicity and low
immunogenicity [128]. CS is a polysaccharide composed of dimers of β (1-4) linked Dglucosamine with N-acetylglucosamine (figure 1.8). It has been found to be non-toxic
after oral administration in humans and it has been approved by the FDA [129]. Its
amine groups get protonated at acidic pH enabling the possibility to form nanocomplexes with a wide range of anionic polymers or nucleic acids, like siRNAs.
However, there are some limitations associated to the use of CS-based NPs including
the low water solubility of CS at physiological pH and the stability in the biological
environment (which is rich in proteases and nucleases) [71]. Here the challenges that
CS-based NPs have to overcome to be successful in siRNA delivery are briefly
described:
Carrier stability: serum proteins, such as albumin and fibrinogen, can enhance NPs
aggregation and other negatively charged blood proteins could bind to CS competing
with the siRNA in the complexation. NPs could disassemble and the siRNA might be
released before reaching the target and being excreted through kidney filtration [130].
Plus, as already mentioned, at physiological pH the number of protonated amines of the
CS is reduced, thus influencing negatively the complexation with siRNA and NPs
stability in general.
Cellular internalisation and siRNA release: besides protecting the siRNA in
extracellular fluids, CS-based NPs have to reach and being internalised by the cells
through hydrophobic/ionic interaction with cell membrane proteoglycans or receptormediated endocytosis (active targeting). In this case a ligand specific for a particular cell
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membrane receptor has to be grafted on the surface of the NPs to facilitate
internalisation [131].
Endosomal escape: CS-based NPs have to escape from endosomes before fusion with
lysosomes, since this will create a too aggressive environment for the NPs (pH 4-5 and
enzyme-rich), and release the siRNA in the cytoplasm. The “proton sponge effect” is an
accepted mechanism for endosomal escape of the CS-based nanocarriers. When CS
amines get protonated due to endosomes acidification, to maintain charge neutrality,
chloride ions are pumped into the vesicles leading to their osmotic swelling and rupture
[71].

1.4.1.1 Parameters that can be optimised in chitosan-based nanoparticles
Molecular weight (MW): NPs have to be stable enough to protect the siRNA before
cellular internalisation, but also be able to de-complex once internalised to release the
cargo. The MW of the CS has been shown to affect the carrier stability, therefore can be
considered as a tuneable characteristic to improve its activity: siRNA binding efficiency
and NPs size were both found to increase with the increasing of CS MW [71, 132, 133].
Even the morphology of the nanocarrier seems to be affected by the MW of CS: it has
been reported that 44 kDa CS formed spherical NPs, while 143 kDa CS formed
irregular NPs [134]. Almalik et al. showed that 25 kDa CS complexed with triphosphate
(TPP) and HA formed NPs with a crown of loosely bound HA, probably because HA
was unable to penetrate in the compact CS core, while 684 kDa CS formed a more
porous structure where the HA can accommodate better, giving no apparent external
crown [135]. Influencing the complexation with siRNA, the size and shape of NPs, the
MW of CS indirectly affects also their biological activity. Many reports showed that
siRNA-loaded NPs prepared with a higher MW CS were more efficient in gene
silencing compared to those obtained with lower MW CS [136, 137].
Degree of deacetylation (DD): the deacetylation degree (DD) can be defined as the
percentage of deacetylated amine groups, which at the end reflects the CS charge
density in acidic conditions. Therefore, it also affects the complexation ability with
siRNA. It has been reported that a high DD (>80%) is required to efficiently form
siRNA-loaded NPs [138] that are in turn more efficient in gene knockdown [139].
Methods of preparation: the two main methods to formulate siRNA/CS NPs are the
simple complexation and ionic gelation. The first method consists in simply mixing
siRNA with CS in stirring conditions and for this method is important to take into
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account the ratio siRNA/CS. This can be expressed as N/P ratio (amine - positive
charges - of CS vs. phosphate - negative charges - of siRNA) or as the weight ratio.
High N/P ratio seems to improve carrier stability, but at the same time it should not be
too high to prevent siRNA release [71, 139]. However, this method has in some cases
shown poor transfection efficiency due to carrier instability when in contact with culture
media [140]. Ionic gelation includes the addition of a cross-linker like tripolyphosphate
(TPP) to strengthen the interaction between siRNA and CS. A dialysis step is required
after NPs preparation to eliminate the uncomplexed TPP. This method has been shown
to generate more stable NPs [140].
Surface modification: mixing or grafting other polymers or ligands to the siRNA/CS
NPs surface has been reported to improve and confer new properties to the carrier. For
example, it is known that the addition of negatively charged molecules to the surface of
a nanocarrier can improve its half-life in biological environment minimising the
interaction with serum proteins and cell toxicity. HA can be an example of negatively
charged polymer that has been used to modify CS NPs improving carrier stability, cell
“targetability” and biocompatibility, although HA could theoretically compete in the
binding with the siRNA [141]. Other approaches used poly(γ-glutamic acid) (PGA) or
alginate (or its derivative polyguluronate) in CS NPs formulation and have shown
improved stability and efficiency of the systems [142, 143].

Figure 1.8. Structure of Chitosan.
CS is constituted of repeating dimers of β (1-4) linked D-glucosamine and Nacetylglucosamine. The polymer can be positively charged in slightly acidic conditions due to
the amine groups. Taken from Ragelle, 2013 [71].

1.4.2

CHITOSAN-BASED

HYALURONIC

ACID-DECORATED

NANOPARTICLES
The NPs surface modification with GAGs, like HA, can overcome the issues related to
the unselective uptake and cytotoxicity linked to high positive charge density of CS
[124]. Thanks to this characteristics, together with its biodegradability, biocompatibility
and non-immunogenicity, HA has attracted increasingly attention from researchers,
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which are exploring HA as targeting ligand to functionalise nanosystems for drug
delivery in cancer therapy. In fact, a variety of HA-based nanocarriers have been
already investigated as delivery systems, such as drug-conjugates and NPs [131, 144147].
Prof. Tirelli’s group have developed CS based HA-coated NPs which have been
demonstrated to be efficiently internalised by CD44 expressing cells and to deliver
nucleic acids, including siRNA (figure 1.9) [124, 135, 139, 148, 149]. Initially these
NPs were prepared through the ionic gelation method, but after demonstrating that there
were no differences between the formulations obtained with the two methods (data not
published), simple complexation was the method adopted for the preparation of these
NPs for its related advantages: reduced cost and reduced preparation time, guarantee of
sterility (no dialysis step required) and because it is an easier to scale up method
compared to the ionic gelation.

Figure 1.9. Scheme of the chitosan-based hyaluronic acid-coated nanoparticles used for
this study.

1.4.3 MECHANISM OF ENDOCYTOSIS FOR HYALURNIC ACID-MODIFIED
NANOPARTICLES
Nanosystems can be internalised by living cells through endocytosis or passive
penetration. Passive penetration can in some cases be preferable since the NPs will be in
contact directly with the cytosol. Endocytosis can be divided into pinocytosis and
phagocytosis. Phagocytosis is used by some immune cells to internalise large material
and pinocytosis can be further divided into macropinocytosis, clathrin-mediated,
caveolae-mediated and clathrin- and caveolae-independent endocytosis (figure 1.10)
[150]. Macropinocytosis has already been described in section 1.3.2.1. Clathrinmediated endocytosis requires interaction between a ligand and its receptor. The
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receptor is present on the cell membrane in regions enriched with clathrin, which is a
three-leg structured cytosolic coat protein that assembling forms clathrin-coated pits.
These clathrin-coated vescicles deliver the cargo to the endo/lysosomal system [112].
Caveolae-mediated endocytosis consists in the formation of “caveolae” or invagination
in lipid raft domains of the cell membrane thanks to the action of caveolins, cholesterolbinding proteins. The internalised material in this case is transported to the Golgi or to
the endoplasmic reticulum (ER) [151]. Finally, there is also an endocytic mechanism
that does not involve either clathrin or caveolae for the formation of vesicles. These
non-specific pathways (including micropinocytosis) are seen as an advantage in the
design of drug delivery systems since the internalised material does not go through
lysosomal degradation pathway [152, 153].
As already mentioned, many factors can affect the mechanism and the efficacy of NPs
internalisation into cells, including the size, shape, charge and surface modification. The
smaller the size of NPs, the better they are internalised since the surface area to volume
ratio increases with the decrease in NPs size, therefore the smaller ones have a much
greater surface area to interact with cell membrane compared with larger particles [150].
Shape also can affect internalisation and biodistribution of NPs. For example, for the
same reasons as above, elongated NPs were found to interact more efficiently with cell
membranes compared to spherical NPs [154]. Positively charged NPs are also known to
interact better with plasma membrane, although they have been related to higher cell
toxicity and aggregation with plasma proteins compared to negatively charged NPs.
When in cell culture media, some nanocarriers can make contact with a series of lipids
and serum proteins that can form a coat around them that can affect their behaviour,
biodistribution, aggregation state and interaction with receptors on the cell surface
[150]. Modifying the NPs surface with cell-targeting peptides or ligands has been
reported to improve stability and cellular uptake. In fact CS/HA NPs showed better
targeting and nucleic acid delivery into osteoarthritic chondrocytes (which express high
levels of CD44) compared to non-modified CS NPs [128]. In other work it was reported
that HA/CS NPs uptake in corneal and conjunctival cells was partially inhibited by preincubation with anti-CD44 Hermes-1 antibody, excess HA (that saturates all the HA
receptors), and filipin (that inhibits caveolin-mediated endocytosis) [155]. This results
may suggest that the uptake of HA/CS NPs begins with the interaction with CD44
followed by internalisation through caveolae. Yamada et al. recently demonstrated that
CD44-mediated uptake is an important route for transgene expression. The modification
47

CHAPTER 1- INTRODUCTION

with HA of a novel gene nanovector (plasmid DNA core contained in a lipid bilayer
modified with octaarginine) favoured the CD44-mediated internalisation (24% of total
uptake) and improved transfection efficiency in the CD44-positive cancer cell line
HCT-116, but it caused reduction in transfection of CD44-negative cells, NIH3T3,
mouse embryonic fibroblasts, where the HA-modified nanovector did not penetrate
through CD44. About 50% of the nanovector uptake (independently if HA-modified or
non-modified) was performed by micropinocytosis in both cell lines [156]. These
results demonstrate that the preferential pathway that cells use for internalisation of
nanosystems is affected by the type of carrier and cell line used, that cells usually do not
rely only on one pathway, but on a combination of them and that undoubtedly HA
modification confer some cell specific targeting ability to the carrier.

Figure 1.10. Internalisation pathways and intracellular trafficking of NPs.
Phagocytosis is only performed by specialised cells to degrade pathogens or large material.
After internalisation, phagosomes undergo to acidification and the particles are degraded. The
intracellular trafficking of macropinosomes depends on the specific cell type. They can merge
with lysosomes or leak the NPs in the cytosol and the vesicles recycled to the cell membrane.
Caveolae are invaginations (aided by dynamin) characterised by the presence of caveolin. NPs
can escape from caveolar vesicles prior they merge with the ER or with Golgi. The last
mechanism of internalisation involves the formation of clathrin-coated vesicles. In this case the
ligand is usually bound to a specific cell surface receptor which triggers clathrin assemblage.
Vesicles progress to late endosome experiencing a drop in pH and at this stage NPs can escape
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prior to vesicles fusing with lysosomes, where the particles will be degraded. Adapted from
Khalil, 2006 [153].

1.5 AIMS AND OBJECTIVES
The success of tumour therapy is limited by two major elements: the presence of
hypoxic regions within the tumour and the non-specific effect of conventional
anticancer therapies. Hypoxia is well-known to make tumour cells more resistant to
chemo- and radio-therapy and the indiscriminate killing of cancer and normal cells by
conventional anticancer drugs can produce the well-known side effect [34].
CD44 is a membrane receptor that has been reported to be overexpressed in most
cancers compared to healthy tissues and whose expression level is associated with
tumour relapse after therapy and with poor prognosis [84]. For this reason, in recent
years, it has been largely explored as a target in cancer therapy since, not only would it
allow discrimination between cancer and normal cells, but the receptor-mediated
internalisation could be exploited to deliver therapeutic entities. Hyaluronic acid (HA) is
CD44’s main ligand and can be used to form drugs-conjugates and surface-modified
nanocarriers (figure 1.11).

This project has two main aims:
Aim 1 (described in chapters 3 and 4) will be to evaluate the efficiency of HA to
specifically bind CD44 and, thereby, selectively target tumour cells. HDF and a panel of
26 cancer cell lines selected from breast, prostatic, head and neck, pancreatic, ovarian,
colorectal, thyroid and endometrial cancer will be evaluated for their CD44 expression
(total

and

different

variants)

using

western

blot,

flow

cytometry

and

immunofluorescence. The uptake of HA (binding and internalisation) will be then
evaluated in 11 cell lines selected for their distinct CD44 expression, with the aim of
finding a correlation between these parameters.

Aim 2 (described in chapters 5 and 6) will be to produce and evaluate HA-coated CSbased NPs for CD44 targeting and siRNA delivery. Through interaction with HA, NPs
will be internalised by CD44+ pancreatic cancer cell lines (MIA PaCa-2 and PANC-1)
and will deliver siRNAs to target hypoxia pro-survival genes, i.e. HIF-1α, in the
intracellular environment.

49

CHAPTER 1- INTRODUCTION

NPs will be prepared through the simple two-steps complexation of low or high
molecular weight CS (LMW or HMW, respectively 36 or 656 kDa) with anti-HIF-1α
siRNAs. HA (180 kDa) will be used to formulate HA-coated NPs. Internalisation
kinetics of the two formulations will be assessed with flow cytometry. The two
formulations will be tested for their ability to knockdown HIF-1α and, consequently, its
downstream target genes through qPCR (mRNA level). NPs penetration in multicellular
spheroids containing a hypoxic core will be assessed with immunofluorescence. Finally,
NPs will be evaluated in vivo in a biodistribution study.

Figure 1.11. Schematic representation of the aim of the work.
siRNA/CS/HA NPs are expected to reach hypoxic areas within the tumour where they can be
internalised by the cells through CD44 receptor exploiting HA/CD44 interaction. When inside
the cells the NPs will release the anti-HIF-1α siRNA silencing this gene and making the cells
more sensitive to chemo and radio-therapy.
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Chapter 2 - MATERIALS AND METHODS
2.1 CHEMICALS AND REAGENTS
Phosphate buffered saline (PBS) tablets were purchased from Oxoid (Hampshire, UK).
Cell culture media, L-glutamine and a solution of 0.25% trypsin and 0.02%
Ethylenediaminetetraacetic acid (EDTA) were obtained from Sigma Aldrich (Poole,
Dorset, UK). Heat-Inactivated foetal bovine serum (FBS) was supplied by GIBCO
(Paisley, UK), untreated FBS by GE Hyclone (UK) and dimethyl sulphoxide (DMSO)
by Fisher (Leicestershire, UK). Petri dishes, plates and flasks for routine tissue culture
were obtained from Falcon (Runcorn, UK). Ultra-Low attachment (ULA) multiwell
plates and 96-well black polystyrene microplates (Corning, Costar) were purchased by
Sigma Aldrich (Poole, Dorset, UK). The μ-Slide 8-well chambers for confocal
microscopy were obtained by Ibidi (UK). Unless otherwise stated, all other reagents and
chemicals were supplied by Sigma Aldrich (Gillingham, Dorset, UK).

2.2 CELL CULTURE
2.2.1 CELL LINES AND MAINTENANCE
The panel of cancer cell lines used in the study is detailed in table 2.1. Cells were grown
with the media indicated in table 2.1 supplemented with 2 mM L-glutamine and 10%
(v/v) FBS. For LNCaP cells, untreated FBS was used to supplement the media. In order
to maintain a sterile environment, a Class 2 Laminar Flow Cabinet was used for all cell
culture work. Cells were maintained in humid conditions at 37°C in the presence of 5%
CO2. Briefly, cells were grown until about 70% confluence and harvested by washing
with sterile PBS solution and incubating with trypsin-EDTA until detached from the
flask. The cell trypsinisation process was stopped by diluting the detached cell
suspension using a double volume of complete media. For routine culture, all cell lines
were passaged at a dilution ratio 1:10 except LNCaP that were passaged 1:3. Cells were
generally used between passage 10-20, except HDF, which were used up to passage 10.
Cells were regularly tested for mycoplasma contamination (DNA sequencing facility,
The University of Manchester).
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Table 2.1. Human cell lines used and their growth media.
Cell Line

Disease

Tissue

MDA-MB-231

Breast adenocarcinoma

MDA-MB-468

Breast adenocarcinoma

MCF7

Breast adenocarcinoma

T-47D

Ductal carcinoma

Ishikawa

LNCaP

Endometrial
adenocarcinoma
Cervical
adenocarcinoma
Epidermoid cervical
carcinoma
Grade II cervical
squamous cell
carcinoma
Colorectal
adenocarcinoma
Colorectal carcinoma
Thyroid carcinoma
Follicular thyroid
carcinoma
Prostate carcinoma

Mammary gland/breast;
derived from metastatic site:
pleural effusion
Mammary gland/breast;
derived from metastatic site:
pleural effusion
Mammary gland, breast;
derived from metastatic site:
pleural effusion
Mammary gland; derived from
metastatic site: pleural effusion
Uterus

DU145

Prostate carcinoma

PC3

Grade IV prostate
adenocarcinoma
Glioblastoma;
astrocytoma; classified
as grade IV as of 2007
Grade 3, stage III,
primary malignant
adenocarcinoma; clear
cell carcinoma
Grade 3, stage IIIC,
malignant papillary
serous adenocarcinoma
Grade 3, stage IIIC,
primary malignant
adenocarcinoma;
endometrioid
carcinoma
Ovarian
adenocarcinoma
Ovarian

HeLa
Ca Ski
SiHa

HT 29
HTC 116
8505C
FTC133

U87

TOV-21G

OV-90

TOV-112D

CAOV-3
SK-OV-3

Cervix

Growth
Medium
DMEM

DMEM

DMEM

RPMI
MEM + 1% (v/v)
NEAAs
MEM

Cervix; derived from
metastatic site: small intestine
Cervix

RPMI

Colon

RPMI

Colon
Thyroid
Thyroid (lymph node
metastasis)
Prostate; derived from
metastatic site: left
supraclavicular lymph node
Prostate; derived from
metastatic site: brain
Prostate; derived from
metastatic site: bone
Brain

RPMI
RPMI
RPMI

Ovary

RPMI

Ovary; derived from metastatic
site: ascites

RPMI

Ovary

RPMI

Ovary

DMEM

Ovary; derived from metastatic
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site: ascites
Ovary

RPMI

A2780

adenocarcinoma
Ovarian
adenocarcinoma
Ovarian carcinoma

Ovary

RPMI

Detroit 562

Pharyngeal carcinoma

RPMI

FaDu

Squamous cell
carcinoma
Pancreas carcinoma
Epithelioid carcinoma
Human Dermal
Fibroblasts

Pharynx: derived from
metastatic site: pleural effusion
Pharynx
Pancreas
Pancreas/duct
Human adult skin (normal)

DMEM
DMEM
DMEM

OVCAR-3

MIA PaCa-2
PANC-1
HDF

EMEM

2.2.2 CELL FREEZING
Exponentially growing cells were harvested as described in section 2.2.1 and resuspended in a solution of 50% (v/v) cell culture medium, 40% (v/v) FBS and 10%
(v/v) DMSO, then aliquoted into sterile 1.5 mL cryovials (Greiner Bio-One,
Frickenhausen, Germany). Cells were then stored at -80˚C in a propan-2-ol chamber
(Nalgene Labware, Roskilde, Denmark) to allow a slow freezing prior to transfer them
in liquid nitrogen (-196˚C) for long term storage.

2.2.3 CELL THAWING
Cells were thawed by incubating cryovials at 37°C for 1 minute and rapidly transferring
cell suspension in 5 mL of pre-heated culture media. Cell suspension was centrifuged at
1500 rpm for 5 minutes to obtain a cell pellet and the supernatant containing DMSO
discarded. Cell pellet was then re-suspended in fresh complete media, transferred in a
culture flask and incubated at 37°C, 5% CO2.

2.2.3 CELL COUNTING
In order to estimate the cell concentration equal volumes of cell suspension and 0.4%
Trypan Blue (Sigma-Aldrich, Poole, UK) were mixed. A 10 μL sample was introduced
to a haemocytometer counting chamber (Neubauer, Germany). Viable cells, which
exclude Trypan Blue, were counted in the four outer squares of the haemocytometer
using a light microscope at 40X magnification. Viable cells per mL were calculated by
the following: the mean of the four squares was multiplied by two (dilution factor) and
then by 104, since the known volume of one square under the haemocytometer coverslip
is 0.1 μL.
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2.2.4 MULTICELLULAR SPHEROIDS PREPARATION
Cells were harvested as described in section 2.2.1, then incubated for 10 minutes on ice
at a concentration of 50000 cells/mL in a dilution 1:20 Matrigel:media (Matrigel,
Corning, UK). A volume of 0.1 mL of cell suspension was added into each well of a 96well ULA plate. Plates were then centrifuged first at 2000 rpm for 10 minutes then at
1350 rpm for 20 minutes. Cells were incubated at 37°C, 5% CO2 and every 3 days 50
μL of media was replaced with fresh media. Spheroid growth was monitored every 3
days. Images were acquired through a camera connected to the light microscope and the
spheroids’ diameter was measured using Optika Vision Pro software. After about 20
days spheroids reach a diameter of about 700-800 μm.

2.2.5. GENERATION OF HYPOXIC (1% O2) CONDITIONS

Hypoxic conditions were generated using a Whitley H35 Hypoxystation (Don Whitley
Scientific Limited, Shipley, UK). For each experiment using hypoxic conditions, cells
were allowed to attach in standard incubators (21% O2) overnight before being
transferred to the hypoxic chamber maintained at 1% O2. Nitrogen gas cylinders were
purchased by BOC (The BOC Group, Surrey, UK).

2.3 PREPARATION OF NANOPRATICLES
2.3.1 NANOPARTICLES USED FOR INTERNALISATION ANALYSIS
Chitosan (CS) and hyaluronic acid (HA) were used to prepare nanoparticles. Two
distinctive molecular weight of CS were used: a relatively high molecular weight
̅ = 656 kDa, HMW CS, degree of
(average viscosimetric molecular weight 𝑀
̅ = 36 kDa,
deacetylation 85%, Sigma Aldrich UK), and a low molecular weight (𝑀
LMW CS, degree of deacetylation 85%). For both HMW CS and LMW CS preparation,
̅v =
the procedure described by Almalik et al. was followed [157]. Hyaluronic acid (𝑀
180 kDa) purchased by Novozymes (Bagsvaerd, Denmark) was used to generate
nanoparticles (NPs). A fluorescently labelled HA was also used for NPs preparation. In
this case the procedure described by Rios et al. [149] was followed to obtain HA
conjugated with Lissamine Rhodamine B Ethylenediamine (Thermo Scientific, UK)
(HA-RhoB). A DY547-labelled siGLO (Cyclophilin B control siRNA, target sequence:
5’-GGAAAGACUGUUCCAAAAA-3’) was used to load unlabelled NPs (Dharmacon,
UK). Preparation of NPs was carried out using a laminar flow cabinet previously RNase
decontaminated using the RNaseZap solution (Thermo Scientific, UK). To obtain NPs
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at a concentration of 1 mg/mL a simple two-steps method was performed [149] (table
2.2 for details about the volumes and concentrations used). Briefly, in the case of
siRNA-loaded NPs, the CS solution was added to nuclease-free distilled water (dH2O)
containing DY547-labeled siRNA (2.6% (w/w) with respect to CS) under magnetic
agitation (1000 rpm for 10 min at room temperature). For empty NPs the CS solution
was diluted with nuclease-free dH2O under magnetic agitation. This initial complex (CS
alone or siRNA/CS) was added into an equal volume of a 1.5 mg/mL HA solution and
stirred at 1000 rpm for 30 minutes at room temperature to form HA-coated NPs (figure
2.1).

Table 2.2. Example of the volumes of the solutions used to prepare 250 µL of 1 mg/mL of
DY547-siRNA loaded NPs for internalisation analysis.
CS
0.69 mg/mL
(µL)
62.5

siRNA 20 µM
(µL)
4

dH2O dilution
siRNA
(µL)
58.5

HA 1.5 mg/mL
(µL)
125

Final Volume of 1
mg/mL NPs solution
(µL)
250

Figure 2.1. Synthesis of HA-coated CS NPs using the simple two-steps method.
A volume of CS solution is added to an equal volume of diluted siRNA (or nuclease-free dH2O
in case of empty NPs). A first NPs complex is obtained by magnetic stirring (1000 rpm) for 10
minutes at room temperature. Another vial was previously set with an equal volume of HA and,
while stirring, the siRNA/CS solution was added on top of HA and left under magnetic stirring
(1000 rpm) for 30 minutes at room temperature.
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2.3.2 NANOPARTICLES USED FOR SILENCING EXPERIMENTS
For HIF-1α and its downstream knockdown experiments, NPs were prepared using
HMW and LMW CS, anti-HIF-1α siRNAs and unlabelled HA following the same
procedure as described in section 2.3.1. The siRNAs used to load the different
preparation of NPs are listed in table 2.3 and were all purchased by Dharmacon, UK.
SiRNA sequences were selected from literature [158, 159] and their specificity for HIF1α was checked on the BLAST database. NPs were loaded with siRNAs 12.34% (w/w)
with respect to CS. Empty NPs were also generated as controls. Examples of volumes
and concentrations used to prepare these NPs are shown in table 2.4.

Table 2.3. siRNAs used to load the NPs for silencing experiments.
TARGET
OFF TARGET

SENSE SEQUENCE
UAAGGCUAUGAAGAGAUACUU

HIF-1α (siRNA2) CUAACUGGACACAGUGUGUUU
HIF-1α (siRNA3) AGGUGGAUAUGUCUGGGUUUU

Table 2.4. Example of the volumes of the solutions used to prepare 250 µL of 1 mg/mL of
siRNA loaded NPs for silencing experiments.
CS
0.69 mg/mL
(µL)
62.5

siRNA 20 µM
(µL)
20

dH2O dilution
siRNA
(µL)
42.5

HA 1.5 mg/mL
(µL)
125

Final Volume of 1
mg/mL NPs solution
(µL)
250

2.3.3 NANOPARTICLES USED FOR IN VIVO EXPERIMENTS
For in vivo experiments, NPs were prepared using HMW and LMW CS, HA-RhoB and
the anti-HIF-1α siRNA 2 (table 2.3) fluorescently labelled at the 5’ end with a Cy5^5
dye (Dharmacon, UK) following the same procedure as described in section 2.3.1. NPs
were loaded with siRNAs 25.86% (w/w) in relation to CS. Examples of volumes and
concentrations used to prepare these NPs are shown in table 2.5. Obtained NPs were
concentrated by overnight dialysis using a 1 mL Float-A-Lyzer®G2 Dialysis Device
(Spectra/Por®, Spectrum Lab, USA) with a molecular weight cut off of 3.5-5 kDa.
Briefly, dialysis membranes were activated overnight with 10% Ethanol made up in
sterile nuclease-free dH2O and then washed with pure sterile nuclease-free dH2O. NPs
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were added and the membrane placed in a 50 mL Falcon tube previously filled with 15
mL of sterile 10% (w/v) polyethylene glycol (PEG). After 12 hours incubation at 4°C,
concentrated NPs were collected, the recovered volume was measured and used for
following analysis and experiments.

Table 2.5. Example of the volumes of the solutions used to prepare 250 µL of 1 mg/mL of
Cy5^5-siRNA loaded NPs for in vivo experiments.
CS
0.69 mg/mL
(µL)
62.5

2.3.4

siRNA 100 µM
(µL)
8

NANOPARTICLES

dH2O dilution
siRNA
(uL)
54.5

HA 1.5 mg/mL
(µL)
125

CHARACTERISATION

Final Volume of 1
mg/mL NPs solution
(µL)
250

(DYNAMIC

LIGHT

SCATTERING)
Dynamic light scattering (DLS) was used to measure the hydrodynamic diameter (Zaverage size), size polydispersity (PdI) and NPs surface charge (ζ-potential). The
Zetasizer Nano ZS (model ZEN3600, Malvern Instruments Ltd., UK) equipped with a
solid state HeNe laser (λ = 633 nm) at a scattering angle of 173° was used in this study.
NPs suspended at a concentration of 1 mg/mL in nuclease-free dH2O, were analysed at
25 °C (after a 2 minutes pre-equilibration). Size distributions were calculated by the
instrument using the general purpose algorithm and are presented as the average (±
standard deviation, SD) of the hydrodynamic diameter values of three independent
samples. The Smoluchowski equation was used to convert the electrophoretic mobility
of the samples in ζ-potential.

2.4 WESTERN BLOT ANALYSIS
2.4.1 CHEMICALS AND REAGENTS
Lysis buffer. 1% (v/v) Triton-X100, 0.5% (v/v) IGEPAL, 50 mM Tris-HCl pH 7.5, 150
mM NaCl, 50 mM NaF in dH2O. 1 tablet of Roche Protease inhibitor cocktail was
added before use for 10 mL of extraction solution.
Sample buffer (5X). 250 mM Tris, 37.5% (v/v) Glycerol (Invitrogen, UK) and 5% (w/v)
SDS in dH2O. The pH was adjusted to pH 6.8 and Bromophenol Blue was added until
an intense blue colour was reached. The buffer was aliquoted and 5% (v/v) of βmercaptoethanol was added before use.
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Running buffer (10X). 250 mM Tris, 192 mM Glycine (Fisher Scientific, UK) and 0.1%
w/v SDS in dH2O. The 1X working solution was obtained by diluting the 10X running
buffer 1:10 with dH2O.
Transfer buffer (10X). 250 mM Tris and 192 mM Glycine in dH2O. The 1X working
solution was obtained by diluting 100 mL of the 10X transfer buffer with 700 mL of
dH2O and 200 mL of Methanol (20% v/v).

2.4.2 PREPARATION OF CELL LYSATES
Cells were seeded in 10 cm Petri dishes and placed in an incubator (37°C, 5% CO2).
When 70% confluence was reached, growth media was aspirated and cells washed twice
using ice-cold PBS 1X. The PBS was removed and 100 μL of lysis buffer added. The
cell lysate was obtained by scraping the monolayer with a cell scraper. Lysates were
then transferred to Eppendorf tubes and sonicated on ice three times for 3 seconds at
10Hertz (Soniprep 150 MSE, Sanyo, UK) then centrifuged at 13,000 g for 10 minutes at
4˚C. The supernatants were collected and stored at -20˚C or -80˚C.

2.4.3 DETERMINATION OF PROTEIN CONCENTRATION
The protein concentration of cell lysates was determined using the Pierce Bicinchoninic
acid (BCA) assay [160]. Protein standards were prepared using bovine serum albumin
(BSA) dissolved in dH2O at the following concentrations: 0.125, 0.250, 0.5, 1, 2
mg/mL. A 10 μL volume of each sample (pure or diluted), protein standard and blank
(lysis buffer or dH2O) was added in triplicate to a 96-well plate. A 200 μL volume of a
solution 1:50 of 4% (w/v) Copper Sulphate and Bicinchoninic acid was added to each
well. Plates were then incubated at 37°C for 30 minutes. The absorbance was then read
at 540 nm using a microtiter plate reader (BioTek, Vermont, USA). A standard curve
was derived by plotting the absorbance (blank corrected) against the concentration
values of BSA. The values obtained from the standard curve equation were used to
calculate the protein concentration for each sample.

2.4.4 PREPARATION OF SAMPLES
Samples for SDS-PAGE gel electrophoresis were made up in a final volume of 20 μL
using 20 μg of proteins, 5X Sample buffer and dH2O when necessary. Samples were
boiled at 95°C for 5 minutes and quickly centrifuged prior to use.
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2.4.5 SDS-PAGE GEL ELECTROPHORESIS
Protein samples were separated by their molecular weight using 7% polyacrylamide
gels. The resolving and stacking gels were prepared according to table 2.6. Proteins
separation was performed using Mini-Protean II Cell gel equipment (BioRad,
Hertfordshire, UK). 1.5 mm 10 well combs were used to make the wells. When
polymerised, gels were immersed in 1X running buffer and then the samples were
loaded. In the first well 5 μL of molecular weight marker (PageRuler™ Prestained
Protein Ladder, Thermo Scientific, range 10 to 170 kDa). The samples were run at 100110 V until the blue front reached the bottom of the gel.
Table 2.6. Gel component.
Component
dH2O
1.5M Tris (pH 8.8)
0.5M Tris (pH 6.8)
Acrylamide (BioRad, UK)
20% (w/v) SDS
10% (w/v) APS
TEMED

7 % Resolving Gel
5.1 mL
2.5 mL
2.3 mL
50 μL
50 μL
5 μL

Stacking Gel
3.1 mL
1.25 mL
670 μL
25 μL
120 μL
12 μL

2.4.6 PROTEIN TRANSFER
A semi-dry or wet protein transfer method was used to transfer the proteins from the gel
to a polyvinylidene fluoride (PVDF) membrane (0.2 μm, BioRad, UK). The membrane
was activated by immersion in 100% methanol for 1 minute. The transfer sandwich was
assembled using the following components from the bottom to the top immersed in 1X
transfer buffer: sponge, three sheets of 3 mm chromatography paper (Whatman, GE
Healthcare UK) PVDF membrane, gel, three sheets of 3 mm chromatography paper,
sponge. The sandwich was placed in the Trans-Blot turbo transfer starter system (BioRad Laboratories, Hertfordshire, UK) and the proteins were transferred using the
Standard protocol (up to 1 A, 25 V for 30 minutes) when using the semi-dry method.
The sandwich was assembled into a cassette, immersed in 1X transfer buffer and
transferred at 35 V overnight when using the wet method. The accuracy of the protein
transfer was monitored using Ponceau S solution. The Ponceau was removed washing
the membrane with PBS 0.1% (v/v) TWEEN 20 (PBST). The membrane could then be
stored dry at 4˚C or immediately used for antibody staining.
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2.4.7 ANTIBODY STAINING
A 5% (w/v) skimmed dried milk PBST solution was used to block the non-specific
binding sites. The membranes were incubated for 1 hour at room temperature with
gentle shaking using a rotating gyrorocker mixer (Stuart Scientific, Staffordshire, UK)
and then washed in PBST. Primary antibodies were prepared in PBST or 0.1% (v/v)
TWEEN-20 in Tris-buffered saline (TBST) (table 2.7). The membranes were incubated
with the primary antibodies overnight at 4˚C with shaking except for β-actin, where the
membrane was incubated 1 hour at room temperature. Primary antibodies were washed
away with PBST or TBST three times for 15 minutes. The peroxidase-conjugated
(HPR) secondary antibody was diluted in 5% (w/v) skimmed dried milk in PBST and
incubated for 1 hour at room temperature. The membranes were then washed with
PBST three times for 15 minutes before the proteins were visualised using
chemiluminescent detection (2.4.8).

Table 2.7. List of antibodies used for Western Blot.
Antibodies
Anti-CD44
Anti-HIF-1α
Anti-GLUT-1
Anti-β-actin
Anti-mouse
IgG
(HRP)
Anti-rabbit IgG (HRP)

Species
Mouse
Mouse
Rabbit
Mouse
Secondary

Dilution
1:1000 in TBST
1:500 in PBST
1:400 in PBST
1:5000 in PBST
1:2500 in PBST

MW (kDa)
85-250
120
~55
42
-

Supplier
Cell Signaling
BD Bioscience
Abcam
Sigma-Aldrich
Sigma-Aldrich

Secondary

1:2500 in PBST

-

Sigma-Aldrich

2.4.8 CHEMILUMINESCENT DETECTION
Proteins were detected using the Clarity Western ECL Blotting Substrate kit (BioRad,
UK). The substrate kit components were mixed in a 1:1 ratio and membranes incubated
for 1 minute. The membranes were then developed using ChemiDoc MP system
(BioRad, UK). Analysis of band intensities was carried out using ImageJ 1.48v software
(http://rsb.info.nih.gov/ij).

2.5 FLOW CYTOMETRY
2.5.1 ANALYSIS OF CD44 EXPRESSION
2.5.1.1 Chemicals and reagents
Incubation buffer. 1% (w/v) of Bovine Serum Albumin (BSA) in PBS 1X.
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2.5.1.2 Cells preparation
Cells were grown in a T75 or T162 flask until 70% confluence was reached, then
detached using Accutase solution (Sigma Aldrich, UK) and counted. 0.5x106 cells were
aliquoted into each tube and washed twice with cold incubation buffer.

2.5.1.3 Antibody staining
Cells were re-suspended and incubated for 1 hour at room temperature with 0.1 mL of
primary antibodies diluted in incubation buffer (table 2.8). Cells were washed twice
with cold incubation buffer, re-suspended and incubated for 1 hour at room temperature
with 0.1 mL of fluorochrome-conjugated secondary antibody diluted in incubation
buffer (table 2.8). Cells were washed twice in PBS 1X, re-suspended in 0.5 mL of PBS
1X and analysed by flow cytometry.

Table 2.8. Antibodies used for Flow cytometry
Antibodies
Anti-CD44
Anti-CD44v3
Anti-CD44v4
Anti-CD44v5
Anti-CD44v6
Mouse IgG2a Isotype control
Anti-Mouse IgG/FITC

Species
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Rabbit

Dilution
1:100
1:100
1:50
1:100
1:100
1:100
1:100

Supplier
Cell Signaling
AbD Serotec, BioRad
AbD Serotec, BioRad
AbD Serotec, BioRad
AbD Serotec, BioRad
R&D systems, Abingdon, UK
Dako

2.5.1.4 Analysis by flow cytometry
Cells were analysed on the BD LSRFortessa cytometer (BD Bioscience, San Jose CA,
USA) equipped with the FACSDiva software (v8.0.1) using the flow cytometry facility
within the University of Manchester. FITC was excited using 488 nm argon laser and
the emission was measured using a 540/30 nm filter. Gating in FSC-H/FSC-A and FSCA/SSC-A windows was carried out in order to acquire 10,000 viable single cells. Cells
incubated with an IgG2a mouse Isotype primary antibody and an anti-Mouse IgG/FITC
secondary antibody were used as auto-fluorescence control, as well as threshold to
estimate the percentage of positive events. The data were analysed using Summit 4.3
software (Dako, Colorado, USA).
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2.5.2 ANALYSIS OF HYALURONIC ACID INTERNALISATION
2.5.2.1 Cells preparation
Cell lines were seeded in 12-well plates at the following densities: Detroit 562, HT29,
MDA-MB-468, MIA PaCa-2 and PC3 cells at 1.7×105 cells/well. Ishikawa, DU145 and
FaDu cells at 1×105 cells/well. HDF and MDA-MB-231 cells at 0.5×105 cells/well.
LNCaP cells at 4×105 cells/well. Cells were left to attach overnight at 37˚C, 5% (v/v)
CO2.
2.5.2.2 Preparation of Rhodamine B-labelled hyaluronic acid
HA-RhoB was prepared by Dr. Julio Rios as described in section 2.3.1. After
preparation, freeze-dried HA-RhoB was dissolved in dH2O at a concentration of 0.25
mg/mL and then diluted to a final concentration of 0.125 mg/mL by mixing equal
volumes of HA-RhoB and 2X complete media (prepared from DMEM, MEM or RPMI
powder supplemented with 50 mM of HEPES and 20% (v/v) FBS ).
2.5.2.3 Hyaluronic acid treatment
Cells were incubated with 1 mL/well of HA-RhoB/media at a concentration of 0.125
mg/mL for 0, 1, 4 and 24 hours. After treatment, cells were washed twice with PBS and
detached using 0.5 mL per well of Trypsin/EDTA solution for 10 minutes at 37˚C. The
process is described in section 2.2.1. The pellets were washed twice with PBS and then
re-suspended in 0.5 mL of PBS.

2.5.2.4 Analysis by flow cytometry
HA-RhoB internalisation was analysed as described in section 2.5.1.4. Rhodamine B
was detected using a filter with excitation at 540/25 nm and emission at 620/40 nm.
Untreated cells were used as auto-fluorescence control, as well as threshold to estimate
the percentage of positive events.

2.5.3

ANALYSIS

OF

HYALURONIC

ACID

CD44-MEDIATED

INTERNALISATION
2.5.3.1 Ishikawa cells sorting
Cells at about 70% confluence in a T162 flask were detached using Accutase solution
(Sigma Aldrich, UK), counted and aliquoted in two tubes (sample and control). Cells
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were washed by centrifugation using sterile blocking buffer, 1% (w/v) BSA PBS 1X.
Cell pellet was re-suspended in 1 mL of 1:2000 Pacific Blue anti-mouse/human CD44
antibody (Biolegend, UK) diluted in blocking buffer (0.1 mL per 1×106 cells) and
incubated for 30 minutes at room temperature, shaking in the dark. Cells were washed
by centrifugation using sterile FBS-free media, then re-suspended in FBS-free media
(5×106 – 10×106 per mL) and filtered with a 40 µm filter basket. CD44high subpopulation was sorted from CD44low using a BD FACSAria cell sorter and after the
sorting, cells were collected in two distinct tubes containing complete MEM media. The
two sub-populations were seeded as described in section 2.5.2.1 and then incubated with
HA-RhoB/media as described in section 2.5.2.3.

2.5.3.2 Cells preparation
MIA PaCa-2 and LNCaP cell lines were seeded as described in section 2.5.2.1.

2.5.3.3 Inhibitors pre-treatment and incubation with hyaluronic acid
Cells were pre-incubated for 1 hour at 37°C with media containing either anti-CD44
(clone Hermes-I MA4400; Sigma Aldrich, UK) at a concentration of 40 μg/mL to block
̅ v = 1000 kDa) at a
CD44 receptor, or with an excess of soluble HMW HA ( 𝑀
concentration of 1.5 mg/mL to saturate all HA receptors. Negative controls were
represented by cells incubated with media or media containing an Isotype control IgG2a
(R&D systems, Abingdon, UK) at a concentration of 40 μg/mL. Cells were then washed
and incubated for 4 hours at 37°C with a HA-RhoB/media solution at a concentration of
0.125 mg/mL prepared as described in section 2.5.2.2. In parallel, cells were incubated
with HA-RhoB/media at 4°C to inhibit all the energy-dependent internalisation
mechanisms.
2.5.3.4 Analysis with flow cytometer
HA-RhoB internalisation was analysed as described in section 2.5.2.4.

2.5.4 ANALYSIS OF NANOPARTICLES INTERNALISATION
2.5.4.1 Cells preparation
MIA PaCa-2 and PANC-1 cells were seeded in a 12-well plate at respectively 1×105
and 0.5 ×105 cells/well. Cells were then left to attach overnight at 37˚C, 5% (v/v) CO2.
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2.5.4.2 Nanoparticles treatment
Two fluorescent NPs were used to prove internalisation: CS/HA-RhoB or DY547siRNA/CS/HA NPs. NPs were prepared using both LMW and HMW CS with a final
concentration of 1 mg/mL (as described in section 2.3.1), with a total of four distinctive
NPs. Prior to incubation, NPs were diluted to 0.25 mg/mL with nuclease-free dH2O and
further diluted in complete media 2X (HEPES buffered, pH 7) to a final concentration
of 0.125 mg/mL in 1X complete media. A volume of 1 mL/well of the obtained NPs
suspension was used to treat the cells for 0, 2, 4, 8, 16, 24 and 48 hours. In the case of
DY547-siRNA/HA/CS NPs treatment, the same DY547-siRNA transfected with
Dharmacon transfectant reagent 1 (Dharmafect, GE Healthcare, UK) (40 nM final) was
used as a positive transfection control. For HA-RhoB/CS NPs treatment, the control was
represented by incubation with 0.1 mg/mL (corresponding to the concentration of HA in
the NPs solution) of free HA-RhoB (free-HA). After treatment, cells were washed twice
with PBS and detached using 0.5 mL per well of Trypsin/EDTA solution (section
2.2.1). Cells were washed twice with PBS and then re-suspended in 0.5 mL of PBS
before analysing by flow cytometry.

2.5.4.3 Analysis by flow cytometry
NPs internalisation and controls were analysed as described in section 2.5.1.4.
Rhodamine B and DY547-siRNA were both excited at 540/25 nm and the emission was
measured using a 620/40 nm filter. Untreated cells were used as auto-fluorescence
control, as well as threshold to estimate the percentage of positive events.

2.6 FLUORIMETRY
2.6.1 ANALYSIS OF HYALURONIC ACID UPTAKE
2.6.1.1 Cells preparation
Cells were prepared as described in section 2.5.2.1.
2.6.1.2 Hyaluronic acid treatment
Cells were treated with 1 mL/well of HA-RhoB/media at a concentration of 0.125
mg/mL for 0, 1, 4 and 24 hours. After treatment, cells were washed twice with PBS and
0.12 mL of lysis buffer was added to each well. After 30 minutes of shaking at room
temperature, 0.1 mL of cell lysate from each well was transferred in a black 96-well
plate for analysis at the fluorimeter.
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2.6.1.3 Analysis of the cell lysate by fluorimetry
The total HA-RhoB uptake (membrane bound + internalised) was quantified using the
fluorescence of cell lysates through a Synergy2 Biotek plate reader with Gen5 software
(Optical position: top 50%. Light source: Xenon flash) (Ex: 540/25, Em: 620/40 nm). A
calibration curve of HA-RhoB in lysis buffer was prepared through sequential dilutions
from 0 to 31.25 µg/mL. The amount of HA-RhoB per well was normalised against the
total cell protein content measured using the BCA assay. The total protein content
values per well was converted to cell number/well using cell number/protein
concentration calibration curves determined for each particular cell line. The uptake was
finally expressed as μg of HA-RhoB per cell.

2.7 IMMUNOFLUORESCENCE
2.7.1 ANALYSIS OF CD44 EXPRESSION IN CELL MONOLAYER
2.7.1.1 Cell preparation
Detroit 562, Ishikawa, PC3, DU145, FaDu, MDA-MB-468 and HT29 cells were seeded
at a density of 2×105 cells/well in sterile coverslips placed into 6-well plates. MIA
PaCa-2 and MDA-MB-231 cells were seeded at a density of 1×105 cell/well, HDF cells
were seeded at a density of 0.8×105 cell/well, and LNCaP cells were seeded at a density
of 9×105 cell/well. The cells were incubated overnight to facilitate adherence at 37˚C,
5% CO2 (v/v), then fixed by addition of 1 mL/well of cold absolute methanol and
incubation for 10 minutes at -20˚C.

2.7.1.2 Membrane CD44 staining
Cells were washed and the unspecific binding sites were blocked by incubation for 30
minutes at room temperature using blocking buffer containing 1% (w/v) BSA, 10%
(v/v) secondary antibody host serum (Donkey Serum, Sigma-Aldrich, UK) in PBS. The
primary anti-CD44 antibody was diluted 1:400 (table 2.7) in blocking buffer. A volume
of 0.1 mL of diluted antibody was added to each coverslip, which were incubated
upside down in a humidified chamber overnight at 4°C. The fluorochrome-conjugated
secondary antibody (Donkey anti-Mouse, Alexa Fluor568-conjugate, Life technologies,
UK) was made up 1:1000 in 1% BSA (w/v) in PBS and 0.1 mL was added to the
samples. Cells were incubated for 1 hour at 37˚C. A volume of 0.1 mL of DAPI (1
μg/mL) in PBS was added to each samples to stain the nuclei and incubated for 10
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minutes at room temperature. A drop of Fluorescence Mounting Medium (Dako, UK)
was added to the microscope slides, the cover slips were mounted, sealed with nail
varnish and let dry overnight in the dark. For each sample, a negative control was
obtained by incubating with blocking buffer instead of primary antibody.

2.7.1.3 Fluorescence microscopy
Images were acquired with an Olympus BX51 upright microscope using a 20x/0.50
UPlanFLN or 60x/0.65-1.25 UPlanFLN objective and captured using a Coolsnap EZ
camera (Photometrics) through MetaVue Software (Molecular Devices). Specific band
pass filter sets for DAPI and Texas red were used to prevent bleed through from one
channel to the other. Images were then processed and analysed using ImageJ 1.48v
software (http://rsb.info.nih.gov/ij).

2.7.2 ANALYSIS OF NANOPARTICLES PENETRATION IN SPHEROIDS
2.7.2.1 Nanoparticles treatment
Spheroids were prepared as described in section 2.2.4. When spheroids reached a
diameter of about 800 μm were incubated for 24 hours at 37˚C with 0.125 mg/mL of
LMW CS/HA NPs loaded with DY547-siRNA (siRNA final concentration: 40 nM;
siRNA/CS weight ratio: 2.6%) as described in section 2.5.4.2.
2.7.2.2 Preparation of spheroids sections
Spheroids were embedded in Shandon™ M-1 Embedding Matrix (Thermo Scientific,
UK) in a 1.5 mL Eppendorf lid then transferred at -80˚C. Spheroids were sectioned
using a cryostat (Bright, Huntingdon, UK). Prior to cutting, spheroids were placed into
the cryostat chamber at -20˚C to equilibrate for at least 30 minutes. Frozen embedded
spheroids were taken out of the Eppendorf lid and mounted onto cutting blocks using
Embedding Matrix and returned to the chamber to allow the mounting medium to
freeze. Cryostat sections of 8 μm thickness were cut and presented onto poly-L-lysine
coated microscope slides (Polysine, VWR, UK). Sections were allowed to air dry for 5
minutes prior to storage at -80˚C.

2.7.2.3 Antibody staining
The sections were fixed in ice cold acetone for 10 minutes and allowed to air dry. A
DAKO immune edge pen (DAKO, Ely, UK) was used to draw around each section and
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50 µL of 10% (v/v) horse serum (Biosera, Ringmer, UK), 1% (w/v) BSA in PBS added
for 1 hour. A volume of 50 µL of primary antibody α-CD44 or α-GLUT-1 (table 2.7)
was added on each section and left overnight at 4 ˚C in a dampened box (damped blue
roll in box to ensure moisture and no evaporation of antibodies). The primary antibody
was removed by washing the sample three times for 4 minutes with PBS. A secondary
Alexa488-conjugated antibody was added (50 µL) onto the slide sample and left for 1
hour in the dark at room temperature. The secondary antibody was removed and
sections were then washed off using three washes for 4 minutes duration with PBS.
Nuclei were stained using DAPI (1 µg/mL in PBS). Slides were washed three times for
4 minutes with PBS. Coverslips were mounted using DAKO fluorescent mounting
media (DAKO, Ely, UK).

2.8 IMMUNOHISTOCHEMISTRY
2.8.1 CHEMICALS AND REAGENTS
Sodium citrate buffer. 10 mM sodium citrate in dH2O. The pH was adjusted to pH 6
using a concentrated solution of sodium hydroxide. dH2O was then added to a final
volume of 1 L.
Alkaline Scott’s tap water. Scott’s tap water was obtained by mixing 50 mL of a
solution of 20% (w/v) magnesium sulphate with 25 mL of a solution 7% (w/v) sodium
bicarbonate and adding dH2O to a final volume of 500 mL. The pH was adjusted to pH
8.5 using a solution of sodium hydroxide.

2.8.2 PREPARATION OF TUMOUR SECTIONS
Tumour blocks from the lab bank were sectioned using a microtome (Leica RM2155,
Histology facility, The University of Manchester). Each section was cut with a
thickness of 5 μm and was collected onto adhesion microscope slides (Menzel-Gläser
Adhesion Slides SuperFrost, Thermo Scientific, UK). Sections were left dry at 37˚C
overnight prior immunohistochemistry analysis.

2.8.3 CD44 STAINING
Pre-prepared tumour sections were de-waxed in xylene twice for 5 minutes, then placed
into decreasing ethanol concentrations for 5 minutes in sequence as follows: 100%
(v/v), 90% (v/v), 70% (v/v) ethanol and then washed in dH2O. Antigen retrieval was
performed in a microwave (Biogenex, California, USA) using sodium citrate buffer and
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maintaining them at a sub-boiling temperature for 15 minutes. The samples were then
left cool at room temperature. The sections were then washed twice with dH2O twice for
5 minutes and, to ensure the reagents do not run off, the sections were drawn around
with a DAKO immune edge pen. The sections were incubated with Peroxo-Bloc
Peroxidase Inhibitor (Life Technologies, UK) for two minutes in order to block the
endogenous peroxidase activity and then washed once with dH2O and once with PBS
for 5 minutes each. Unless otherwise stated, all the following washes were performed in
PBS for 5 minutes. A blocking agent (10% secondary antibody host serum (v/v) in
PBST) was added to the sections to prevent non-specific antibody binding for 1 hour at
room temperature. 0.1 mL of primary antibody anti-CD44 (clone EPR1013Y, Rabbit
monoclonal, Millipore) diluted 1:100 in blocking buffer was added to each section and
incubated overnight at 4˚C in a humidified chamber to prevent the sections drying out.
Sections were washed three times and then incubated with a secondary anti-Rabbit
biotinylated antibody (Vector laboratories) diluted 1:200 in PBS for 1 hour at room
temperature. ABC reagent (VECTASTAIN ABC Kit, Vector Laboratories, California,
USA) was made up according to manufacturer instructions and after three washes it was
added onto the sections for 30 minutes. Following a further three washes, sections were
incubated with DAB reagent (DAKO, Cambridgeshire, UK) for a time between 5 and
10 minutes followed by immersion in dH2O. The sample slides were then
counterstained with haematoxylin for one minute, washed using tap water and dipped
for one minute in alkaline Scott’s tap water. The slides were finally dehydrated through
increasing ethanol concentrations and washed in xylene. Cover slips were mounted onto
the sample slides using Q Path® Coverquick 2000 (VWR Q-Path Chemicals,
Lutterworth, UK) and then left to dry overnight. As a negative control, blocking buffer
was used instead of diluted primary antibody.

2.8.4 SCANNING OF SLIDES
Slides were scanned using a Pannoramic slide scanner (Bioimaging facility, The
University of Manchester) and the images were then visualised using the software
Pannoramic viewer (3DHISTECH, 1.15.4).
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2.9 CONFOCAL MICROSCOPY
2.9.1 ANALYSIS OF HYALURONIC ACID UPTAKE
2.9.1.1 Cell preparation and treatment
Detroit 562, Ishikawa, MIA PaCa-2, PC3, DU145, FaDu and MDA-MB-231 cells were
seeded at a density of 25,000 cells/well in an 8 well µ-Slide (Ibidi, UK). MDA-MB-468
and HT29 cells were seeded at a density of 42,500 cells/well, HDF cells were seeded at
a density of 10,000 cells/well and LNCaP cells were seeded at a density of 100,000
cells/well. Cells were let to adhere overnight at 37˚C, 5% (v/v) CO2. A volume of 0.3
mL per well of HA-RhoB/media (0.125 mg/mL), prepared as described in section 2.3.1,
was used and cells were incubated for 1 hour. Untreated cells were used as a negative
control. Hoechst, Cell Mask, Lysotracker (Invitrogen, UK) or Alexa Fluor-488 antimouse/human CD44 antibody (Biolegend, UK) were used to highlight nuclei,
phospholipid cell membranes, lysosomes and CD44 receptor, respectively. After HARhoB treatment, cells were washed twice with PBS and then incubated with 0.3 mL of
the 1 μg/mL solution of Hoechst in cell culture media for 10 minutes at 37°C, 5% (v/v)
CO2. Hoechst solution was removed and cells were washed with PBS. A 1:1000 dilution
of CellMask (5 μg/mL), 1:5000 dilution of Lysotracker or a 1:500 dilution of α-CD44
antibody in cell culture media was added to the cells and incubated either for 10 minutes
(CellMask and Lysotracker) or for 30 minutes (α-CD44 antibody) under the same
conditions. Cells were then washed and media without phenol red was added. Living
cells were immediately used for confocal image assessment.

2.9.1.2 Confocal microscopy
Confocal acquisitions were performed with a Leica TCS SP5 AOBS inverted confocal
using an oil 63x/0.60-1.40/HCX PL Apo objective and 1X or 4X confocal zoom. The
confocal settings were as follows: pinhole 1 airy unit, scan speed 400Hz unidirectional,
format 2048×2048 (1X zoom), format 1024×1024 (4X zoom). To eliminate any
possible crosstalk between channels, images were collected with a sequential scan using
the following laser lines and mirror settings: 405(100%) 410-483nm; 488(25%) 495550nm; 561(100%) nm. Images were then processed and analysed using the ImageJ
1.48v software (http://rsb.info.nih.gov/ij).
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2.10 ANALYSIS OF MRNA EXPRESSION
2.10.1 RNA EXTRACTION
Total RNA was isolated using the RNeasy Mini Kit (Qiagen, UK) according to the
manufacturer’s instructions. Cell samples were lysed using RTL buffer completed with
β-mercaptoethanol (10 µL per 1 mL buffer) and stored at -80°C until RNA extraction.
DNA contamination was removed using RNase-Free DNase Set (Qiagen, UK).
Quantification of total RNA was performed using Nanodrop Lite Spectrophotometer
(Thermo Scientific, UK).

2.10.2 CDNA SYNTHESIS
Reverse transcriptions from mRNA to cDNA were performed using High-Capacity
cDNA Reverse Transcription Kit (Thermo Scientific, UK) according to manufacturer’s
instructions using maximum 2 µg of RNA.

2.10.3 REAL TIME QUANTITATIVE PCR
Quantitative PCR (qPCR) was carried out using TaqMan technology. Gene expression
analysis was carried out using TaqMan Gene Expression Assays and TaqMan® Fast
Universal PCR Master Mix (2X) (Thermo Scientific, UK) according to manufacturer’s
instructions. The genes investigated are listed in table 2.9. Same amount of cDNA was
loaded for every sample within the same experiment. PCR mix without cDNA was used
as negative control. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH), β-actin
(ACTB) and hypoxanthine phosphoribosyltransferase (HPRT) were used as endogenous
controls to normalise gene expression levels for relative quantitative analysis. Reactions
were performed in a MicroAmp™ Fast Optical 96-Well Reaction Plate (Thermo
Scientific, UK) in a total reaction volume of 20 µL according to the manufacturer’s
recommendations. qPCR thermal cycling and data acquisition were carried out in a
StepOnePlus Real-Time PCR system (Thermo Scientific, UK) and using the StepOne
software (v2.3). The amplification conditions consisted of a holding stage (2 minutes at
50°C and 10 minutes at 95°C) followed by the cycling stage (40 cycles of 15 seconds at
95°C and 1 minute at 60°C). The ΔΔCt method was used to process data obtained to
determine the relative gene expression levels between experimental samples and
controls.
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Table 2.9. TaqMan Gene Expression Assays used for gene expression analyses.
Gene

Assay ID

Dye

ACTB (β-actin)

Hs99999903_m1 VIC-MGB

HPRT

Hs99999909_m1 VIC-MGB

GAPDH

Hs02758991_g1

VEGF

Hs00173626_m1 FAM-MGB

VIC-MGB

SLC2A1 (GLUT-1) Hs00197884_m1 FAM-MGB
HIF1A (HIF-1α)

Hs00153153_m1 FAM-MGB

2.11 IN VIVO METHODOLOGY
2.11.1 PREPARATION OF TUMOUR CELLS FOR IMPLANTATION
MIA PaCa-2 and PANC-1 cells were harvested in the exponential phase of growth as
described in section 2.2.1. The cells were counted, washed in serum-free media and resuspended in the appropriate volume of serum-free media to obtain a concentration of
2×108 cells/mL, using the following formula:
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠
= 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿)
𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑐𝑜𝑛𝑐. (2 × 108 /mL)
The cell suspension was then diluted 1:1 in Matrigel to obtain 1×108 cells/mL and kept
on ice until implanting.

2.11.2 TUMOUR XENOGRAFT MODEL
In vivo studies used adult (8-12 weeks) female CBA nude “in house” bred mice. Mice
were housed using individually ventilated cages, subjected to alternate 12 hours light
and dark cycles and sterile food and water were continuously available. All mice were
identifiable (and thereby any subsequent tissues samples) by the use of a unique
microchip implanted identification system (Avid ID, six digit numbering, for example
123-456). All procedures were approved by the UK Home Office Inspectorate, the
named animal care welfare officer (NACWO) and The University of Manchester Ethics
Care Committee. All in vivo procedures followed the guidelines for the welfare and use
of animals in cancer research [161].
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2.11.3 IMPLANTATION OF TUMOUR CELLS
0.1 mL of the pre-prepared cell/Matrigel cell suspension described in section 2.11.1 was
injected per mouse into the supraspinal midline via the subcutaneous route,
approximately 1 cm from the base of the tail. Weight, health and tumour volume of the
mice were monitored up to three times a week. Tumour volume was measured using
calibrated callipers the following formula:
𝑇𝑢𝑚𝑜𝑢𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝑚3 ) = 𝑙𝑒𝑛𝑔ℎ𝑡 (𝑚𝑚) × ℎ𝑒𝑖𝑔ℎ𝑡 (𝑚𝑚) × 𝑏𝑟𝑒𝑎𝑑𝑡ℎ (𝑚𝑚)

2.11.4 TREATMENT WITH NANOPARTICLES
When tumour reached a volume of about 500 mm3, mice were treated with NPs
(prepared as described in section 2.3.3) through intravenous tail injection (i.v.). After
concentration with dialysis, 1.5 mg/mL NPs were recovered. They were then diluted 1:1
with saline for dosing. The siRNA/LMW CS/HA-RhoB NPs treatment consisted of:
- 0.259 mg/mL CS
- 0.067 mg/mL siRNA
- 1.125 mg/mL HA
Mice were then dosed i.v. (10 mL/kg) with siRNA/LMW CS/HA-RhoB NPs
(corresponding siRNA concentration: 333 µg/kg).
Mice were grouped and treated as following:
Group 1 (n=3): MIA PaCa-2 cells, untreated
Group 2 (n=3): MIA PaCa-2 cells, siRNA/LMW CS/HA-RhoB NPs
Group 3 (n=3): PANC-1 cells, untreated
Group 4 (n=3): PANC-1 cells, siRNA/LMW CS/HA-RhoB NPs

2.11.5 FLUORESCENCE SCANNING PROTOCOL
48 hours post NPs injection, mice were transported to the Wolfson Imaging Centre
(WMIC) for fluorescence scanning (figure 2.2). Mice were injected with 0.2 mL/mouse
of pimonidazole hydrochloride (Hypoxyprobe) intraperitoneally (i.p.) two hours before
being anaesthetised by placing in an induction chamber and turning the isoflurane to 2%
(oxygen at 2 L/min). Pimonidazole hydrochloride is a 2-nitroimidazole compound that
forms adducts in cells with an oxygen tension of 10 mmHg or less at 37°C.
Pimonidazole hydrochloride was prepared in saline (0.9% w/v) at 10 mg/mL. Mice
were then transferred to the heated imaging bed/holder and maintained under
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anaesthesia for the duration of the scan. The fluorescence signal for the whole body of
each mouse from the siRNA (cargo, Cy5^5) and from the HA (carrier, Rhodamine B)
were recorded in two differential scan of 5 minutes exposure each using an approved
designed rodent fluorescence PhotonIMAGER™ instrument (Biospace Lab, France)
and a Photo-Acquisition software analysis package. Background images (5 minutes
exposure) were automatically acquired by the software and used to normalise the
fluorescence signals. Image analysis was carried out using M3Vision™ software. After
a first scan of whole body, mice were euthanised by an approved method. Tumours and
organs were excised and scanned post removal from the sacrificed mouse (30 second
fluorescence detection program and then a 30 seconds background measurement). All
measured tissues were snap-frozen for later analysis (qPCR and immunofluorescence
analysis).

Figure 2.2. In vivo procedure scheme.
LMW CS/HA-RhoB NPs loaded with an anti-HIF-1α siRNA labelled with a Cy5^5 dye were
injected i.v. in MIA PaCa-2 and PANC-1 tumour bearing mice. After 48 hours, mice were
scanned for fluorescence to individuate the body biodistribution of respectively the cargo and
the carrier. Mice were then sacrificed, tumour and organs excised and scanned again for
fluorescence. Finally, all the tissues were snap-frozen for storing.
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2.12 SCORING METHOD
Using the quantifications obtained from different techniques employed for the
investigation of both CD44 expression and HA uptake, cells could be ranked in a
decreasing order. A percentage of 100% was assigned to the cell line with the highest
quantification and the percentages of the other cells were calculated proportionally
(appendix, tables from 8.2 to 8.10). To every percentage range corresponded a score
from 9 to 0, as shown in table 8.1. Four categories (panCD44, CD44s, CD44v, HA
uptake) were identified to study the CD44/HA uptake correlation. Scores obtained from
the different techniques were summed for each category, for example the final score of
the “panCD44” category is given by the sum of scores obtained from quantification of
panCD44 with WB plus FC (showed in bold table 8.11). Cells were finally ranked in a
decreasing order according to HA uptake (sum of scores from binding and
internalisation) (table 4.1).

2.13 STATISTICAL ANALYSIS
Data analysis was carried out using Microsoft Excel, OriginPro 8.5.1 (MA, USA) and
GraphPad Prism 7 software (CA, USA). For each experiment the standard deviation
(SD) or standard error of the mean (SEM) were calculated. All data points on graphs
represent the mean of three independent experiments ± SD, unless otherwise stated.
Statistical analyses were performed using GraphPad Prism. Additional statistical
analysis is explained in the individual results chapters. Statistical significance is
acknowledged where appropriate and to indicate a statistically significant result,
asterisks have been added to figures.
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Chapter 3 - CD44 EXPRESSION
3.1 INTRODUCTION
CD44 constitutes a family of glycoproteins encoded by a single gene; however, variants
exist that differ in size (from about 85 to about 250 kDa) due to both, alternative
splicing of specific exons (exon 6 to 15, also called v1-v10) in the extracellular domains
of the receptor and post-translational modifications, such as N-glycosylation and Oglycosylation. The smallest or standard CD44 isoform (from now on referred as CD44s)
lacks variant exons and it is known to be physiologically expressed on the membrane of
most vertebrate cells. CD44 molecules that include variant exons (CD44v), on the other
hand, are exclusively expressed on some epithelial and hematopoietic cells, on many
cells during embryonic development, on lymphocytes (during maturation and
inflammation-driven activation) and in several types of leukemia and carcinoma [83,
84]. Abnormal expression of panCD44 (indicating the indiscriminate expression of both
CD44s and CD44v), is considered a reliable diagnostic and prognostic marker [162,
163]. Many clinical data clearly demonstrate that CD44v expression is crucial for
malignancy and is therefore correlated with higher metastasis and mortality in many
tumours [79, 164-167]. In particular, CD44v6 has been associated with increased
tumour progression and metastatic potential in colon, lung and breast cancer [168, 169].
CD44v expression and post-translational modifications can influence the affinity of
CD44 for its ligands, including HA [86, 111]. In fact, they can either enforce CD44
clustering leading to an increased HA-binding affinity, or they may cause
conformational changes leading to the exposure of distal HA binding sites [93-95, 111].
However, most of these studies on CD44/HA interactions were performed on
genetically modified or cell free systems [109, 170, 171]. In living cells there will be
many more factors that influence HA binding to CD44 and these would include
different isoforms coexisting within the same cell population [81], as well as the
receptor status itself [94]. Therefore, there is a real need to appreciate what cell-based
parameters will interfere with the delivery of any payload to the tumour cell surface and
their potential internalisation. Here, 26 human tumour cell lines plus a normal dermal
fibroblast (HDF) cell line were investigated for CD44 expression using different
techniques with the ultimate objective to select some representative profiles to further
investigate the interaction with HA and HA-coated NPs.
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3.2 RESULTS
3.2.1 CD44 EXPRESSION BY WESTERN BLOT
The expression of CD44 was analysed via western blotting (WB) in a panel of 26 cancer
cell lines (figure 3.1A), using HDF as a non-tumoral control. The antibody used (clone
156-3C11) binds an epitope on the amino-terminal region of the receptor (exons 1-5),
recognising all CD44 isoforms (panCD44), hence bands of different MW correspond to
different isoforms of the receptor [172]. Cell lysates from each cell line were collected
and 20 μg of each lysate were loaded on a SDS-PAGE gel as described in section 2.4.
Results shown in figure 3.1A revealed a substantial heterogeneity in the expression of
CD44, which can be easily recognised between: CD44s (bands with MW of ~90 kDa)
and CD44v (bands with MW >90 kDa). Accordingly to this classification, cells were
categorised into three groups: 1) CD44shigh, where the standard form of the receptor is
highly expressed; these cell lines are highlighted with a red bar in the top panel of figure
3.1A; 2) CD44vhigh, showing expression of the increased MW variants of the receptor
(CD44v) independently of the amount of CD44s, these cell lines are highlighted with a
blue bar. 3) CD44low, where CD44 (in both forms) is poorly expressed; these cells are
highlighted with a black bar.
As shown in figure 3.1A, four breast cancer cell lines were screened (MDA-MB-231,
MDA-MB-468, MCF7 and T47D) and they showed different expression profiles
between each other: MDA-MB-231 showed a LMW band in WB (CD44shigh), while
MDA-MB-468 showed HMW and LMW bands (CD44vhigh). MCF7 and T47D, on the
other hand, did not show any detectable form of the receptor. For what concerns the
head and neck cancer models, Detroit 562 cells showed HMW bands, while FaDu cells
were CD44low. Mia PaCa-2 pancreatic cancer cells showed high CD44 expression
levels, mostly CD44s, although two other small bands at higher MW were detected.
Cervical cell lines (Ca Ski, SiHa and HeLa) showed respectively increasing amount of
CD44s. Contrariwise, Ishikawa cells (endometrial) resulted CD44low. Prostate cancer
cells also had differential expression of CD44 between them. The receptor was not
detected in LNCaP cells. DU145 and PC3, on the other hand, were CD44shigh.
Considering colorectal cancer cell lines, HT29 showed a single band at about 130 kDa,
while HTC116 had very low expression of the receptor. Between the ovarian cancer
cells only SKOV-3 and TOV21G were CD44shigh, while in all the others the receptor
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was undetectable. The two thyroid cell lines screened (FTC133 and 8505C) and the
glioblastoma cells (U87) resulted CD44shigh as well as HDF cells.
At least three representative cell lines for each of group CD44shigh, CD44vhigh and
CD44low were selected and these are highlighted with arrows in figure 3.1A: MDA-MB231, DU145, PC3 and the non-tumoral HDF for CD44shigh; MDA-MB-468, MIA PaCa2, Detroit 562 and HT29 for CD44vhigh and Ishikawa, LNCaP and FaDu for CD44low.
The selected cell lines were used to investigate CD44 expression with other techniques.

Figure 3.1. panCD44 expression via WB in cancer cell lines and HDF.
A) A primary antibody against panCD44 was used, and β-actin was employed as a loading
control (table 2.7) (n=3). The experiment was performed in 4 different membranes (separated by
the dotted lines) B) Densitometry analysis of the panCD44 expression normalised to β-actin
expression. Bars represent the mean ± SD (n=3). C) Densitometry analysis of the higher
molecular weight bands (CD44v) and the lower molecular weight bands (CD44s) normalised to
β-actin expression. Bars represent the mean ± SD (n=3).

3.2.2 CD44 EXPRESSION BY FLOW CYTOMETRY
Flow cytometry (FC) was employed for a second quantitative analysis of CD44
expression in the cancer cell lines and HDF selected as explained in section 3.2.1.
Samples were prepared as described in section 2.5. Firstly, it is noteworthy that with
this technique panCD44 was detectable in Ishikawa and FaDu cells, but not in LNCaP
cells. From the FC histograms (figure 3.2B) it was possible to observe that panCD44
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was expressed in about 70% of Ishikawa population. All the other cell lines were
~100% positive for panCD44, although with different median fluorescence intensities
(MFI) (figure 3.2A and B). FC was also useful to screen CD44v (here variants v3, v4,
v5 and v6 were investigated). The expression of CD44v3 and v6 was confirmed on
MDA-MB-468 cells and only a small percentage of the v3 (about 30%) was found on
MDA-MB-231 (figure 3.2B). The expression of v3, v5 and v6 variants was validated
also in Detroit 562, but no variants were detected in MIA PaCa-2 cells. HT29 were
positive for panCD44 and had the highest MFI, but were only partially positive for
variants v3 and v5 (respectively about 40% and 24%) (figure 3.2B).
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Figure 3.2. panCD44 and variants expression via FC in cancer cell lines and HDF.
A) panCD44 is expressed as the median fluorescence intensity (MFI) of living cells after
incubation with primary antibodies against panCD44 (table 2.8) or single variants (v3, v4, v5
and v6) and then with a FITC-labelled secondary antibody. Values are the mean (± SD) of three
independent experiments and are reported as the ratio between MFI of the sample and the MFI
of the isotype control (fold change). In the legend, the CD44shigh types are underlined in red, the
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CD44vhigh in blue, while the CD44low are not underlined. B) Representative flow cytometry
histograms with the overlay of the Isotype control (grey), panCD44 (green), v3 (blue), v4 (red),
v5 (orange), v6 (pink) and a table showing the percentage of positive events for an Isotype
control, panCD44, v3, v4, v5, v6 ± SD are reported (at least n=3).

3.2.3 CD44 EXPRESSION BY IMMUNOFLUORESCENCE
Immunofluorescence (IF) was used as a qualitative analysis of CD44 expression to
confirm the observations after WB and FC analysis. It generally confirmed that CD44
expression in the previously named CD44low group was lower than for the CD44shigh and
CD44vhigh groups (figure 3.3); unsurprisingly, CD44vhigh and CD44shigh were virtually
indistinguishable when stained with an antibody for panCD44. It is noteworthy that
there were strong differences between the three lines in the CD44low group. In particular,
LNCaP cells appeared almost entirely devoid of CD44, Ishikawa cells, as already seen
from the FC histograms (figure 3.2B), showed a heterogeneous population with cells
lacking and presenting CD44 and FaDu presented levels of the receptor not much lower
than in the cells of the other two groups.

Figure 3.3. panCD44 expression via IF in cancer cell lines and HDF.
Cells were fixed and stained first with a primary antibody against panCD44 (table 2.7) and then
with an Alexa Fluor568-conjugated secondary antibody (red) as described in section 2.7.1.
Nuclei were stained with DAPI (blue). White bars indicate 20 μm (n=2).

3.2.4 CD44 EXPRESSION IN TUMOUR XENOGRAFTS
In order to explore CD44 expression in a physiologically relevant environment,
immunohistochemistry (IHC) analysis of tumour xenografts was performed. Samples
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were prepared as described in section 2.8. A high and quite homogenous CD44
expression was found in MDA-MB-231 and Detroit 562 tumours (figure 3.4). On the
other hand, Ishikawa and FaDu xenografts showed a heterogeneous expression of the
CD44. FaDu tumours showed a higher intensity in staining compared to Ishikawa’s, but
both tumours exhibited batches of highly CD44 positive cells in certain areas and other
areas with CD44low cells.

Figure 3.4. panCD44 expression via IHC in tumour xenografts.
Representative images of CD44 staining in FaDu subcutaneous tumours (n=4), Ishikawa
subcutaneous tumours (n=4), Detroit 562 subcutaneous tumours (n=2), MDA-MB-231
orthotopic tumours (n=3). Scale bar, 200 μm. Scale bar inner images, 2000 μm.

3.2.5 WESTERN BLOT VS FLOW CYTOMETRY
FC was initially carried out in living cells (figure 3.2A): the values of MFI here
measured were compared with those obtained from WB quantifications (figure 3.1B). It
should be noted that WB technique can detect CD44 receptors localised both extra- and
intra-cellularly (analysis of whole cell lysate), which would be unaccounted when using
FC on living cells (extra-cellular receptors only). Interestingly, it was found that the two
techniques ranked differently the tested cell lines for CD44 expression (figure 3.5). In
particular we noticed that, when the datasets were correlated, it was possible to classify
the cells into two distinctive groups: CD44fc/wbhigh and CD44fc/wblow (divided by the
dotted line in figure 3.5A). These two groups displayed internal congruence between the
two techniques used, where a proportional increase is always observed between FC MFI
and WB band intensity in each different region in the figure. To investigate whether the
distinction between the two groups, CD44fc/wbhigh and CD44fc/wblow, was influenced
by the presence of intracellular receptors, we also performed FC in permeabilised cells.
Figure 3.5B shows that little difference was seen when compared to the live cell
analysis (figure 3.5A).
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Figure 3.5. Correlation between panCD44 expression as evaluated via FC (vertical axis)
and WB on cell lysates (horizontal axis).
Please note that the same anti-panCD44 antibody was used for both techniques. A) MFI
obtained using living cells normalised to HT29; the symbols are put together in two groups
(CD44fc/wbhigh - dark grey; CD44fc/wblow - light grey) that internally show proportionality
between MFI and WB results. The names of cell lines are tagged with bold boxes if the cells
belonged to the CD44shigh group, with single or double boxes if they belonged to the CD44vhigh
one. B) MFI obtained using fixed and permeabilised cells normalised to HT29.

3.3 DISCUSSION
The use of HA-based delivery vehicles for cancer targeting has increased over the last
years [173] considering the overexpression of HA main receptor, CD44, in many
tumours. In particular, the aim is to exploit the natural mechanism of CD44-mediated
HA endocytosis to deliver entities intracellularly. However, CD44 has been described as
“a molecule with a thousand faces” and therefore a solid understanding of its expression
in distinct tumours and which factors have a role in its intricate interplay with HA is
required for the development of CD44 targeting systems. The expression of CD44 was
evaluated in a panel of cancer cell lines and in HDF (physiological/healthy control)
using WB, FC and IF techniques. It was found that distinct tumour cell types not only
expressed different amount of the receptor, but also different isoforms. FC allowed us to
analyse the receptor expression on the cell surface (cells were not permeabilised for the
assay) excluding the intracellular fraction, while with WB, both the membrane and the
intracellular receptors were quantified. With FC it was also possible to investigate the
expression of some CD44v relevant in cancer, in particular the v3 and v6 which seem to
be the most relevant for their clustering properties and for the presence of growth
factors binding sites in their translational products [174-178].
As presented in sections 3.2.1, 3.2.2 and 3.2.3, for the breast cancer cell lines screened,
FC confirmed what was seen with WB, in particular the expression of the CD44v3 and
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v6 for MDA-MB-468. These results are in agreement with previously published data
[81, 179-181]. Noteworthy, variants above the v6 were not investigated here, which
were also reported to be expressed in MDA-MB-468 [181]. Also Detroit 562 cells
showed congruent results between WB and FC in terms of expression of variants. CD44
expression in FaDu cells, however, could only be detected with FC and IF, but not with
WB. This finding agrees with what was found on head and neck squamous cell
carcinoma patients and in Detroit 562 and FaDu cell lines expressing variants isoforms
of the receptor [81, 182-184]. The expression of CD44s on Mia PaCa-2 pancreatic
cancer cells is also in accordance with recently published works [185-188] as well as for
cervical cell lines (SiHa and Ca Ski) [189]. Ishikawa cells (endometrial), after analysis
with the three different techniques showed a non-homogeneous population for CD44
expression. This result matches what was previously found in human endometrial
cancer [190]. Prostate cancer cells showed differential expression of CD44 between
them as already reported by Liu et al.[191]. Interestingly, a recent study reporting a
detailed analysis using RNA sequencing in many cancer cell lines showed that the
expression of CD44 is almost never limited to a single isoform, although there can be a
predominant isoform [81]. According to this study, for example DU145 cells, presented
a mixed population with 85% CD44s, 5.5% CD44v10, 5% CD44v8-v10 and 3%
CD44v3-v10, while no variants were here detected at protein level using FC or WB
(figures 3.1 and 3.2) (DU145 were designated as CD44shigh) [81]. Considering the
presence in WB of a single HMW band in the colorectal cancer cell lines HT29, CD44v
expression was expected, however FC highlighted that a small percentage of cells
expressed the variants v3 and v5. Noteworthy, variants v7, v8, v9 and v10 were not
investigated in this work, therefore it cannot be excluded that this cell line might
express these isoforms, as previously reported [192-194]. Between the ovarian cancer
cells only SKOV-3 and TOV21G were CD44shigh. This agrees with previous works
done by Cannistra et al. [195] and more recently by Yang et al. [196]. Expression of
high levels of CD44s for the thyroid cell lines and the glioblastoma cells screened is
also in accordance with literature [197-199].
IHC analysis was important in order to explore CD44 expression in tumour xenografts
and also to investigate whether there were discrepancies between the expression of the
receptor in vitro and in vivo. As shown in section 3.2.4, it was found that CD44
expression in vivo correlated with the in vitro results for the MDA-MB-231, Detroit
562, FaDu and Ishikawa tumour xenografts examined. In FaDu and Ishikawa tumours
83

CHAPTER 3 – CD44 EXPRESSION

there was an indication of micro-regional variation in expression with the strongly
CD44-positive cells being concentrated in specific areas within the tumours. Previous
studies showed that increased levels of CD44 correlated with the hypoxic/necrotic areas
in breast cancer tumours [200] suggesting that micro-environmental factors in vivo
could also contribute to CD44 expression. However, this aspect needs to be further
investigated with additional experiments.
CD44 is a plasma membrane receptor, but it can be localised intracellularly as a
consequence of its own turnover. Interestingly, it was previously highlighted that HA
can influence the receptor half-life in chondrocytes, enhancing receptor internalisation
when removed from pericellular matrix with hyaluronidases [201]. The two orthogonal
techniques we have used to detect CD44 (WB and FC) can give us different information
about the status of the receptor. It was observed in section 3.2.5 that using either one of
the two techniques in isolation ranked the cell lines differently (figure 3.5). The basis
for this difference is not due to: firstly, antibodies-related issues, because the same
antibody was employed for all cell types using both techniques; secondly, the presence
of CD44 variants, because these two groups did not correlate with the previous
classification into CD44shigh and CD44vhigh (see the random distribution of the specific
boxes, figure 3.5A and B); and thirdly, intracellular localisation of the receptors. The
difference between CD44fc/wbhigh and CD44fc/wblow could be ascribed to surface
features (e.g. glycoprotein conformation, interactions with other receptors, higher
packing density in lipid rafts, etc.) that might decrease the FC detectability of panCD44
in CD44fc/wblow cells. Indeed, it has been reported that certain antibodies may not
recognise CD44 when it is glycosylated in specific regions, detection being restored
when samples were treated with glycosydases [187]. In other words, the
ranking/grouping obtained in this panel of cell lines likely reflected the detectability of
the receptor on cell surfaces (CD44fc/wbhigh, CD44fc/wblow).
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Chapter 4 - HA UPTAKE
4.1 INTRODUCTION
The success of cancer chemotherapy is limited by the toxic effects often seen in normal
tissues. Therefore, the development of a delivery system capable of specifically
targeting tumours, while minimising exposure to normal tissues, is a promising strategy
[202]. HA is a non-sulphated linear glycosaminoglycan and is one of the main
components of the extracellular matrix [104]. In the last years, HA has been widely
explored as tumour targeting agent [203] for the many advantages related to it: firstly,
its biocompatibility, biodegradability and hydrophilicity [104, 123, 204]. Secondly, its
anionic nature and the presence of functional groups, which confer non-toxicity and
allow complexation with cationic polymers, lipids and other therapeutic entities [135,
139, 146, 149, 157, 205, 206]. The targeting capacities associated with HA are given by
the fact that its main receptor, CD44 [207, 208], has been found overexpressed in many
tumours (including breast, pancreatic, colorectal, gastric and prostate), as already shown
in chapter 3 [179, 193, 209-211]. Exploiting CD44/HA interactions, a number of
formulations have recently been generated using HA as a tumour targeting ligand, either
in its soluble form or to decorate the surface of nanocarriers [108, 135, 139, 149, 157,
205, 212-216]. However, the success of HA-based carriers is sometimes limited by the
still poor understanding of cellular/molecular mechanisms that influence their cellular
binding and internalisation through CD44. In chapter 3, levels and distinct CD44
isoforms expressed in a panel of cancer cell lines and HDF were thoroughly
investigated using different techniques. Here, HA ( ̅̅̅̅̅
𝑀𝑤 = 180 kDa) was used to
determine its interaction (i.e. binding and internalisation) with the selected cells
presenting different CD44 profiles (CD44shigh, CD44vhigh or CD44low) with the ultimate
objective to find whether it was possible to find a correlation between these parameters.

4.2 RESULTS
4.2.1 HA UPTAKE ANALYSIS WITH CONFOCAL MICROSCOPY
To analyse CD44-mediated binding and internalisation, HA was tagged with a
fluorescent moiety (Rhodamine B; RhoB), prepared as described in section 2.3.1.
Binding and internalisation of HA-RhoB was investigated in the panel of cell lines with
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distinct CD44 profiles selected in section 3.2.1. An initial qualitative screening was
performed using laser scanning confocal microscopy (LSCM). Briefly, cells were
seeded and incubated with HA-RhoB/media (0.125 mg/mL) for 1 hour as described in
section 2.9.1. Results in figure 4.1A show that the internalisation of HA-RhoB was
clearly visible in all cell lines after 1 hour, including in the CD44-negative LNCaP cells.
Small amounts of HA-RhoB were observed bound to the cell membrane of some cell
lines, in particular to some cells within the MDA-MB-468 population. However, the
most of HA-RhoB was located in the cytoplasm, in some cases in the perinuclear
region, and most likely confined into vesicles considering its speckled appearance under
LSCM. This suggested an endocytic internalisation of HA, therefore a live staining with
Lysotracker was performed to highlight lysosomes and investigate this pathway. HARhoB showed significant co-localisation with lysosomes, and this was observed already
after 1 hour incubation in MIA PaCa-2 cells (figure 4.1B).

Figure 4.1. Uptake of HA-RhoB in cancer cell lines and HDF (LSCM, no fixation).
A) HA-RhoB internalisation. Cells were treated for 1 hour with HA-RhoB (0.125 mg/mL) at
37˚C. Nuclei: Hoechst stain, blue; plasma membrane: CellMask, green; HA-RhoB: Red. Scale
bar, 10 μm. B) HA-RhoB intracellular localisation. MIA PaCa-2 cells were treated for 1 hour
with HA-RhoB (125 μg/mL). Nuclei: Hoechst stain, blue; Lysosomes: Lysotracker, green; HARhoB: Red. Scale bar, 10 μm (n=2).

Live staining for CD44 was carried out in MDA-MB-468 cells to investigate whether
the membrane-bound HA previously observed in these cells (figure 4.1A) co-localised
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with regions in the plasma membrane with high density of the receptor. Cells were
seeded and treated as described in section 2.9.1. Figure 4.2 shows that the cells with
membrane-bound HA had also the brightest CD44 staining.

Figure 4.2. Co-localisation CD44/HA-RhoB in MDA-MB-468 cells.
Cells were treated for 1 hour with HA-RhoB (0.125 mg/mL) at 37˚C and then for 30 minutes
with an Alexa Fluor-488 anti-mouse/human CD44 antibody (green) at 37˚C. Nuclei: Hoechst
stain blue; HA-RhoB: Red. Scale bar, 20 μm (n=1).

Trypsin is known and commonly used to cleave membrane proteins to deattach cells
from the surface of adherence. To prove that the HA stuck to the plasma membrane of
MDA-MB-468 cell line (observed in figure 4.1 A and 4.2) was bound to CD44 or other
HA receptors, the effect of trypsin on these cells incubated with HA-RhoB was
evaluated. Cells were seeded and treated as described in section 2.9.1. After HA-RhoB
incubation, some cells were left attached to the multiwell for the analysis with LSCM,
others were incubated with trypsin first, washed and re-seeded in the multiwell without
letting them to attach prior analysis. As shown in figure 4.3, trypsin caused complete
lost of membrane-bound HA, probably inducing also its internalisation considering that
in the trypsin treated cells higher amounts of internalised material was observed
compared to untreated cells.
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Figure 4.3. Effect of trypsin on membrane-bound HA.
MDA-MB-468 cells were treated with HA-RhoB (0.125 mg/mL in complete cell culture
medium) for 1 hour at 37˚C, 5% CO2 and then incubated with or without trypsin (10 min, 37 ˚C,
5% CO2). Nuclei: Hoechst stain blue; plasma membrane: CellMask Green; HA-RhoB: Red.
Scale bar, 20 μm (n=1).

4.2.2 HA INTERNALISATION KINETIC WITH FLOW CYTOMETRY
CD44/HA interaction and internalisation was explored with FC using the same cell lines
used in section 4.2.1. Cell lines were seeded and incubated with HA-RhoB for different
times, i.e.1, 4 and 24 hours, as described in section 2.5.2, trypsinised and analysed with
FC, thus the fluorescence measured is attributable to internalised HA-RhoB only (figure
4.3). Internalisation was measured as median fluorescence intensity (MFI) (figure 4.4).
Interestingly, although the cell lines differed from each other in terms of amount of HARhoB internalised, they seemed to follow similar uptake kinetics, as suggested from the
double logarithmic scale graph (figure 4.4B), with no cell line reaching a plateau at the
latest time point (24 hours). Interestingly, the CD44low Ishikawa cells and the nontumoural HDF (CD44shigh) were the least efficient in HA internalisation.
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Figure 4.4. Internalisation kinetic of HA-RhoB in cancer cell lines and HDF.
Cells were treated for 0, 1, 4 or 24 hours with HA-RhoB (0.125 mg/mL) at 37˚C. Values are the
mean (± SD) of three independent experiments and are reported as the ratio between MFI of the
sample and the MFI of the untreated cells (fold change) A) Graph represent a linear study of HA
internalisation as a function of the time. B) Graph represent a double logarithmic scale study of
HA internalisation as a function of the time.

4.2.4 THE RELATIONSHIP BETWEEN CD44 EXPRESSION AND HA
BINDING AND INTERNALISATION
To evaluate the interplay between the receptor expression on the cell surface and the
binding and internalisation of HA both, the HA-RhoB bound and internalised by cells at
an early incubation time (1 hour) through analysis of cell lysate and the material
internalised at a late time point (24 hours) through FC were analysed. The lysed cells
were not pre-treated with trypsin and thus it was possible to measure the sum of
membrane-bound and internalised HA-RhoB. The panCD44 quantifications obtained
with WB (figure 4.5, panels A and B) or FC (figure 4.5, panels C and D) were plotted
with HA-RhoB in cell lysates after 1 hour incubation (figure 4.5, panels A and C) or
with MFI of intracellular HA-RhoB after 24 hours incubation (figure 4.5, panels B and
D). Four areas were identified within each graph separating the five most efficient
“internaliser” cell lines from the other six cell lines (horizontal dotted line) and the five
highest panCD44 expressing cells from the other six (vertical dotted line). Interestingly,
some cells appeared to be more efficient in binding at 1 hour than in internalisation at
24 hours (Ishikawa, DU145, MDA-MB-231, box highlighted in dark grey), whereas
other cell lines (LNCaP and MIA PaCa-2), had the opposite behavior: they were better
in internalising than binding (box highlighted in light grey). The remaining cell lines did
not show differences between binding and internalisation and both analysis methods
gave consistent results.
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Figure 4.5. Correlation graphs between HA uptake vs panCD44 expression.
A) Correlation between panCD44 expression evaluated via WB and total HA uptake (binding +
internalisation) evaluated via analysis of cell lysates after 1 hour treatment with HA-RhoB
(0.125 mg/mL) at 37˚C. B) Correlation between panCD44 (WB) and HA internalisation
evaluated via FC after 24 hours treatment with HA-RhoB. C) Correlation between panCD44
MFI obtained with FC and total HA uptake evaluated via analysis of cell lysates after 1 hour
treatment with HA-RhoB. D) Correlation between panCD44 MFI (FC) and HA internalisation
after 24 hours treatment with HA-RhoB.

In order to gain further insight into the relationship between CD44 expression and HA
uptake (where uptake includes both binding and internalisation), and considering how
the results obtained with different techniques on the analysis of CD44 expression reflect
the detectability of the receptor on cell surfaces (as found in section 3.2.5, figure 3.5), a
score was assigned (as described in section 2.12) to the cells depending on the amount
of panCD44 expression (CD44s plus CD44v), HA binding and HA internalisation. In
table 4.1, the cells were ranked from the best to least efficient in total uptake (given by
the sum of HA binding and HA internalisation score, table 8.11) and divided in two
groups: high and low HA uptake, respectively the first five cell lines and the last six cell
lines. When this ranking was applied to CD44 expression, it appeared that a similar
classification was observable for both the panCD44 expression (WB+FC) and CD44s
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(only WB). Inspection of the table further indicates that, despite their high panCD44
expression, MDA-MB-468, Detroit 562 and HDF are ranked as low “uptakers”. Cells
were also ranked on the basis of HA binding only or internalisation only (table 8.12 and
8.13). Although the ranking was slightly different, it was interesting to note that the
MDA-MB-468, Detroit 562 and HDF cells maintained their position in the lower part of
the table, hence confirming their relatively low binding or internalisation of HA
considering the high levels of panCD44 expressed.

Table 4.1. CD44 expression vs HA uptake scoring table.

4.2.5 CD44 MEDIATED ENDOCYTOSIS
In order to evaluate whether HA could have access to cells through specific interaction
with CD44, the receptor was blocked using the monoclonal α-CD44 antibody (clone
Hermes-1) or an excess of unlabelled 1MDa HA prior incubation with the 180 kDa HARhoB, as explained in section 2.5.3.3. Moreover, taking into account that the receptormediated endocytosis and, in general, all the energy-dependent internalisation
mechanisms occur at 37°C, cells were also incubated with HA-RhoB at 4°C without
pre-treatment with inhibitors. This experiment was performed in a CD44high cell line
(MIA PaCa-2) and in a CD44low cell line (LNCaP) and the HA internalisation was
evaluated with FC. The results reported in figure 4.6 show that the uptake of the HA
was inhibited of about 40% in MIA PaCa-2 cells, but not in LNCaPs after the receptor
blockage with antibody or excess of HA. On the other hand, HA internalisation was
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almost entirely inhibited after incubation at 4°C in LNCaP cells, while MIA PaCa-2 still
maintained about 30% HA internalisation in this condition. Interestingly, Hermes-1
antibody and excess of HA caused exactly the same percentage of inhibition of
internalisation in MIA PaCa-2 cells.

Figure 4.6. Inhibition of HA-RhoB internalisation.
Cells were pre-incubated with an Isotype control antibody, an α-CD44 antibody (Hermes-1),
excess of HA (1 mg/mL, 1 MDa HA) for 1 hour before incubation with HA-RhoB for 4 hours
(0.125 mg/mL) at 37˚C. In parallel, other cells were incubated with HA-RhoB for 4 hours
(0.125 mg/mL) at 4˚C. Graphs are reported as the % of uptake normalised to cells incubated
with HA-RhoB for 4 hours (125 μg/mL) at 37˚C without any pre-treatment. One-way ANOVA
and Dunnett’s multiple comparison test results are represented by ***p=0.0002, ****p=0.0001.
A) Experiment performed in the CD44high MIA PaCa-2 cells. B) Experiment performed in the
CD44low LNCaP cells.

To clarify if, in absence of cell specific factors, the amount of membrane CD44 has an
impact in HA internalisation, Ishikawa cells were sorted according to their CD44
expression since, as showed in previous experiments (section 3.2), they had a
heterogeneous CD44 population. Therefore they could be considered as a model to test
this hypothesis without genetic manipulation to knockdown the receptor. After sorting
(section 2.5.3.1), two sub-populations were obtained that, according to a second CD44
expression analysis (same as in section 3.2.1), resulted to be CD44low and CD44high,
since was not possible to completely sort in CD44+ and CD44- (figure 4.7A). These two
sub-populations were separately incubated with HA-RhoB for 4 hours then trypsinised
and the cell fluorescence analysed with FC. Results in figure 4.7 showed that the
CD44high sub-population internalised significatively more HA-RhoB compared to the
CD44low, thus demonstrating that the amount of CD44 expressed on the cell membrane
had a role in HA internalisation, although CD44low cells still internalised HA-RhoB.
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Figure 4.7. Analysis of CD44 internalisation in CD44high and CD44low Ishikawa sorted cells.
A) Cells were sorted for CD44 expression and the two different sub-populations obtained were
tested again for CD44 expression with FC. Results are reported as the median fluorescence
intensity (MFI) of living cells after incubation with primary antibodies against panCD44 and
then with a FITC-labelled secondary antibody. Values are the mean (± SD) of three independent
experiments and are reported as the ratio between MFI of the sample and the MFI of the isotype
control (fold change). Unpaired t test results are represented by **p=0.003. B) CD44high and
CD44low sub-populations were incubated for 4 hours with HA-RhoB (0.125 mg/mL) at 37˚C
then trypsinased and analysed with FC. Values are the mean (± SD) of three independent
experiments and are reported as the ratio between MFI of the sample and the MFI of the
untreated cells (fold change). Unpaired t test results are represented by **p=0.0096.

4.3 DISCUSSION
CD44 is the main HA cell surface receptor for its binding, internalisation and turnover
[208, 217]. The HA interaction with CD44 to the cell surface is known to be a complex
interplay of multivalent events affected by the HA MW, the quantity, density,
localisation of the receptor on cell surface and its activation state [93-95, 111, 174, 218,
219].
In chapter 3, panCD44 and single variants expression were extensively investigated in a
selected panel of cancer cell lines and in HDF and the aim of this chapter was to explore
whether the distinct CD44 profiles were linked to HA uptake. Considering the already
substantial number of variables related to the receptor expression profile included for
this study, only one single MW of HA (180 kDa) was tested, without investigating the
effect of the MW of HA on uptake, which has been already thoroughly investigated
[107-110].
Initially, it was found that HA was quickly internalised by all the cells lines
independently of the amount and profile of expression of CD44 and, at early time
points, was localised in late endosomes/lysosomes, as expected on the basis of literature
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evidence (figure 4.1) [105, 107, 217, 220]. It was also found that HA could bind to the
cell membrane before being internalised and the membrane-bound HA could be cleaved
by incubation with trypsin, likely enhancing its internalisation. It was previously
reported that cell surface HA could be removed with trypsin or hyaluronidase in order to
measure endocytosed HA only [201]. Furthermore, to this cleavage corresponded a 20%
increase in CD44 turnover (receptor internalisation) [221].
Cells had a different behaviour between binding at early time points and internalisation
at 24 hours, with some cells more efficient in binding whereas others were more
efficient in internalisation. At first sight, there was no clear correlation between
binding/internalisation and the amount or nature of the CD44 isoforms expressed.
Perhaps this is not surprising when it is considered that diverse factors may play a role
in HA internalisation. These include CD44 activation state (which can be tuned by
external stimuli, post-translational modifications, variants expression, receptor
clustering in lipid rafts [93-95, 111]), other internalisation mechanisms (i.e.
macropinocytosis [105, 118]) or an association with other receptors that might be
involved in HA turnover [93, 218, 219, 222]. However, in order to determine whether
our data could be used in a predictive manner to relate CD44 expression with HA
uptake, a new scoring method was devised and showed that CD44 expression could
indeed be related to uptake of HA (table 4.1). But this was only observable in cancer
cell lines that predominantly expressed CD44s. In fact, MDA-MB-468 and Detroit 562,
which were the cell lines that by far expressed the highest amount of CD44v, were also
weak “uptakers”. HDF also exhibited poor HA uptake, but, on the contrary, they were
CD44shigh; being non-cancer cells, it is likely that the receptor present in these cells is
less active compare to the same receptor present in cancer cells. Similar results were
previously obtained in pancreatic cancer cells, showing that liposomes conjugated with
HA were taken up by CD44 expressing Mia PaCa-2, but not by CD44low expressing
normal primary pancreatic mesenchymal cells [223]. Moreover, Yang et al. recently
demonstrated that HA-coated NPs were internalised by CD44high breast cancer cells, but
not in CD44high normal cells, thus demonstrating the existence of two different CD44
activation states in breast cancer and normal cells [180].
Bringing together different techniques to assess the expression of CD44 and the binding
and internalisation of HA allowed to draw conclusions regarding the importance of
different parameters to overall uptake. It would appear that expression of CD44s is
important whereas expression of CD44v is less so. Previous work in our own lab has
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shown a positive correlation between the binding of HA (soluble or coated on
nanoparticles) and panCD44 expression levels in differently polarised THP-1
macrophages (M1 > M0 ≥ M2). However, M2 showed higher uptake despite the lower
panCD44 expression. An explanation might be that, as M2 macrophages expressed
CD44v6, an increase in receptor clustering led to higher uptake [149]. Other studies
have also shown that inducing the expression of CD44v can increase uptake of HA
[111]. On the other hand, our results are supported by other studies where it was
reported that lymphoma cells presenting a low molecular weight CD44 were able to
bind HA-coated surfaces, while the same cells transfected with high molecular weight
CD44 were not, and had reduced local tumour formation and metastatic capacity [224].
Similar results were obtained in melanoma cells [225]. However, almost every
published study on CD44s or CD44v/HA interaction in cancer cells, the CD44v
expression was induced, genetically modified in a specific cell type or using artificial
surfaces, while, here, we compared HA uptake in distinct cell types with different native
CD44 profiles (wild-type).
It is now well known that CD44v (mainly v6) have a role in cell signalling acting as coreceptors for tyrosine kinase receptors such as c-MET and vascular endothelial growth
factor receptor (VEGFR-2) (reviewed in [226]). This is because the variant exons
contain some specific post-translational modifications (for example exon v3 contains a
heparan sulphate modification), which can bind other growth factors or co-receptors
activating pathways that promote tumorigenic functions. In particular, a recent work
reported that among a population of breast cancer cells, a subgroup of cells expressing
CD44v showed increased capacity of lung metastasis than those expressing CD44s.
Interestingly, CD44v, but not CD44s expressing cells, responded to osteopontin, which
enhanced invasion and lung metastasis [164]. Therefore, it is possible to speculate that
some cells that express CD44v might interact with other ligands and this receptor has
mainly signalling and matrix remodelling purposes rather than HA turnover. This can be
the case of Detroit 562 and MDA-MB-468 cells, which we found positive to CD44v and
poor in HA internalisation compared to other CD44s expressing cancer cells. The fact
that a considerable amount of HA was bound to the highly panCD44 expressing cells
within the MDA-MB-468 population might imply that the clustering of the receptor in
these cells enhance binding with HA, but this event is not followed by an as efficient
internalisation.
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HA was shown to enter mammalian cells by different mechanisms (i.e., receptormediated endocytosis, micropinocytosis, etc.) [105, 221, 227]. In the particular case of
HA-based NPs, the mechanism of internalisation is thought to be an endocytic pathway
[146, 155]. With the aim of confirming this for the free HA as well, CD44 receptor was
blocked by adding anti-CD44 antibodies, or by excess of HA, before incubation with
HA-RhoB. As shown in figure 4.7, HA internalisation was significantly diminished
when the receptor was blocked in CD44high cells, but not in CD44low cells, although
these latter still internalised HA. Therefore, it was observed that the mechanism of
internalisation is governed by CD44-mediated endocytosis, without excluding that other
HA internalisation mechanisms might be involved.
To conclude, in this work the expression of CD44 and single variants was studied in
detail on a range of cancer cell lines and the link between this and binding and
internalisation investigated. A new scoring method helped to sum up all the different
techniques used for the analysis of these two different aspects highlighting a correlation
between CD44 and HA uptake, except when cancer cell lines expressed high amount of
CD44v. It was also confirmed that HA better targets CD44s expressed on cancer cells
respect to the same receptor expressed on non-cancer cells, where it enter mainly in a
receptor mediated fashion. The promising role of HA in tumour targeting was,
therefore, elaborated without excluding cell specific issues. This could potentially be
applied to tumours in vivo, so these results could be used to predict different tumour
“targetability” with HA-based systems.
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Chapter 5 - EVALUATION OF CHITOSAN/HYALURONIC
ACID NANOPARTICLES AS

SIRNA

CARRIERS IN

MONOLAYER AND 3D CANCER CELL MODELS
5.1 INTRODUCTION
One of the main limitations of the traditional anticancer therapy is their toxicity given
by the indiscriminate killing of both cancer and normal cells, as previously mentioned.
Besides, the presence of hypoxic (low oxygen) regions in tumours is another wellknown cause of resistance to both radio- and chemotherapy [228]. This is due to the
activity of the Hypoxia Inducible Factor (HIF) transcriptional system, which regulates
the expression of hypoxia-dependent pro-survival genes. HIF-1α protein accumulates
when oxygen is present at low levels and its activity is associated with tumour
proliferation and resistance to anticancer therapies [42]. For this reason, hypoxia is
considered a valid therapeutic target in addition to the fact that it is a unique feature of
cancer. Moreover, another characteristic of traditional anti-cancer therapies is the
limited penetration into solid tumours. This becomes crucial when a molecule is
designed to reach hypoxic areas, which are at least 100 µm away from blood vessels
[67, 68]. Multicellular spheroids are often considered a better model than cell
monolayer to study drug delivery into tumours, as they can better reflect the tumour
microenvironment in terms of nutrient and oxygen gradients, cell communication,
matrix deposition and gene expression [229].
A strategy to target hypoxia is inhibiting HIF-1α activity through RNA interference
(RNAi) technology. Small interfering RNAs (siRNAs) are 19-21 nucleotides doublestranded RNA sequences used for degrading specific mRNA [70]. Silencing HIF-1α by
specific delivery of anti-HIF siRNAs can make cancer cells more sensitive to radio- and
chemotherapy [72, 73, 230]. Between non-viral carriers, positively charged polymeric
nanoparticles (NPs) are commonly used for siRNA delivery as they can easily form
complexes with nucleic acids (negatively charged) and protect them from endonucleases
[231]. Chitosan (CS) is one of the most used cationic polymers as nucleic acid carrier
due to its biocompatibility, low toxicity and low immunogenicity [71, 129]. An efficient
carrier for intracellular delivery needs to possess characteristics including: high
specificity to target site, adequate uptake capacity by target cells and ability to release
siRNA upon internalisation [145]. The NPs surface modification with negatively
97

CHAPTER 5 –EVALUATION OF CS/HA NPs AS siRNA CARRIERS

charged GAGs like hyaluronic acid (HA) can overcome also the issue of unselective
uptake (see chapter 3), aggregation with serum proteins and cytotoxicity linked to high
positive charge density [124, 135, 139, 148, 149].
The experiments described in this chapter aimed to produce and evaluate CS/HA NPs as
a potential approach to achieve specificity in targeting tumour tissues and delivering
siRNA to knockdown HIF-1α. The first part of the study focused on the preparation and
characterisation of two CS/HA NPs formulations. Attention was then directed to study
the internalisation kinetics in two CD44+ pancreatic cancer cell lines (MIA PaCa-2 and
PANC-1). MIA PaCa-2 cells were selected from the library previously characterised
(chapter 3). PANC-1 cells were added at this stage to test the system in as a second
pancreatic cancer cell line. Exactly like MIA PaCa-2, PANC-1 express high levels of
CD44s [188]. After proving internalisation, NPs were then tested for their ability to
knockdown HIF-1α through qPCR. Finally, NPs penetration into multicellular spheroids
was assessed with immunofluorescence.

5.2 RESULTS
5.2.1 NANOPARTICLES CHARACTERISATION
NPs were prepared through simple two-step polyelectrolyte complexation (section 2.3).
In the first step, low or high molecular weight (LMW or HMW) CS (36 or 656 kDa),
prepared in water as previously reported [149], were mixed with siRNA, made up in
water according to manufacturer guidelines. In the second step, siRNA/CS complex was
mixed with HA (180 kDa) in aqueous solution and CS HA-coated NPs were formed.
Sequences of siRNAs were designed to target HIF-1α mRNA. The physico-chemical
properties of the different formulations of NPs were analysed with dynamic light
scattering (DLS) and these included: Z-Average size (nm), polydispersity index (PdI)
and ζ-potential (mV). All the measurements were performed using 1 mg/mL NPs
suspended in dH2O and at room temperature. Results are reported in table 5.1 as the
averages (± SD) of three independent experiments. All NPs formulations showed
similar characteristics: negative surface charge (average -35 mV), size distribution with
similar dispersity (about 0.2) and size within the range of nanometers (200-300 nm). We
observed an increase in size only for the HMW CS Empty NPs, which resulted above
400 nm.
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Table 5.1. Physico-chemical characteristics of the different formulations of NPs used for
this study.
Z-Average size (nm)

PdI

ζ-potential (mV)

Empty (HA-RhoB)

235 ± 25

0.21

-25 ± 1

Empty

460 ± 70

0.31

-35 ± 1

Scrambled siRNA

260 ± 40

0.17

-42 ± 7

α-HIF-1 siRNA2

275 ± 40

0.16

-38 ± 1

α-HIF-1 siRNA3

229 ± 5

0.13

-36 ± 1

DY547-siRNA

330 ± 25

0.29

-35 ± 1

HA-RhoB/α-HIF-1 siRNA-Cy5^5

235 ± 35

0.20

-30 ± 1

HA-RhoB/α-HIF-1 siRNA-Cy5^5 (dial)

215 ± 10

0.18

-31 ± 1

Empty (HA-RhoB)

215 ± 35

0.22

-34 ± 1

Empty

205 ± 30

0.22

-48 ± 2

Scrambled siRNA

285 ± 45

0.16

-39 ± 4

α-HIF-1 siRNA2

280 ± 60

0.17

-39 ± 1

α-HIF-1 siRNA3

235 ± 10

0.19

-38 ± 1

DY547-siRNA

205 ± 30

0.22

-39 ± 1

HA-RhoB/α-HIF-1 siRNA-Cy5^5

205 ± 10

0.21

-36 ± 1

HA-RhoB/α-HIF-1 siRNA-Cy5^5 (dial)

200 ± 15

0.19

-33 ± 1

HMW CS/HA NPs

LMW CS/HA NPs

5.2.1 NANOPARTICLES INTERNALISATION KINETIC
A kinetic internalisation study was performed using MIA PaCa-2 and PANC-1 as
pancreatic cancer cell model. NPs were prepared either with fluorescent HA (HARhoB) or fluorescent siRNA (DY547-siRNA) and the cell internalisation measured with
FC after 1, 2, 4, 8, 16, 24 or 48 hours incubation. For details on the preparation of
empty HA-RhoB and DY547-siRNA loaded HMW and LMW CS NPs, refer to section
2.3.1. The two NPs formulations were designed to investigate the uptake tracking
respectively the cargo (DY547-siRNA) or the ligand (HA-RhoB). Cells were incubated
with NPs and analysed with FC as described in section 2.5.3. The median fluorescence
intensity (MFI; left panels, figure 5.1) and the % of positive events over time (right
panels, figure 5.1) were used as parameters to evaluate the NPs internalisation kinetic.
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As shown in figure 5.1, when tracking the DY547-siRNA (figure 5.1A), both cell lines
showed a slower internalisation kinetic of the HMW CS formulation compared to
LMW, with the MFI of the LMW in general higher compared to the HMW and the
control. This difference in internalisation was more evident when looking at the % of
positive events (figure 5.1A, right panel): the kinetics of LMW CS NPs, in fact, better
matched the kinetics of the positive control (Dharmafect) compared to the HMW CS
NPs, giving 100% of positive cells at early time points. In particular, MIA PaCa-2 cells
were about 90% positive after 2 h, whereas PANC-1 showed a slower internalisation
with 95% positive cells after 8 h. (figure 5.1A).
Different kinetics profiles were reported when tracking HA-RhoB NPs (figure 5.1B).
About 100% positive cells were found in both lines only after 2 hours of incubation
with NPs. In MIA PaCa-2 cells, the MFI of the cells treated with both formulations was
lower compared to the control (free-HA). In PANC-1 cells, the MFI of the HMW CS
NPs was higher compared to the control and the LMW CS NPs at every time point.
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Figure 5.1. Uptake kinetic of NPs in MIA PaCa-2 and PANC-1 cells.
The experiments were performed in media HEPES buffered, pH = 7-7.4. A) Cells were
incubated for 0, 2, 4, 8, 16, 24 and 48 hours at 37˚C with 0.125 mg/mL of LMW (blue line) or
HMW (red line) CS NPs loaded with DY547-siRNA (siRNA final concentration: 40 nM;
siRNA/CS weight ratio: 1.3%) or with Dharmacon transfectant reagent 1 (Dharmafect) and
DY547-siRNA (control, black line) following manufacturer’s instructions. The cell fluorescence
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was analysed via FC. Results are reported as median fluorescence intensity (MFI, left panels) or
% of positive events (right panels). Values are the mean (± SD) of three independent
experiments. B) Cells were treated for 0, 2, 4, 8, 16, 24 and 48 hours at 37˚C with 0.125 mg/mL
of LMW (blue line), HMW (red line) CS HA-RhoB NPs or with 0.1 mg/mL (corresponding to
the concentration of HA in the NPs solution) free-HA-RhoB (control, black line) and the cell
fluorescence was analysed via FC. Results are reported as MFI (left panels) or % of positive
events (right panels). Values are the mean (± SD) of three independent experiments.

5.2.2 HYPOXIC GENE EXPRESSION
Since the aim of this chapter was to investigating the NPs ability in knockdown HIF-1α
and downstream target mRNA (i.e. GLUT-1 and VEGF), it was necessary to first
analyse their expression using qPCR after incubating the cells (MIA PaCa-2 and
PANC-1) in hypoxic conditions (1% oxygen) for different periods of time. This step
was necessary to optimise the protocol to be used in further knockdown experiments
with NPs. After exposure to hypoxia for different times (0, 2, 6, 12 and 24 hours), cells
were lysed and the RNA extracted for qPCR analysis, as described in section 2.10.
Results are reported in figure 5.2. As expected, HIF-1α mRNA did not increase in
hypoxia over time. On the contrary, the mRNA of GLUT-1 and VEGF started
increasing already after 2 hours in hypoxia in MIA PaCa-2 cells up to respectively 3 and
5 folds after 24 hours respect cells cultured at normoxic levels (20% oxygen). In PANC1 cells, GLUT-1 started accumulating after 6 hours in hypoxia, reaching 7 times the
levels in normoxia after 24 hours, while VEGF only reached twice the normoxic levels
after 6 hours and 12 hours in hypoxia.

Figure 5.2. Hypoxia markers expression overtime after incubation in 1% oxygen.
Cells were exposed to 1% oxygen for 0, 2, 6, 12 or 24 hours then lysed for RNA extraction and
qPCR analysis. A) The results obtained in MIA PaCa-2 pancreatic cancer cell line are expressed
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as relative gene expression using HPRT as a loading control. Values are the mean (± SD) of
triplicates within one single experiment (n=1). B) The results obtained in PANC-1 pancreatic
cancer cell line are expressed as relative gene expression using ACTB as a loading control.
Values are the mean (± SD) of triplicates within one single experiment (n=1).

In order to investigate HIF-1α and GLUT-1 protein expression, a WB was performed
after induction with CoCl2 (transition metal that provokes HIF-1α stabilization in
normoxia) or culturing the cells in hypoxic conditions (1% oxygen) for different times.
Results in figure 5.3 showed that, HIF-1α protein (left panels) accumulated already after
6 hours incubation with CoCl2 in both cell lines. Higher levels of the protein were
detected in MIA PaCa-2 cells compared to PANC-1, however, in MIA PaCa-2 it started
decreasing after 12 hours in these cells. Also, at 1% oxygen, HIF-1α started to
accumulate after 6 hours and kept accumulating until 72 hours in hypoxia in both cell
lines. Low levels of GLUT-1 (right panels) were found in both cell lines in normoxia.
After induction with CoCl2 an increase was observed already after 6 hours in MIA
PaCa-2, but in PANC-1 no accumulation was detected until 24 hours exposure, with a
peak at 48 hours. In both cell lines, the exposure to hypoxia did not result in an increase
in GLUT-1 protein before 24 hours.

Figure 5.3. Hypoxia markers expression overtime after incubation with CoCl2 or at 1%
oxygen.
Cells were exposed to CoCl2 (100 µM) or to 1% oxygen for 6, 12, 24, 48 or 72 hours then lysed
and analysed via WB. An antibody against HIF-1α (left panels) or GLUT-1 (right panels)
protein was used. β-actin was used as a loading control. A) Results obtained in MIA PaCa-2
pancreatic cancer cell line. B) Results obtained in PANC-1 pancreatic cancer cell line.
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5.2.4 NANOPARTICLES EFFICACY IN KNOCKDOWN OF HIF-1α AND
DOWNSTREAM TARGET EXPRESSION
Having established that HIF-1α mRNA levels remain constant between normoxia and
hypoxia, to test the efficiency of NPs to knock it down, it was not necessary to expose
cells to hypoxic conditions. MIA PaCa-2 and PANC-1 cancer cell lines were, therefore,
incubated with 0.125 mg/mL NPs for 24 hours in normoxia. The following NPs
formulations were used in this study, all prepared using both LMW CS and HMW CS
(refer to section 2.3.2 for preparation protocols): anti-HIF-1α siRNA-loaded NPs, empty
NPs or scrambled siRNA-loaded NPs. Two different anti-HIF-1α sequences, siRNA2
and siRNA3 (details in section 2.3.2), were selected from the literature and tested since
they have been previously used by the group showing specificity and efficiency in
knockdown HIF-1α [232, 233].
Cells were then lysed and the RNA extracted for qPCR analysis as described in section
2.10. Results reported in figure 5.4 showed that anti-HIF-1α siRNA/HMW CS/HA NPs
(both siRNA sequences) were able to significantly silence HIF-1α mRNA (about 50%)
in both cell lines, while the anti-HIF-1α siRNA/LMW CS/HA NPs, due to variability
within replicates, did not show significant silencing in MIA PaCa-2 cells.

Figure 5.4. HIF-1α mRNA knockdown in MIA PaCa-2 and PANC-1 cells after incubation
with NPs.
The experiments were performed in media HEPES buffered, pH = 7-7.4. The results are
expressed as relative gene expression using GAPDH as a loading control and untreated cells as
reference. Cells were incubated for 24 hours in normoxia with 0.125 mg/mL HMW and LMW
CS/HA NPs loaded with two different anti-HIF-1α sequences (siRNA concentration = 200 nM
final). This concentration was considered optimal for silencing with CS-based NPs [139, 231].
Untreated or cells treated with 0.1 mg/mL free-HA (white column), empty NPs and NPs loaded
with a scrambled siRNA (light grey columns) were used as negative controls. Bars represent the
mean ± SD (n=3). Statistical analysis was performed using one-way ANOVA and Tukey’s
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comparable test: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Histograms relative to the
cells treated with LMW CS/HA NPs are grouped with the blue dotted line and the HMW
CS/HA NPs with the red dotted line.

To check the knockdown of HIF-1α downstream target genes (i.e. GLUT-1 and VEGF),
it was necessary to induce hypoxia to stabilise HIF-1α protein and allow it to transcribe
them. Therefore, it was essential to test the efficacy of the siRNA transfection in these
conditions first and also to evaluate how much of the downstream genes induction in
hypoxia was in fact driven by HIF-1α alone. In order to achieve this, a transfection
without NPs, but with the commercially available Dharmacon transfectant reagent and
the naked siRNA was performed following the manufacturer’s protocol.
Briefly, cells were initially incubated for 16 hours in normoxia with an anti-HIF-1α
siRNA in transfection media, then cells were transferred in hypoxia (without removing
the transfection media) and lysed at different time points for RNA extraction and qPCR
analysis as described in section 2.10. Results reported in figure 5.5 showed that a HIF1α knockdown between 50-70% corresponded a reduction of GLUT-1 mRNA already
after 2 hours, although the maximum reduction was obtained after 24 hours incubation
in hypoxia and a total of 40 hours incubation with anti-HIF-1α siRNA (57% GLUT-1
knockdown from a 72% HIF-1α knockdown).

Figure 5.5. HIF-1α and GLUT-1 mRNA levels in hypoxia after HIF-1α mRNA knockdown
in MIA PaCa-2 cells.
The siRNA transfection was performed using anti-HIF-1α siRNA2 and Dharmafect following
manufacturer’s instructions. Cells were pre-incubated for 16 hours in normoxia with the siRNA
in transfection media (siRNA concentration = 25 nM final), then transferred in hypoxia and
lysed after 0, 2, 6 or 24 hours for RNA extraction and qPCR analysis. Cells transfected with a
scrambled siRNA were used as a control. The results are expressed as relative gene expression
using HPRT as a loading control. Values are the mean (± SD) of triplicates within one single
experiment (n=1). The numbers in red on top of the columns represent the percentage of
knockdown compare to the scrambled siRNA control at the corresponding time point.
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Knowing that the best knockdown was obtained after 24 hours exposure to hypoxia and
the siRNA was effective already after 16 hours incubation (see the 66% HIF-1α
knockdown at 0h in figure 5.5), the protocol adopted for the NPs treatment was the
following: cells were initially incubated in hypoxia for 6 hours to increase the levels of
GLUT-1 for further knockdown and to create an environment comparable to what it will
be encountered in vivo, where NPs will have to knockdown genes in hypoxic area of the
tumours. Subsequently, anti-HIF-1α siRNA-loaded (sequence siRNA2), empty or
scrambled siRNA-loaded LMW or HMW CS/HA NPs, prepared as described in section
2.3.2, were added maintaining cells in hypoxia for additional 24 hours. Cells were then
lysed and the RNA extracted for qPCR analysis as described in section 2.10. Results
reported in figure 5.6 showed that, firstly, hypoxia successfully induced the
transcription of GLUT-1 and VEGF mRNA (both HIF-1 downstream target genes)
while, as expected, no increase of HIF-1α mRNA levels were observed. Anti-HIF-1α
siRNA-loaded LWM CS/HA NPs were able to knockdown 24% of HIF-1α compared to
the untreated hypoxia control, while the HMW were slightly more efficient with 36%
HIF-1α knockdown. Interestingly, this was translated to a knockdown of GLUT-1 and
VEGF, in particular, the anti-HIF-1α siRNA-loaded LWM CS/HA NPs silenced 19% of
the hypoxia induced fraction of GLUT-1 and 35% of VEGF. The anti-HIF-1α siRNAloaded HWM CS/HA NPs silenced 29% of the hypoxia induced GLUT-1 and 57% of
VEGF, thus resulting more efficient than the LMW CS/HA NP counterpart. Some
unspecific silencing was observed with the empty HMW CS/HA formulation in GLUT1 and VEGF genes, but this was not observed with the scramble siRNA-loaded HMW
CS/HA NPs control.
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Figure 5.6. HIF-1α, GLUT-1 and VEGF mRNA levels in MIA PaCa-2 cells after
incubation with NPs.
The experiments were performed in media HEPES buffered, pH = 7-7.4. The results are
expressed as relative gene expression using HPRT as a loading control and untreated cells as
reference. Cells were incubated in hypoxia for 6 hours then different formulations of NPs
loaded with two different anti-HIF-1α sequences (siRNA concentration = 200 nM final) were
added for other 24 hour in hypoxia. Untreated or cells incubated with free-HA (white column),
empty NPs and NPs loaded with a scrambled siRNA-loaded NPs (light grey columns) were
used as negative controls. Untreated cells kept in normoxia were also included as a control.
Values are the mean (± SD) of triplicates within one single experiment (n=1). The numbers on
top of the columns represent the percentage of knockdown respect to the untreated cells in
hypoxia for HIF-1α and the induction from normoxia to hypoxia for GLUT-1 and VEGF.

5.2.5 NANOPARTICLE PENETRATION IN MULTICELLULAR SPHEROIDS
As already mentioned, another important obstacle that a nanocarrier should overcome is
the penetration into solid tumours. In particular, for the purpose of this study, it should
reach hypoxic areas, which are at least 100 µm away from blood vessels in tumours. For
this reason it was important to use a robust 3D in vitro tumour and hypoxia model and
to test NPs penetration capability. Therefore, muticellular spheroids were prepared as
described in section 2.2.4 using both MIA PaCa-2 and PANC-1 cells. Spheroids were
sectioned and stained to investigate the expression of CD44 and the hypoxia marker
GLUT-1 across the spheres (as described in section 2.7.2.2 and 2.7.2.3). As shown in
figure 5.7A, CD44 was homogenously expressed within the spheroids, with a slight
decrease in the central region of MIA PaCa-2 spheroid probably for presence of necrotic
cells, while GLUT-1 started to be expressed about 100 µm depth from the spheroid
surface. This finding was expected as GLUT-1 is upregulated by HIF-1α, which
accumulates in hypoxic areas.
NPs penetration in spheroids was investigated using DY547-siRNA loaded LMW
CS/HA NPs as described in section 2.7.2.1. The analysis was limited to the LMW
CS/HA NPs since HMW CS/HA NPs aggregation was hypothesised after observation
with optical microscope of cells incubated for 24 hours with NPs containing media
(figure 8.4). As shown in figure 5.7B, LMW CS/HA NPs were able to penetrate in the
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spheroids obtained from both cell lines. In particular, in MIA PaCa-2 spheroids a strong
fluorescence was detected up to 500 µm depth.

Figure 5.7. GLUT-1 and CD44 expression and NPs penetration in MIA PaCa-2 and
PANC-1 multicellular spheroids
White bars indicate 500 μm. Representative images these experiments are reported. A) A
primary α-CD44 (middle panels) or α-GLUT-1 (right panels) and a secondary Alexa488108
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conjugated antibody were used. Nuclei were stained with DAPI (blue). Sections incubated only
with the secondary antibody and DAPI were used as controls (left panels) (n=2). B) Spheroids
with a diameter of about 800 μm were treated for 24 hours at 37˚C with 0.125 mg/mL of LMW
CS/HA NPs loaded with DY547-siRNA (siRNA final concentration: 40 nM; siRNA/CS weight
ratio: 1.3%). A primary α-CD44 (middle panels) or α-GLUT-1 (right panels) and a secondary
Alexa488-conjugated antibody were used. Nuclei were stained with DAPI (blue). Sections
incubated only with the secondary antibody and DAPI were used as controls (left panels). NPs
are shown in red (n=2).

5.3 DISCUSSION
The aim of this chapter was to use CS/HA NPs as an effective strategy to facilitate
specific targeting of pancreatic cancer cell lines with high expression levels of active
CD44 receptor. Pancreatic cancer is known to often be associated with hypoxia and
HIF-1α levels were correlated with tumour progression [234, 235]. Once in the cells, we
hypothesise that NPs will release and deliver specific siRNA to silence HIF-1α
transcripts in order to overcome the adverse molecular consequences of hypoxia
regulated gene expression. The two pancreatic cancer cell lines selected for this study
were MIA PaCa-2 and PANC-1. MIA PaCa-2 cells were the most efficient “uptakers”
of HA (section 4.2.4, table 4.1). PANC-1 cells were added at this stage to the study to
investigate the NPs effect on a second pancreatic cancer cell line with a very similar
CD44 expression profile to the MIA PaCa-2 [188]. Two different MW (36 kDa and 656
kDa) of CS were here used to prepare siRNA-loaded HA-coated NPs using the simple
two-steps preparation method. Testing different CS MW was important since this latter
is known to confer tuneable characteristics to the carrier influencing its stability, the
endosomal escape, the strength of interaction with the siRNA and the ability to release it
and, most importantly, HA presentation on NPs surface [135, 139]. The deacetylation
degree (DD) it is the other important parameter known to influence the properties of
CS-based carriers, but to reduce the number of variables, the analysis was here limited
to the two different MW. The CS used for this study had a DD of 84% since this was
previously found to confer more stability to the carrier and to favour uptake and gene
silencing [139].
Prior to every experiment, NPs Z-Average size (nm), polydispersity index (PdI) and ζpotential (mV) were measured with dynamic light scattering (DLS). In general, the NPs
size ranged from 200 to 300 nm independently of the CS MW or whether they were
loaded with siRNAs or not. The size distribution was also relatively narrow (PdI about
0.22). This matches with what was previously found by our and other groups [132, 139,
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149, 231]. However, exceptions were represented by the empty HMW CS/HA NPs,
with a diameter larger than 400 nm (PdI 0.31), and the DY547-siRNA loaded HMW
CS/HA NPs, larger than 300 nm (PdI 0.29). In the case of the empty HMW CS/HA NPs
one possible explanation can be that the longer chains of the polymer, not being
complexed with any negatively charged nucleic acid, tend to form a more porous matrix
allowing dH2O to penetrate, thus generating NPs with a coarse core respect to the LMW
ones. Moreover, it has previously hypothesised that in these conditions HA might reach
the core of the NPs contributing to the increase of the size [139]. It can be hypothesised
that the same principle is behind the bigger size of the DY547-siRNA loaded HMW CS
NPs compare to the other formulations. In this case the NPs are loaded with a siRNA,
but the fluorophore conjugated to it might play a role in formation of the coarse core.
The NPs have a strong negative surface charge as the ζ-potential values showed. This is
given by the presence of HA, which, not only confers the negative charge, but it is also
known to form a corona around the CS core [139, 149, 231]. This is more evident in the
LMW CS/HA NPs, which were found by Almalik et al. to have a smaller and tight core
(CS and siRNA) and a larger corona (HA) [135]. It was also previously reported that the
siRNA encapsulation efficiency is high (about 99%): in fact, these NPs are obtained
through the simple two-steps polyelectrolyte complexation method using an excess of
CS compared to the siRNA (siRNA/CS weight ratio:12.34%) [139].
To investigate if the NPs characteristics in terms of composition (CS MW, siRNA
loading), size and HA presentation on the surface of NPs (which can be different
between distinct formulations) affected the internalisation in MIA PaCa-2 and PANC-1
cell lines, an internalisation kinetic study was performed with FC. The fact that the
HMW CS/HA NPs showed a slower internalisation compared to the LMW counterpart
can be due to the larger size of the HMW CS/HA NPs (respectively 200 nm vs 330 nm
hydrodynamic diameter). It was in fact reported that the larger the diameter of NPs the
more

likely

the

cells

might

prefer

a

size-dependent

internalisation

(i.e.

macropinocytosis) [139]. This can be emphasised if we consider the HMW CS NPs
aggregation observed after 24 hours incubation in complete cell culture media (figure
8.4). Surprisingly, when tracking the HA-RhoB (figure 5.1B), the kinetics of
internalisation was not matching the one recorded when tracking siRNA. In this case the
HMW CS/HA NPs were internalised more than the LMW counterpart and in PANC-1
cells, it was by far internalised more even than the free-HA control. It is necessary to
specify that NPs differ from soluble HA both in size and in surface density of CD44110
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binding groups (HA is expected to be more condensed when complexed to CS compare
to its soluble form, as previously reported [149]). It cannot be excluded also that PANC1 cells might be able to internalise better NP aggregates (which was observed for the
HMW CS NPs, but not with the LMW), giving, as a result, very strong cell
fluorescence. If these cells switched to macropinocytosis instead of CD44-mediated
internalisation for the internalisation of NPs still remains to be elucidated. On the other
hand, MIA PaCa-2 cells might rely more on CD44-mediated HA internalisation, as
observed in section 4.2.5 (figure 4.6A). Moreover, other factors have to be taken into
account, which might play a role in the difference in uptake observed between the two
experiments (tracking HA vs. tracking siRNA): firstly, in the NPs solution there is a
certain percentage of free-HA (uncomplexed). Previous analysis by our group revealed
that about 20% of HA was free in solution uncomplexed in the NPs (data not
published). Free-HA might potentially translate in a binding competition with NPs,
resulting in a rapid bound followed by internalisation (cells were already 100% positive
after 2 hours incubation). Secondly, the size and the presentation of the HA on HARhoB NPs might be different from the DY547-siRNA loaded ones.
At 24 hours a difference in uptake was observed between LMW and HMW CS/HA NPs
when tracking the siRNA in both cell lines. This end point was selected for HIF-1α
knockdown experiments to investigate whether this difference is reflected also in a
difference in silencing. As already mentioned the empty HMW CS/HA NPs exhibited
larger size (about 460 nm). However, this did not seem to affect the experiment
outcome. The two siRNAs employed for this study gave about 70-90% HIF-1α
knockdown when transfected with Dharmafect proving their efficiency on their own
(figure 8.5). Surprisingly, although they were internalised less, the anti-HIF-1α/HMW
CS/HA NPs (independently from the siRNA sequence used for PANC-1 cells) were
more efficient in the gene knockdown than the LMW counterpart that did not show
significant silencing in MIA PaCa-2 cells. This result is in accordance with previous
studies that reported HMW CS NPs giving better silencing and transfection [139, 231].
This can be due to a combination of factors starting from a higher protection of the
siRNA and a more efficient escape from the endo-lysosomal system [139]. From these
results is evident that increasing CS MW had a negative influence in the kinetic of NPs
internalisation, but represented a positive factor for transfection, probably for easier
siRNA decomplexation from polycation or increased endosomal escape, confirming
what was previously observed by our and other groups [139, 231].
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Knowing the expression of HIF-1α downstream genes (i.e. GLUT-1 and VEGF) at
different incubation times in hypoxia was important to develop the optimal protocol for
treatment with NPs. HIF-1α was initially silenced in hypoxia with siRNA2 transfected
with Dharmafect and the effect on GLUT-1 and VEGF analysed with qPCR to
investigate, firstly, that the transfection was efficient in hypoxic conditions, secondly,
the actual HIF-1α contribution on the induction of these genes. It was found that most of
GLUT-1 expression was regulated by HIF-1α (after 24 hours 57% reduction of the
hypoxia induced GLUT-1 resulted from a 72% knockdown HIF-1α). Nevertheless, for a
better interpretation of these results, WB analysis will be required to check HIF-1α
protein levels at the same conditions and time points. The HMW CS/HA NPs were,
even in hypoxia, able to knockdown HIF-1α better than the LMW CS/HA NPs and this
was translated into a slightly higher reduction in its downstream genes as well.
Noteworthy, this experiment needs to be repeated since it was performed only once
(n=1). Lack of biological replicates could explain the slight unspecific reduction
observed in GLUT-1 and VEGF genes incubated with the empty HMW CS/HA NPs.
It was mentioned that penetration into solid tumours is an important required
characteristic for drugs used in cancer therapy. Multicellular spheroids represent a
simple but effective 3D in vitro model for tumour and hypoxia [229, 236]. GLUT-1
expression study suggested that it is possible to create an oxygen gradient within the
spheroids, which makes them a good model for further studies on hypoxic gene
knockdown. These results matched literature evidences (here HT29 spheroids were
investigated [237, 238]). Since HMW CS/HA NPs aggregation was previously observed
after 24 hours contact with cell culture media, spheroids were initially incubated with
DY547-siRNA loaded LMW CS/HA NPs. It was found that these latter penetrated
deeply in both cell lines’ spheroids. In the view of this result, this formulation can be
considered to potentially have the ability to penetrate into tumours [239] and were used
for the following in vivo work.
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6.1 INTRODUCTION
In vitro analysis of pancreatic cancer cell lines treated with CS/HA NPs revealed the
potential role of these nanosystems as tumour targeting and gene silencing vehicles
(chapter 5). These studies showed that in vitro experiments (in cell monolayer and 3D
multicellular spheroids) represent models that can offer some insights into cancer cells
characteristics and the in vivo environment, but they cannot predict every aspect of the
in vivo situation, e.g. circulation and delivery.
Human cancer cells grown subcutaneously as xenografts in immuno-compromised mice
represent one of the most frequently used models for testing drug delivery systems.
Following in vitro results, many groups tested in vivo HA-based formulations for
intravenous (i.v.) or intratumoural (i.t.) administration. Dan Peer et al. reported that HAmodified lipid based-NPs loaded with methotrexate (a chemotherapeutic drug) had
higher efficiency in murine B16F10 melanoma model compared to non-modified NPs
suggesting an enhanced active tumour targeting capacity of the HA-modified NPs
[240]. Doxorubicin-loaded HA-based particle nanoclusters showed an increased
therapeutic effect compared to free doxorubicin in resistant human ovarian
adenocarcinoma tumour bearing mice [241].
The CS/HA NP formulations here used for tumour targeting and siRNA delivery needed
to be investigated in the in vivo situation to better understand their possible role as a
carrier and mechanism(s) of action. Initial in vivo work was carried out to develop a
greater understanding of the biodistribution of the NPs in the nude mice after i.v.
injection and how they gain access to various organs. Furthermore, to infer changes in
the NP structure after administration, two discrete fluorophores were used to track
carrier and cargo, enabling evaluation of the biodistribution of both within the same
animal.
In chapter 5 it was found that the HMW CS/HA NPs were more efficient in gene
silencing although they were internalised less than the LMW counterpart into pancreatic
cancer cell lines. Having observed HMW CS/HA NPs aggregation when in contact with
cell culture media, LMW CS/HA NPs were selected and used for this preliminary in
vivo biodistribution study. The main objective of this chapter is, therefore, to determine
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Cy5^5-siRNA/LMW CS/HA-RhoB NPs distribution in mice tracking at the same time
the cargo (Cy5^5-labelled siRNA) and the tumour targeting ligand within the carrier
(RhodamineB-labelled HA). NPs biodistribution was evaluated 48 hours post injection
since, according to previous studies, HA gets cleared from the liver within 24 hours,
while it can remain in the tumour area for longer times [242].

6.2 RESULTS
6.2.1 IN VIVO XENOGRAFT MODELS
In this study two cell lines, MIA PaCa-2 and PANC-1, were prepared and implanted
onto the back of nude mice, as described in section 2.11, and the tumour growth and the
mice health status examined three times per week. Figures 6.1A and B (left panels)
show that the tumours reached the desired size for the NPs injection (500-700 mm3)
within two months from the day of implant for both tumour models. An exception is
represented by the mouse with Avid microchip implant numbering identification (ID)
code 287-785 that did not develop the tumour (defined as a no growth/take tumour).
Mouse condition and health were good throughout the study as shown by their stable
body weight (figure 6.1, right panels); one study mouse, Avid ID 301-021 was removed
from the study due to loss of condition.
Mice were divided into treatment groups as follows: group 1, MIA PaCa-2 xenografts
untreated control (Avid ID: 304-516 and 287-530); group 2, MIA PaCa-2 xenografts
NPs treated (Avid ID: 288-770, 300-376 and 305-314); group 3, PANC-1 xenografts
untreated control (Avid ID: 288-378, 274-588 and 287-785); group 4, PANC-1
xenografts NPs treated (Avid ID: 286-071, 283-830 and 307-027). Prior to tumour
harvest, mice received intraperitoneal (i.p.) treatment with the hypoxia-marker
pimonidazole hydrochloride to allow visualisation of a pathophysiological marker of
hypoxia in ex vivo studies, which have not been performed for this study, but are part of
future work.
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Figure 6.1. Mice tumour size and weight monitoring overtime after implant of MIA PaCa2 and PANC-1 cells.
MIA PaCa-2 and PANC-1 cells were implanted onto the back of CBA nude “in house bred”
mice. Tumour volume (left panels) and the body weight (right panels) were measured three
times per week until the tumour reached a volume between 500 and 700 mm3. The x-axes show
number of days post implant. Each data points plotted represent the code (six digit number Avid
ID) associated to an individual mouse. A) MIA PaCa-2 xenograft model group. B) PANC-1
xenograft model group.

6.2.2 NANOPARTICLE BIODISTRIBUTION IN TUMOUR BEARING MICE
Groups 2 and 4 were treated with Cy5^5-siRNA/LMW CS/HA-RhoB loaded NPs
prepared as described in section 2.3.3, via an i.v. injection, as described in section
2.11.4. Two days after injection mice were anesthetised and scanned using a
PhotonIMAGER™ instrument (Biospace Lab, France). Two different filter settings
were used to detect the Rhodamine B (ex. 545 nm, em. 567 nm) bound to the HA and
the Cy5^5 dye (ex. 682 nm, em. 710 nm) bound to 5’ end of the siRNA, both present at
the same time in the carrier. NPs were characterised before injection (in terms of size
and ζ-potential). Results reported in table 5.1 showed that the carrier prior to injection
was intact having size between 200-230 nm and charge about -30 mV, before and after
dialysis.
Firstly, untreated control groups 1 and 3 were scanned in order to investigate whether
any background signal was detectable. Figure 6.2 reports whole body imaging of the
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control mice and no fluorescence was observed using the Rhodamine B filter. This was
expected since control mice were not treated with any fluorescently labelled moieties.
However, surprisingly, fluorescence was detected using the Cy5^5 filter.

Figure 6.2. Whole body imaging of control group xenografts.
Mice were grouped as described in section 2.11.4. Group 1 and group 3 were anesthetised and
scanned with a PhotonIMAGER™ instrument for fluorescence using the Rhodamine B filter
for the detection of HA-RhoB (left panels) followed by the Cy5^5 filter for the detection of
siRNA(right panels) within the NPs.

In order to have a clearer idea on why and which organs emitted fluorescence in the
near-infrared observed after the whole body scan (figure 6.2), the organs and the tumour
from mouse 287-530, randomly chosen as an example, were excised and scanned a
second time for emission detection measurements. From figure 6.3 a clear fluorescence
using the Cy5^5 filter was detected in the stomach and in the food used to feed mice.
No fluorescence was, instead, detected using the Rhodamine B filter.
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Figure 6.3. Organs and tumour imaging of control group xenografts.
287-530 mouse from group 1 was anesthetised, culled and the organs and the tumour excised
and scanned with a PhotonIMAGER™ instrument for fluorescence using the Rhodamine B
filter for the detection of HA-RhoB (left panels) followed by the Cy5^5 filter for the detection
of siRNA (right panels) within the NPs. A piece of mice food was also added to the analysis.

Then mice from groups 2 and 4 were subjected to the total body scan process using the
same filters as described for the controls. Figure 6.4 showed that HA (Rhodamine B
filter) was more detectable in MIA PaCa-2 xenografts than in PANC-1 where the most
of fluorescence seemed to have remained in the tail (Avid ID: 286-071 and 283-830).
This was also seen in the MIA PaCa-2 xenograft 300-376, however, a strong detectable
fluorescence was also measurable in the tumour area. Cy5^5 signal from the siRNA was
detected in areas comparable to the controls seen in figure 6.2 and also in other areas
including the tail in mouse 300-376 (MIA PaCa-2 xenograft) and in PANC-1 xenografts
was detected in the tumour area as well as in the tail.
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Figure 6.4. Whole body imaging of LMW CS/HA NPs treated xenografts
Mice were grouped as described in section 2.11.4. Group 2 (top panels, MIA PaCa-2 xenografts
LMW CS NPs treated) and group 4 (bottom panels, PANC-1 xenografts LMW CS NPs treated)
were anesthetised and scanned with a PhotonIMAGER™ instrument for fluorescence using the
Rhodamine B filter for the detection of HA-RhoB (left panels) followed by the Cy5^5 filter for
the detection of siRNA(right panels) within the NPs.

Mice bearing MIA PaCa-2 xenografts were then culled and tissues excised for a second
scan to analyse the organs distribution of fluorescent NPs. The fluorescence detected
initially in the stomachs of the controls resulted in their subsequent omission from the
excised tissues of the secondary scans (of the internal organs) due to the realisation that
the feedstuffs used for the mice produced high fluorescence levels detectable using the
Cy5^5 filter. Figure 6.5 showed that HA, was strongly detected in the liver with lesser
presence detected in the lungs and tumour. The siRNA produced a very high level of
measurable fluorescence in the kidneys and to a lesser extent in the pancreas, spleen and
the liver. A similar situation was observed in the PANC-1 xenografts (figure 6.6) where
HA produced a high fluorescence level in the liver with lesser fluorescence detection in
the kidneys (Avid ID: 286-071). The siRNA, again, accumulated in the kidneys and
pancreas.
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Figure 6.5. Organs and tumours imaging of LMW CS/HA NPs treated MIA PaCa-2
xenografts.
288-770, 300-376, 305-314 mice from group 2 were anesthetised, culled and organs and the
tumour excised and scanned with a PhotonIMAGER™ instrument for fluorescence using the
Rhodamine B filter for the detection of HA-RhoB (left panels) followed by the Cy5^5 filter for
the detection of siRNA (right panels) within the NPs.
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Figure 6.6. Organs and tumours imaging of LMW CS/HA NPs treated PANC-1
xenografts.
286-071, 283-830, 307-027 mice from group 4 were anesthetised, culled and organs and the
tumour excised and scanned with a PhotonIMAGER™ instrument for fluorescence using the
Rhodamine B filter for the detection of HA-RhoB (left panels) followed by the Cy5^5 filter for
the detection of siRNA(right panels) within the NPs.
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6.3 DISCUSSION
The main aim of this chapter was to test the in vivo stability and biodistribution of NPs
using tumour bearing nude mice. This was important in order to determine whether the
efficacy found in vitro could be applied to pre-clinical mouse models.
It was previously reported that HA-paclitaxel NPs (where the HA was fluorescently
labelled for imaging) started accumulating in the liver of athymic tumour bearing mice
15 minutes post i.v. injection and were cleared after 24 hours, while they remained in
the tumour until day 4 [242]. In another study, dye-loaded HA-PEG and HAPolyethylenimine (PEI) NPs, used to image the whole body localisation after i.v.
injection, accumulated in the liver and spleen of tumour bearing mice at early time
points, but while they were rapidly cleared from there, they remained in the tumour for
longer times. The same NPs loaded with a siRNA had a distribution comparable with
imaging results [213]. In contrast, another work used Cy3-siRNA/PEI-HA NPs for i.v.
injection and showed that after 24 hours high levels of siRNA were found in liver and
kidney, but low in the tumour and the spleen [243]. This shows that there are
contradictory findings in the literature on NPs in vivo distribution and that they can vary
according to the type of carrier used, even if within the same category HA-decorated
nanosystems. Nevertheless, it is generally accepted that the modification of the carrier
with HA can improve the carrier stability and its tumour targeting properties, as
reported by Li et al. [230]. However, in the studies above mentioned, either the cargo
(through fluorescent siRNA or drugs loaded on the NPs or quantifying them from
tissues) or the carrier were followed (labelling the HA). To date the author believes that
there has been no published literature looking at measuring dual fluorescence tracking
body distribution of the cargo (through Cy5^5-siRNA) and the carrier (through HARhoB) at the same time after NPs i.v. injection. More importantly, this approach could
give information not only on the biodistribution, but also on the NPs complex stability.
In this study, CBA “in house bred” nude mice were implanted with MIA PaCa-2 and
PANC-1 cells onto the back; mice developed tumours in the designed range (500-700
mm3) for experiments within 2 months. They were then i.v. injected with Cy5^5siRNA/LMW CS/HA-RhoB NPs and after 48 hours underwent whole body and organs
and tumours imaging for fluorescence. Of note, as mentioned earlier, fluorescence was
detected in the control untreated mice (using Cy5^5 filter for the organs scan) and the
origin of this fluorescence was from ingested mouse feed. In fact, mouse chows may
contain many plant-based ingredients and their chlorophyll components fluoresce
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naturally, emitting in the near-infrared [244]. This affected subsequent Cy5^5 whole
body scans since it was not possible to distinguish between the background (given by
the mice food) and the siRNA signal.
Inconsistencies between the whole animal and the organs imaging were observed since
significant signal was observed in the tumour area of the animal, especially in MIA
PaCa-2 xenografts, but this was a less detectable signal post tumour excision. Since the
tumour overlying skin was not measured in the second scan, but just the excised
tumour, it cannot be excluded a certain uptake in the peripheral areas due to a tumour
impact on the normal overlying tissue structures.
In PANC-1 xenografts, HA-RhoB was undetectable in whole animal imaging probably
because the fluorescence was located deep inside the body.
Poor depth sensitivity and poor visualisation of deep tissues are the main limitations of
the whole-body fluorescence imaging techniques. There can be also issues related to the
filtering capability of the instrument (use of filters able to separate the emission
spectrum of the molecule of interest from the tissue background). Finally, the
fluorophore biochemical properties can have also an impact on the imaging outcome
considering that depending on their concentration and other physico-chemical properties
can cause quenching, scattering and re-absorption of fluorescent light, impacting the
signal [245]. For these reasons it was important to scan a second time excised organs
and even more important will be to perform IF on tissue sections, since the high
sensitivity of this technique will confer a clearer picture on NPs distribution and if the
co-localisation of the two fluorophores present in the nanocarrier can be detected at
least at low levels in tumours.
There are a number of alternative to fluorescent NPs in in vivo imaging. Nanomaterial
can be impaired with physical properties, other than optical, that can produce contrast
signal for the appropriate imaging modality. For example biodistribution of magnetic
NPs can be imaged with magnetic resonance imaging (MRI) or Raman spectroscopy
and NPs labelled with radioisotopes can be imaged with positron emission tomography
(PET), which are generally considered much more sensitive than the optical imaging
modalities [246].
Analysing the organs, HA was found to accumulate mainly in the liver. This is not
surprising as this is the known excretion pathway for free HA and HA-based
nanosystems [213, 242, 247]. The siRNA, on the other hand, was found to accumulate
mainly in the kidneys. It is known that the siRNA molecules are subjected to clearance
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from the blood through renal filtration [248]. Since the two signals (HA and siRNA)
were not found in the same organs it can hypothesised that the NPs “de-complex” post
i.v. injection and the co-localisation observed in the tail vein tract probably means that
the de-complexation happens in the bloodstream. This effect may be related to poor
stability at pH 7.4 of CS/HA NPs prepared using the simple two-step complexation
method, but this does not preclude the prospective to administer these nanosystems
through other routes such as i.t., i.p. or nasal where the pH is less than 6.9 [139].
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7.1 CONCLUSIONS
The CD44/HA interaction has been largely exploited for the development of tumour
targeting delivery systems since the CD44 receptor is overexpressed in many cancers
[173]. Decorating nanosystems with HA or developing HA-drug conjugates has been
demonstrated to increase the half-life of these systems in vivo, eluding the immune
system and protecting the cargo from blood proteases and nucleases. A prolonged
circulation in the bloodstream and the EPR effect, present in most tumours, can improve
the tumour targeting capacities of HA-based nanosystems with the advantages of
reducing the dosage, enhancing bioavailability and reducing the toxicity to normal cells
[230].
Despite the multiple studies produced and reported in the last few years on tumour
targeting exploiting CD44-mediated internalisation of HA-based delivery systems, the
interplay between CD44 expression and binding and internalisation of HA (uptake) still
remained to be elucidated. It is known that the CD44/HA (and HA derivatives)
interaction is influenced by of multiple factors including expression of standard and
variant CD44 isoforms, the quantity, density, localisation and the activation state of the
receptor on cell surface.

In chapter 3, the CD44 (or panCD44) expression in a panel of 26 cancer cell lines and
HDF, as a non-cancer cell control, was evaluated using different techniques (WB, FC
and IF). It was found that different amounts and isoforms of the CD44 receptor were
expressed in distinct cancer lines and HDF. The expression was grouped as CD44shigh,
CD44vhigh and CD44low. Based on this classification, at least three cell lines per group
were selected for further experiments: HDF, MDA-MD-231, DU145 and PC3 for the
CD44shigh group, MIA PaCA-2, HT29, Detroit 562 and MDA-MB-468 for the
CD44vhigh and FaDu, Ishikawa and LNCaP for the CD44low. Noteworthy, in HT29 and
MIA PaCa-2, although included in the CD44vhigh category, it was possible to confirm
the expression of the variants only with WB and not with all the techniques as for the
other cell lines. This cells classification in CD44shigh, CD44vhigh and CD44low was used
for following analysis on interaction with HA.
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The aim of chapter 4 was the investigation of a correlation between the delineated CD44
categories and their interaction with soluble HA. It was initially found that,
independently of CD44 expression profiles, HA can be internalised by all the cell lines
and that it quickly localises in late endosomes/lysosomes. Moreover, some cell lines
(Ishikawa, DU145 and MDA-MB-231) were more efficient in binding HA at early time
points (1 hour incubation), while other cells (LNCaP, FaDu and MIA PaCa-2) favoured
internalisation at late time points (24 hours incubation). However, it was initially not
possible to find a clear correlation between HA binding or internalisation and cells
CD44 expression profile. The development of a novel scoring method to classify cells
according to their CD44 profile (respectively pan, s or v) and HA uptake (binding,
internalisation or both) highlighted that a correlation was observed with the exception of
CD44vhigh cells (MDA-MB-468 and Detroit 562) and the CD44shigh healthy cells
(HDF). In fact HDF, despite their high CD44 expression, were ranked as low
“uptakers”. It was hypothesised that CD44s in non-cancer cells might be less active as
already previously reported [180, 223]. On the other hand, cancer cells that expressed
high levels of CD44s showed better HA uptake compare to those expressing high levels
of CD44v, which can be hypothesised to be more involved in interaction with other
ligands for signalling and matrix remodelling purposes [164].

Chapter 5 aimed to demonstrate the potential use of CS/HA NPs for siRNA delivery
and HIF-1α gene knockdown to overcome of hypoxia adverse effects. The analysis was
performed using two pancreatic cancer cell lines where HIF-1α levels were associated
with tumour malignancy [234, 235]: MIA PaCa-2 cells, selected from the initial panel
as the best HA target, and PANC-1 introduced as a second pancreatic cancer cell line
with a CD44 profile similar to the MIA PaCa-2 [188]. Two different formulations of
NPs (given by two different CS MW, respectively 36 and 656 kDa) were used in this
study. CS MW is known to influence not only HA presentation on NP surface, but also
to impact on siRNA release [139]. It was found that, despite their slower kinetic of
uptake, HMW CS/HA NPs were more efficient in silencing HIF-1α and, consequently,
its downstream target genes. The higher efficacy of these NPs could be ascribed to a
better escape from the endo/lysosomal system or to a better protection of the cargo from
endonucleases, although this still remains to be verified. However, since aggregation of
such NPs was observed in cell culture media, further experiments were performed using
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the LMW CS/HA NPs. These NPs were found to have a good penetration capability in
multicellular spheroids. Therefore, LMW CS/HA NPs were used also for the following
in vivo experiments.

In chapter 6, LMW CS/HA NPs were i.v. injected in tumour bearing mice (MIA PaCa-2
and PANC-1 xenografts) to test their biodistribution in vivo. For this purpose, NPs used
were prepared using fluorescently labelled HA (labelled with Rhodamine B) and
fluorescently labelled siRNA (labelled with a Cy5^5 dye). Results of fluorescence
imaging showed that the HA accumulated mainly in the liver and the siRNA in the
kidneys. This was interpreted as instability of the NPs, which might decomplex when
injected in the bloodstream. Further studies need to investigate this aspect, but a
potential guideline to solve this issue could foresee i.t. injection rather than i.v. ones.
Using the ionic gelation method for the preparation of CS/HA NPs and comparing the
formulations obtained with the two methods in terms of physicochemical
characterisation and cellular uptake has previously been performed by our group
(unpublished data), but a real stability study is still an unmet need that can be
considered to improve NPs in vivo stability.

To summarise, it was found that HA can be considered a valid tumour targeting ligand
having identified a correlation between CD44s expression and HA uptake in a broad
panel of cancer cells. Since cell specific factors can influence the CD44-mediated
internalisation, results highlighted the importance of tumour type when designing the
treatment and optimising its targeting properties. CS/HA NPs were found efficient in
delivering siRNAs in pancreatic cancer cells and in silencing hypoxia genes. However,
a preliminary in vivo study suggested that the stability of this nano-system was still not
completely optimised and other preparation methods could be tested or other injection
routes could be preferred to i.v. injection.

7.2 FUTURE DIRECTIONS
Further investigations are needed to contribute to the development of nanosystems for
tumour hypoxia targeting. In this study, the CD44 expression was investigated in cancer
cell lines under normoxic conditions in vitro, but it will be relevant to investigate
whether and how the expression of the receptor changes in hypoxic conditions. In
particular, as already mentioned, it will be of particular interest to investigate whether
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the micro-regions with high levels of CD44 found in MDA-MB-231 and Ishikawa
tumour xenografts IHC sections correlate with hypoxic regions. Furthermore, it will be
interesting to explore the effect of hypoxia on free-HA and HA/CS NPs internalisation
by the cells.

Considering the low percentage of tumours expressing CD44v isoforms compared to
those expressing CD44s (from the initial panel of 26 cancer cell lines only 3 were
confirmed to express CD44v), it will be relevant to verify the validity of the novel
scoring system developed here, comparing HA uptake in a CD44shigh expressing cell
line (i.e. FTC133) to a CD44low cell line (i.e. CaOV3) selected from the original panel
and test if the internalisation is actually enhanced in the CD44shigh cell line compared to
a CD44low.

A study of internalisation kinetics of the two different CS/HA NP formulations was
performed in pancreatic cancer cell lines, but it will be important to investigate also the
mechanism of internalisation, as it has been done for the free-HA, using CD44mediated internalisation blocking systems (i.e. α-CD44 antibodies, excess of HMW HA
– to saturate all the HA receptors), inhibition of every energy-dependent internalisation
mechanisms (incubation at 4°C) and inhibition of macropinocytosis (incubating with
amiloride), which is the another known internalisation mechanism that can be used by
the cells to internalise HA.

HMW and LMW CS/HA NPs were found effective in gene silencing, with the HMW
formulation slightly more efficient. It was mentioned how this could be related to a
better escape from endo/lysosomal system: to verify it, the internalisation of labelled
HMW and LMW CS/HA NPs and the localisation in cellular organelles could be
monitored overtime through confocal microscopy as already shown by Zhao et al.
[249].
The NPs here tested were demonstrated to knock down HIF-1α downstream target
genes at mRNA level, but it will be necessary to obtain biological replicates to confirm
their efficiency, together with an analysis at protein level (WB).
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Since HIF-1α knockdown is demonstrated to make cancer cells more sensitive to
chemo- and radio-therapy, combination of NPs/drug or NPs/radiation treatments and
assessing cell viability (in vitro) and tumour reduction (in vivo) will be necessary to
prove NPs efficacy.

NPs penetrated into multicellular spheroids, therefore the next step could be to test if the
formulations are active in the hypoxic region. This could be explored treating spheroids
with anti-HIF-1α siRNA-loaded NPs then identifying regions with differential
oxygenation status using Hoechst 33342 as already described by Roberts et al. [250].
Hoechst 33342 will penetrate gradually into the spheroids according to the distance
from the edge, thus creating regions more or less intensely fluorescent. These regions
could be sorted by FC and sorted subpopulations will allow downstream analysis on
hypoxic genes expression (qPCR), assuming that hypoxic regions are those where
Hoechst 33342 signal will result less intense.

Finally, further analysis using more sensitive techniques (i.e. IF) on tissues and tumours
collected from the in vivo study will probably help to verify if there are some areas, with
particular interest in the tumours, where co-localisation can be observed. Noteworthy,
the siRNA-Cy5^5 used to load the NPs, had a sequence designed to target HIF-1,
therefore it will be possible to determine if there has been a reduction in the mRNA
levels in the tumours tissues of treated mice compared to the untreated controls.
Moreover, it will be interesting to repeat the biodistribution study with the HMW
CS/HA NPs to check their stability and to determine whether they have a different
behaviour compared to the LMW counterpart. Considering the poor stability observed
after i.v. injection of NPs, it will be useful to test these formulations for i.t. injections as
well: thus, tumour accumulation could potentially be enhanced avoiding prolonged
times in the bloodstream. More importantly, for future in vivo experiments using
labelled-NPs, it will be necessary to avoid a near-infrared dye to eliminate any
background interference.
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8.1 HA BINDING

Figure 8.1. Binding and internalisation of HA-RhoB in cancer cell lines and HDF. Cells
were treated for 1 hour with HA-RhoB (0.125 mg/mL) at 37˚C. Values are the mean (± SD) of
three independent experiments and are reported as µg of HA in cell lysate per cell. For details
please refer to section 2.6.

8.2 CD44/HA UPTAKE CORRELATION: A NEW SCORING METHOD
Table 8.1. Score assignment.
%

score

100-90

9

90-80

8

80-70

7

70-60

6

60-50

5

50-40

4

40-30

3

30-20

2

20-10

1

10-0

0
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Table 8.2. Scoring panCD44 (western blot)
panCD44 WB

SD

%

score

MDA-MB-468

2.3

0.4

100

9

MDA-MB-231

1.5

0.3

65.3

6

MIA PACA-2

1.5

0.1

64.1

6

PC3

0.9

0.2

39.8

3

HDF

0.7

0.1

31.7

3

HT29

0.4

0.2

17.7

1

DU145

0.3

0.3

15.8

1

DETROIT

0.2

0.1

7.9

0

FaDu

0.01

0.02

0.6

0

ISHIKAWA

0

0

0

0

LNCaP

0

0

0

0

Table 8.3. Scoring panCD44 (flow cytometry)
panCD44 FC

SD

%

score

HT29

75.0

15.9

100

9

MDA-MB-468

67.2

2.9

89.6

8

DU145

50.1

11.5

66.9

6

MDA-MB-231

39.2

0.7

52.3

5

PC3

36.5

7.5

48.7

4

DETROIT

30.8

6.8

41.1

4

MIA PACA-2

25.2

7.3

33.6

3

HDF

10.4

3.6

13.8

1

ISHIKAWA

10.0

1.2

13.3

1

FaDu

8.6

5.6

11.4

1

LNCaP

0.9

0.1

1.3

0

Table 8.4. Scoring CD44s (western blot)
CD44s WB

SD

%

score

MDA-MB-231

3.9

1.1

100

9

MIA PACA-2

3.2

0.5

81.5

8

MDA-MB-468

2.0

0.3

51.7

5

PC3

1.9

0.4

48.0

4

HDF

1.5

0.1

37.9

3

DU145

0.7

0.6

18.2

1

DETROIT

0

0

0

0

ISHIKAWA

0

0

0

0

HT29

0

0

0

0

LNCaP

0

0

0

0

FaDu

0

0

0

0
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Table 8.5. Scoring CD44v (western blot)
CD44v WB

SD

%

score

MDA-MB-468

2.2

0.3

100

9

HT29

0.8

0.4

36.6

3

DETROIT

0.4

0.3

18.2

1

MIA PACA-2

0.1

0.1

4.8

0

MDA-MB-231

0.01

0.02

0.7

0

ISHIKAWA

0

0

0

0

LNCaP

0

0

0

0

DU145

0

0

0

0

PC3

0

0

0

0

FaDu

0

0

0

0

HDF

0

0

0

0

Table 8.6. Scoring CD44v3 (flow cytometry)
CD44v3
FC

SD

%

score

DETROIT

30.8

18.4

100

9

MDA-MB-468

19.9

11.1

64.8

6

MDA-MB-231

2.8

0.8

9.2

0

HT29

2.6

0.5

8.5

0

FaDu

2.1

0.2

6.9

0

MIA PACA-2

1.8

0.3

5.8

0

ISHIKAWA

1.4

0.3

4.4

0

DU145

1.3

0.1

4.1

0

LNCaP

1.2

0.1

3.8

0

PC3

1.1

0

3.5

0

HDF

1.0

0.02

3.3

0

Table 8.7. Scoring CD44v5 (flow cytometry)
CD44v5
FC

SD

DETROIT

29.3

MDA-MB-468

9.4

HT29

%

score

11.2

100

9

5.8

31.9

3

2.3

0.5

7.7

0

ISHIKAWA

2.2

1.6

7.7

0

MDA-MB-231

2.1

0.8

7.3

0

MIA PACA-2

1.5

0.2

5.0

0

FaDu

1.5

0.1

5.0

0

DU145

1.3

0.2

4.5

0

PC3

1.0

0.03

3.6

0

LNCaP

1.0

0.04

3.5

0

HDF

1.0

0.04

3.5

0
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Table 8.8. Scoring CD44v6 (flow cytometry)
CD44v6
FC

SD

%

score

DETROIT

23.8

12.3

100

9

MDA-MB-468

5.9

5.3

24.6

2

FaDu

1.9

0.4

8.1

0

ISHIKAWA

1.7

0.9

7.1

0

MIA PACA-2

1.4

0.4

6.0

0

MDA-MB-231

1.3

0.3

5.3

0

LNCaP

1.1

0.1

4.7

0

DU145

1.1

0.2

4.6

0

PC3

1.0

0.04

4.3

0

HT29

1.0

0. 1

4.3

0

HDF

1

0

4.2

0

Table 8.9. Scoring HA binding (fluorimetry)
HA
binding

SD

%

score

MDA-MB-231

2.7

0.4

100

9

DU145

2.5

0.4

95.2

9

PC3

1.8

0.2

66.1

6

HT29

1.5

0.3

55.8

5

ISHIKAWA

1.4

0.2

53.4

5

MIA PACA-2

1

0.1

37.4

3

FaDu

1.0

0.1

36.7

3

MDA-MB-468

0.8

0.1

28.8

2

HDF

0.6

0.1

24.2

2

DETROIT

0.4

0.03

13.8

1

LNCaP

0.2

0.02

8.9

0

Table 8.10. Scoring HA internalization (flow cytometry)
HA
internalisation

SD

MIA PACA-2

1133.8

PC3

669.1

HT29

%

score

192.9

100

9

148.1

59.0

5

658.9

138.8

58.1

5

FaDu

499.1

18.0

44.0

4

LNCaP

354.6

54.9

31.3

3

DETROIT

293.8

66.9

25.9

2

MDA-MB-468

273.4

11.3

24.1

2

MDA-MB-231

248.9

57.8

21.9

2

DU145

157.7

17.1

13.9

1

HDF

145.5

57.9

12.8

1

ISHIKAWA

83.4

9.9

7.4

0
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Table 8.11: Summary table: ranked by the sum of HA uptake. We identified four categories
(panCD44, CD44s, CD44v, HA uptake) to study the CD44/HA uptake correlation. Scores obtained from
the different techniques were summed for each category (showed in bold).
Cell
lines

panCD
44 WB

panC
D44
FC

sum
panCD
44

CD44
s WB

CD44
v WB

CD44
v3 FC

CD44
v5 FC

CD44
v6 FC

sum
CD44
v

HA
bindi
ng

HA
internaliz
ation

sum
HA
uptake

MIA
PaCa-2

6

3

9

8

0

0

0

0

0

3

9

12

MDAMB231

6

5

11

9

0

0

0

0

0

9

2

11

PC3

3

4

7

4

0

0

0

0

0

6

5

11

HT29

1

9

10

0

3

0

0

0

3

5

5

10

DU145

1

6

7

1

0

0

0

0

0

9

1

10

FaDu

0

1

1

0

0

0

0

0

0

3

4

7

ISHIK
AWA

0

1

1

0

0

0

0

0

0

5

0

5

MDAMB468

9

8

17

5

9

6

3

2

20

2

2

4

DETR
OIT
562

0

4

4

0

1

9

9

9

28

1

2

3

HDF

3

1

4

3

0

0

0

0

0

2

1

3

LNCaP

0

0

0

0

0

0

0

0

0

0

3

3
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Table 8.12: Summary table: ranked by HA internalisation. We identified four categories (panCD44,
CD44s, CD44v, HA uptake) to study the CD44/HA uptake correlation. Scores obtained from the different
techniques were summed for each category (shown in bold).
Cell
lines

panCD
44 WB

panC
D44
FC

sum
panCD
44

CD44
s WB

CD44
v WB

CD44
v3 FC

CD44
v5 FC

CD44
v6 FC

sum
CD44
v

HA
bindi
ng

HA
internaliz
ation

sum
HA
uptake

MIA
PaCa-2

6

3

9

8

0

0

0

0

0

3

9

12

PC3

3

4

7

4

0

0

0

0

0

6

5

11

HT29

1

9

10

0

3

0

0

0

3

5

5

10

FaDu

0

1

1

0

0

0

0

0

0

3

4

7

LNCaP

0

0

0

0

0

0

0

0

0

0

3

3

MDAMB231

6

5

11

9

0

0

0

0

0

9

2

11

MDAMB468

9

8

17

5

9

6

3

2

20

2

2

4

DETR
OIT
562

0

4

4

0

1

9

9

9

28

1

2

3

DU145

1

6

7

1

0

0

0

0

0

9

1

10

HDF

3

1

4

3

0

0

0

0

0

2

1

3

ISHIK
AWA

0

1

1

0

0

0

0

0

0

5

0

5
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Table 8.13: Summary table: ranked by HA binding. We identified four categories (panCD44, CD44s,
CD44v, HA uptake) to study the CD44/HA uptake correlation. Scores obtained from the different
techniques were summed for each category (shown in bold).
Cell
lines

panCD
44 WB

panC
D44
FC

sum
panCD
44

CD44
s WB

CD44
v WB

CD44
v3 FC

CD44
v5 FC

CD44
v6 FC

sum
CD44
v

HA
bindi
ng

HA
internaliz
ation

sum
HA
uptake

MDAMB231

6

5

11

9

0

0

0

0

0

9

2

11

DU145

1

6

7

1

0

0

0

0

0

9

1

10

PC3

3

4

7

4

0

0

0

0

0

6

5

11

HT29

1

9

10

0

3

0

0

0

3

5

5

10

ISHIK
AWA

0

1

1

0

0

0

0

0

0

5

0

5

MIA
PaCa-2

6

3

9

8

0

0

0

0

0

3

9

12

FaDu

0

1

1

0

0

0

0

0

0

3

4

7

MDAMB468

9

8

17

5

9

6

3

2

20

2

2

4

HDF

3

1

4

3

0

0

0

0

0

2

1

3

DETR
OIT
562

0

4

4

0

1

9

9

9

28

1

2

3

LNCaP

0

0

0

0

0

0

0

0

0

0

3

3
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Figure 8.2. Internalisation kinetic of NPs in MIA PaCa-2 cells. The experiments were
performed in media based on HEPES buffer at pH = 7-7.4. Top) Cells were treated for 0, 2, 4,
8, 16, 24 and 48 hours at 37˚C with 0.125 mg/mL of LMW, HMW CS HA-RhoB NPs or with
0.1 mg/mL (corresponding to the concentration of HA in the NPs solution) free-HA and the cell
fluorescence was analysed via FC. Histograms are reported. Bottom) Cells were incubated for
0, 2, 4, 8, 16, 24 and 48 hours at 37˚C with 0.125 mg/mL of LMW or HMW CS NPs loaded
with DY547-siRNA (siRNA final concentration: 40 nM; siRNA/CS weight ratio: 1.3%) or with
Dharmafect reagent 1 and DY547-siRNA following manufacturer’s instructions. The cell
fluorescence was analysed via FC. Histograms are reported.
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Figure 8.3. Internalisation kinetic of NPs in PANC-1 cells. The experiments were performed
in media based on HEPES buffer at pH = 7-7.4. Top) Cells were treated for 0, 2, 4, 8, 16, 24
and 48 hours at 37˚C with 0.125 mg/mL of LMW, HMW CS HA-Rho NPs or with 0.1 mg/mL
(corresponding to the concentration of HA in the NPs solution) free-HA and the cell
fluorescence was analysed via FC. Histograms are reported. Bottom) Cells were incubated for
0, 2, 4, 8, 16, 24 and 48 hours at 37˚C with 0.125 mg/mL of LMW or HMW CS NPs loaded
with DY547-siRNA (siRNA final concentration: 40 nM; siRNA/CS weight ratio: 1.3%) or with
Dharmafect reagent 1 and DY547-siRNA following manufacturer’s instructions. The cell
fluorescence was analysed via FC. Histograms are reported.

137

CHAPTER 8 – APPENDIX

Figure 8.4. Optical imaging of MIA PaCa-2 cells treated with different formulations of
NPs. The experiments were performed in media based on HEPES buffer at pH = 7-7.4. A)
1.Untreated cells; 2. Cells treated with free-HA. B) Cells were treated for 24 hours at 37˚C with
0.125 mg/mL HMW CS NPs. 3. Cells treated with empty NPs; 4. Cells treated with scrambled
siRNA-loaded NPs; 5. Cells treated with anti-HIF-1α siRNA2-loaded NPs; 6. Cells treated with
anti-HIF-1α siRNA3-loaded NPs. C) Cells were treated for 24 hours at 37˚C with 0.125 mg/mL
LMW CS NPs. 3. Cells treated with empty NPs; 4. Cells treated with scrambled siRNA-loaded
NPs; 5. Cells treated with anti-HIF-1α siRNA2-loaded NPs; 6. Cells treated with anti-HIF-1α
siRNA3-loaded NPs.
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Figure 8.5. HIF-1α mRNA levels in hypoxia after HIF-1α mRNA knockdown in MIA
PaCa-2 cells. The siRNA transfection was performed using anti-HIF-1α siRNA2 and
Dharmafect reagent 1 following manufacturer’s instructions. Cells were incubated for 24 hours
in normoxia with the siRNA in transfection media (siRNA concentration = 25 nM final), then
lysed for RNA extraction and qPCR analysis. Cells transfected with a scrambled siRNA and
cells incubated with the only Dharmacon reagent were used as a control. The results are
expressed as relative gene expression using HPRT as a loading control. Values are the mean (±
SD) of triplicates within one single experiment (n=1).
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