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AIM



My thesis had the aim to develop and investigate new therapeutic strategies for
the treatment of cancer. In particular, two different approaches were carried
out: the improvement of conventional anticancer drugs by nano-drug delivery
and the study of new potential tumor biomarkers.

Part 1:

Concerning the first approach, we evaluated the effects of specific nanoparticles
as systems for drug-delivery on different cancer models. Our study started from
the assertion that to date, even if many new anticancer agents, such as
immunotherapeutic drugs and inhibitors of tumor targets, were developed and
continue to be studied, chemotherapeutic drugs still remain important for
cancer treatment. However, most of these treatments present limitations
because of the high toxicity towards healthy organs and tissues, and the
acquisition of drug resistance. Therefore, an interesting goal for cancer therapy
is to improve the characteristics of these ‘old” anticancer drugs of already known
pharmacokinetic and pharmacodynamic properties. Nano-drug delivery has
been achieving lots of interest in cancer therapy, and nanoparticles able to
incorporate hydrophilic and lipophilic drugs are being largely characterized in
their different form. Resulting formulations permit a prolonged and controlled
drug release directly into the tumor tissue in a specific way, allowing to employ
lower drug doses, thereby reducing toxicity.

We focused our study on solid lipid nanoparticles (SLN) and p-cyclodextrin
nanosponges (CD-NS) for the delivery of potent chemotherapeutic drugs, such
as temozolomide, paclitaxel, camptothecin and doxorubicin, on in vitro and in

vivo models of melanoma, thyroid an breast cancers.



Part 2:

The second approach of my PhD project was to identify and analyze new cancer
biomarkers. Biomarkers’ identification can give evidence of the presence of
early stages cancers in patients without symptoms at the diagnosis. Biomarkers
can also give important information about the individual’s risk of developing
cancer, prognosis or response to therapy. Moreover, some biomarkers can
become targets for a specific therapy in order to prevent the development of
the disease.

Starting from these considerations, we investigated the role played by
extracellular vesicles (EVs) in pancreatic cancer. EVs are known to be involved
in cancer intercellular communication, through the function of their cargo on
cell signaling. Therefore, an analysis of EVs protein content was performed at
the University of East Paris (CRRET laboratory), in order to identify new possible
biomarkers that may allow to improve diagnosis and therapy for this highly
lethal tumor.

Furthermore, the last study was performed to investigate the involvement of
osteopontin (OPN), an ubiquitary protein acting among others as pro-
inflammatory cytokine, in cancer. For this evaluation, we started from the
analysis of OPN function in multiple sclerosis (MS), since OPN role in
autoimmune diseases is well documented. Moreover, the inflammatory
background that characterizes MS allowed us to investigate either the specific
role played by the two (C- and N-terminal) OPN forms generated by thrombin
cleavage during inflammation, and the role of another protease, that is the
immune-proteasome, in generating OPN fragments which are able to exert

different functions in the development of the disease.



The results obtained from the study of OPN in MS were extended to the
subsequent analysis of its function in cancer. Indeed, the assessment of the
different roles played by the cleavage generated forms of OPN allow to
investigate the involvement of this important cytokine in the processes at the

base of cancer pathogenesis.



BACKGROUND



Cancer

Cancer incidence

Cancer is the second leading cause of death globally, and was responsible for
8.8 million deaths in 2015 (“Cancer, Fact Sheet” 2017). The number of cancer
cases and related deaths is expected to grow rapidly in line with population
growth, age and adoption of lifestyles that increase the risk to develop the
disease. Approximately 70% of deaths from cancer occur in low- and middle-
income countries. Many of the lifestyle risk factors include tobacco and alcohol
use, physical inactivity, excess body weight due to low fruit and vegetable
intake. Cancer causing infections, such as hepatitis and human papilloma virus
(HPV), are responsible for up to 25% of cancer cases in low- and middle-income
countries (Plummer et al. 2016).

In order to report a statistical analysis of cancer incidence, in 2012, an estimated
14.1 million new cancer cases and 8.2 million cancer deaths occurred worldwide
(Ferlay et al. 2013). Incidence rates in the 50 selected registries range from over
400 per 100,000 males and 300 per 100,000 females to less than 100 per
100,000 in both males and females. Mortality rates in the 50 selected countries
range from over 200 deaths per 100,000 males and over 100 deaths per 100,000
females to less than 50 deaths per 100,000 in both males and females. For both
sexes, the highest rates are generally in North America, Oceania, and Europe.
Although there are many cancer types, only a few of them occur frequently.
More than a million cases of cancer are diagnosed annually in the United States,
and more than 500,000 Americans die of cancer each year. Cancers of 10

different body sites account for more than 75% of this total cancer incidence.
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The four most common cancers, accounting for more than half of all cancer
cases, are those of the breast, prostate, lung, and colon/rectum.

According to GLOBOCAN 2012, prostate cancer is the most commonly
diagnosed cancer among males in 87 countries, especially in North and South
America; Northern, Western, and Southern Europe; and Oceania. Lung cancer is
the most commonly diagnosed cancer among males in Eastern Europe. In
contrast with the consistency in the leading cancer within most regions, there is
considerable heterogeneity in leading cancers among males in Africa and Asia.
Among females, breast is the most common cancer in North America, Europe,
and Oceania. Breast and cervical cancers are the most frequently diagnosed
cancers in Latin America and the Caribbean, Africa, and most of Asia. However,
the most common female cancers in Asia also include lung (China, North Korea),
liver (Lao People's Democratic Republic, Mongolia), and thyroid (South Korea).
These cancers account for more than 60% of total global cases and deaths
(Ferlay et al. 2013).

In 2015, only 35% of low-income countries reported having pathology services
generally available in the public sector. More than 90% of high-income countries
reported treatment services are available compared to less than 30% of low-
income countries. The economic impact of cancer is significant and is increasing.
The total annual economic cost of cancer in 2010 was estimated at

approximately USS 1.16 trillion (Stewart and Wild 2014).

Cancer causes
Cancer is caused by internal factors (mutations, hormones, and immune
conditions) and environmental factors. Substances that can cause cancer are

called carcinogens and have been identified by studies in experimental animals
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and by epidemiological analysis of cancer frequencies in human populations.
Since the development of malignancy is a complex multistep process, many
factors may affect the likelihood that cancer will develop, and it is overly
simplistic to speak of single causes of most cancers. Radiation and many
chemical carcinogens act by damaging DNA and inducing mutations. These
carcinogens are generally referred to as initiating agents, since the induction of
mutations in key target genes is thought to be the initial event leading to tumour
development (Cooper 2000). Tobacco and alcohol constitute two important
factors to be considered. Tobacco use increases the risk of developing at least
14 types of cancer. In addition, it accounts for about 25-30% of all deaths from
cancer and 87% of deaths from lung cancer and it is implicated in cancers of the
oral cavity, pharynx, larynx, esophagus (Anand et al. 2008). The carcinogens in
tobacco smoke (including benzo(a)pyrene, dimethylnitrosamine, and nickel
compounds) are the major identified causes of human cancer. In total, it is
estimated that smoking is responsible for nearly one-third of all cancer deaths—
an impressive toll for a single carcinogenic agent. Several studies have revealed
that chronic alcohol consumption is a high risk factor for cancer of the upper
aerodigestive tract, including cancer of the oral cavity, pharynx, hypopharynx,
larynx, and esophagus, but also cancer of liver, pancreas, mouth, and breast.
Also diet is linked to cancer deaths, such in 70% of colorectal cancer cases. How
diet contributes to cancer is not fully understood. Most carcinogens are
ingested, such as nitrates, nitrosamines, pesticides, and dioxins, and they come
from food additives or from cooking. According to an American Cancer Society
study (ACS) (Calle et al. 2003), obesity has been associated with increased
mortality from cancers of the colon, breast, endometrium, kidneys, esophagus,

gastric, pancreas, prostate, gallbladder, and liver. Increased modernization and
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a Westernized diet and lifestyle have been associated with an increased
prevalence of overweight people in many developing countries (Drewnowski
and Popkin 1997). Findings from this ACS study suggest that of all deaths from
cancer in the United States, 14% in men and 20% in women are attributable to
excess weight or obesity. For instance, hyperglycemia, has been shown to
activate NF-kB (Nareika et al. 2008), which could link obesity with cancer.
Moreover, several cytokines produced by adipocytes, such as leptin, tumor
necrosis factor (TNF), and interleukin-1 (IL-1) are known to activate NF-kB.
Hormones, particularly estrogens, are important as tumor promoters in the
development of some human cancers. The proliferation of cells of the uterine
endometrium, for example, is stimulated by estrogen, and exposure to excess
estrogen significantly increases the likelihood that a woman will develop
endometrial cancer (Cooper 2000).

Moreover, there is evidence that in the world, an estimated 17.8% of neoplasms
are associated with infections; this percentage ranges from less than 10% in
high-income countries to 25% in African countries (Pisani et al. 1997; Parkin
2006). Human papillomavirus, Epstein Barr virus, Kaposi’s sarcoma-associated
herpes virus, human T-lymphotropic virus 1, HIV, HBV, and HCV are associated
with risks for cervical cancer, anogenital cancer, skin cancer, nasopharyngeal
cancer, Burkitt’s lymphoma, Hodgkin’s lymphoma, Kaposi’s sarcoma, adult T-
cell leukemia, B-cell lymphoma, and liver cancer. These viruses are important
not only as causes of human cancer, but also studies on tumor viruses have
played a key role in elucidating the molecular events responsible for the
development of cancers induced by both viral and nonviral carcinogens.
Another factor that is responsible for the growing risk of developing cancer is

environmental pollution. It includes outdoor air pollution by carbon particles
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associated with polycyclic aromatic hydrocarbons (PAHs); indoor air pollution
by environmental tobacco smoke, formaldehyde, and volatile organic
compounds such as benzene and 1,3-butadiene (which may particularly affect
children); food pollution by food additives and by carcinogenic contaminants;
carcinogenic metals and metalloids; pharmaceutical medicines; and cosmetics.
Finally, a physical factor that induces cancer in a stochastic way is radiation. Up
to 10% of total cancer cases may be induced by radiation (Belpomme et al.
2007), both ionizing and nonionizing, typically from radioactive substances,
ultraviolet (UV) and pulsed electromagnetic fields. Cancers induced by radiation
include some types of leukemia, lymphoma, thyroid cancers, skin cancers,

sarcomas, lung and breast carcinomas.

Cancer features

Cancer is a pathological process that derives from abnormal proliferation of any
of the different cell types in the body, so there are more than a hundred distinct
types of cancer, which substantially vary also in behavior and response to
treatment. The most important issue in cancer pathology is the distinction
between benign and malignant tumors. While benign tumours remain confined
to their original location, not invading surrounding normal tissue or spreading
to distant sites, malignant tumour are able of both invading surrounding normal
tissue and spreading throughout the body via the circulatory or lymphatic
systems, giving life to metastasis. The ability of cancer to invade and metastasize
makes it so dangerous. Both benign and malignant tumors are classified
according to the type of cell from which they derive. Most cancers fall into one
of three main groups: carcinomas, sarcomas, and leukemias or
lymphomas. Carcinomas include approximately 90% of human cancers and

12



regard epithelial cells. Sarcomas are rare in humans and they are solid tumors
of connective tissues, such as muscle, bone, cartilage, and fibrous
tissue. Leukemias and lymphomas account for approximately 8% of human
malignancies and involve blood-forming cells and immunitary cells, respectively.
A classification of tumours is also based on their tissue of origin and on the cell
type involved. For example, fibrosarcomas arise from fibroblasts, and erythroid
leukemias from precursors of erythrocytes.

One of the fundamental features of cancer is tumour clonality, the development
of tumors from single cells that start an abnormal proliferation. The clonal origin
of tumors does not, however, mean that the original progenitor cell that gives
rise to a tumour has initially acquired all of the characteristics of a cancer cell.
On the contrary, the development of cancer is a multistep process in which cells
gradually become malignant through progressive alterations. One indication of
the multistep development of cancer is that most cancers develop late in life.
Such a dramatic increase of cancer incidence with age suggests that most
cancers develop as a consequence of multiple abnormalities, which accumulate
over periods of many years. At the cellular level, the development of cancer
involving mutation and selection for cells with progressively increasing capacity
for proliferation, survival, invasion, and metastasis. This is due to the fact that
the new mutations confer a selective advantage, such as more rapid growth,
and the descendants of a cell bearing such a mutation will consequently become
dominant within the tumor population. This process is called “clonal selection”,
and it continues throughout tumor development, so tumors continuously
become more rapid-growing and increasingly malignant. The uncontrolled
proliferation of tumour cells in vivo is mimicked by their behavior in cell culture.

A primary distinction between cancer cells and normal cells in culture is that
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normal cells proliferate until they reach a finite cell density, which is determined
in part by the availability of growth factors added to the culture medium. On
the contrary, many cancer cells have reduced requirements for
extracellular growth factors and so, in some cases, tumour cells produce growth
factors that stimulate their own proliferation. This process is called “autocrine
growth stimulation”. Another characteristic of many cancer cells is the loss of
cell-cell and cell-matrix adhesion, often as a result of reduced expression of cell
surface adhesion molecules. Therefore, cancer cells are unrestrained by
interactions with other cells and tissue components, contributing to the ability
of malignant cells to invade and metastasize. The reduced adhesiveness of
cancer cells also leads to morphological and cytoskeletal alterations. Moreover,
tumor cells are not affected by the phenomenon of contact inhibition and they
continue moving after contact with their neighbors, migrating over adjacent
cells, and growing in disordered patterns. Two additional properties
of cancer cells play important roles in invasion and metastasis. First, malignant
cells generally secrete proteases that digest extracellular matrix components,
allowing cancer cells to invade adjacent tissues. Second, cancer cells
secrete growth factors that promote the formation of new blood vessels in
order to support their growth. The formation of such new blood vessels is
important not only in supporting tumor growth, but also in providing a ready
opportunity for cancer cells to enter the circulatory system and metastasize.
Finally, cancer cells do not differentiate normally. Indeed, they are usually
blocked at an early stage of differentiation, consistent with their continued
active proliferation (Cooper 2000).

Metastasis is the first cause of cancer morbility and mortality (90% of cancer

related deaths). The term metastasis generally indicates the spread of cancer
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cells from a primary tumour to adjacent or distant organs (Tarin 2011;
Chambers, Groom, and MacDonald 2002). Some cancer types predominantly
spread to one organ or show sequential organ specific colonization (for
example, colorectal cancer frequently metastasizes first to the liver, later to
lungs and brain). Other cancer types, such as breast cancer, lung cancer, or
melanoma, are able to colonize many different organ sites, either sequentially
or synchronously (Nguyen, Bos, and Massagué 2009; Budczies et al. 2014;
Urosevic et al. 2014). While defined organ tropisms are not rigid phenomena,
the organ-specific patterns of metastasis are clear. Beyond lymph node spread,
the liver, lung, bone and brain are frequently colonized by a variety of cancer
types. The skin, ovaries and spleen are less common sites of metastasis. Skin
metastases generally occur in melanoma and breast cancer, ovarian metastases
in breast and gastric cancers, and spleen metastases almost exclusively in
melanoma (Budczies et al. 2014). Although some general mechanisms of
dissemination enable cancer cells to leave the primary tumour and reach distal
organs, more specialized mechanisms might be necessary for the infiltration of
specific organs. Infiltration into these organs is influenced in part by circulation
process (Obenauf and Massagu?? 2015). In colorectal carcinoma, the
mesenteric circulation from the bowels and the permissiveness of the liver
capillary sinusoids are thought to favour liver metastasis (Paku et al. 2000; Lalor
et al. 2006). The second most frequent sites of metastasis are the lungs (K. R.
Hess et al. 2006). However, in addition to the influence of haematogenous
dynamics, colon carcinoma cells preferentially adhere to the liver and lung
endothelium, suggesting the existence of specific molecular interactions that
promote the retention of tumour cells in these organs (Schliiter et al. 2006). The

role of unique endothelial surface molecules as target sites for compatible

15



disseminating cancer cells has been shown in breast cancer cell lines
overexpressing the cell adhesion molecule metadherin. Indeed, in a mouse
model, Brown et al. demonstrated that metadherin specifically bound to the
pulmonary vasculature and enhanced lung metastasis (D. M. Brown and
Ruoslahti 2004).

Metastasis involves a series of sequential passages that include detachment of
cancer cells from the original tissue, intravasation into circulatory and lymphatic
systems, extravasation at distant capillary vessels, and invasion of distant organs
(Bacac and Stamenkovic 2008; Duffy, McGowan, and Gallagher 2008).
Metastatic cells also establish a microenvironment that facilitates angiogenesis
and proliferation, resulting in macroscopic, malignant secondary tumors.
Invasion of cancer cells into surrounding tissues and vasculature is one of the
first steps. For this process, a chemotactic migration of cancer cells involves
protrusive activity of the cell membrane and its attachment to the extracellular
matrix (H. Yamaguchi, Wyckoff, and Condeelis 2005). The loss of cell-cell
adhesion capacity allows malignant tumor cells to dissociate from the primary
tumor mass and changes in cell-matrix interaction enable the cells to invade the
surrounding stroma. This involves the secretion of substances to degrade the
basement membrane and extracellular matrix and also the
expression/suppression of proteins involved in the control of motility and
migration. Moreover, cancer cells adhesion to endothelium and subsqeuent
blood intravasation are key processes that preceed cell migration in the
circulatory system (Martin et al. 2013). Recent advances in in vitro, including
migration and adhesion assays, and in vivo studies have provided new insights
into the molecular mechanisms of cell protrusive activity and chemotactic

migration (H. Yamaguchi, Wyckoff, and Condeelis 2005). Various mechanisms
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that confer invasiveness, such as cellular motility and basement membrane
degradation, have been proposed to mediate cancer cell entry into the
circulation (Kedrin et al. 2007; G. F. Weber 2008). Also deregulated cytoskeletal
modifiers such as RHOC can specifically enhance metastatic dissemination (Clark
et al. 2000). Another example can be the aberrant expression of developmental
transcription factors that might trigger EMT, which can be associated with
cellular plasticity and invasion (Yang and Weinberg 2008).

For the metastatic invasion of cancer cells, the processes of angiogenesis and
limphangiogenesis are essential in order to supply nutrients, oxygen, and also
to remove waste products (Folkman 1971). The basement membrane is firstly
injured, therefore destruction and hypoxia occur. In a second moment,
endothelial cells activated by angiogenic factors migrate, and then endothelial
cells proliferate and stabilize. Finally, angiogenic factors contribute at
influencing the formation of new vessels. There are activator and inhibitor
molecules that regulate this process (Nishida et al. 2006). The new formed
vessels are not completely defined but present fenestrations that enhance
vasculature permeability, and moreover, the lymphatic tumour system is poorly
operational and macromolecules leaking from the blood vessels can accumulate
into the tumour site. This phenomenon is known as “enhanced permeability and
retention (EPR) effect” (Davis, Chen, and Shin 2008), and will be exploited in
nanomedicine in order to use nano-size particles for the delivery of drugs

directly into the tumour tissue.

Therapeutic approaches

Surgery is the first and the most effective treatment of localized primary tumor.

Surgery operates by zero-order kinetics, in which 100% of excised cells are killed.
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With the advent of radiation therapy in the 1920s and chemotherapy after the
1940s, cancer surgery has become conservative. In contrast to surgery,
chemotherapy and radiation therapy are only capable of killing a fraction of
tumor cells by each treatment. Both processes are complementary (Delaney et
al. 2005). Radiotherapy is responsible for 40% of cancer cure providing an
excellent cost-effectiveness ratio since it is responsible of only a 5% of the total
budged dedicated to cancer control in industrialized countries. The most
common use of radiotherapy is in combination with surgery and/or
chemotherapy. Preoperative radiotherapy is used in a limited number of
tumour locations such as rectal and oesophagueal carcinomas while
postoperative radiotherapy is used in many tumor sites including breast and
central nervous system tumors among others (Urruticoechea et al. 2010).
Chemoradiotherapy approaches have been shown to improve local control and
also micrometastatic disease. For almost a century, systemic therapy of cancer
has been dominated by the use of cytotoxic chemotherapeutics. Most of theses
drugs are DNA-damaging agents that are designed to kill or inhibit rapidly
dividing cells. They are often administered in single doses or short courses of
therapy at the highest doses possible without no life-threatening levels of
toxicity (Kerbel and Kamen 2004; Hanahan, Bergers, and Bergsland 2000). The
high doses of chemotherapics require an extended treatment-free period to
permit recovery of normal host cells, for example through the administration of
growth factors (Bailar and Gornik 1997).

In the last years, a lot of studies gave life to the era of ‘targeted therapy’. Indeed,
several new biotechnologycal drugs have been developed, directed to many
cancer targets in a selective and specific manner. Even if each cancer is expected

to have its own spectrum of mutations, some aberrations in signalling are
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present in many cancers. The new targets include growth factors, signalling
molecules, cell-cycle proteins, modulators of apoptosis and molecules that
promoted angiogenesis. Two main approaches have been proposed for use in
clinical practice of specific molecular targeting: therapeutic monoclonal
antibodies (mAbs) - that deplete the tumour of growth factors or block growth
factor- receptor interactions - and small agents that target various mechanisms
of transduction of the growth signal and its execution. These agents should be
metabolically stable, with a long half-life in model systems and in humans, well-
absorbed after oral administration, and should show a favourable toxicity
profile at biologically effective doses, with limited effects on bone marrow and
intestinal epithelium (Urruticoechea et al. 2010).

Among all developed mAbs, trastuzumab is a therapeutic mAb having received
regulatory approval for the treatment of breast cancer. It demonstrates high
affinity for the extracellular domain of ErbB2 and is a potent inhibitor of the
proliferation of breast cancer cells overexpressing ErbB2. HER-2/neu is a
receptor belonging to a family of four transmembrane receptor tyrosine kinases
that mediate cell growth, differentiation, and survival (Yarden and Sliwkowski
2001). HER- 2/neu-positive breast cancer is an aggressive type that has a high
rate of recurrence and short disease- free intervals after adjuvant
chemotherapy. The ErbB2 receptor is also an accessible extracellular target for
specific anticancer treatment. Trastuzumab promotes accelerated ErbB2
internalization and degradation, induces antibody-dependent cytotoxic
responses depending on the level of ErbB2 expression and inhibits the growth
of ErbB2- positive human tumor xenografts.

Among target inhibitors, imatinib is a moderately potent inhibitor of the kinase

BCR— ABL, the fusion protein product of a chromosomal translocation that is
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envolved in the pathogenesis of chronic myeloid leukaemia (CML), a clonal
hematopoietic stem cell disorder that accounts for 15-20% of all cases of
leukemia. Imatinib also inhibits the KIT tyrosine kinase and platelet derived
growth factor receptor- (PDGFR) tyrosine kinase. These latter effects have been
successfully exploited for therapy of gastrointestinal stromal tumours and the
hypereosinophilic syndrome, respectively. Another strategy is to inhibit tumour
angiogenesis, that is regulated by numerous pro-angiogenic factors such as
vascular endothelial growth factor (VEGF), angiopoietin, basic fibroblast growth
factor (bFGF), placenta-like growth factor (PIGF), platelet-derived growth factor
(PDGF), and IL-8, as well as the anti-angiogenic factors angiostatin, endostatin,
thrombospondin or a tissue inhibitor of metalloproteinase (TIMP). So far, VEGF-
o and its receptors are the best-characterized signalling pathways in
developmental angiogenesis (Folkman 1971; Holash et al. 1999; Hurwitz et al.
2004). VEGF-a binds to two receptor tyrosine kinases (RTK), VEGFR-1 (Flt-1) and
VEGFR-2 (KDR, Flk-1). It is now generally agreed that VEGFR-2 is the major
mediator of the mitogenic, angiogenic and permeability-enhancing effects of
VEGF-a. Different pharmacological inhibitors have been designed to specifically
block angiogenesis, such as bevacizumab (a specific blocking VEGF-a antibody),
but they must be used in association with other anticancer drugs, since in
monotherapy they reported to be inefficient in the majority of cases.

Moreover, in the last years, another emerging strategy in the treament of
cancer is constituted by gene therapy, that implies procedures intended to treat
or alleviate a disease by genetically modifying the cell of a patient (Strachan
1999). The material to be transferred into patient cells may be genes, gene
segments, or oligonucleotides. Once the transgene enters a cancer cell, it can
then assist in its death or restore normal cellular functions, whereas for normal
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cells, the transgene can protect them from drug-induced toxicities, or activate
an immune cell to get rid of the cancer cell. Gene and vector-based molecular
therapies for cancer comprise a wide range of treatment modalities to modify
cancer cells, normal cells, and/or a tumor microenvironment (Weichselbaum
and Kufe 1997; Amer 2014).

However, the spread of malignant tumors to distant body sites frequently
makes them resistant to such localized treatment. Relapse following systemic
treatments might be due to cell-intrinsic mechanisms such as genetic alterations
that confer drug resistance following a period of therapeutic response. For
example, lung adenocarcinomas with epidermal growth factor receptor (EGFR)
mutations respond to EGFR kinase inhibitors but frequently relapse owing to
secondary EGFR mutations that confer resistance (Sharma et al. 2007). Certain
mechanisms of drug resistance might simultaneously render the tumour more
competent for metastasis.

Althought several therapies might select for specific metastatic traits, however
aggressive metastatic cells could also emerge independently of intervention and
be intrinsically resistant to subsequent treatment. This might be particularly
relevant in rapidly progressing tumour types, such as lung cancer and metastatic
melanoma.

Another approach for finding a different way to reach and destroy the tumour
can be achieved by investigating new messengers that can be present not only
in cancer cells but also in the tumour microenviroment and which may play
important functions in cancer progression. For example, panitumumab is a fully
humanized I1gG2 mAb that binds to extracellular domain of the EGFR of tumor
and normal cells with high affinity. By competing with endogenous ligand

binding, this mAb inhibits receptor phosphorylation and activation of EGFR
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associated cell signaling, with antitumor effects of inhibition of tumor growth,
induction of apoptosis and inhibition of angiogenesis in colorectal cancer
(Hocking and Price 2014).

Other promising and active areas for the realization of new therapeutic
strategies is the modulation of the immune response with biologics, an
approach called “immunotherapy”. In fact, the immunitary system is
perturbated in cancer and its activation to target and eliminate malignancies is
recognized as one of the most promising directions for cancer therapy. For
example, ipilimumab is the first-in-class immunotherapeutic drug (targeting
CTLA-4) that received FDA approval for the treatment of metastatic melanoma
in 2011 (Ramagopal et al. 2017).

Although great strides have been made in antibody engineering and target
cancer therapy, there are some limitations on the use of these new drugs. The
major challenge is that among cancer patients there is a wide variability in terms
of some expressed proteins and targets. Even if many cancers may look the
same, not all patients express the same antigen against which a specific mAb or
cancer vaccine is targeted. In general, response rates to targeted therapy
appear to be around 25% (Coulson, Levy, and Gossell-Williams 2014). Moreover,
tumour cells can accumulate mutations during the course of the disease, and
thereby their antigens at which the therapy is directed can change becoming no
longer recognized. In order to optimize this type of therapy, it will be necessary
to identify each subgroup of patients with a specific cancer and develop
therapies targeted to, or directed specifically at, their individual cancers (Cel-
Sci, n.d.).

Concerning side effects related to the use of new biological drugs, they result to

be milder compared with conventional chemotherapy, while conjugated mAbs
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precipitate severe adverse effects (Hansel et al. 2010). These adverse effects are
commonly related to the antigens they target and the intravenous route of
administration. Other common adverse effects are chills, weakness, headache,
nausea, vomiting, diarrhoea, hypotension and rashes.

Finally, although great strides have been made in antibody engineering and
target cancer therapy, production cost is estimated at twice that required for
conventional drugs (Craik et al. 2013). Production requires the use of very large
cultures of cells, which are expensive to maintain, primarily as a consequence
of high turnover of disposables, such as media, and the continuous requirement
for sophisticated purification steps to ensure clinical quality (Farid 2007).
Thereby, the cost to the users is restrictive. Moreover, while the introduction of
substitutes (generics) for innovator brands of drug molecules provides cost
savings of 80% to USA medical expense, no such benefit occurs with the
biological substitutes (biosimilars), where the savings amounts to 30% at best
(Walsh 2014; Chow 2013).

To date, conventional chemotherapeutic drugs still remain important for cancer
treatment, eventually for second line therapy, since their major limitations, such
as acquisition of drug resistance and patient relapse, still exist with currently
marketed biological drugs, such as mAbs and TKIs. As a consequence, the future
success of targeted cancer therapeutics will be also dependent on overcoming
these obstacles.

In the last years, a strategy emerging as a goal for cancer therapy, is to improve
the characteristics of ‘old” drugs of well known efficacy but related high toxicity.
Several many chemotherapeutic drugs present problems due to some intrinsic
characteristics of the molecule, such as low instability and insolubility, and lack

of specificity towards cancer cells. Moreover, as before reported, cancer cells
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develop a high resistance against most potent anticancer drugs during the
course of the disease. Therefore, an increasing dose of the drug is required to
obtain a therapeutic effect, but it can lead to a high cytotoxicity towards normal
cells. The problem of toxicity considerably limits the usage of many
chemotherapeutic agents. Among several approaches developed with the aim
to overcome these limitations, nano-drug delivery has been achieving lots of
interest. Nanoparticles able to incorporate hydrophilic and lipophilic drugs are
being largely characterized in their different form. These formluations allow a
prolonged and controlled drug release directly into the tumour tissue in a
specific way, thanks to enhanced permeability retention (EPR) effect, and thus
lower doses of drugs can be employed (Davis, Chen, and Shin 2008). As a
consequence, toxicity can be strongly reduced by using these systems.

In conclusion, many approaches can be used for overcoming major limitations
of conventional therapies, and however also target therapy used alone can
present some problems. As a consequence, the goal in cancer treatment is to
develop multiple strategies to block cancer progression by acting on different

ways and pathways.
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NANO-DRUG DELIVERY
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Nano-drug delivery in cancer

Since last century, nanotechnology is an explored field of research that deals
with interactions between molecules, cells and engineered substances such as
molecular fragments, atoms and molecules (Khan, Saeed, and Khan 2017).
Nanotechnology has given rise to nanomedicine, among other applications
including those associated with physics, biochemistry, and biotechnology, in
order to create molecular devices that can facilitate therapeutic and diagnostic
procedures on the nanoscale. Thereby, applications of nanotechnology have
achieved lots of interest in various fields for different approaches. In terms of
size details, the National Nanotechnology Initiative (NNI) defines
nanotechnology in dimensions of roughly 1 to 100 nanometers (nm) and
particles that fall within this range appear to be optimal nano-carriers, able to
exert functions such as alter drug’s reactivity, strength, electrical properties,
and its behavior in vivo (Bharali et al. 2009).

The vasculature in tumors is known to be leaky to macromolecules. Moreover,
as reported before, entities in the order of hundreds of nanometer in size can
leak out of the blood vessels and accumulate within tumours, thanks to EPR
effect (Davis, Chen, and Shin 2008). Long circulating macromolecular carriers
can take advantage of this phenomenon for preferential extravasation from
tumor vessels. Therefore, well designed NP in the 50-350nm size range and with
a surface charge either slightly positive or negative should have accessibility to
disseminated tumours when dosed into the circulatory system (Hu-Lieskovan et
al. 2005). As a consequence, NPs have been proposed as carriers for the delivery
of many drugs. Indeed, conventional preparations like solutions, suspensions or
emulsions suffer from certain limitations like high dose and low availability,
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intolerance, instability, and they exhibit fluctuations in plasma drug levels not
providing sustained effect, therefore nanoparticles can constitute an optimal
system for overcoming these problems. The key advantages for nanoparticles
use are: (1) improved bioavailability by enhancing aqueous solubility, (2)
increasing time action profile in the body and (3) targeting drug to specific sites
(Mudshinge et al. 2011). This results in concomitant reduction in quantity of the
drug required and thereby toxicity, enabling the safe delivery of toxic
therapeutic drugs and protection of non target tissues and cells from severe side
effects (Irving 2007).

Rising research and development costs, alternative investment opportunities
for drug firms, fewer firms conducting pharmaceutical research, and erosion of
effective patent life have resulted in a decline in the introduction of new
chemical drugs since the late 1950s (Tiwari et al. 2012). So, there is great
interest in developing new nanodelivery systems for drugs that are already on
the market, especially for cancer therapy. Indeed, the pharmacokinetic and
pharmacodinamic properties of chemotherapeutic drugs are already known,
and this will lower the research costs.

By using nanotechnology in drug design and delivery, researchers are trying to
make nanomedicine able to deliver the drug to the target tissue, release the
drug at a controlled rate, being a safe and biodegradable system able to escape

from degradation processes of the body (Bharali et al. 2009).
Among all developed and characterized nanoparticles carrying drugs, Doxil” and

Abraxane® are two well known US Food and Drug Administration (FDA)-

approved nanoformulations currently available on market for cancer treatment.

Doxil® is a long circulating liposomal formulation of doxorubicin (DOX), which
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has shown to be significantly more efficient than free DOX (MARTIN 1998;
Nishiyama and Kataoka 2006; J. W. Park 2002). Liposomal anthracyclines
constitute an efficient system able to exert a significant anticancer activity with
reduced cardiotoxicity. After extravasation into tumor tissue, liposomes remain
within tumor stroma as a drug-loaded depot, releasing the drug into the tumor
cells. However, they present some limitations such as fixed functionality after
synthesis and lack of colloidal stability (Adair et al. 2010). Therefore, some
strategies were proposed for improving liposome formulations. In the case of
DOX, pegylated DOX was developed as a version with greatly prolonged
circulation. Pegylated DOX showed substantial efficacy in breast cancer
treatment as monotherapy, but also in combination with other
chemotherapeutics. Additional liposome constructs have been developed for
the delivery of other drugs. The next generation of delivery systems will include
other ligand-directed constructs directed against the tumor tissue in a very

specific way (Krishna and Pandit 1996).

® . . . . .
Abraxane is used in the treatment for metastatic breast cancer, is an albumin-

bound nanoparticle formulation of paclitaxel (Sparreboom et al. 2005;

Gradishar et al. 2005; Moreno-Aspitia and Perez 2005). Abraxane” for injectable
suspension overcomes the limits associated with Cremophor EL, the

traditionally used solvent to reduce the low aqueous solubility of paclitaxel, but

. b . ®.
its use causes adverse effects, such hypersensitivity reaction. Abraxane is able
to convert insoluble or poorly soluble drugs, avoiding the need for toxic organic
solvents. However, some adverse effects, such as alopecia, neurotoxicity and

granulocytopenia, even if at low grade if compared to free paclitaxel, can occur

also with Abraxane® treatment (M. R. Green et al. 2006). In order to overcome
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these limits and also high costs of these drugs, new systems can be developed

and studied.

Functionalized nanoparticles

The ideal nanoparticle-based system should be able to specifically target
pathologic tissues, in order to minimize off-target effects of the active
therapeutic agents on healthy tissues. Nanoparticles can be targeted to cancer
cells surfaces that overexpress small molecules, peptides, proteins or
antibodies. A lot of studies have developed for conjugating ligands, which
recognize cell surface components typical of dysplastic and pathologic tissues,
to nanoparticle surfaces. These ligands are constituted by: small molecules,
polypeptide-based peptides, protein domains, antibodies, and nucleic acid-
based aptamer (Tiwari et al. 2012). Each ligand class displays particular
advantages, disadvantages, unique attributes, and conjugation strategies
(Friedman, Claypool, and Liu 2013).

The addition of ligands can also play a vital role in the ultimate location of the
nanoparticle. These molecules enable nanoparticles to bind to cell-surface
receptors and enter cells by receptor-mediated endocytosis. Moreover, recent
works comparing non-targeted and targeted nanoparticles have demonstrated
that the primary role of the targeting ligands is to enhance cellular uptake into
cancer cells rather than increasing the accumulation in the tumour (Kirpotin et
al. 2006).

Early clinical results have also reported that functionalization of nanoparticles
with specific recognition chemical entities not only enhances their efficacy, but
also simultaneously reduces side effects, due to the targeted localization in the

tumors and the active cellular uptake (Subbiah, Veerapandian, and S. Yun 2010).
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Drug resistance and nanoparticles

One of the main problems of chemotherapy is the frequent development of
cancer chemoresistance. A number of mechanisms were studied to be
responsible for chemoresistance or poor response to chemotherapeutic drugs.
The best investigated mechanism of resistance is mediated by alteration in the
drug efflux proteins responsible for the removal of many commonly used
anticancer drugs and it is called “multidrug resistance” (MDR) (Tiwari et al.
2012). Physiological barriers or alterations in the biological and biochemical
characteristics of cancer cells are responsible for MDR. In the first case, the
poorly vascularized tumor regions greatly reduce drug access to the tumor
tissues and so protect tumour cells from drug-induced cytotoxicity. In the
second case, resistance can be caused by cellular mechanisms, such as
alteration of specific enzyme system for drug metabolism, reduction of
apoptotic activity, induction of the cellular repair system, mutation of the drug
target, or increasing drug efflux in tumour cells (Davis, Chen, and Shin 2008).
Nanoparticles can overcome chemoresistance prolonging drug systemic
circulation lifetime, inducing an accumulation in tumour tissue and allowing a
stimuli-responsive drug release. Furthermore, they induce an endocytic uptake
of drugs, escaping the drug efflux proteins, and also permit the co-delivery of

chemo-sensitizing agents (Jack Hu and Zhang 2009).

Toxicity of nanoparticles

When evaluating the potential of nanoparticles for in vivo applications, toxicity
of these systems is a crucial factor to be considered. Size, concentration,
geometry and surface composition can be responsible for nanoparticles toxicity.

Moreover, they can contain toxic elements, such as cadmium and selenium, that
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can lead to unpredictable damage.

The greater surface area to volume ratio of nanoparticles can cause their higher
chemical reactivity resulting in increased production of reactive oxygen species
(ROS). Indeed, the nanoparticles surface area is a key factor in their intrinsic
toxicity because of the interaction of their surfaces with biological system (Fard
et al. 2015).

ROS formation is one of the mechanisms of nanoparticles toxicity which could
cause oxidative stress, inflammation and consequent damage to proteins, cell
membrane and DNA. Therefore, in vitro and in vivo assessment of nanoparticles
toxicity is necessary during the study of nano-drug delivery.

Cytotoxicity assays of nanoparticles

Cytotoxicity assays are classified as in vivo and in vitro tests. In vivo toxicity
assays (cell-based assay) are time-consuming and expensive and involve ethical
issues, while in vitro toxicity tests (cell cultured-based assay) are faster,
convenient, less expensive and free of any ethical issues. Due to these
advantages, in vitro assays are the first choice for toxicity assessment of most
nanomaterials (Mahmoudi et al. 2012).

In vitro methods include approaches for assessment of integrity of the cell
membrane and the metabolic activity of viable cells. Evaluation of cell
membrane integrity is one of the most common approaches to measure cell
viability. It is based on the leakage of substances such as lactate dehydrogenase
(LDH) that normally reside inside cells to the external environment and the
measurement of LDH activity in the extracellular media. Alternatively,
membrane integrity can be determined by penetration of dyes such as trypan
blue and neutral red into the damaged cells and staining intracellular

components. These dyes cannot enter living cells. Metabolic activity of viable
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cells could be determined through colorimetric assays, such as the MTT and MTS
assays (Fischer et al. 2010; Rabolli et al. 2010; Kumbicak et al. 2014; Fotakis and
Timbrell 2006).

Bioluminescent methods including methods using luciferase, which catalyzes
the formation of light from adenosine triphosphate (ATP), are also commonly
used as cell viability assays in which the number of surviving cells is determined
by measuring the uptake and accumulation of neutral red dye and trypan blue
after exposure to the toxic (Crouch et al. 1993; Schiewe and et Al. 1985; Benton
et al. 1995). Among in vitro methods, LDH, MTT and MTS assay are most widely
used for assessment of nanoparticles cytotoxicity. Another evaluation that
needs to be performed in vitro is the hemolytic activity assession on
erythrocytes.

Furthermore, it is always necessary to evaluate in vivo if NPs accumulate into
healthy organs and tissues generating degradation products that may damage

the involved sites.
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Types of nanoparticles

Several types of nanoparticles, characterized by different sizes, shapes and
materials, and with various chemical and surface properties, were developed.
The field of nanotechnology is under constant and rapid growth and among new

formulations, the classes of most used nanoparticles are listed below.

Liposomes

Liposomes are phospholipid vesicles (dimension of 50-100nm and even larger)
that have a bilayered membrane structure, similar to that of biological
membranes, together with an internal acqueous phase (Pizzimenti et al. 2016).
Phospholipids are GRAS (Generally Recognised As Safe) ingredients, therefore
minimizing the potential for adverse effects. Solutes, such as drugs, in the core
cannot pass through the hydrophobic bilayer however hydrophobic molecules
can be absorbed into the bilayer, enabling the liposome to carry both
hydrophilic and hydrophobic molecules. The lipid bilayer of liposomes can fuse
with other bilayers such as the cell membrane, which promotes release of its
contents, making them useful for drug delivery and cosmetic delivery
applications. Liposomes that have vesicles in the range of nanometers are also
called nanoliposomes (Liangfang Zhang and Granick 2006; Cevc 1996).
Liposomes can have either a single layer (unilamellar) or multiple phospholipid
bilayer membranes (multilamellar) structure. Unilamellar vesicles (ULVs) are
further classified into small unilamellar vesicles (SUVs) and large unilamellar
vesicles (LUVs) depending on their size range (Vemuri and Rhodes 1995). To
escape from reticuloendothelial system (RES) uptake after IV injection,

PEGylated liposomes, “stealth liposomes”, were developed for reducing
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clearance and prolonging circulation half-life (Li Zhang and Zhang 2013).
Liposomes show excellent circulation, penetration, and diffusion properties.
The possibility to link the liposomes surface with ligands and/or polymers
increases significantly the drug delivery specificity (Torchilin 2005). The next
generation of drug carriers under development features direct molecular
targeting of cancer cells via antibody or other ligand mediated interactions.
Currently, several liposomal formulations in the clinical practice contain several
drugs for the treating of ovarianc cancer, AlDS-related Kaposi’s sarcoma,
multiple myeloma, lymphoma, etc (Slingerland, Guchelaar, and Gelderblom

2012; Pizzimenti et al. 2016).

Gold NPs

Gold NPs (1-150nm) represent another kind of inorganic metal particle used in
targeting tumours. They can be prepared with different geometries, such as
nanospheres, nanoshells, nanorods, or nanocages. The advantages of these
particles are their ease of preparation in a range of sizes, good biocompatibility,
ease of functionality, and ability to conjugate with other biomolecules, without
altering their biological properties (Sonavane, Tomoda, and Makino 2008). Gold
NPs with diameters <50nm have been shown to cross the BBB. They can be used
to sensitize cells and tissue for treatment regimens (Nazir et al. 2014), and to
monitor and guide surgical procedures (Jokerst and Gambhir 2011). Different
types of drugs, including proteins and DNA as well as smaller drug molecules,
have been linked to the surface chemistry of gold NPs, inducing a therapeutic
effect in several types of tumors, including melanoma. They are also excellent
labels for biosensors, because they can be detected by numerous techniques,
such as optical absorption, fluorescence and electric conductivity (Huang et al.
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2007). The use of the confocal reflectance microscope with antibody-
conjugated gold NPs has made the development of highly sensitive cancer
imaging possible (Kimling et al. 2006). Furthermore, they are not toxic and
biocompatible. In fact, they do not elicit any allergic or immune response (Pan

et al. 2007; Pizzimenti et al. 2016).

Quantum dots (QD)

The quantum dots are semiconductor nanocrystals and core-shell nanocrystals
containing interface between different semiconductor materials. The size of
guantum dots can be continuously tuned from 2 to 10nm, which, after polymer
encapsulation, generally increases to 5-20nm in diameter. Particles smaller
than 5nm are quickly cleared by renal filtration (Choi et al. 2007).
Semiconductor nanocrystals have unique and fascinating optical properties,
become an indispensable tool in biomedical research, especially for
multiplexed, quantitative and long-term fluorescence imaging and detection
(Michalet et al. 2005; Medintz et al. 2005; Alivisatos 2004; Smith et al. 2006).
QD core can serve as the structural scaffold, and the imaging contrast agent and
small molecule hydrophobic drugs can be embedded between the inorganic
core and the amphiphilic polymer coating layer. Hydrophilic therapeutic agents
including small interfering RNA (siRNA) and antisense oligodeoxynucleotide
(ODN) and targeting biomolecules such as antibodies, peptides and aptamers
can be immobilized onto the hydrophilic side of the amphiphilic polymer via
either covalent or non-covalent bonds. This fully integrated nanostructure will
not only identify, but bind to diseased cells and treat it. It will also emit

detectable signals for real-time monitoring of its trajectory (Qi and Gao 2008).
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These benefits enable applications of QDs in medical imaging and disease

detection.

Superparamagnetic nanoparticles

Various multistimuli-responsive polymeric matrix system loaded with magnetic
NPs have been developed to control the behaviour of nanosystems. In
particular, it is possible to trigger drug release in complex luminescent/magnetic
nanosystems under magnetic guidance and near-infrared irradiation in vivo
(Baldi et al. 2014). Nanoparticles of iron oxide with diameters in the 5-100nm
range have been used for selective magnetic bioseparations. Typical techniques
involve the coating of particles with antibodies to cell-specific antigens, for
separation from the surrounding matrix. The main advantages of
superparamagnetic nanoparticles are that they can be visualized in magnetic
resonance imaging (MRI) due to their paramagnetic properties (Irving 2007).
Superparamagnetic nanoparticles belong to the class of inorganic based
particles having an iron oxide core coated by either inorganic (silica, gold) and
organic (phospholipids, fatty acids, polysaccharides, peptides or other
surfactants and polymers) materials (Gupta and Curtis 2004; Babic et al. 2008;
Euliss et al. 2003). In contrast to other nanoparticles, superparamagnetic
nanoparticles based on their inducible magnetization, and their magnetic
properties allow them to be directed to a defined location or heated in the
presence of an externally applied magnetic field. These characteristics make
them attractive for many applications, ranging from agents for MRI drug
delivery systems, magnetic hyperthermia (local heat source in the case of tumor
therapy), and magnetically assisted transfection of cells (Hordk et al. 2005;

Gupta and Gupta 2005; Jordan et al. 2001; Neuberger et al. 2005)
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Dendrimers

Dendrimers are a unique class of repeatedly branched polymeric
macromolecules with a nearly perfect 3D geometric pattern. The structure of
dendrimers consists of three distinct architectural regions: 1) a core; 2) layers of
branched repeat units emerging from the core; 3) functional end groups on the
outer layer of repeat units. They are known to be robust three dimensional
structures possessing both a solvent-filled interior core (nanoscale container) as
well as a homogenous, mathematically defined, exterior surface functionality
(Grayson and Fréchet 2001; Svenson and Tomalia 2012). Dendrimeric vectors
are most commonly used as parenteral injections, either directly into the tumor
tissue or intravenously for systemic delivery (Tomalia, Reyna, and Svenson
2007). There are several potential applications of dendrimers in the field of
imaging, drug delivery, gene transfection and non-viral gene transfer. They have
been extensively studied in the area of therapeutics and diagnostics for cancer
as well as photodynamic therapy (Wolinsky and Grinstaff 2008), boron neutron
capture therapy (Barth et al. 2005), and hypertermia therapies using gold NPs
(Shi et al. 2007). Their surface can be engineered with a variety of
functionalities, enhancing their biocompatibility and biodegradability for
widespread biomedical applications (Kievit and Zhang 2011; Pizzimenti et al.

2016).

Solid lipid nanoparticles (SLNs)

SLNs mainly comprise lipids that are in solid phase at the room temperature and
surfactants for emulsification, the mean diameters of which range from 50nm
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to 1000nm for colloid drug delivery applications (zur Mihlen, Schwarz, and
Mehnert 1998). SLNs offer unique properties such as small size, large surface
area, high drug loading, the interaction of phases at the interfaces, and are
attractive for their potential to improve performance of pharmaceuticals,
neutraceuticals and other materials (Roberta Cavalli et al. 2002). SLNs present a
high physical stability, they can protect the drugs agaisnt degradation, and they
allow an easy control of the drug release. The preparation of SLNs does not
require the use of organic solvents. They are biodegradable, biocompatible, and
have low toxicity. In addition, the production and sterilization on a large scale
are rather easy (Yano et al. 2004). Solid lipids utilized in SLN formulations include
fatty acids (e.g. palmitic acid, decanoic acid, and behenic acid), triglycerides (e.g.
trilaurin, trimyristin, and tripalmitin), steroids (e.g. cholesterol), partial
glycerides (e.g. glyceryl monostearate and gylceryl behenate) and waxes (e.g.
acetyl palmitate). Several types of surfactants are commonly used as emulsifiers
to stabilize lipid dispersion, including soybean lecithin, phosphatidylcholine,
poloxamer 188, sodium cholate, and sodium glycocholate (L Zhang et al. 2010).
Advantages of these solid lipid nanoparticles (SLN) are the use of physiological
lipids, the avoidance of organic solvents in the preparation process, and a wide
potential application spectrum (dermal, oral, intravenous). Additionally, they
improve bioavailability, protect sensitive drug molecules from the environment
(water, light) and induce a controlled and/or targeted drug release (Mader and
Mehnert 2001; Miiller, Radtke, and Wissing 2002; Miiller, Mader, and Gohla
2000). Moreover, SLNs improve stability of pharmaceuticals, and are able to
carry both lipophilic and hydrophilic drugs and most lipids being biodegradable
(Mdller, Radtke, and Wissing 2002; Jenning et al. 2000). Among many examples

of formulations, SLNs containing docetaxel showed to improve the efficacy of
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this chemotherapeutic agent in colorectal (C-26) and malignant melanoma
(A375) cell lines in in vitro and in vivo experiments (Mosallaei et al. 2013).
Cholesteryl butyrate SLNs have shown to inhibit tumour cell migration, human
umbelical vein endothelial cells’ adhesiveness to cancer cell lines derived from
human colon-rectum, breast, prostate cancers, and melanoma (R Minelli et al.
2012). Furthermore, this formulation demonstrated a complete inhibition of
lung metastasis formation in an in vivo model of prostate cancer (R Minelli et al.

2013).

CD-NSs

Cylodextrins (CDs) are truncated cone-shaped cyclic oligosaccharides composed
of glucopyranose units arranged around a slightly hydrophobic cavity, which can
incorporate guest molecules through the formation of inclusion complexes.
These nano-sized cavities make CDs suitable building blocks for organic
nanosystems (Duchéne 2011). Reactive hydroxyl groups oriented towards the
exterior side of CDs allow them to act as polyfunctional monomers, able to be
cross-linked using a wide variety of bi- or polyfunctional chemicals, such as
dianhydrides, diisocyanates, active carbonyl compounds, epoxides, carboxylic
acids, etc. CDs, owing to its typical toroidal structure of inner hydrophobic and
outer hydrophilic orientation, present a unique opportunity for the drug
molecules to interact and complex. They are widely used in the pharmaceutical,
food, textile, and home-based consumer products. However, native CDs
typically do not form viable complexes with hydrophilic molecules, or
macromolecules, and most commonly used CD form, B-CD, has poor water
solubility which limits their complexation ability. Moreover, B-CD cannot be
injected intravenously as they are known to complex with cholesterol, thereby
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leading to nephrotoxicity (Swaminathan, Cavalli, and Trotta 2016).

To overcome these potential problems of native CDs, they have been cross-
linked in three-dimensional structures to form nanosponges (NSs) (Trotta,
Zanetti, and Cavalli 2012). Trotta and collaborators first published proof of
concept NSs results with model drug (Roberta Cavalli, Trotta, and Tumiatti
2006). Final characteristic properties of CD-NSs are strongly influenced by the
nature of the cross-linker used and degree of cross-linking taking place (Trotta
2011). In general, CD-NSs are able to form complexes with a wider series of
molecules. This is due to the presence of interstitial spaces among CDs, which
can host more hydrophilic guests. Moreover, the polymer network that
surrounds the cavities hampers the diffusion of entrapped guest molecules,
thereby promoting slower release kinetics. No less important is the fact that NSs
are insoluble, hence they can be easily recovered from agqueous media and
recycled (Caldera et al. 2017).

NS-based systems have emerged as one of the leading polymeric carriers based
on CDs to be explored recently as seen from the explosion in the number of
research and review articles (Trotta, Zanetti, and Cavalli 2012; Ahmed, Patil, and
Zaheer 2013; Trotta et al. 2014). Indeed, a recent EU report highlighted the use
of CD NSs as a promising innovative system for drug delivery applications
(“Nanotechnology in Therapeutics,” n.d.).

Figure 1 presents a schematic structure of NS.

The application of CD-NSs in several scientific and technological fields, including
chemistry, agriculture, environment, food, cosmetics, has been widely explored.
Moreover, CDs are widely recognized and used in several pharmaceutical
products, and enjoy a ‘generally regarded as safe (GRAS)’ status, therefore, NSs

presents a promising carrier also in terms of future regulatory approvals of drug
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products.

NSs are thermally stable up to 300 °C and autoclave-compliant, thereby allowing
a feasible sterilization of the product. X-ray powder diffraction (XRD) coupled
with high resolution transmission electron microscopy (TEM) confirmed the
presence of the hexagonal geometry of CD in NSs, which was also used to tease
apart the crystalline and paracrystalline forms of NSs. In most studies, the
particle sizes obtained range between 200 and 500nm, with a low polydispersity
index (Pl). The conventional NS has a negative surface charge, in the order of
-20 to -40 mV zeta potential, thereby lending stability to the nanosuspension.
NSs were found to be stable releasing a small amount of free CD molecules at
60 °C after 2 h in acidic conditions. However, it remained intact in basic
conditions. Dynamic vapor absorption studies demonstrated that NSs retained
their crystal structure after several programmed cycles of absorption and
desorption (Trotta 2011). Further, the elastic properties of NSs were
demonstrated by analysis of the spectral modification of the Boson peak and
Brillouin frequency (Rossi et al. 2012).

Extensive in vitro cell line toxicity (evaluated on MCF-7, HT-29, Vero, HCPC-I cell
lines), hemolytic activity assessment, and preclinical safety/toxicity assessments
were performed on NSs (Trotta, Zanetti, and Cavalli 2012; Swaminathan et al.
2010; Trotta et al. 2014; Shende et al. 2015). Hemolytic activity revealed the
nonhemolytic/blood compatible nature of NSs. Also in their preliminary in vivo
studies, Swaminatha and Vavia (Vavia PR, Swaminathan S., Trotta F 2006)
showed that NSs did not display any apparent sign of toxicity in mice via oral
administration. Subsequently, Shende et al. (Shende et al. 2015) carried out
acute and repeated dose toxicity studies on rats, that reported a lack of toxicity

with NSs.
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In vivo studies also pointed out that NSs did not accumulate into healthy organs,

further demonstrating the safe nature of NSs.

(o
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Pyromellitic dianhydride

Figure 1: Schematic structure of cyclodextrin nanosponge.
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Solid lipid nanoparticles carrying
temozolomide for melanoma treatment

Background: Temozolomide (TMZ) is an alkylating agent used as anticancer
drug, used for the treatment of glioblastoma and malignant melanoma in order
to prevent brain metastasis. At neutral pH, TMZ is hydrolyzed spontaneously to
its active metabolite (MTIC), which quickly turns into its reactive form able to
generate the DNA damage. This activation of TMZ leads to drug instability and
rapid clearance, thereby causing accumulation of MTIC in non target tissues.
Therefore, an increase in TMZ dosage must be necessary to achieve therapeutic
effect, but the derived side effects limit its use in clinical application and lead to
the development of new therapeutic approaches.

Aim: The aim of this work was to study a new system for the delivery of TMZ,
based on solid lipid nanoparticles (SLN) that are biocompatible and able to
incorporate drugs.

Methods: TMZ-C12 loaded SLN were obtained through fatty acid coacervation,
an approach used to allow a more controlled hydrolysis of TMZ that occurs at
neutral pH. The effects of TMZ-C12 loaded SLN were evaluated on the
progression of melanoma in vitro, using MTT and clonogenic assay to assess cell
proliferation and using tubuly-forming test for evaluating angiogenesis. For the
in vivo evaluation, C57BL6/J mice were injected with B16F10 cells and ten days
after melanoma induction they were i.v. treated for two weeks with empty SLN,
free TMZ or TMZ-C12 loaded SLN.

Results: SLN showed to be safe and biocompatible, since they did not display a
cytotoxic effect on human lymphocytes. Results obtained on human (A2058 and

M14) and mouse (B16F10) melanoma cell viability, revealed that TMZ-C12
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loaded SLN were able to exert a significant higher inhibition of proliferation
(50% at 50 and 25ug/ml; 30% at 10ug/ml; 15% at 5ug/ml) than free TMZ (30%,
15% and 5%, respectively). Moreover, results obtained on angiogenesis
reported an inhibition of tube formation exerted by TMZ-C12 loaded SLN at
concentration 25, 10 and 1ug/ml, while free TMZ evinced an inhibition only at
the concentration 25ug/ml. Concerning in vivo evaluation, TMZ-C12 loaded SLN
reported great evidence of efficacy, since they were able to reduce tumor
growth and neo-angiogenesis, compared to free TMZ (57% of tumour volume
reduction vs 17%; 45% vs 23% of tumour weight reduction), as afterwards
demonstrated by histological and immunohistochemical evaluation.

Conclusion: Promising obtained results allow to hypothesize that an innovative
system based on SLN could be a great strategy for the delivery of TMZ, allowing
an increased stability of the drug and thereby its employment for the second

line treatment of aggressive melanoma.
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Abstract: Aim: To develop an innovative delivery system for temozolomide (TMZ) in solid lipid
nanoparticles (SLN), which has been preliminarily investigated for the treatment of melanoma.
Materials and Methods: SLN-TMZ was obtained through fatty acid coacervation. Its pharmacological
effects were assessed and compared with free TMZ in in vitro and in vivo models of melanoma and
glioblastoma. Results: Compared to the standard free TMZ, SLN-TMZ exerted larger effects, when
cell proliferation of melanoma cells, and neoangiogeneis were evaluated. SLN-TMZ also inhibited
growth and vascularization of B16-F10 melanoma in C57/BL6 mice, without apparent toxic effects.
Conclusion: SLN could be a promising strategy for the delivery of TMZ, allowing an increased
stability of the drug and thereby its employment in the treatment of aggressive malignacies.

Keywords: SLN; melanoma; temozolomide

1. Introduction

Temozolomide (TMZ) is an imidazotetrazine anticancer drug (194 MW) endowed with
an interesting profile. The presence of three adjacent nitrogen atoms in the heterocyclic ring, confers to
this compound unique physical-chemical properties, as well as a remarkable antitumour activity [1].

TMZ is not affected by the acid pH of the stomach and is rapidly absorbed by the
gastro-intestinal tract. However, in the blood and other tissues, it is first hydrolyzed to
5-(3-dimethyl-1-triazenyl) imidazole-4-carboxamide (MTIC), which is then quickly converted into its
reactive form, the methyl-diazonium ion [2]. The methyldiazonium ion formed by the breakdown
of MTIC primarily methylates guanine residues in the DNA molecule, resulting in the formation of
06- and N7-methylguanines (Figure 1). Initially, it was speculated that the first step of this activation
process could be promoted by the specific local microenvironment conditions found in the major loop of
the DNA helix. However, this hypothesis was difficult to be confirmed, and now it is believed that TMZ
turns into MTIC even in in the absence of DNA [3-5]. Furthermore, the similarity between the half-life
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of TMZ in phosphate buffer pH 7.4 and in plasma from patients undergoing i.v. or oral administration
indicates that the transformation TMZ — MTIC is a spontaneous and pH-dependent reaction, which
occurs without the involvement of any catalysis by enzymes or other macromolecules [6]. The absence
of any hepatic involvement in the activation process of TMZ may contribute to its high reproducibility
pharmacokinetics, regardless of interpersonal variations in hepatic conversion rate [7].
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Figure 1. Scheme of TMZ ring opening. methydiazoniumion

The spontaneous and rapid activation, is however an unwanted change of this drug, with relevant
consequences. Indeed, an intense dosage is required to gain therapeutic efficacy of TMZ. Moreover,
it has been associated to the accumulation of MTIC in off-target tissues, and the occurrence of several
side effects, such as myelosuppression, liver, heart and pulmonary toxicity [8].

The development of resistance to TMZ, that can decrease its efficacy towards tumour cells, can also
affect the therapeutic potential of this agent. The O6-alkylguanine-trasferase (AGT) repairing enzyme
and the mismatch repair system (MMR) are involved in the molecular processes underlying resistance
to TMZ Moreover, it is well known that patients with hyper-methylated AGT promoter are more
sensitive to TMZ chemotherapy; it is also reported, however, that TMZ is able to deplete the levels of
AGT in various cell types, thus reducing the potential for drug resistance [9]. The ability of TMZ to cross
the blood-brain barrier (BBB) allows its use as an agent for the adjuvant chemotherapy of glioblastoma
(GB). Moreover, despite the fact that melanoma often tends to be resistant to TMZ and consequently
a poor response rate is chemotherapy, due to its ease of use and high bioavailability, it can be employed
in place of dacarbazine as the second line chemotherapy for this type of malignancies [10,11].

In a previous study, TMZ esters with short chain alcohols were synthesized, aiming to topical
melanoma treatment. The median inhibitory concentration (ICsg) of the esters was comparable to that of
the standard TMZ, but the esters showed increased activity, because of improved skin penetration [12].
However, owing to the stage of the disease, treatment of advanced /metastatic melanoma often needs
systemic administration of chemotherapeutic compounds [13]. Therefore, the aim of this study was to
develop novel nanoparticulate delivery system for TMZ suitable for i.v. administration, in order to
overcome its intrinsic drawbacks, and improve its therapeutic efficacy. Among nanoparticles, solid
lipid nanoparticles (SLN) proved to be safe, biocompatible and effective to encapsulate drugs in
order to ameliorate their ability to cross biological barriers, increase their stability in the biological
environment, and overcome drug resistance [14].
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In this experimental study an optimized formulation was obtained, through the fatty acid
coacervation method [15], in order to encapsulate TMZ in SLN, as a dodecyl (long chain) ester
derivative (TMZ-C12) [16]. This approach should allow protecting TMZ from the aqueous environment,
slowing down the drug release and the following spontaneous activation, that occurs in the
bloodstream at neutral pH. The therapeutic potential of the new formulation was then assessed on
human and mouse melanoma cells in in vitro. Finally, the efficacy of TMZ-C12 loaded SLN (SLN-TMZ)
was assessed in the mouse B16-F10 melanoma model.

2. Results

Blank SLN and SLN-TMZ were obtained through the coacervation technique. Precipitation of
sodium behenate from hot micellar solution was obtained by two alternative methods (Table 1).
Method 1 was the classic method employed in previous experimental works, and involves the
drop-wise addition of sodium phosphate followed by hydrochloric acid [15,16]. In method 2, sodium
hydroxide is added to the starting micellar solution, because in hot acqueous solution sodium behenate
partially undergoes protonation to insoluble behenic acid, leading to a slight turbidity. After sodium
hydroxide addition, a complete and regular precipitation of behenic acid nanoparticles was obtained
by substituting sodium phosphate with ammonium chloride.

Table 1. SLN composition.

Method 1 Method 2
80% Hydrolyzed polyvinyl alcohol of 9000-10,000 MW
ydrolyzed poly (PVyA9000) 200 mg 200 mg
Sodium behenate 100 mg 100 mg
NaOH 1M 120 uL
Na,HPO; 1M 200 L
NH4CI5M 260 puL
HCI1M 400 pL 400 pL
T™MZ-C12 4 mg in 400 pL dimethylformammide (DMF)
Deionized Water 10 mL

Through optical microscopy (Figure 2a,b), we noticed that method 2 leads to a more homogeneous
nanosuspension, being free from microparticle impurities. This was confirmed by particle size and
polydispersity reduction observed in dynamic light scattering (DLS) analysis (Table 2).

Table 2. SLN particle size and encapsulation efficiency (EE%).

EE% Efficiency EE% Efficiency
(Centrifugation)  (Gel Filtration)

Blank SLN method 1 400.1 + 65 nm 0.269 + 0.83 - -

Particle Size Polydispersity

Blank SLN method 2 278.6 + 4 nm 0.066 + 0.01 - -
Concentrated blank SLN 278.8 + 28 nm 0.052 + 0.02 - -
SLN-TMZ 279.0 + 50 nm 0.038 + 0.01 93.10 + 3.29 57.91 + 21.70
Concentrated SLN-TMZ 273.15 + 5 nm 0.084 + 0.01 91.10 £ 0.22 N.D.

Particle shape was investigated through trasmission electron microscopy (TEM) analysis
(Figure 2c—e). Microparticle impurities were detectable only in SLN obtained with method 1, while
mean particle size was comprised between 200400 nm with method 2. Indeed, SLN by method 2 were
deeper investigated. In fact, PVA9000 removal, obtained by SLN centrifugation and resuspension in
distilled water, led to a less contrasted image, and the nanoparticle surface seemed rougher and less
regular, compared to non-centrifuged SLN. Thus, an interaction between SLN and PVA9000 at the
surface can be hypothesized. This was confirmed by scanning electron microscopy (SEM) (Figure 2f).
Here the polymer seems to act as a coating shell around the groups of nanoparticles. However, both
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TEM and SEM allow to assess a rough, but spherical shape of SLN by method 2, with approximatively
the same particle size detected by DLS.

Optical microscopy TEM TEM (resuspended SLN) SEM

Method 1

Method 2

Figure 2. Microscopy of blank SLN. (a) optical microscopy of SLN obtained by method 1; (b) optical
microscopy of SLN obtained by method 2; (c) TEM of SLN obtained by method 1; (d) TEM of SLN
obtained by method 2; (e) TEM of SLN, centrifuged and resuspended, obtained by method 2; (f) SEM
of SLN obtained by method 2.

Figure 3 shows differential scanning calorimetry (DSC) patterns of raw behenic acid and SLN
obtained with method 1 and 2: the nanoparticles showed the endothermic peak of behenic acid,
with a reduction of crystallization degree compared to raw material, regardless of the precipitation
method employed.

4

“0

k]

Normalized Heat Flow (W/g)

7 80 85 0

Temperature (°C)

Figure 3. DSC of raw behenic acid (upper curve), blank SLN obtained with method 1 (intermediate
curve) and method 2 (lower curve).
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Since SLN obtained with method 2 showed a more reduced and homogeneous particle size,
they were employed for the following parts of the study.

TMZ-C12 was loaded in SLN after melting of blank nanoparticles, owing to a method employed in
previous works [16,17]. In fact, operating at acid pH does not hamper the stability of the alkylating drug.
In order to reach the therapeutic dose, SLN-TMZ were concentrated through ultracentrifugation and
resuspension in a small amount of PVA9000/ citrate buffer. The pH of the final suspension was kept acid
through diluted citrate buffer. In this condition TMZ-C12 was stable during storage. The resuspension
process did not compromise either the particle size or the TMZ EE% of the nanoparticles (Table 2). EE%
was measured either by centrifugation or by gel filtration, and a lower EE% was obtained by the latter.
This could be attributed to the fact that size exclusion requires rather long time and it is performed by
employing pH = 7.4 PBS buffer as eluent. In these conditions partial cleavage of TMZ ring can occur.

The stability of TMZ and its prodrug loaded in SLN was investigated both in Roswell Park
Memorial Institute 1640 medium (RPMI 1640) and in plasma (Figure 4). Both media caused drug
degradation, even if this phenomenon was quicker in plasma. In RPMI 1640 the lipophilic prodrug
(TMZ-C12) was cleaved more slowly than the parent drug (TMZ), probably because of the influence
of its low solubility, and the loading in SLN increased its stability. In the plasma the pure prodrug
stability was not investigated because of its low solubility, but important differences were detected
between free TMZ and SLN-TMZ, which resulted more stable.
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Figure 4. Stability of formulations in RPMI 1640 and in plasma. (a) Stability in RPMI 1640 of free TMZ,
TMZ-C12 and SLN-TMZ; (b) Stability in plasma of free TMZ and SLN-TMZ. Error bar means SEM.
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Cytotoxicity studies were performed on different cell lines, employing blank SLN, free TMZ and
SLN-TMZ, while pure TMZ-C12 was excluded, because of its reduced solubility, that would make
these experiments troublesome. The treatment was performed on human and mouse melanoma cells
lines (A2058, JR8 and B16-F10) as potential chemotherapy targets.

Figure 5 shows that SLN-TMZ displayed higher toxicity than free TMZ in all melanoma cell lines.
Indeed, on B16-F10 cell line, SLN-TMZ induce 70 % 6% of viability inhibition at 50 uM, while free
TMZ only 34 + 2%. The inhibitory effect was concentration dependent. Thus, at the concentration of
10 uM, while SLN-TMZ caused a 35 £ 4% viability inhibition, free TMZ was ineffective.
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Figure 5. Cytotoxicity on melanoma cells: (a) B16-F10; (b) A2058; (c) JR8. Cells were treated with free
TMZ and SLN-TMZ at 50-5 uM concentration for 72 h. Then, the cell proliferation reagent WST-1 is
used for 2 h. Cells that had received no drug, as control, were normalized to 100%, and the readings
from treated cells were expressed as % of viability inhibition. Eight replicates were used to determine
each data point and five different experiments were performed. Data are shown as mean + SEM.
Statistical analyses were performed using one-way ANOVA and the Dunnett test. ** p < 0.01 compared
to the PBS-treated group. * p < 0.05 compared to the PBS-treated group. ## p < 0.01 compared to the
TMZ-treated group. # p < 0.05 compared to the TMZ-treated group.
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In order to validate these findings, clonogenic survival assays were performed. In fact, while
2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1) assay reveals cell
viability after drug treatment, clonogenic assay shows only the viable cells that are still able to
proliferate, after drug removal by the culture medium. Indeed, cells were treated with the drugs for
72 h, then after the removal of the drug, the cultures were prolonged in drug free medium for the
following 7 days, when only a fraction of the seeded cells retained the ability to produce colonies [18].
Results confirmed those obtained with the WST-1 assay (Figure 6).
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Figure 6. Clonogenic assay: (a) B16-F10; (b) A2058; (c) JR8. Cells were treated with free TMZ and
SLN-TMZ at 50-5 uM concentration for 72 h. Then, the cells medium was changed and cells were
cultured for additional 7 days in a drug-free medium. Colonies were then photographed. Then, the cells
were treated with acetic acid to induce a completely dissolution of the crystal violet and absorbance
was evaluated. Five different experiments were performed. Data are shown as mean 4 SEM. Statistical
analyses were performed using one-way ANOVA and the Dunnett test. ** p < 0.01 compared to the
PBS-treated group. ## p < 0.01 compared to the TMZ-treated group.

Angiogenesis is essential for tumour growth and metastasization. Kurzen H. et al. (2003) [19]
demonstrated that TMZ inhibits angiogenesis when used at low and non-toxic doses. Therefore we
compared the anti-angiogenetic effect of SLN-TMZ and TMZ on human umbilical vein endothelial cells
(HUVEC) cells. In preliminary experiments, we selected drug concentrations that were not cytotoxic on
HUVEC cells after 24 h treatment. Then, we assessed their effects on the tubuli-formation assay in the
presence or absence of titrated amounts of each drug formulation. The morphology of capillary-like
structures formed by HUVEC was analyzed after 15 h of culture. Results showed that SLN-TMZ
significantly inhibited tubuli-formation in a concentration-dependent manner. At 25 uM, the structure
and organization of the tubuli were strongly disrupted and at 1-10 uM, only few cells were able to
form basic tubuli. By contrast, free TMZ was less effective and significant effect was measured only at
the highest 25 M concentration (Figure 7). The inhibition of capillary network formation was 60 =+ 5%
and 48 £ 2% for SLN-TMZ 25 and 10 pM, respectively; 30 & 4% and 15 & 5% for free TMZ 25 and
10 uM, respectively.

To assess the in vivo effect of our formulations, we compared development of melanoma in
C57BL6/] mice using the transplanted B16-F10 model. Tumor measurements, performed after animal
sacrifice, showed that SLN-TMZ significantly decreased tumor growth, since tumor weight was
inhibited by 50% (Figure 8a). Moreover, all mice treated with SLN-TMZ survived to the end of the
experiments, compared to about 50% of control mice (Figure 8b). By contrast, blank SLN did not show
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any effect on mouse survival and tumor growth, and free TMZ displayed lower or not significant effects.
Improved survival rate, compared to controls, could be related to a lower tumor Ki-67 expression
in the SLN-TMZ group (Figure 8c). An additional positive effect on SLN-TMZ treatment efficacy,
compared to controls, could be ascribed to the anti-angiogenic action of SLM-TMZ (Figure 8d).
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SLN-TMZ25uM  SLN-TMZ 10 uM

SLN-TMZ 1 uM

Figure 7. Tube formation assay on HUVEC. Cells were seeded onto 48-well plates (5 x 10%/well)
previously coated with 75 pL of growth factor-reduced Matrigel, in the presence and in the absence
of different concentrations of each drug formulation. Tube formation was then photographed
(10x magnification) and evaluated by counting the total number of tubes in three wells; five different
experiments were performed. Data are shown as mean + SEM. Statistical analyses were performed
using one-way ANOVA and the Dunnett test. ** p < 0.01 compared to the PBS-treated group.

To assess the effect of the therapies on the anti-tumor-immune response, we assessed expression
of IFN-y and IL-17A marking pro-inflammatory T helper type 1 (TH1) and T helper type 17 (TH17)
cells, respectively, and IL-10 marking anti-inflammatory regulatory T cells (Treg) in the tumor mass
by real time PCR (Figure 9). Results showed that treatment with SLN-TMZ strikingly increased
expression of IL-17A (9.06 + 1.62) compared to mice treated with PBS (1.04 & 0.11, p < 0.01), or empty
SLN (0.29 £ 0.12, p < 0.01), or free TMZ (0.59 £ 0.23, p < 0.01). By contrast, expression of IL-10 was
increased in mice treated with empty SLN (9.14 =+ 1.16) compared to mice treated with PBS (1.30 & 0.35,
p <0.01) or free TMZ (3.79 =+ 0.35, p < 0.01) or SLN-TMZ (1.70 & 0.08, p < 0.01), and in mice treated
with free TMZ compared to mice treated with PBS (p < 0.05). By contrast, expression of IFN-y was nor
substantially modulated by any treatment.

SLN-TMZ did not display any apparent toxic effect on mice since it did not affect their weight,
feeding behavior and motor activity (data not shown). In line with absence of toxic effects, histological
analysis of explanted liver and kidney tissues did not detect any morphological alteration (Figure 10).
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Figure 8. In vivo experiments on mouse melanoma model. C57BL6/] mice were injected subcutaneously
with B16-F10 cells (1 x 10° in 100 uL/mouse). Ten days after the tumor injection, mice were treated three
times a week for two weeks by i.v. injection of free TMZ, SLN-TMZ or empty SLN (100 nuL each-0.5 uM/g)
or the same volume of PBS as control. Mice were sacrificed at the end of the experiment. Then, tumors,
organs and blood were collected and kept for histological analysis. Graphs show: (a) tumor weight
(grams—mean + SEM), (b) tumor volume curves (cm3—mean + SEM), (c) survival distribution function,
(d) % of Ki-67-positive cells among tumor cells (e) MVD determined by counting the individual CD31+
microvessels. Ten randomly selected areas from three tumors from each group were analyzed; data are
expressed as media and interquartile ranges. Statistical analyses were performed using one-way ANOVA
and the Dunnett test. * p < 0.05; ** p < 0.01 compared to the PBS-treated group. § p < 0.05 compared to the
empty SLN group. ## p < 0.001 compared to the TMZ-treated group.
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Figure 9. Effect of the different in vivo treatments on IL-17A and IL-10 expression in the tumor mass.
IL-17A and IL-10 expression was evaluated in the tumor mass by Real Time PCR analysis. Data are
expressed as mean + SEM of fold increase versus GAPDH expression (n = 5). Statistical analyses
were performed using one-way ANOVA and the Dunnett test. * p < 0.05; ** p < 0.01 compared to the
PBS-treated group. §§ p < 0.01 compared to the empty SLN group. ## p < 0.01 compared to the free
TMZ-treated group. $$ p < 0.01 compared to the SLN-TMZ-treated group.
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Figure 10. Histopathology of liver (a), kidney (b) and spleen (c) in SLN-TMZ group mice; liver (d),
kidney (e) and spleen (f) in control group mice (haematoxylin and eosin, 100 x).

Immunohistochemical (IHC) analysis of the tumors showed higher Ki-67 staining (marking
proliferating cells) in control mice and TMZ-treated mice, compared to SLN-TMZ treated mice
(Figures 8d and 11b,d,f). Moreover, to confirm in vitro new vascularization inhibition, tumor
angiogenesis was evaluated by tumor microvessel density (MVD) [20] in tumor sections stained
for CD31. A decreased CD31 expression was revealed in treated mice (Figure 11lc,e) compared
to controls (Figure 11a), even if differences between free TMZ and SLN-TMZ groups were not
significant (Figure 11e).

Figure 11. Immunohistochemical staining of CD31 (200x) and Ki-67 (400x) in tumor sections.
(a,b) CD31 and Ki-67 in control group; (c,d) CD31 and Ki-67 in free TMZ group; (e,f) CD31 and
Ki-67 in SLN-TMZ group.
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3. Discussion

TMZ is an alkylating chemotherapeutic drug commonly employed for GB treatment by oral
route. Moreover, it has been proposed for the treatment of melanoma via topical application [12].
Its low stability at physiologic pH limits the administration of TMZ via parenteral routes. Delivery
and sustained release of TMZ via a nanomedicine formulation could provide a tool both to enhance
its therapeutic index. The efficient encapsulation of TMZ in nanoparticle-based systems that can
protect the drug from rapid degradation in physiological solutions is a challenge and several carriers
of TMZ, including functionalized liposomes, lactoferrin nanoparticles, poly[lactic-co-glycolic acid]
(PLGA) nanoparticles, etc. have been tested for their efficacy [21-24]. The success of these formulations
was, however, limited due to: the lack of specific delivery to tumor cells, the poor drug cell uptake,
the excessive drug efflux from cells, and the inability to maintain the cytotoxic efficacy.

Our approach is based on lipophilization of the parent molecule and following encapsulation in
a nanoparticulate lipid matrix, in order to increase its stability after i.v. administration, which should
lead to a an improved pharmacokinetic profile with regard to its therapeutic potential.

To this aim, we chose a feasible technique to produce SLN-TMZ that is fatty acid coacervation.
Compared to previous works [15,16], the formulation technique was changed. By employing method
2 a more homogeneous sized of the behenic acid nanosuspension was obtained, as assessed by DLS
analysis (Table 2), optical microscopy and TEM (Figure 2a—e). This is likely due to the addition of
sodium hydroxide to the starting micellar solution, which inhibits the spontaneous protonation of
sodium behenate in hot water. In method 1, this unwanted phenomenon could drive the nucleation
of crystals during sodium monohydrogen phosphate/hydrochloric acid addition, leading to a less
homogeneous particle size distribution and to the presence of microparticle impurities. When starting
pH is set to alkaline conditions with sodium hydroxide, the micellar solution is completely clear, but
we have to shift to ammonium chloride/hydrochloric acid to observe the complete precipitation of
behenic acid. Regardless of the precipitation method, employed and of the particle size obtained,
DSC confirmed that nanoparticles were constituted from solid behenic acid (Figure 3). From SEM
and TEM analyses (Figure 2d—f) we can hypothesize that PVA9000, which is employed as a water
soluble polymeric stabilizer, effectively interacts with nanoparticles surface, forming a hydrophilic
coating on their surface. Encapsulation of TMZ-C12 in the lipid matrix was obtained after melting
of blank SLN in order to avoid the risk of TMZ ring cleavage at alkaline pH of the micellar solution.
Then SLN were concentrated by ultracentrifugation and resuspension in acid buffer, in order to
preserve TMZ ring stability. Sometimes resuspension of SLN can be troublesome, because of particle
irreversible aggregation after ultracentrifugation; in our case this process was feasible, because of
PVA9000 employed in resuspending medium. Just before in vivo administration, pH of the suspension
was adjusted to neutral with sodium carbonate, in order to avoid pain during injection.

Instability of TMZ, both in cell medium and in plasma, can be ascribed to the non-enzymatic
ring opening. The collected data on SLN-TMZ level in RPMI 1640 and in plasma allow to predict
a changed pharmacokinetic profile for SLN-TMZ compared to free parent drug. This hypothesis
was also suggested by results obtained on both tumour cell cultures and animal models, which in
addition provided the first evidence on the improved therapeutic potential of the new formulation.
In fact, while blank nanoparticles did not exert not toxic effects (Figure 5), SLN-TMZ were more
effective against tumor cells, compared to free TMZ. Cytotoxicity was tested on two human melanoma
cell lines, as well as on a mouse melanoma cell line, in perspective of employment on an in vivo
melanoma mouse models (Figures 5 and 6). The superiority of SLN-TMZ vs. TMZ was shown in vitro.
The anti-angiogenic activity of TMZ, which is described in the literature as an important factor to
inhibit the tumor growth [19], was also improved with SLN-TMZ (Figure 7). The increased efficacy of
the nanoformulation may be related to its improved stability in culture medium (Figure 4a). However,
it cannot be ruled out that a different mechanism of cell internalization between SLN-TMZ and TMZ
may also play a role.
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The in vitro results indicate that the nanoformulated TMZ-C12 is suitable for i.v. administration,
because of its increased stability in cell culture medium and plasma, and enhanced activity against
tumor cells. Moreover, the improved efficacy shown in vitro allows predicting a reduction of the
therapeutic dose in vivo, with decrease of side effects. In fact, in our preliminary in vivo experiments,
we used a dosage regime less aggressive than those employed in literature [25-28]. Results showed
that, at these sub-therapeutic doses, free TMZ did not show significant effects on tumor growth and
weight compared to control; SLN-TMZ, instead, displayed significant effects on these parameters,
and also on mouse survival, which was increased from 50 to 100%. The superiority of SLN-TMZ vs.
TMZ was also shown by Ki67 expression in tumor cells, which was significantly decreased only in
mice treated with SLN-TMZ. By contrast, despite in vitro tumor angiogenesis was highly inhibited by
SLN-TMZ, in vivo similar effects on MVD were obtained by treatment with SLN-TMZ and free TMZ.

The observation that treatment with SLN-TMZ increases expression of IL-17A without affecting
expression of IL-10 suggests that this treatment may also exert positive effects on the anti-tumor
immune response by increasing the TH17/Treg cell ratio. This marks a difference with treatment with
free TMZ that increased expression of IL-10 without affecting expression of IL-17, which suggests that
it induced a decrease of the TH17/Treg ratio. The striking effect of empty SLN in increasing expression
of IL-10 is in line with previous data obtained in rat cells in vitro [29].

The landscape of current treatment for advanced melanoma has changed rapidly in the last few
years, and there are now several different classes of therapy that can be offered to patients depending
on their mutational status and disease burden. TMZ is not adopted as a first line therapy for melanoma,
especially after the approval of immunotherapeutic drugs, such as ipilimumab and nivolumab [30-33].
However, only 25% of patients respond to these agents and several of them became resistant. Therefore,
investigation of novel strategies for the delivery of new and old drugs could allow achievement of
further innovations [34]. Nanotechnology allows to potentially improve the effectiveness of traditional
cytotoxic chemotherapeutics, overcoming their drawbacks and side effects. The employment of
nanoparticulate TMZ has been recently reported for melanoma treatment. Targeting and uptake
of TMZ loaded polyamide-amine dendrimer was demonstrated in A375 metastatic melanoma cell
line, with an increase of sensitivity to the drug [35]. Likewise, this work shows that TMZ delivery
using SLN may be an effective manner to increase the anti-cancer effect of the drug, allowing for
decreasing dosage and, possibly, the side effects. However, further studies are needed to deeply
investigate the fate of SLN-TMZ after i.v. administration, with regards to the nanoparticles half-life in
the bloodstream and their accumulation in the tumor site, as well as to determine the optimal drug
dosage and frequency of administration to increase the therapeutic efficacy in vivo.

4. Experimental Section
4.1. Materials

4.1.1. Chemicals

Sodium behenate was from Nu-Chek Prep, Inc. (Eleysian, MN, USA); acetic acid, triethylamine,
sodium nitrite, anhydrous dimethylformammide (DMF), TMZ, 80% hydrolyzed polyvinyl alcohol of
9000-10,000 MW (PVA9000), penicillin-streptomycin, Hepes, M199 medium, Dulbecco’s Modified
Eagle Medium (DMEM), Roswell Park Memorial Institute 1640 medium (RPMI 1640), heparin, and
crystal violet were from Sigma-Aldrich (St. Louis, MO, USA); sodium monohydrogen phosphate,
citric acid, ammonium chloride, sodium hydroxide from Azienda Chimica e Farmaceutica—ACEF
(Fiorenzuola d’Arda, Italy); sulphuric acid, hydrochloric acid from Merck (Darmstadt, Germany);
Br-dodecane, dichlorometane, chloroform, methanol and acetonitrile from Carlo Erba (Val De Reuil,
France); EBM-2 basal medium was from Lonza (Basel, Switzerland); fetal bovine serum (FBS) Gold from
PAA The Cell Culture Company (Pasching, Austria); rat collagen-I was from Trevigen (Gaithersburg,
MD, USA); chemically defined lipid concentrate was from Invitrogen Life technologies (Carlsbad, CA,
USA); fetal calf serum (FCS) was from Invitrogen (Burlington, ON, Canada); Matrigel, were from BD
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Biosciences; 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium
salt (WST-1) and 1-methoxy-5-methylphenazinium methylsulfate (1-methoxy-PMS) were from Dojindo
Molecular Technologies (Kumamoto, Japan).

Deionized water was obtained by a MilliQ system (Millipore, MO, USA). All other chemicals
were analytical grade and used without any further purification.

4.1.2. TMZ-C12 Synthesis
TMZ-C12 synthesis was performed according to the literature (Figure 12) [12,16].
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Figure 12. Scheme of TMZ-C12 synthesis.

4.1.3. SLN Preparation

Blank SLN were prepared according to the coacervation method [15], as reported in Table 1.
Briefly, sodium behenate was dispersed in water with PVA9000 and the mixture was then heated
under stirring (300 rpm), to obtain a clear solution. Two acidifying (coacervating) conditions were
compared: sodium monohydrogen phosphate, followed by hydrochloric acid; and ammonium chloride
followed by hydrochloric acid; they were added drop-wise to the mixture until complete behenic
acid precipitation. The obtained suspension was then cooled under stirring at 300 rpm until 15 °C
temperature was reached.

For drug loaded SLN, TMZ-C12 was dissolved in a small amount of DMF, and this solution was
added to the blank SLN, led to their melting point; the drug was allowed to partition in the melted
lipid for 5 min under stirring and then cooled to room temperature.

For in vitro and in vivo experiments, SLN were concentrated 10-fold under sterile hood, in order
to reach a drug therapeutic concentration/dose. 10 mL of suspension were centrifuged at 62,000 g
(Allegra 64R centrifuge, Beckman Coulter, Brea, CA, USA) for 15 min, followed by re-suspension of
the precipitate in 1 mL of 0.01 M citrate buffer pH = 3.0 containing 100 mg/mL PVA9000, with the help
of an ultrasonic bath (Transsonic, Elma Schmidbauer GmbH, Singen, Germany).

4.1.4. SLN Characterization

SLN particle sizes and polydispersity indexes (PDI) were determined one hour after preparation
using dynamic light scattering technique-DLS (Brookhaven, NY, USA). Size measurements were
obtained at an angle of 90° at 25 °C. All data were determined in triplicate.
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The homogeneity of the suspension was checked with optical microscopy (DM2500, Leica
Microsystems, Wetzlar, Germany). Particle shape was determined through Transmission Electronic
Microscopy (TEM-CH10, Philips, Amsterdam, The Netherlands) and Scanning Electronic Microscopy
(SEM-Stereoscan 410, Leica Microsystems, Wetzlar, Germany). For TEM analysis, SLN were employed
as such, or after centrifugation and resuspension in water, in order to discriminate for the effect of
PVA9000. Instead, SLN were properly diluted (1:25) in order to be analyzed with SEM; then samples
were placed on the stub and left to dry under vacuum for one night. The sample obtained, not being
conductive, has been subjected to gold metallization by sputtering.

Differential Scanning Calorimetry (DSC) was performed through a DSC7 (Perkin Elmer, Waltham,
MS, USA) on SLN centrifuged and dried under vacuum, in order to assess their solid state and the
absence of supercooled melts.

Entrapment efficiency (EE%) determination was performed as follows: 0.5 mL SLN suspension
was diluted with 0.5 mL water and centrifuged for 15 min at 62,000 x g; the precipitate was washed
with 1 mL acetonitrile/0.1 M pH = 3.0 citrate buffer to eliminate adsorbed drug; the lipophilic prodrug
was extracted from the solid residue by dissolution in 0.3 mL dimethylsulfoxide (DMSO) and 0.2 mL
acetonitrile, then 0.25 mL 0.1 M citrate buffer pH = 3.0 was added to precipitate the lipid matrix and the
supernatant was injected in a Reversed Phase High Performance Liquid Chromatography (RP-HPLC)
system (Shimadzu LC-10, Kyoto, Japan). EE% was calculated as the ratio between drug amount in the
residue and the weighted one.

EE% was also determined by size exclusion. 1 mL SLN underwent gel filtration using a matrix of
cross-linked of agarose (Sepharose CL 4B) as stationary phase. The opalescent fractions containing
the purified SLN were concentrated under nitrogen up to 1 mL final volume. The prodrug in the
resultant suspension was determined solubilizing 0.05 mL SLN into 0.95 mL acetonitrile and analyzing
it by HPLC. In this case, EE% was calculated as the ratio between the drug recovery after and before
gel filtration.

4.1.5. Stability Studies in Plasma and Cell Medium

A suitable method for the determination of stability of free TMZ, free TMZ-C12, and SLN-TMZ,
both in cell culture medium (RPMI 1640, Sigma-Aldrich, St. Louis, MO, USA) and in rat plasma has
been developed. Briefly, stability was assessed by dissolving/suspending under stirring at 37 °C
0.5 mM of TMZ, or TMZ-C12, or SLN-TMZ, alternatively in RPMI 1640, or in rat plasma, in separate
experiments. At scheduled times 100 pL were withdrawn and centrifuged at 16,000x g for 1 min,
and the supernatant was injected in the HPLC system, while the precipitate, was dissolved in 100 uL
acetonitrile before injection. Stability of drugs was evaluated by considering the cumulative amount in
the supernatant and in the precipitate, compared to the starting.

4.1.6. High Performance Liquid Chromatography (HPLC)

TMZ: a reversed-phase column (Mediterranea Sea, 18 5 um 25 x 0.46 mm) was used. Linear
gradient (10 min) from 100% acetic acid to 50% acetonitrile, followed by 5 min at 50% acetonitrile was
performed at a flow rate of 1 mL/min. UV-Vis detector was set at 329 nm. Retention time was 9 min.

TMZ-C12: a reversed-phase column (Allsphere™ ODS, 2.5 pm 250 x 4.6 mm) was used. HPLC
grade acetonitrile/water (70/30 v/v) was used as a mobile phase with a flow rate of 1 mL/min. UV-Vis
detector was set at 329 nm. Retention time was 8.5 min.

4.1.7. Cytotoxicity Assays

JR8 human melanoma cells were a kind gift of Dr. Pistoia (Gaslini Institute, Genoa, Italy),
A2058 human melanoma cells and B16-F10 mouse melanoma cells were from the American Type
Culture Collection (ATCC; Manassas, VA, USA). A2058 was chosen as a tumorigenic and metastatic
model cell line [36], while JR8 was chosen as a tumorigenic model cell line [37]. Both are derived from
human lymph nodes metastasis. A2058 and JR8 cell lines were cultured in RPMI 1640 and B16-F10 cell
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lines in DMEM with 10% FBS, 2 mmol/L L-glutamine and penicillin/streptomycin (100 units/mL),
at 37 °C in 5% CO, humidified atmosphere. Cells (1 x 103 /well) were seeded in 96-well plates and
incubated for 24 h. Then, they were treated with at 5-50 uM concentrations of the studied drugs for
72 h. The cell proliferation reagent WST-1 was used, as described by the manufacturer’s protocol. Cells
that had received no drug, as control, were normalized to 100%, and the readings from treated cells
were expressed as % of viability inhibition. Eight replicates were used to determine each data point
and five different experiments were performed.

4.1.8. Clonogenic Assay

Melanoma cells (8 x 10%/well) were seeded into six-well plates. The day after they were treated
with different concentrations of the studied drugs for 72 h. Then the medium was changed and cells
were cultured for additional 7 days in a drug-free medium. Subsequently, cells were fixed and stained
with a solution of 80% crystal violet and 20% methanol. Colonies were then photographed. Then the
cells were perfectly washed and 30% v/v acetic acid was added to induce a completely dissolution of
the crystal violet. Absorbance was recorded at 595 nm by a 96-well-plate ELISA reader. Five different
experiments were performed.

4.1.9. Tubule-Formation Assay on Human Umbilical Vein Endothelial Cells (HUVEC)

HUVEC were isolated from human umbilical veins by trypsin treatment (1%) and cultured
in M199 medium with the addition of 20% FCS, 100 U/mL penicillin, 100 pg/mL streptomycin,
5 UI/mL heparin, 12 ug/mL bovine brain extract, and 200 mM glutamine. The HUVEC were grown
to confluence in flasks and used at the 2nd-5th passages. The use of HUVEC was approved by the
Ethics Committee of the “Presidio Ospedaliero Martini” of Turin and conducted in accordance with
the Declaration of Helsinki. Written informed consent was obtained from all donors. HUVEC were
seeded in 96-well plates and treated at 37 °C, 5% CO,, for 24 h with different concentrations of the
studied drugs. The cell proliferation reagent WST-1 was used. Drug concentrations that were not
cytotoxic were used for the tubule-formation assay. Then, HUVEC were seeded onto 48-well plates
(5 x 10*/well) previously coated with 75 uL of growth factor-reduced Matrigel, in the absence or
presence of free TMZ and SLN-TMZ (1-25 ug/mL), or empty SLN at the concentration corresponding
to that used with entrapped drugs. The morphology of the capillary-like structures formed by the
HUVECs was analyzed by an inverted microscope after 15 h of culture, and photographed with
a digital camera. Tube formation was analyzed with an imaging system (Image Pro Plus Software for
microimaging, Media Cybernetics, version 5.0, Bethesda, MD, USA). Tubule-formatio was evaluated
by counting the total number of tubes in three wells and five different experiments were performed,
as previously described [18]. Cells that had received no drug, as control, were normalized to 100% of
new formed vessels and the readings from treated cells were expressed as % of vessel inhibition.

4.2. Animal Studies

Female 6- to 9-week-old C57BL6/] (The Jackson Laboratory, Bar Harbor, ME, USA) mice were
bred under pathogen-free conditions in the animal facility of the University of Eastern Piedmont, and
treated in accordance with the University Ethical Committee and European guidelines. The mice
were injected subcutaneously with B16-F10 cells (1 x 10% in 100 uL/mouse) and the tumour growth
was monitored every two days. Ten days after the tumor induction, the mice were treated via the i.v.
injection of TMZ, SLN-TMZ or empty SLN (100 puL each—0.5 umol TMZ/g) or the same volume of
PBS as control. Since all the formulations were obtained in diluted acid buffers, in order to preserve
TMZ ring stability, prior to animal administration pH of the suspension was neutralized with 10 uL of
0.2 M NaCO3. The treatment had be carried out three times a week for two weeks (6 i.v./mouse) and
the mice were sacrificed after three days after the last injection, or when they displayed sufferance.
Six animals for groups were employed for each group.
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4.2.1. Histology and Immunohistochemistry on Animal Specimens

After euthanasia, all animals underwent complete necropsy. Lung, liver, kidney and spleen
were collected and stored in 10% neutral buffered formalin for histological evaluation. Samples were
trimmed into cassettes, paraffinized, sectioned (5 um thick), stained with haematoxylin and eosin, and
evaluated by light microscopy.

Immunohistochemical staining was performed on sections of selected tumors. Primary antibodies
included a monoclonal antibody Ki-67 (1:100 dilution; code M7248; Dako, Santa Clara, CA, USA)
and a polyclonal anti-CD31 (1:100 dilution; code ab28364; Abcam, Cambridge, UK). Antibodies were
detected using the avidin-biotin-peroxidase complex technique with the Vectastain ABC-AP Kit
(Universal; Vector Laboratoires, Burlingame, CA, USA). Antigen retrieval was done by heating the
sections in citrate buffer (0.01 M, pH 6.0) at 98 °C for 25 min. Endogenous peroxidase activity was
quenched. The slides were then incubated overnight in a humidified chamber at 4 °C with the primary
antibodies, followed by sequential 10 min incubation with biotinylated link antibody and peroxidase
labelled streptavidin. The reaction was visualized using 3,3'-diaminobenzidine tetrahydrochloride
(Sigma-Aldrich). The nuclei were counterstained with haematoxylin and eosin stain. Positive and
negative immunohistochemistry controls were routinely used. The reproducibility of the staining was
confirmed by reimmunostaining via the same method in multiple, randomly selected specimens.

All reactions were visualized by light microscopy and assessed blinded by two observers and
the discordant cases were reviewed at a multi-head microscope until a consensus was reached.
Each slide for histological staining was captured with a Nikon DS-Fil digital camera (Nikon, Shinjuku,
Japan) coupled to a Zeiss Axiophot microscope (Zeiss, Oberkochen, Germany) using a 40 x objective
lens. NIS-Elements F software (V4.30.01, Nikon, Shinjuku, Japan) was used for image capturing.
Each immunohistochemical marker was evaluated in at least ten different fields, and particularly
measuring the numbers of positive cells for cleaved Ki-67 (Image Pro Plus analysis system—Media
Cybernetics, version 5.0, Bethesda, MD, USA) and of microvessels for anti-CD31.

4.2.2. Real Time PCR on Tumors

Total RNA was isolated from tumors, using TRIzol reagent (Sigma-Aldrich). RNA (1 ug) was
retrotranscribed using the QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany). IFN-y,
IL-17A and IL-10 expression were evaluated with a gene expression assay (Assay-on Demand; Applied
Biosystems, Foster City, CA, USA). The GAPDH gene was used to normalize the cDNA amounts.
Real-time PCR was performed using the CFX96 System (Bio-Rad Laboratories, Hercules, CA, USA) in
duplicate for each sample in a 10 pL final volume containing 1 uL of diluted cDNA, 5 uL of TagMan
Universal PCR Master Mix (Applied Biosystems, Foster City, CA, USA), and 0.5 uL of Assay-on
Demand mix. The results were analyzed with a AA threshold cycle method.

4.2.3. Statistical Analysis

Data are shown as mean &+ SEM. Statistical analyses were performed with Prism 3.0 software
(GraphPad Software, La Jolla, CA, USA) using one-way ANOVA and the Dunnett test. Kaplan-Mayer
survival curves were evaluated with the Chi-Square test.
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Enhanced cytotoxic effect of camptothecin
nanosponges in anaplastic thyroid cancer cells
in vitro and in vivo on orthotopic xenograft
tumors

Background: Anaplastic carcinoma of the thyroid (ATC) is one of the most lethal
human malignant cancer with median survival of 6 months from the diagnosis.
To date there is no treatment that can successfully change the course of the
ATC. Camptothecin (CPT) is an inhibitor of DNA Topoisomerase-l with a wide
spectrum of anticancer activities. The use of CPT has been hampered by a poor
aqueous solubility and a high degradation rate. Previously, we have reported
that CPT encapsulated in pB-cyclodextrin-nanosponges (CN-CPT) has an
increased solubility, is protected from degradation and displays an enhanced
inhibitory effect on prostate tumor cells in vitro and in vivo.

Aim: The aim of this study was to evaluate whether B-cyclodextrin nanosponges
carriers display their antitumoral efficacy on two ATC cell lines (Cal-62 and BTH-
101) and on an orthotopic thyroid cancer model in vivo.

Methods: The effects of CN-CPT on cell proliferation, adhesion and migration
were evaluated in vitro. Moreover, effects on cell cycle and cell apoptosis were
investigated. For determining mechanisms underlying CN-CPT-mediated
inhibition of cell proliferation, adhesion and migration, CN-CPT effects on
expression of B-PIX, involved in rearrangement of the cytoskeleton and cell
migration, and on phosphorylation of Erk1.2, involved in signaling of multiple
surface receptors, were evaluated by western blotting. Finally, the in vivo study
was carried out on orthotopic ATC xenografts in SCID/beige mice.

Results: CN-CPT reported a significant inhibithion of both cell lines viability, in

the concentration range 2x10"°M-6x10°M, showing a faster and enhanced
45



effect compared to free CPT. The inhibition of clonogenic capacity and cell cycle
progression validated previous obtained data. CN-CPT demonstrated its anti-
metastatic potential by inhibiting tumor cell adhesion to endothelial cells (10"
'M-10%M) and tumor cell migration (6x10°M—-6x10°M). The effects on
intracellular signalling, assessed by western blot analysis, revealed an inhibition
of the Rho family activator B-PIX expression and of the MAPK Erk1,2
phosphorilation. Finally, in vivo obtained data reported that CN-CPT, in
comparison with the unencapsulated drug, significantly inhibited the growth
and the volume of the tumor in ATC mice, without apparent toxic effects.

Conclusion: This work extends previous observations showing that B-
cyclodextrin nanosponges, in association to conventional approaches such as
surgery or radiotherapy, appear to be a promising tool for the treatment of

anaplastic thyroid cancers.
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Abstract

Keywords

Anaplastic carcinoma of the thyroid (ATC) is a lethal human malignant cancer with median
survival of 6 months. To date, no treatment has substantially changed its course, which makes
urgent need for the development of novel drugs or novel formulations for drug delivery.
Nanomedicine has enormous potential to improve the accuracy of cancer therapy by
enhancing availability and stability, decreasing effective doses and reducing side effects of
drugs.

Camptothecin (CPT) is an inhibitor of DNA topoisomerase-l with several anticancer properties
but has poor solubility and a high degradation rate. Previously, we reported that CPT
encapsulated in B-cyclodextrin-nanosponges (CN-CPT) increased solubility, was protected from
degradation and inhibited the growth of prostate tumor cells both in vitro and in vivo. The aim
of this study was to extend that work by assessing the CN-CPT effectiveness on ATC both in
vitro and in vivo.

Results showed that CN-CPT significantly inhibited viability, clonogenic capacity and cell-cycle
progression of ATC cell lines showing a faster and enhanced effect compared to free CPT.
Moreover, CN-CPT inhibited tumor cell adhesion to vascular endothelial cells, migration,
secretion of pro-angiogenic factors (IL-8 and VEGF-a), expression of $-PIX, belonging to the Rho
family activators, and phosphorylation of the Erk1/2 MAPK.

Finally, CN-CPT significantly inhibited the growth, the metastatization and the vascularization of
orthotopic ATC xenografts in SCID/beige mice without apparent toxic effects in vivo. This work
extends the previous insight showing that B-cyclodextrin-nanosponges are a promising tool for
the treatment of ATC.

Camptothecin, B-cyclodextrin-nanosponges,
anaplastic thyroid carcinoma, cell
migration, cell adhesion
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Introduction

Thyroid cancers are the most common tumors of endocrine
origin and their incidence has increased globally over the past
10years (Jemal et al., 2011). They derive from follicular and
para-follicular cells and most of them are differentiated
papillary and follicular carcinomas, while 1% of cases are
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partly differentiated or undifferentiated and classified as
anaplastic thyroid carcinoma (ATC). Most differentiated
carcinomas display slow progression and are effectively
treated with thyroidectomy and radioiodine ablation
(Broecker-Preuss et al., 2015). By contrast, ATC progression
is extremely rapid and no effective systemic therapy has been
established so that the overall survival level is only 13%
(Gilliland et al., 1997). At the time of diagnosis, ATC often
display an advanced stage of development, local invasion of
the trachea, esophagus, blood vessels and muscles and
development of distant metastases to the mediastinum, lung,
liver, bone and brain (Phay & Ringel, 2013; Chen et al., 2014;
Mirrielees et al., 2014; Varinot et al., 2014). Risk factors for
thyroid cancers include environmental and genetic factors,
exposure to ionizing radiation and preexisting thyroid
neoplasia (Campanella et al., 2014). Genetic alterations
that contribute to thyroid carcinoma include point mutations
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of BRAF and RAS (Fukushima & Takenoshita, 2005;
Marotta et al., 2011); translocations involving RET/PTCI,
RET/PTC3 and PAXS8/PPAR-y (Romei & Elisei, 2012;
Raman & Koenig, 2014) and alterations of the DNA
methylation pattern (Ragazzi et al., 2014; Faam et al., 2015).

To date, no effective therapies are available for ATC,
which are currently treated with trivalent therapies including
surgery, chemotherapy and radiotherapy resulting in an
increased median survival of only 5months (Wein &
Weber, 2011; Parenti et al., 2014).

Camptothecin (CPT) is a pentacyclic alkaloid isolated from
the bark of Camptotheca acuminata, (Wall et al., 1996). It
quickly enters into cells and exerts antitumor activity by
blocking topoisomerase-1 (TOP-1) in a specific and reversible
manner. Unfortunately, it is weakly soluble in water and
undergoes spontaneous and rapid inactivation at neutral pH by
the opening of its six-member lactone E ring. Therefore, it
requires a prolonged infusion, so that the complex TOP-1 is kept
in place long enough to allow the induction of DNA damage
(Fassberg & Stella, 1992; Chourpa et al., 1998). Moreover, its
dosage and antitumor efficacy are limited by severe side effects,
such as severe myelosuppression accompanied by prolonged
diarrhea, fever, nausea and vomiting (Basili & Moro, 2009).
The main water-soluble derivatives of CPT are the irinotecan
(Compostar®) and topotecan (Hycamtin®).

To overcome problems in administering the drug, we
previously investigated the antineoplastic effects of CPT
loaded into nanosponges of P-cyclodextrin (CN-CPT)
(Gigliotti et al., 2016a). Results showed that CN-CPT
increased solubility was protected from degradation and
inhibited the growth of prostate tumor cells both in vitro and
in vivo to a higher extent than free CPT. Cyclodextrin
nanosponges are novel biocompatible polymer nanoparticles
obtained by cross linking of cyclodextrins (Subramanian
et al., 2012), which are cyclic oligosaccharides consisting of
multiple o-D-glucopyranose units linked together by an o-1.4
bond and include a-, B- and y-cyclodextrins carrying six,
seven or eight glucopyranose units, respectively.
B-Cyclodextrin is the most widely used for nanosponge
production because of its high capability to encapsulate drugs
(Torne et al., 2013; Trotta et al., 2014).

The aim of this study was to extend that work by assessing
the CN-CPT effectiveness on ATC both in vitro and in vivo.
Results showed that CN-CPT inhibited the growth of ATC
cell lines both in vitro and in vivo to a higher extent than free
CPT. Moreover, it inhibited tumor cell adhesion to endothelial
cells and migration which suggest that it may be effective also
to inhibit tumor metastatic dissemination.

Methods
Materials

CPT was purchased from Sigma-Aldrich (Sigma-Aldrich,
St Louis, MO). B-Cyclodextrins (B-CDs) were a gift from
Roquette (France). CD nanosponges (CNs) cross linked at 1:4
molar ratio with carbonyldiimidazole were prepared
as described previously (Swaminathan et al., 2010). All
reagents were of analytical grade. Laboratory reagents were
from Sigma-Aldrich unless otherwise specified. Cell culture

Enhanced cytotoxic effect of camptothecin nanosponges in ATC cells 671

reagents were purchased from Gibco/Invitrogen (Life
Technologies, Paisley, UK) except where otherwise indicated.

Preparation of CPT in solution and camptothecin-
loaded nanosponges (CN-CPT)

To prepare the CPT solution, about 1mg of CPT was
dissolved in 1 mL of dimethylsulfoxide (DMSO):water mix-
ture (1:1, w/w) at pH =5.5. A further dilution was carried out
using 0.9% NaCl solution at pH=15.5 containing 30% of
DMSO.

To load CPT in CNs, 4mg of CPT were added to an
aqueous suspension of CNs in a ratio of 1:4 (drug to CN by
weight) at pH 5.5 and stirred for 24 h in the dark. The aqueous
suspension was then centrifuged at 8000 rpm for 10 min to
separate the free drug, not incorporated, as a solid residue
below the colloidal supernatant. The colloidal supernatant
was freeze-dried to obtain drug-loaded nanosponges as a
powder. This powder can be stored at 4 °C until use.

A weighed amount of freeze-dried CN-CPT was dispersed
in a sterile aqueous solution at pH 6.0 containing 0.9% NaCl
and 3% polyethylene glycol (PEG)-400 w/v under stirring to
obtain an isotonic aqueous nanosuspension containing
100 pgmL™' of CPT for the in vivo administration. For
the free CPT formulation, a weighed amount of CPT was
dissolved in a DMSO:water mixture (1:1, w/w) at pH=5.5
and then diluted with a sterile aqueous solution at pH 6.0
containing 0.9% NaCl and 3% PEG-400 w/v to obtain a
100 ugmL ™" concentration. The quantitative determination of
CPT concentration in the formulations was evaluated by
HPLC (Swaminathan et al., 2010).

CN-CPT sizes and polydispersity indices were measured by
dynamic light scattering using a 90 Plus particle sizer
(Brookhaven Instruments Corporation, Holtsville, NY)
equipped with MAS OPTION (Brookhaven Instruments
Corporation, Holtsville, NY) particle sizing software. The
measurements were made at a fixed angle of 90° for all samples.
The samples were suitably diluted with filtered distilled water
for every measurement. Zeta potential measurement was then
carried out using an additional electrode in the same instrument.
For zeta potential determination, samples were diluted with
0.1 mM KCI and placed in the electrophoretic cell, where an
electric field of about 15 V/cm was applied.

The in vitro release was carried out using multicompart-
ment rotating cells with a dialysis membrane (Sartorius,
cutoff 12 000Da). The donor phase consisted of CPT-
nanosponge formulation in phosphate buffer at pH 7.4 (1 mL).
The receiving phase consisted of phosphate buffer, pH 7.4.
The receiving phase was completely withdrawn and replaced
with fresh medium after fixed time intervals, suitably diluted
and analyzed using the HPLC method described before.

CN-CPT showed an average diameter of about 350 nm, a
polydispersity index of 0.11 and a negative surface charge
with a zeta potential value of —27.4mV. The in vitro release
kinetics of CPT from nanosponge formulation was slow and
prolonged over time, reaching 15.5% after 24 h.

Cells

Human umbilical vein endothelial cells (HUVEC) were
isolated from human umbilical veins by collagenase treatment
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(1%) and cultured in M199 medium with the addition of 20%
fetal calf serum (FCS) 100 UImL™" penicillin, 100 pgmL ™"
streptomycin, 5 UImL ™" heparin, 12 pugmL~"' bovine brain
extract and 200 mM glutamine. HUVEC were grown to con-
fluence in flasks and used from the second to the fifth passage.
Use of HUVEC was approved by the Ethics Committee of the
“‘Presidio Ospedaliero Martini’’ of Turin and conducted in
accordance to the Declaration of Helsinki. Written informed
consent was obtained from all donors.

The study was performed on two ATC cell lines, BHT-101
and CAL-62. Cells were purchased from Deutsche Sammlung
von Mikroorganismen and Zellculturen (Braunschweig,
Germany), which certifies the origin and identity of the
cells. The cell lines were grown in culture dishes as a
monolayer in RPMI 1640 medium plus 10% FCS, 100 UmL ™"
penicillin, and 100 ugmL ™" streptomycin at 37°C in a 5%
CO, humidified atmosphere (Schweppe et al., 2008).

Cell viability assay

CAL-62 and BHT-101 cells (1 x 10%/well) were seeded in 96-
well plates and incubated at 37°C, 5% CO,, for 24 h. Then,
cells were treated with different concentrations of CN-CPT or
CPT (2x 107'°2x 10"*M). After 24-48h of incubation,
viable cells were evaluated by 2,3-bis[2-methoxy-4-nitro-
Ssulfophenyl]-2 H-tetrazolium-5carboxanilide (MTT) inner
salt reagent at 570nm, as described by the manufacturer’s
protocol. The controls (i.e. cells that had received no drug)
were normalized to 100%, and the readings from treated cells
were expressed as % of viability inhibition. Eight replicates
were used to determine each data point and five different
experiments were performed.

Colony-forming assay

CAL-62 and BHT-101 cells (800/well) were seeded into six-
well plates and treated with the compounds 1071°-107% M.
The medium was changed after 72h and cells were cultured
for additional 10days. Subsequently, cells were fixed and
stained with a solution of 80% crystal violet and 20%
methanol. Colonies were then photographed and counted with
a Gel Doc equipment (Bio-Rad Laboratories, Hercules, CA).
Then, cells were washed and 30% acetic acid were added to
induce a complete dissolution of the crystal violet.
Absorbance was recorded at 595nm by a 96-well-plate
ELISA reader. Five different experiments were performed.

Cell adhesion assay

HUVEC were grown to confluence in 24-well plates. Then,
they were pretreated with increasing concentrations of CPT or
CN-CPT (107''-107® M) for 24h and washed twice with
fresh medium. The tumor cells (1 x 10° cells/well) were
seeded and left to adhere with HUVEC for 1h, as previously
reported (Minelli et al., 2012a, 2012b). Unattached tumor
cells were washed away and the number of adherent cells was
evaluated by the Image Pro Plus Software for micro-imaging
(Media Cybernetics, version 5.0, Bethesda, MD). Viability of
the unattached cells was evaluated by the Trypan Blue test.
Data are shown as percentage of the inhibition of treated cells
versus the control adhesion measured on untreated cells; the
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control adhesion was 48 + 4 cells per microscope field (n = 6)
for BHT-101 cells and in a similar range (44 +5 cells) for
CAL-62 (mean + SEM) (Dianzani et al., 2010).

Cell motility assay

In the wound-healing assay, after starvation for 18-24h in
serum-free medium, cells were plated onto six-well plates
(10° cell/well) and grown to confluence. Cell monolayers
were wounded by scratching with a pipette tip along the
diameter of the well, and they were washed twice with serum-
free medium before their incubation with culture medium in
the absence or presence of CPT or CN-CPT (1078 M) and
mitomycin C (50 pgmLfl, Sigma-Aldrich, St Louis, MO). In
order to monitor cell movement into the wounded area, five
fields of each wound were photographed immediately after
the scratch (0 h) and after 24 h (Dianzani et al., 2014; Gigliotti
et al., 2016a).

In the Boyden chamber (BD Biosciences, San Jose, CA)
invasion assay, cells (8000) were plated onto the apical side of
50 ugmL’l Matrigel-coated filters (8.2mm diameter and
0.5 um pore size; Neuro Probe, Inc.; BIOMAP snc, Milan,
Italy) in serum-free medium with or without increasing
concentration of the drugs (2 x 107°-2 x 10~® M). Medium
containing 20% FCS was placed in the basolateral chamber as
a chemo attractant. After 24 h, cells on the apical side were
wiped off with Q-tips. Cells on the bottom of the filter were
stained with crystal violet and counted (five fields of each
triplicate filter) with an inverted microscope. Data are shown
as percentages of the inhibition of treated cells versus the
control migration measured on untreated cells. Control
migration was 52 +4 cells per microscope field (n=15) for
BHT-101 cells and 66+5 for CAL-62 (Occhipinti et al.,
2013).

ELISA assay

CAL-62 or BHT-101 cells (1 x 10%/well) were plated in 24-
well plates and treated with CPT or CN-CPT 107 "-1078 M)
for 48 h. CPT and CN-CPT were replenished every 24 h (48 h
culture: 24 +24h) without changing the culture medium.
Cell-free supernatants were collected and concentrations of
Interleukin-8 (IL-8), vascular endothelial growth factor o
(VEGF-o) and angiopoietin 2 were measured by ELISA
according to the instructions of the manufacturers (IL-8,
eBioscience, SanDiego, CA; VEGF-a and angiopoietin 2,
R&D Systems, Minneapolis, MN). Absorbance was detected
with a microplate reader (Bio-Rad Laboratories, Hercules,
CA), and the Excel program was used to calculate the
standard curve.

Protein extraction and western blot analysis

Cells were seeded into six-well plates and treated for 48 h with
CPT or CN-CPT (107%-107° M). CPT and CN-CPT were
replenished every 24h (48h culture: 24 +24h) without
changing the culture medium. Cells were then lysed in a
buffer composed of 50 mM Tris-HCI pH 7.4, 150 mM NaCl,
SmM EDTA, 1% sodium deoxycholate, 1% Nonidet P-40,
0.1% SDS, phosphatase and protease inhibitor cocktail. Cell
lysates were cleared from insoluble fractions by high-speed
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centrifugation, and protein concentration was determined with
a commercially available kit (Bio Rad Laboratories, Hercules,
CA) and measured with a spectrophotometer (Jasco Analytical
Instruments, Easton, MD). Proteins (40 pug) were loaded on
10% SDS-PAGE gels and transferred onto nitrocellulose
membranes after electrophoresis. These were blocked by
incubation for 1h at room temperature with 5% nonfat milk
dissolved in TBS-Tween 20. The membranes were then probed
overnight with antibodies to B-PIX (AdipoGen International,
San Diego, CA), pospho-Erkl,2 (Santa Cruz Biotechnology,
Dallas, TX), or B-actin (Sigma-Aldrich, St Louis, MO) and,
after three washes, incubated for 1 h with the HRP-conjugated
secondary antibody antibody antibody (Sigma-Aldrich, St
Louis, MO). Bands were detected by chemiluminescence, and
densitometric analysis was performed with the Multi-Analyst
software (version 1.1, Bio-Rad Laboratories, Hercules, CA).

Cell-cycle analysis

Cells (1.5 x 105) were treated with CPT or CN-CPT as
reported earlier. After 48h, adherent and nonadherent cells
were collected, washed in PBS and fixed in 75% ice-cold
ethanol and subsequently resuspended in a buffer containing
0.02 mgmL’1 RNase A (Worthington Biochemical
Corporation, Lakewood, NJ), 0.05 mgmL~' propidium
iodide (BD Biosciences, San Jose, CA), 0.2% v/v Nonidet
P-40, 0.1% w/v sodium citrate. Samples were analyzed with a
FACSCalibur cytometer (BD Biosciences, San Jose, CA).

Annexin V staining and caspase-3 activity

Cells (1.5%10°) were treated with CPT or CN-CPT as
reported earlier. After 48 h, they were stained with annexin V
using the Annexin V Fluos kit (BD Biosciences, San Jose,
CA) and analyzed by flow cytometry. Live cells were those
not displaying shrunken/hypergranular morphology and
unstained by AnnexinV. Caspase-3 activity was assessed in
cell lysates using a fluorimetric assay (MBL, Watertown,
MA) following the manufacturer instructions.

In vivo animal models and tumor growth

Animal studies were performed in accordance with EU and
institutional guidelines approved by the Bioethics Committee
for Animal Experimentation of the University of Turin, Italy
(Prot. No. 4.2/2012) using NOD-SCID IL2Ry™" (NSG; 10/
11-week-old female) mice, bred under sterile conditions in
our animal facilities. Animals were anesthetized with intra-
muscular injection of Zoletil® (Zolaxepan and Tiletamina)
and Rompun® (Xylazina). CAL-62 cells were harvested from
subconfluent cultures by trypsinization and washed in PBS.
Then, cells (10° cells in 10 pL) were injected into the right
thyroid lobe under surgical sterile conditions and tumors were
allowed to grow during the following 10 days. Mice were then
randomized into three groups receiving twice weekly intra-
venous injection of PBS (control group, n=>5) or 1 mgkg '
CPT (n="7) or 1 mgkg™' CN-CPT (n="7).

Mice were weighed twice weekly and sacrificed when the
animals appeared moribund. Tumor growth velocity (7,) was
determined using the formula: 7, = V/days from cells injec-
tion to excision.
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Tumors and lungs were fixed in 10% formalin and paraffin
embedded. Four serial sections/tumor were obtained and
processed for immunohistochemistry using an automated
slide processing platform (Ventana BenchMark XT
AutoStainer, Roche) and a mouse monoclonal anti-human
Ki-67 (Clone MIB-1) or a rabbit polyclonal anti-mouse CD31
(Abcam, Cambridge, UK) antibodies. Sections of lungs were
stained with hematoxylin and eosin (H&E).

Ki-67-positive cells were heterogeneously distributed
throughout the tumor. The Ki67-labeled nuclei were
evaluated in the tumor areas where these markers were
predominant (hot spots) using a digital camera (Olympus
Q-colour 3, Tokyo, Japan) with area-based image analysis
software (Dot-Slide 1.2 version, Tokyo, Japan). Ki-67
expression was calculated as the ratio between the labeled
and the total nuclear areas. Only nuclei with a strongly
positive label were counted. The 10 fields with the highest
density of positive nuclei were captured. A mean of 3000
tumor cells per case (range 2000-3800) was counted.
Tumor microvessel density (TMD) was measured by
evaluating the CD31-positive area and total tumor area
per field upon slide after scan (Panoramic midi II, 3D
Histech, Budapest, Hungary) of the immunostaining, as
previously described (Gigliotti et al., 2016a; Passaro et al.,
2016).

Data analysis

Data are shown as mean + standard error of the mean (SEM).
Statistical analyses were performed with GraphPad Prism 5.0
software (San Diego, CA). For the in vivo experiments,
the results are expressed as the median with interquartile
range. One-way ANOVA was performed, followed by
Tukey’s multiple comparison post-test when needed.
Kaplan—Meier survival curves were evaluated with the log
rank Mantel-Cox test. Only p values <0.05 were considered
to be significant.

Results
CN-CPT inhibits cell proliferation in vitro

We compared the ability of CN-CPT and free CPT to inhibit
the growth of BHT-101 and CAL-62 in vitro. Cells were
cultured in the presence and absence of titrated amounts
2% 10712 % 1078 M) of each compound for 24-48h and
the amount of viable cells was then assessed by the MTT
assay. Figure 1 shows that CN-CPT inhibited the growth of
both cell lines to a higher extent than CPT. The effect was
concentration- and time-dependent with small differences
between the two cell lines. The different effect of the two
compounds was detectable in terms of timing, maximal
inhibition, and effective doses.

To validate these findings, we performed clonogenic
survival assays. Cells were seeded onto six-well plates and
treated with titrated doses (107 '°-107%) of each compound.
The culture medium was changed after 72h, and cells were
cultured for 10 additional days in the absence of the
compounds. Results showed that treatment with CN-CPT
inhibited the ability to form colonies of both cell lines to a
higher extent than CPT (supporting information, Figure S1).
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Figure 1. Inhibition of cell viability following CPT or CN-CPT treatments. CAL-62 (A, B) or BHT-101 (C,D) cells (1 x 10%/well) were treated with the
indicated concentrations of drug for 24-48 h. Results are expressed as % of viability inhibition of control and shown as mean + SEM (n = 5). *p <0.05,

##p <0.01 significantly different from the same concentration of CPT.

The effect was concentration dependent with small differ-
ences between the two cell lines. The different effect of the
two compounds was detectable in terms of effective doses
but not in terms of maximal inhibition that was similar at the
highest dose.

To assess whether inhibition of cell proliferation induced
by CN-CPT-affected cell-cycle progression, we analyzed the
cell cycle in CAL-62 and BHT-101 cells cultured in the
presence and absence of titrated amounts of CN-CPT or CPT
(107? and 10~® M) for 48 h. Results showed that both doses of
CN-CPT induced a substantial accumulation of cells in S
phase compared to the untreated control in both cell lines.
This effect was exerted also by CPT but only at the highest
dose (Figure 2).

To assess whether inhibition of cell proliferation induced
by CN-CPT involved cell death, we analyzed Annexin V
staining, detecting both apoptotic and necrotic cells, and
caspase 3 activation, detecting apoptosis, in CAL-62 and
BHT-101 cells cultured in the presence and absence of titrated
amounts (10™° and 1073M) of CN-CPT or CPT for 48h.
Results showed that CN-CPT induced higher Annexin V
staining and caspase 3 activation than CPT in both cells lines
(Figure 3).

CN-CPT inhibits cell adhesion and migration in vitro

Adhesion of tumor cells to the vascular endothelium and their
release into the bloodstream is a key step for metastasis
formation (Ma & Waxman, 2008). Therefore, we performed
in vitro experiments comparing the effect of CN-CPT and
CPT on adhesion to HUVEC and motility of tumor cells.

In the adhesion experiments, HUVEC were pretreated for
24 h with titrated doses (10~'" and 1078 M) of CN-CPT and
CPT, washed, and used for adhesion assays with CAL-62 and
BHT-101 cells. Results showed that CN-CPT inhibited
adhesion of both cell lines at higher levels than CPT. The
effect was concentration dependent with small differences
between the two cell lines. The different effect of the two
compounds was detectable in terms of both effective doses
and maximal inhibition (Figure 4A-B). The difference was
not due to an effect on cell viability since cells were still alive
after the 24-h incubation with the drug.

Cell motility was initially assessed using a wound healing
assay evaluating cell random migration. A linear scratch was
done in confluent monolayers of CAL-62 and BHT-101 cells,
which were then cultured in FCS-free medium to minimize
cell proliferation in the presence or absence of CN-CPT and
CPT (10~® M). Analysis of the cell ability to migrate into the
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Figure 2. Induction of cell-cycle arrest by CPT or CN-CPT treatment. CAL-62 (A, B) and BHT-101 (C, D) cells (1.5 x 105) were treated or not with
CPT or CN-CPT (10 % and 10~° M) for 48 h and cell cycle was then assessed by flow cytometry. CPT and CN-CPT were replenished every 24 h (48 h
culture: 24 4+ 24 h) without changing the culture medium. Graphs show: (A, C) the % of cells in each cycle phase detected in one representative
experiment, (B, D) the % of cells in S phase cycle expressed as means + SEM (n =3). Each experiment was performed in triplicate. §§p <0.01,
significantly different from untreated cells; *p <0.05, **p <0.01, significantly different from treated cells at the same drug concentration.

scratch after 24 h showed that CN-CPT inhibited adhesion of
both cell lines at higher levels than CPT (supporting
information, Figure S2). Then, cell motility was assessed
using a Boyden chamber assay assessing directional migration
of cells. CAL-62 and BHT-101 cells were seeded in the upper
chamber of a Boyden chamber in serum-free medium in the
presence or absence of titrated doses (2 X 107° and
2% 107® M) of CN-CPT and CPT and allowed to migrate
for 24 h toward the lower chamber containing medium with
and without 20% FCS, used as a chemoattractant. Results
showed that CN-CPT inhibited cell migration at higher levels
than CPT in both cell lines (Figure 4C-D). The CN-CPT
effect was concentration dependent with small differences
between the two cell lines, whereas CPT displayed some
effect on CAL-62 cells but it was almost ineffective on BHT-
101 cells.

In both migration assays, doses and timing of treatments
minimized the possible confounding effects due to the drug
effect on cell growth.

CN-CPT inhibits VEGF-a and IL-8 secretion in vitro

Since ATC cells express high levels of pro-angiogenic
molecules (Jayasooriya et al., 2011; Passaro et al., 2016),

we evaluated the effect of the drugs on secretion of VEGF-a,
IL-8 and angiopoietin 2. CAL-62 and BHT-101 cells were
incubated with titrated doses (10~''=107% M) of CN-CPT or
CPT for 48h. Then, secretion of VEGF-o, IL-8 and
angiopoietin 2 was evaluated by ELISA in the culture
supernatants. Results showed that the ATC cells produced a
substantial amount of these factors and CN-CPT inhibited the
secretion of VEGF-o and IL-8 compared to the free drug at
the same concentrations (supporting information, Figure S3).
No differences were found for angiopoietin 2 secretion (data
not shown).

CN-CPT inhibits B-PIX expression and ERK; ,
phosphorylation in vitro

In order to investigate the mechanisms underlying CN-CPT-
mediated inhibition of cell proliferation, adhesion and
migration, we evaluated the effect of the drug on expression
of B-PIX, involved in rearrangement of the cytoskeleton and
cell migration and on Erkl,2 phosphorylation involved in
signaling of multiple surface receptors (Kim et al., 2013;
Occhipinti et al., 2013; Dianzani et al., 2014; Stevens et al.,
2014; Gigliotti et al., 2016b). CAL-62 and BHT-101 cells
were incubated with titrated doses (10~° and 10~® M) of CN-
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Figure 3. Proportions of Annexin-V-positive cells and levels of caspase-3 activity after CPT or CN-CPT treatment. Annexin-V-positive cells (A, B) and
caspase-3 activity (C, D) was evaluated in CAL-62 (A, C) and BHT-101 (B, D) cells cultured for 48 h in the presence or absence of CPT or CN-CPT.
CPT and CN-CPT were replenished every 24 h (48 h culture: 24 4+ 24 h) without changing the culture medium. Results are expressed as % of Annexin-V-
positive cells and relative caspase activity %, calculated as result displayed by each treatment/the results displayed by untreated cells (n =5). §p <0.05;
§6p <0.01, significantly different from untreated cells; *p <0.05; **p <0.01, significantly different from treated cells at the same drug concentration.

CPT or CPT for 48 h, lysed and analyzed for 3-PIX expression
and Erk1,2 phosphorylation by Western blot. Results showed
that CN-CPT inhibited B-PIX expression and Erkl,2 phos-
phorylation at higher levels than CPT in both cell lines
(Figure 5).

In vivo studies

We compared the effect of CN-CPT and CPT tumor growth
and metastatic dissemination in NSG mice injected orthoto-
pically in the thyroid lobe with CAL-62 cells and treated
10days later with twice weekly injections of PBS, CPT or
CN-CPT in the tail vein. Results showed that the overall
survival of mice treated with CN-CPT was higher than that
displayed by mice injected with either PBS or CPT (Figure
6A). In particular, median survivals of mice treated with PBS,
CPT and CN-CPT were 28, 25 and 38 days, respectively. The
difference of survival between the CN-CPT group and the
control group was significant (p =0.0422, log-rank test).
Analysis of tumor growth velocity showed that CN-CPT
significantly inhibited the growth velocity of orthotopic
anaplastic thyroid carcinoma xenografts compared to the
control group, whereas CPT had no effect (Figure 6B).

Analysis of lung metastases showed that CN-CPT signifi-
cantly inhibited development metastases compared to the
control group, whereas CPT had no effect (Figure 6C).

Histologic analysis of the primary tumor showed that, in
control mice, the tumors displayed diffuse necrosis whereas,
in CN-CPT-treated mice, tumors displayed decreased necro-
sis, and in CPT-treated mice an intermediate picture.
Immunohistochemical staining, performed 34days after
tumor challenge showed that Ki-67% cells were homoge-
neously distributed in the tumor mass in PBS- and CPT-
treated mice, whereas, they were concentrated at the invasive
edge in the peripheral area of the tumor, but rare in the center
of the tumor, in CN-CPT-treated mice (Figure 6D). This
enrichment of Ki67* cells was detected also at 51 days after
tumor challenge (Figure 6E). To assess the effects on tumor
angiogenesis, we stained the tumor sections for CD31 and
evaluated the TMD. Results showed that treatment with
CN-CPT substantially decreased the TMD compared with
untreated mice and CPT-treated mice, whereas CPT had no
effect (Figure 6F).

All treatments were well tolerated by the animals without
significant weight loss in any group.
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Figure 4. Effect of CPT and CN-CPT on cells adhesion and cell migration of CAL-62 and BHT-101 cell lines. (A,B) HUVEC were treated or not
treated with CPT or CN-CPT for 24 h, washed and used in the adhesion assay with untreated CAL-62 (A) and BHT-101 (B) cells (1 x 10%/well). The
data are presented as percentage of inhibition of the adhesion of treated cells compared to control (untreated cells). Each experiment was performed in
triplicate. Data shown are means + SEM (n = 5). *p <0.05; **p <0.01 significantly different from the same concentration of CPT. (C,D) In the Boyden
chamber assay, CAL-62 (C) and BHT-101 (D) cells were plated onto the apical side of Matrigel-coated filters in the presence and absence of either CPT
or CN-CPT, and FCS 20% was loaded in the basolateral chamber as a chemotactic stimulus. Data are expressed as mean+ SEM (n=35) of the
percentage of inhibition versus control migration **p <0.01 significantly different from the same concentrations of CPT.

Discussion

ATC is a highly aggressive tumor with a poor prognosis and
the long-term survival is extremely rare. To date, available
therapies do not significantly improve the survival of patients
and have only a palliative effect (Patel & Shaha, 2006;
Cornett et al., 2007).

CPT belongs to the drug category of inhibitors of DNA
TOP-1 by specifically blocking TOP-1 during the cleavage
reaction of DNA and preventing repair of the single-strand
breaks. This effect produces blocking of cells in the S phase
of the cell cycle, conversion of DNA breaks from single to
double helix and death of cells by apoptosis (Huang et al.,
2000; Desai et al., 2001; Minelli et al., 2012a). Several studies
demonstrated CPT activity in tumors of various origins, but
CPT did not reach clinical use because of its numerous side
effects. Moreover, its use is restricted by poor solubility and
stability at physiological pH, at which CPT undergoes
spontaneous inactivation due to opening of the E ring,
decreased bioavailability and enhanced side effects. Several
strategies have been described to improve the CPT activity
and to decrease the side effects in several type of cancers

(Acevedo-Morantes et al., 2013; Xie et al., 2016; Yang et al.,
2016).

Previously, we have reported that CN-CPT displays
increased solubility, is protected from degradation and
displays an enhanced inhibitory effect on prostate tumor
cells both in vitro and in vivo (Fassberg & Stella, 1992;
Chourpa et al., 1998; Minelli et al., 2012a, 2012b; Gigliotti
et al., 2016a).

This work extends those observations to ATC showing that
CN-CPT displays increased inhibitory effects in vitro on cell
proliferation, as assessed by the MTT and clonogenic assay
and increased ability to block the cell cycle into the S phase
and to induce apoptosis. These effects may be ascribable to
the inhibitory activity of CPT on TOP-1. Moreover, a role
may be played also by inhibition of Erk 1,2 phosphorylation
since constitutive activation of MAPK signaling is involved in
cell survival and proliferation in several cancers, including
thyroid cancer (Lim & Cha, 2011; Perri et al., 2015). It is
noteworthy that inhibitors of the MAPK pathway may
increase the efficacy of radioiodine therapy in cancer with
BRAF mutations (Knauf et al., 2009).
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Figure 5. Effect of CPT and CN-CPT on B-PIX expression and Erk1,2 phosphorylation in CAL -62 (A), and BHT-101 (C). Cells were treated with CPT
or CN-CPT (10% and 10~? M) for 48 h. CPT and CN-CPT were replenished every 24 h (48 h culture: 24 + 24 h) without changing the culture medium.
The same blots were probed with anti B-actin antibody as a control. (A, C): Western blot analysis from a representative experiment. (B, D):
Densitometric analysis of B-PIX expression and Erk1,2 phosphorylation expressed in arbitrary units; data are expressed as means + SEM (n=3) and
shown as % of the controls. §p<0.05 significantly different from untreated cells; *p <0.05 significantly different from treated cells at the same

concentration.

The in vitro experiments demonstrated that CN-CPT also
shows increased ability to inhibit endothelial cells adhesive-
ness to ATC cells and migration of ATC cells, similarly to
what we previously showed for prostate cancer cells. This
activity might be related to the ability of CN-CPT to
downmodulate expression of B-Pix involved in negative
regulation of formation of focal adhesions, which may
enhance formation of lamellipodia and cell motility (Kim
et al., 2013; Occhipinti et al., 2013; Dianzani et al., 2014;
Stevens et al., 2014).

The in vivo experiments using the SCID xenograft
orthotopic model implanted with CAL-62 cells substantially
supported these findings since treatment with CN-CPT
was more effective than the free drug in improving mice
survival and decreasing tumor growth and metastatization at a
dose (1 mgkg™") that did not display any substantial side
effects.

Beside the effect on cell proliferation, apoptosis, adhesion
and migration, the antitumor CN-CPT activity may also
involve inhibition of tumor neoangiogenesis as suggested by
the CN-CTP ability to inhibit VEGF-o and IL-8 secretion in
ATC cells lines in vitro and tumor vascularization in vivo. We
previously showed that CN-CPT, but not free CPT, inhibits
proliferation and migration of endothelial cells, proteolytic
degradation of the extracellular matrix, and in several in vitro
models of angiogenesis, inhibited tumor neoangiogenesis in
mouse models of prostate cancer (Gigliotti et al., 2016a).
Solid tumors cannot grow beyond a certain size, generally

1-2 mm®, without being supported by tumor neoangiogenesis
(Li et al., 2012), that plays a key role also for metastatic
dissemination of cancer cells. Another point is that the higher
in vivo activity of CN-CPT compared to free CPT may be
partly due to its ability, displayed by most nanoparticles, to
accumulate in tumors because of the enhanced permeation
and retention effect across the atypical highly fenestrated
blood vessels of the tumor (Wang & Thanou, 2010).

The greater size of the necrotic core detected in the tumors
of the control group compared to those of the CN-CPT-treated
group may be ascribed to the faster growth of the former that
may prevent adequate nutrition of the tumor core. The finding
that the tumors of CN-CPT-treated mice contained a high
density of Ki67* cells at the invasive edge suggests that the
antiproliferative activity of the drug has limited effects in this
area of the tumor. However, the CN-CPT effect might be
potentiated by combination of CN-CPT with surgery and
radiation, since the multimodality approach represents the
standard treatment of choice in ATC (Denaro et al., 2013) and
the striking CN-CPT effect on tumor metastatization may be
crucial to implement the effect of those therapies. The safety
(Gigliotti et al., 2016a) and the cheap cost of CN-CPT are also
to be considered.

Conclusions

In conclusion, the antineoplastic activity of CN-CPT may
result from the combination of the antiproliferative effect
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Figure 6. Treatment with CN-CPT delays the growth of orthotopic anaplastic thyroid carcinoma xenografts in vivo. CAL-62 cells (1 x 10°%) were
injected into the right thyroid lobe of NSG mice. Mice were injected with PBS (O, n=15), CPT (e, n=7) or CN-CPT ([, n=7) at day 10 after tumor
challenge. (A) Kaplan—Meier survival analysis of untreated and treated mice. *p <0.05 compared to the PBS-treated group. Graphs show: (B) tumor
velocity and (C) the number of metastasis in the lung for each group, expressed as median and interquartile range. *p <0.05; **%p <0.001 compared to
the PBS-treated group and CPT-treated group. (D) Representative immunohystochemical staining for Ki-67 of tumor sections from mice treated with
PBS, CPT or CN-CPT sacrificed at day 34 after tumor challenge. (E) Ki-67 staining of tumor section from a mouse treated with CN-CPT and sacrificed
at day 51 after tumor challenge. (F) Graph shows the tumor microvessel density (TMD) determined as the percentage of CD31-positive area on the
tumor sections. Three randomly selected areas from three tumors from each group were analyzed; data are expressed as median and interquartile
ranges. p<0.001 compared to the PBS-treated group and CPT-treated group.

associated with the increase in apoptosis in the tumor cells,
the inhibition of migration, invasion and metastatization, and
the inhibition of the neoplastic neovascularization. Therefore,
the anticancer activity of CN-CPT, without evident toxicity,
opens up therapeutic perspectives for the ATC, which does
not respond to conventional therapy. Translational and
clinical studies will ultimately determine the clinical utility
and safety of CN-CPT, used alone or in combination with
other chemotherapics, as an option for the treatment of this
kind of tumor.
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CD-NSs and improvement of paclitaxel
solubility

Introduction

Paclitaxel is a versatile small molecule anticancer diterpenoid originally isolated
from the tree bark Taxus brevifolia. Paclitaxel has reported to possess strong
anticancer activity against ovarian, breast, nonsmall cell lung cancer, Kaposi’s
sarcoma, pancreatic cancer, and head and neck tumors (Surapaneni, Das, and
Das 2012). Paclitaxel acts via its activity on microtubules, during the mitotic
phase of the cell division wherein it promotes polymerization of the tubulin
proteins and stabilizes the microtubules making them dysfunctional. Paclitaxel
is a highly lipophilic molecule with very poor aqueous solubility (<0.5 mg/L),
dissolution and oral bioavailability (Bilensoy et al. 2008). Paclitaxel also
undergoes first pass metabolism in liver and intestine via the cytochrome P450
pathway. As discussed before, Cremophor EL, used for the delivery of paclitaxel,
is reported to be associated with severe side effects and hypersensitivity
reactions such as bronchospasms, hyperlipidemia, neurotoxicity, hypotension,

vasodilatation, and labored breathing (Trotta et al. 2014; Surapaneni, Das, and
Das 2012). As before reported, Abraxane" is better tolerated than cremophor

EL in the delivery of paclitaxel. However, also Abraxane” presents limitations,
such as neurotoxicity, increased risk of infections or anemia (American
Pharmaceutical Partners, n.d.). Thereby, novel systems for the delivery of
paclitaxel can be developed and investigated.

In our study, we decided to evaluate the effects of paclitaxel included in

nanosponges of B-cyclodextrin (paclitaxel-CDNS) on melanoma. The paclitaxel

form available on the market (Taxol®), which displays a high efficacy, was used
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for our study.

Methods and results

CDNS were produced by the group of Prof. Trotta, (department of Chemistry,
UniTO) and drugs were incorporated in CDNS by the group of Prof. Cavalli (DSTF,
UniTO). Concerning in vitro study, we compared the ability of paclitaxel-CDNS
and free paclitaxel to inhibit the growth of human (A2058, JR8, A375, M14,
PCF2) and murine (B16-F10) melanoma cell lines. As previously described
(Gigliotti et al. 2017), cells were cultured in the presence and absence of titrated
amounts (107-10"*M) of each formulation for 72h and the amount of viable
cells was then assessed by the MTT assay. Figure 2 shows that paclitaxel-CDNS
inhibited the growth of all cell lines to a higher extent than the free drug. Indeed,
paclitaxel-CDNS were effective in the picomolar range concentration, while free
paclitaxel was effective only in the nanomolar range. In order to validate these
findings in cell types which are closer to the real model, we also evaluated the
effect of our formulation (10°-10">M) on two primary melanoma human cells
(6874-14 and 8363-13) obtained from a melanoma explant (S. Lazzaro hospital,
Turin). Even using these ex vivo models, paclitaxel-CDNS exerted a higher
inhibition of cell viability after 72 h, being significant even at 10°-10"*M for both
the cell lines. Figure 3 reports data obtained on 6874-14 cells; similar results
were obtained for 8363-13.

Since it is well known that paclitaxel displays the ability to inhibit tumor
angiogenesis (Bocci, Di Paolo, and Danesi 2013), a tubuly-formation assay was
carried out to evaluate the effect of paclitaxel-CDNS on HUVECs. Drug
concentrations that were not cytotoxic (evaluated by MTT assay on HUVECs)
were used for the tubuly-formation assay. Then, HUVECs were seeded onto 48-
well plates (5x10*/well) previously coated with 75ul of growth factor-reduced
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Matrigel, in the absence or presence of free paclitaxel and paclitaxel-CDNS (10
7-10"*M), or empty CDNS. The morphology of the capillary-like structures
formed by the HUVECs was analyzed by an inverted microscope after 15h of
culture, and photographed with a digital camera. Results showed that
paclitaxel-CDNS significantly inhibited tubuly-formation in a concentration-
dependent manner. At 10° and 10™M, the structure and organization of the
tubuli were strongly disrupted and at 10"'M only few cells were able to form
basic tubuli. By contrast, free paclitaxel did not display any anti-angiogenic
effect in the used range of concentration. The inhibition of capillary network
formation was 98+3%, 90+2% and 60+5% for paclitaxel-CDNS 10™% 10™'and 10°
2M, respectively (Fig. 4). We decided to translate our findings also in vivo, by
comparing the effect of paclitaxel-CDNS and free paclitaxel on tumor growth. 8
weeks old C57/BL6 mice were subcutaneously injected with B16-F10 cells and
10 days later treated i.v. with 2,5mg/kg of paclitaxel-CDNS, free paclitaxel or
empty CDNS three times a week for three weeks. Mice were sacrificed at the
end of the experiment, and tumor weight and volume were measured at that
time. Volume was calculated with this formula: V=I*I*h. Obtained data showed
that paclitaxel-CDNS significantly decreased tumor growth, since tumor weight
and volume were inhibited by 80% with respect to the control group, and by
60% when compared with the paclitaxel group (Fig. 5). Moreover, no signs of
animal suffering and toxicity were reported. Indeed, the fur and the weight of
the mice were not affected by the treatment with paclitaxel-CDNS.

Conclusion

In conclusion, this preliminary study showed that paclitaxel delivery using CDNS
may be an effective manner to increase the anti-cancer effect of paclitaxel,
allowing an improvement of its efficacy even at concentrations definitely lower.
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Thereby, obtained results give a further confirmation of the efficacy of CDNS in

delivering an instable drug, such as paclitaxel, ameliorating its activity both in

vitro and in vivo.
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Figure 2: Percentage of cell survival following paclitaxel and paclitaxel-CDNS treatment. The
results are expressed as % of cell viability inhibition and shown as mean + SEM (n = 5). Eight
replicate wells were used to determine each data point, and five different experiments were
performed. Statistical analysis was performed using one-way ANOVA and Dunnett’s test.
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Figure 2: Percentage of cell survival following paclitaxel and paclitaxel-CDNS treatment. The
results are expressed as % of cell viability inhibition and shown as mean + SEM (n = 3). Eight
replicate wells were used to determine each data point, and three different experiments were
performed. Statistical analysis was performed using one-way ANOVA and Dunnett’s test.
**p<0.01; *p<0.05 compared to the paclitaxel group at the same concentration.
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Figure 4: Tube formation assay on HUVECs. After treatment with paclitaxel or paclitaxel-CDNS,
tube formation was photographed and evaluated by counting the total number of tubes in three
wells; five different experiments were performed. Data are shown as mean+SEM. Statistical
analyses were performed using one-way ANOVA and the Dunnett test. **p<0.01; *p<0.05
compared to the paclitaxel group at the same concentration.
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Figure 5: Effect of paclitaxel and paclitaxel-CDNS on tumor growth in vivo. The graph shows an
average of the tumor mass weight and volume, expressed as % compared to the control group.
*p<0.05 vs PBS group.
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CD-NSs and reduction of doxorubicin toxicity

Introduction

Doxorubicin (DOX) is one of the most important anticancer drugs used against
solid tumors of different origin and in particular for the treatment of breast
cancer. However, its application is associated with several adverse effects and
cardiotoxicity is the most severe one, leading to a very narrow therapeutic dose
(Humber et al. 2007). Moreover, its anticancer efficacy is limited by some
conditions of the tumor environment, such as hypoxia, acidity, and defect in
vasculature and lymphatic vessels, as well as multidrug resistance (MDR) of

cancer cells (Prasad et al. 2013).

As before reported, Doxil” (liposomal DOX formulation) achieved the FDA
approval of in 1995. However, this formulation presents some limitations such
as fixed functionality after synthesis, some leakage of encapsulated agent and
lack of colloidal stability, without forgetting the high cost of manufacturing
(Adair et al. 2010).

Therefore, the research for developing an efficient system able to reduce DOX
toxicity is still ongoing, and it is within this context that our study collocates.
We decided to evaluate the effects of DOX included in nanosponges of B-

cyclodextrins (BNS-DOX).

Methods and results

In a first moment, we analyzed the cytotoxicity of doxorubicin (DOX) and of
doxorubicin-loaded nanosponges (BNS-DOX) on several cell lines derived from
a panel of solid tumors. As reported by MTT assay, BNS-DOX displayed a higher
efficacy than free DOX in all tested cell lines. Figure 6 reports the inhibition of

proliferation on human (MDA-MB231) and murine (4T1) mammary cancer cell
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lines (Fig. 6). Then, we evaluated BNS-DOX effect on cell cycle: we performed a
cell cycle analysis 72 hours after treatment with different concentrations of DOX
or BNS-DOX on MDA-MB231 and 4T1 cells. Different patterns of cell cycle
distribution were found in these two cell lines: 4T1 control cells expressed a high
proportion of G1phase cells (about by 70%), whereas, in MDA-MB231 cells, the
proportion of S plus G2 cells reached about 50% of the cell population. However,
in both cell lines the treatment with DOX and BNS-DOX greatly reduced the
proportion of G1, S and G2 cells by increasing the cells withdrawn from cell cycle
(GO cells). The differences between DOX and BNS-DOX treatments were
observed at the concentration of 10°M in 4T1 cells and at the concentration of
10®M and 10”M in MDA-MB231 cells (Fig. 7). Since the most important side
effect of DOX is cardiotoxicity we decided to evaluate the effect of the drug on
the viability of murine cardiomyocites and no differences were observed
between the two DOX formulations (data not shown). After having
demonstrated the higher efficacy of BNS-DOX in comparison with free DOX in
all tested cell lines, included breast cancer ones, we selected NeuT mouse model
for this study because BALB-neuT tumors are highly homologus to human HER-
2 positive breast cancer and so an ideal model to evaluate the effect of new
antitumor drugs (Conti et al. 2014). BALB-neuT mice are transgenic for the rat
neu oncogene (Her-2/neu, ErbB-2), with a point mutation in the transmembrane
region of the gene that makes it highly tumorigenic, compared with wild-type
neu (WT-neu) or human EGFR 2 (Quaglino et al. 2008). At 21-28 d of age, the
neuT protein is overexpressed in mammary glands in BALB-neuT mice (Di Carlo
et al. 1999), which progress to in situ carcinomas at about day 60, to invasive
cancers by day 120-150, and by about day 230 all 10 mammary glands contain

palpable tumors (Calogero et al. 2007). Because this model mimics some of the
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most critical features of human disease, it was successfully used to investigate
the efficacy of several therapeutic agents (lezzi et al. 2012).

The in vivo experiments strictly strengthened the higher effectiveness of BNS-
DOX in comparison with free DOX treatments. Tumor weights, after 7 weeks
from the beginning of treatments with 2 mg/kg of BNS-DOX, were reduced by
about 60% with respect to the control, while the same treatments, performed
by using DOX and empty BNS, were completely ineffective (Fig. 8A). This is
particularly relevant since we employed a dose that is five time lower to the
therapeutic one.

To assess if BNS-DOX were less cardiotoxic than free DOX in vivo, we decided to
evaluate the effect of our treatment on the heart of NeuT mice by H&E staining.
The histological analysis showed that BNS-DOX did not affect the integrity and
histology of the heart tissue in NeuT mice, underlining that the treatment is safe
and not toxic to the heart (Fig. 8B).

To further explore the tumor neoangiogenesis and lymphangiogenesis on
treated NeuT mice, we analyzed the vascular density, as determined by CD31-
positive area, and the lymphatic vessel density/lymphatic area, as determined
by Lyve-1. Immunofluorescence analysis was performed with anti-CD31 and
with anti-Lyve-1 primary antibodies. The staining was performed on cryostat
sections cut in OCT, because these retain the structural micro-architecture
better than those stored in nitrogen. The results showed multiple areas of active
angiogenesis and growth of lymphatic vasculature in the tissues of the mice
treated with free DOX, while very few of these areas were detected in tissues of
mice treated with BNS-DOX (Fig. 8C).

Biodistribution has been evaluated on mice organs at the moment of

explantation. In order to assess the possible toxicity of BNS-DOX and free DOX
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also on healthy mice, we used BALB WT mice as negative control. As a
demonstration of the higher antitumour effect of BNS-DOX in vivo, they
displayed a significant higher distribution in the tumor site compared to free
DOX in NeuT mice. In addition, a very strong reduction in the accumulation of
BNS-DOX in the heart tissue has been revealed (Fig. 8D). Nevertheless, results
obtained after analysis of lungs, liver, kidneys, spleen and brain revealed that
the distribution of BNS-DOX was similar to the one of free DOX in the examined

organs of NeuT and WT mice.

Conclusion

In conclusion BNS-DOX proved to be an effective formulation in the treatment
of breast cancer. The increased effectiveness, with respect to DOX, may be due
to an increased stability of the drug, a higher accumulation inside the tumor
tissue due to the EPR effect, and a poor lymphatic drainage of the tumor
microenvironment. Moreover, at the cellular level, BNS-DOX is internalized into
the cells by endocytosis, and thereafter, is not flushed out by the MDR-
associated protein pumps (Gigliotti et al. 2016; Garcia-Carbonero and Supko
2002).

Our data suggest that BNS are crucial to increase the therapeutic effect of DOX
and reduce the cardiotoxicity. A related article on this work is ready to be

submitted to Journal of controlled release.
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Figure 6: Percentage of MDA-MB231 and 4T1 cell survival following DOX and BNS-DOX
treatment. The results are expressed as % of cell viability inhibition and shown as mean + SEM
(n = 5). Eight replicate wells were used to determine each data point, and five different
experiments were performed. ** p< 0.01, significantly different from free DOX; one-way ANOVA
and Dunnett’s test.
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Figure 7: Effects of DOX and BNS-DOX treatment on cell cycle. MDA-MB231 and 4T1 cells were
treated or not with DOX and BNS-DOX for 72 h and the cell cycle was then assessed by flow
cytometry. Graphs represented the % of the quantification of cell cycle phases from 3
independent experiments.
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Figure 8: Effect of DOX and BNS-DOX on tumor growth in vivo. (A) The graph shows an average
of the tumor mass weight, expressed as % compared to the control group. **p<0.01 vs CTR,
DOX, BNS.

(B) Histopathologic analysis of the heart. H&E stained were observed with 20X magnification.
Representative image of heart tissue from Neu-T mice treated with PBS or BNS-DOX. Similar
pictures were observed in mice treated with BNS or DOX. Representative images of 3
indipendent experiments are shown. (C) Immunofluorescence staining of CD-31 and LYVE-1 of
tumour tissue sections from of Neu-T mice treated with DOX or BNS-DOX. The slides were
stained with either pAb rabbit a-mouse CD31 or pAb rabbit a-mouse LYVE-1 plus a secondary
antibody a-rabbit conjugated with Alexa Fluor® 488. Representative images of 3 indipendent
experiments are shown. (D) Biodistribution analysis of DOX and BSN-DOX accumulation in
tissues.
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CD-NSs and responsiveness to GSH and pH

Introduction

There is strong evidence that tumour cells can achieve resistance to oxidative
stress, thus by-passing the action of several anticancer drugs. Glutathion (GSH)
is a tripeptide that exerts a potent anti-oxidative activity, by reacting with ROS
and thus preventing DNA damage and cell death (Lemire et al. 2017). Therefore,
cells that present high intracellular levels of GSH develop high resistance to most
potent drugs used for cancer. As a consequence, a system able to recognize and
target high GSH-tumor cells may present an important strategy for the delivery
of potent drugs that in the free form do not obtain a response from these cell
types.

Basing on these findings, CD-NSs GSH- and pH-responsive were developed by
Prof. Trotta (Department of Chemistry, UniTo), in order to permit a specific and
guantitative controlled release of drugs. Indeed, a further difference between
normal and cancer cells is pH; while systemic pH value is 7.4, in the tumour
tissue it is more acid (Daga et al. 2016). A low pH value destabilyzes GHS-NSs

enhancing drug release (Daga et al. 2016; Yu, Yao, and Yang 2016).

Methods and results

These NSs have dimensions of =200nm and Z-potential -30mV (Trotta et al.
2016) and were generated using an one-step procedure in which 2-hydroxyethil
disulphide bonds and (-CD reacted with pyromellitic dianhydride at room
temperature for few minutes. The disulphide bonds allow GSH-NSs to release
drugs in response to GSH and pH variations. Previous studies showed that GSH-
NSs improved DOX efficacy in high GSH-tumor cells, where DOX GSH-NSs were

more internalized than free DOX (Daga et al. 2016). Indeed, DOX-internalization
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was directly correlated to the anti-proliferative effect (Takemura and Fujiwara,
n.d.).

In our work, GSH-NSs were studied in the delivery of strigolactones (SLs),
phythormones of natural origin released from plants in the soil, acting on plant
growth and in regulation of biological functions in the rizosphere (Gomez-
Roldan et al. 2008; Koltai et al. 2010). Recently, a role of SLs as anticancer
molecules was pointed out, since they inhibit cell cycle, induce oxidative stress
and apoptosis of several solid tumour cell types, as prostate, colon, lung and
melanoma; on the contrary, they do not exert cytotoxicity against normal cells
(C B Pollock et al. 2012). In vegetals, SLs regulate cyclin-f expression via
ubiquitine-proteasome system, suggesting that a similar mechanism can be at
the base of their antitumour activity in mammals (Rasmussen et al. 2012).
However, since SLs are released in the soil at very low concentrations and they
are rapidly decomposed because of their instability, two analogs of SLs, MEB55
and ST362, were synthesized by Prof. Prandi (Department of Chemistry, UniTo).
The problem of these two compounds is the low water solubility, and thus they
must be solved in a solvent, such as DMSO. However, DMSO cannot be
employed in vivo, therefore a safe system for their delivery is required.
GSH-NSs have been proposed for the delivery of MEB55 and ST362 in order to
assess their effect on prostate cancer and the two analogs were incorporated in
GSH-NSs by the group of Prof. Cavalli (DSTF, UniTO).

The in vitro kinetics release profile of GSH-NSs was evaluated in the presence of
different GSH concentrations (Fig. 9) and the effects of this formulation were
evaluated on tumour cells.

We chosed two cell lines, that are DU-145 and PC-3, since they display different
intracellular GSH levels. Indeed, DU-145 GHS levels are high, 12 ug/mg of
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protein, while PC-3 GSH levels are low, 7 ug/mg of protein (Claire B Pollock et
al. 2014). In vitro obtained results showed that SLs-GSH-NSs are able to inhibit
cell viability on DU-145, in a dose-dependent way and significantly more than
the free drug, with MEB55 three times more efficient than ST362. On the
contrary, no significant differences were reported on PC-3 cells (Fig. 10).

The levels of internalization were determined by FACS in PC-3 or DU-145 after
treatment with labelled GSH-NSs at 4 °C or 37 °C. While PC-3 did not show a
significant increase in fluorescence at 37 °C, DU-145 displayed high levels of
fluorescence. No internalization was observed neither for PC-3 and DU-145 at 4
°C, demonstrating that an active transport into the cells is needed (Fig. 11 and
12).

Moreover, an induction of apoptosis was observed in DU-145 after treatment
with SLs-GSH-NSs, while this effect was not observed in PC-3, suggesting that
this cell line probably undergoes oxidative stress death (Fig. 13). Indeed, in a
previous work, the authors demonstrated that the intracellular level of reactive
oxygen species (ROS) was inversely related to GSH content (Daga et al. 2016).
This observation suggested that the antioxidant potential of PC-3 was lower
than that of DU-145, and for this reason they may die for oxidative stress. Cell-
uptake experiments confirmed obtained results, demonstrating that SLs-GSH-
NSs are rapidly internalized in DU-145, inducing apoptosis by exploiting high
GSH levels and low pH that accelerate SLs release (Fig. 14).

Conclusion

In conclusion, GSH-NSs revealed to be efficient nanocarriers for the intracellular
controlled release of SLs, by-passing its problems of insolubility and allowing a
GSH and pH mediated cell-specific effect. A related article on this work is ready

to be submitted to Oncotarget.
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Figure 9. In vitro release kinetics of ST362 (A) and MEB55 (B) from GSH-responsive NS
formulations in the presence of different GSH concentration (1, 5, 20 mM).
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Figure 10. Cell viability after free SL or SL-loaded GSH-NS treatment. Results are expressed as
percent of inhibition of control values, obtained after 24 h of treatment in the presence or
absence of free ST362, ST362 GSH-NS, free MEB55, MEB55 GSH-NS. *p < 0.05, significantly
different from free-drug treated cells at the same concentration.
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Figure 11. Cellular uptake of GSH-NS: DU-145 or PC-3 cell lines were treated with or without
different doses of GSH-NS and then analyzed by flow cytometry. Results are expressed as
meanSEM of the percentage of fluorescent positive cells from four indipendent experiments
(** p<0.01, *p<0.05 compared to the control, paired T-test).
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PC3 cells
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Figure 12. Fluorescence microscope images (400X magnification) of GSH-NS (green) in PC-3 and
DU-145 cells. Untreated cells (CTR) and 10, 5, 1, 0.1 uM GSH-NS observed after 4 h of treatment.
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Figure 13. Levels of Annexin-V positive cells after free SL or SL-loaded GSH-NS treatment.
Annexin-V positive cells was evaluated in DU-145 (left panel) and PC-3 (right panel) cells cultured
for 24 h in the presence or absence of free ST362, ST362 GSH-NS, free MEB55, MEB55 GSH-NS.
Results are expressed as % of positive cells *p < 0.05; **p< 0.01, significantly different from free-
drug treated cells at the same concentration.
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Figure 14. SL intracellular content in PC-3 and DU-145 cells after 24 h treatment with 10, 5, 1,
0.1 uM free SL or SL-loaded GSH-NS.
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Discussion

Nanotherapeutics research has been at the center stage of the cancer
therapeutic drug design and discovery for over three decades. High publication
volumes and significant government spending on nanomedicine have made
nanotechnology achieving lots of interest, and further investigations are now
ongoing in order to define the future of nanomedicine and the bench to bedside
transition of promising technologies (Juliano 2013). A vast majority of the
chemotherapeutic agents have poor aqueous solubility owing to their multistep
synthetic routes that aim toward a higher selectivity and specificity, making the
formulation development difficult. Many molecules also suffer from
degradation in the gastrointestinal tract, poor physicochemical stability, and
low half-lives necessitating frequent dosing and severe dose-dependent side
effects.

Leaving from this background, our research started from an investigation of new
systems for the delivery of instable chemotherapeutic drugs, such as
temozolomide (TMZ), camptothecin (CPT) and paclitaxel, in order to assess if
our formulations were able to improve the intrinsic drug characteristics.

In the first study, we focused on TMZ, an alkylating chemotherapeutic drug that
is used, among others, for topical melanoma treatment (Suppasansatorn et al.
2006), but whose low stability at physiologic pH constitutes the main limitation
for i.v. delivery. Our approach was based on lipophilization of the parent
molecule and following encapsulation in solid lipid nanoparticles (SLNs;
produced by Dr. Battaglia, DSTF, UniTO), in order to increase its stability after
i.v. administration, which should lead to a longer duration of action and a higher
efficacy. SLNs are a safe and biocompatible system, characterized by high
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stability in in vitro and in vivo systems (Pizzimenti et al. 2016). In our models,
SLN-TMZ showed a significant higher effect on inhibition of cell viability,
proliferation and angiogenesis in vitro, when compared to the free drug.
Moreover, our formulation significantly improved the ability of TMZ to reduce
tumour growth and angiogenesis also in vivo, on a B16-F10 subcutaneous model
of melanoma.

It is known that TMZ does not constitute the first line therapy for melanoma,
since it is based on immunotherapeutic drugs, such as ipilimumab and
nivolumab (J. S. Weber et al. 2015; Robert et al. 2015; Force and Salama 2017).
However, only a low percentage of patients respond to these immunotherapies
(Postow et al. 2013) and several of them become resistant. Therefore, there is
alwasy a strong necessity to investigate novel methods for the delivery of new
or old drugs.

The promising obtained results allow to consider SLN as an efficient system for
the delivery of TMZ, increasing its stability and thereby its activity, reducing the
use of high doses of this drug.

Another nano-delivery system that has been largely studied in this work, was
based on p-cyclodextrin nanosponges (BCD-NS). We investigated the effects of
BCD-NS in the delivery of CPT (CN-CPT) on anaplastic thyroid cancer (ATC)
models, since there are not efficient drugs for the treatment of this highly lethal
cancer (Gigliotti et al. 2017).

CPT in its native form is not employed in clinics because of its numerous side
effects. Moreover, its use is restricted by poor solubility and stability at
physiological pH, at which CPT undergoes spontaneous inactivation due to
opening of the E-ring, decreasing its bioavailability and enhancing side effects.

CN-CPT displayed higher inhibitory effects on cell proliferation and increased
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ability to block the cell cycle into the S-phase, to inhibit new vascularization and
to induce apoptosis in vitro (Gigliotti et al. 2016). Furthermore, this formulation
more strongly inhibited ATC cells adhesiveness to endothelial cells and ATC cells
migration, two mechanisms at the base of metastatic process that is responsible
for the high lethality of this tumour. The in vivo experiments using a xenograft
orthotopic model of ATC substantially supported these findings, since treatment
with CN-CPT was more effective than the free drug in improving mice survival
and decreasing tumor growth and metastatization at a dose that did not display
any substantial side effect.

The anticancer activity of CN-CPT, without evident toxicity, opens up
therapeutic perspectives for the ATC, which does not respond to conventional
therapy. Indeed, even if on in vivo ATC model CN-CPT reported a lower effect
than the one displayed in prostate cancer (Gigliotti et al. 2016), it is necessary
to consider a possible employment of this novel formulation in combination
with other common approaches for the treatment of ATC, such as preventive
surgery and radiotherapy, resulting in a final successful strategy with high
therapeutic potential.

A further study was carried out on paclitaxel, an anticancer drug with high
insolubility. The old systems used for the delivery of paclitaxel, such as

Cremophor EL, are known to be toxic for the organism, therefore several

formulations were developed, such as liposomes and Abraxane” (M. R. Green
et al. 2006). However, as previously reported, they present some limitations and
high production costs. Several studies have been carried out in order to
ameliorate paclitaxel efficacy, and in our work we decided to investigate the
effects of BCD-NS in the delivery of paclitaxel on melanoma models. In vitro

results showed an efficacy of this system that was three orders of magnitude
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higher than the one of free paclitaxel, in the inhibition of melanoma cells
proliferation and migration. Also effects on angiogenesis were evaluated,
because paclitaxel is known to inhibit this process. Paclitaxel-3CD-NS reported
a greater inhibition of angiogenesis when compared to the free drug, even at
very lower concentrations. In vivo obtained results gave a further confirmation
of the best activity of paclitaxel-BCD-NS on tumour growth, in B16-F10
melanoma cells subcutaneously injected mice. These findings demonstrated
that BCD-NSs not only allow a safe delivery of paclitaxel, but also enable to
employ very low doses of this potent anticancer drug. Indeed, BCD-NS are able
to solubilize this drug allowing a high protection from the external environment.

A further evaluation may be carried out to strengthen the efficacy of our

formulation, by comparing its effects with the ones of Abraxane .

Another limitation for the use of many chemotherapeutic drugs is their high
toxicity. This is due to the fact that their effect is not selectively directed to
cancer cells, but they can reach healthy organs and cause cell death, perturbing
the organ structure and function. Doxorubicin (DOX) is an antracycline that was
widely used against solid tumors of different origins and in particular for the
treatment of breast cancer. However, several limitations to the use of DOX were
related to its severe side effects, and in particular cardiotoxicity (Humber et al.
2007). Also in this case, we decided to investigate PCD-NS for the delivery of
DOX, in order to see if this formulation could specifically ehnance its activity,
thereby reducing its toxicity. DOX BCD-NS showed to be able to inhibit cell
proliferation and induce cell cycle block on breast cancer cell lines in a dose-
dependent way. In vivo data, obtained on a spontaneous model of breast cancer
(Balb Neu-T mice), reported a greater inhibition of tumor weight and

angiogenesis exerted from DOX-BCD-NS, compared to Dox. However, the most
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interesting result was obtained by biodistribution study, which showed that
DOX-BCD-NS accumulated to a high extent into the tumour tissue and not into
the heart tissue. On the contrary, a high accumulation of free DOX was found in
heart tissue and less in the tumour site. Histological analysis further confirms
that BCD-NS did not induce cardiotoxicity. Basing on these findings, PCD-NS
revealed to be an important strategy for allowing DOX use without reporting
cardiotoxicity.

The higher antitumour effect observed in vivo with all these NP systems is also
ascribable to the fact that tumor environment provides a very unique
opportunity for the molecules to be delivered specifically to the tumour site. A
tumor exhibits increased vasculature permeability, leakiness, and decreased
lymphatic function. Nanoparticles (100-500nm) can utilize the EPR effect
through extravasation via gaps in hyper permeable tumor vasculature. This
characteristic can be exploited in order to make chemotherapeutic drugs more
selective, reducing their systemic effect and increasing their bioavailability, by
taking advantage of endocytosis and efflux pumps escape.

Besides increased vasculature permeability, other characteristics of tumour
cells are their lower intracellular pH in comparison with the normal cell types.
Moreover, chemoresistant cells often display high intracellular concentration of
glutathione (GSH), that is about threefolds higher than the extracellular levels.
Stimuli-sensitive drug delivery using nanoparticles helps in targeting of
nanoparticles to the tumor site. Therefore, we evaluated the effect of GSH and
pH disulfide-responsive NS (GSH-NS), in which GSH/GSH-disulfide switches can
be easily turned on after the intracellular delivery thereby leading to cleavage
of the disulfide bond and subsequent targeted release of the encapsulated

drugs (R Cavalli, Argenziano, and Dianzani 2014). These NSs showed good
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swelling capacity without causing any cytotoxic effects on several tested cancer
cell lines (Trotta et al. 2014). In particular, we studied GSH-NSs in the delivery of
strigolactones (SLs), natural compounds with anticancer properties. SLs are
released in the soil at very low concentrations and they are rapidly decomposed
because of their instability. Two analogs of SLs have been synthesized, but they
displayed a very low solubility and thereby needed to be delivered. We tested
SLs-GSH-NSs on two prostate cancer cell lines, DU-145 with high GSH content
and PC-3, with low GSH content. Obtained results showed a higher
accumulation of the formulation, and a consequent higher inhibition of cell
viability, in DU-145 cells, when compared to free SLs and to PC-3 cells.
Therefore, GSH-NSs represent an efficient nanocarrier system for a controlled
intracellular release of SLs, since they can be specifically directed against
chemoresistant cells which dispay high intracellular GSH cancer cells.

In conclusion, SLNs and PCD-NSs showed remarkable encapsulation efficiency
and reported to be able to increase stability, solubility and controlled release of
several molecules. By taking advantage of EPR effect, they specifically reach the
tumour site, allowing a lower administrated dose and preventing the damage to
healthy tissues. All together, these findings suggest the importance of nano-
drug delivery as a strategy for overcoming limitations of most important
anticancer drugs, by improving drug efficacy and reducing related adverse

reactions, often allowing a reduction of manufacturing and market costs.
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STUDY OF NEW TUMOR BIOMARKERS
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Biomarkers and target therapy

The National Cancer Institute defines a biomarker as “a biological molecule
found in blood, other body fluids, or tissues that is a sign of a normal or
abnormal process, or of a condition of disease”. Biomarkers give evidence of the
presence of several diseases, including cancer.

There are numerous biological components among the large variety of cancer
biomarkers, including antibodies and inflammatory molecules, nucleic acids and
peptides.

Biomarkers are used for patient assessment in multiple clinical settings,
including estimating risk of disease, screening for occult primary cancers, and
distinguishing benign from malignant forms. Biomarkers’ identification can give
important information about an individual’s risk of developing cancer. Several
cancers are difficult to diagnose at early stages, since they do not present
symptoms before the disease has progressed and become metastatic.

Effective risk reduction strategies (such as lifestyle changes, prophylactic
surgery, or chemoprevention) and screening are helpful in determining a
patient’s risk of developing a malignancy. In a patient with an abnormality,
biomarkers can also be used to distinguish between different possibilities for a
differential diagnosis (N. L. Henry and Hayes 2012).

Moreover, biomarkers are useful for determining prognosis and prediction for
patients who have been diagnosed with cancer and monitoring status of the
disease. Finding molecules characteristic of a particular disease is important in
detecting recurrence or determining response to therapy. Biomarkers can be
used as response modifiers, or “predictive factors,” for a specific therapy, or for
determining which therapy is likely to be most effective.
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Potential somatic markers for prediction of response to therapy are detected
with chemotherapy sensitivity and resistance assays. Numerous clinical studies
have been published and these assays are commercially available.

Circulating soluble protein tumor markers are known for monitoring therapy
response in metastatic colorectal, prostate, ovarian, breast, and pancreatic
cancers (Harris et al. 2007; Locker et al. 2006). Biomarkers can be used to detect
early recurrence of disease in patients who have completed adjuvant therapy
before the patients become symptomatic. For example, CEA is monitored
serially following adjuvant treatment for colon cancer with the goal of detecting
liver metastases when they are still resectable and potentially curable (Locker
et al. 2006). Similarly, alpha feto-protein, beta-HCG, and lactate dehydrogenase
are monitored serially in nonseminomatous germ cell tumors in order to detect
early disease recurrence (Gilligan et al. 2010).

In conclusion, the detection of tumour biomarkers is vital for allowing an early
diagnosis of cancer, prognosis, and response to therapy. In the majority of cases,
there is a correlation between biomarkers and molecular targets, that can be
useful for a better, specific and personalized therapy.

Target therapy aims at delivering drugs to particular genes or proteins that are
specific to cancer cells or the tissue environment that promotes cancer growth.
Effectiveness of the therapy lies in targeted release of therapeutics at the
disease site while minimizing the off-target side effects caused to normal
tissues. It is often used in conjunction with chemotherapy and other cancer
treatments (Padma 2015). Target therapy involves developing drugs that block
cancer cell proliferation, promote cell cycle regulation or induce apoptosis or
autophagy and targeted delivery of toxic substances specifically to cancer cells

to destroy them. This approach involves the use of monoclonal antibodies or
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oral small drugs (Gerber 2008).
Therefore, our work further aimed at investigating the role of specific
biomarkers which can be predictive for an early diagnosis or can become targets

for a specific cancer therapy.
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Detection of Biomarkers for pancreatic cancer
in extracellular vesicles

Pancreatic cancer

General features

Pancreas is an organ of endodermal derivation that is a key regulator of protein
and carbohydrate digestion and glucose homeostasis. The exocrine pancreas
(80% of the tissue mass of the organ) is composed of acinar and duct cells. The
acinar cells, are organized in functional units along the duct and synthesize and
secrete zymogens into the ductal lumen in response to stomach- and
duodenum-stimuli. The endocrine pancreas regulates metabolism and glucose
homeostasis through the secretion of hormones into the blood-stream. It is
composed of four specialized endocrine cell types grouped together into
clusters called “Islets of Langerhans” (Hezel et al. 2006).

Distinct pancreatic malignancies possess histological and molecular features
that recall the characteristics of the various normal cellular constituents.
Pancreatic ductal adenocarcinoma (PDAC), whose nomenclature derives from
its histological resemblance to ductal cells, is the most common pancreatic
neoplasm (Warshaw and Fernandez-del Castillo 1992; Li et al. 2004).

PDAC normally develops in the head of the pancreas with infiltration into
surrounding tissues including lymphonodes, spleen, and peritoneal cavity. The
disease is characterized by the presence of a dense stroma of fibroblasts and
inflammatory cells, called desmoplasia. PDAC primarily exhibits a glandular

pattern with duct-like structures and varying degrees of cellular atypia and
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differentiation. Less common subtypes of PDAC include colloid,
adenosquamous, or sarcomatoid histology. Often within an individual tumor,
there are regional differences in histology, tumor grade, and degree of
differentiation. Even the smallest primary lesions commonly exhibit perineural
and lymphovascular invasion, suggesting a propensity for early distant spread
(Hezel et al. 2006). Different clinical staging systems were developed to
categorize pancreatic cancer according to surgical resectability, and these
clinical staging systems help treatment planning for patients. Resectable
disease is characterized by: 1) the absence of extrapancreatic disease; 2) a
patent superior mesenteric vein-portal vein (SMV-PV) confluence; 3) clear tissue
planes between the celiac axis (CA), superior mesenteric artery (SMA), and the
common hepatic artery (Bose, Katz, and Fleming 2012). Borderline resectable
disease is characterized by: 1) the absence of extrapancreatic disease and the
presence of tumor involvement or occlusion of the SMV-PV confluence that is
favourable to resection and reconstruction; 2) tumor abutment of the SMA for
less than 180° of its circumference; 3) short segment encasement of the hepatic
artery. Locally advanced disease is characterized by the presence of tumor
encasement of the SMA for more than 1802 of its circumference in the absence
of extrapancreatic disease (Bose, Katz, and Fleming 2012). In addition to these
three, there is the category of metastatic disease, which is characterized by
radiographic or clinical evidence of pancreatic cancer that has spread to distant

organs or the peritoneum.

Causes
Among the environmental causes of pancreatic cancer, tobacco smoking is

recognized as a strong risk factor (Lochan et al. 2011). Alcohol consumption,
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chronic pancreatitis, and diabetes mellitus are also postulated to be causes of
this cancer but further epidemiologic studies and clinical research are required.
Multiple studies have established that advanced age and long-standing chronic
pancreatitis as clear risk factors; diabetes and obesity also appear to confer
increased risk (Everhart and Wright, n.d.; Fuchs et al. 1996; Gapstur et al. 2000;
Michaud et al., n.d.; Berrington de Gonzalez, Sweetland, and Spencer 2003;
Stolzenberg-Solomon et al. 2005). However, PDAC is associated with a handful
of autosomal dominant genetic conditions. Genetics and a family history of
disease are recognized risk factors for developing pancreatic cancer as well.
Indeed, approximately 5% to 10% of patients with pancreatic cancer have a
family history of the disease (Hidalgo 2010). Patients that present
the BRCA2 mutation, which are known to have an increased risk for developing
breast and ovarian cancers, are now recognized to have an increased risk for
developing PDAC (Moran et al. 2012). Other genes with variants associated with
increased pancreatic cancer risk include BRCA1, PALB2, ATM, CDKN2A, APC,
MLH1, MSH2, MSH6, PMS2, PRSS1, and STK11 (Solomon et al., n.d.). Among the
germline mutations linked to familial PDAC, those targeting the tumor
suppressor genes INK4A, BRCA2, and LKB1, the DNA mismatch repair gene
MLH1, are included (Whitcomb et al. 1996; Jaffee et al. 2002). While the
guestion to how these separate genetic conditions lead to PDAC remains to be
fully understood, the clinical observation of exocrine insufficiency and
pancreatitis as a common patho-physiologic process leading to PDAC is object
of interest. Exocrine organ dysfunction and pancreatitis could promote
tumorigenesis in part by promoting the local release of growth factors,
cytokines, and reactive oxygen species (ROS), thereby inducing -cell

proliferation, disrupting cell differentiation states, and selecting for oncogenic
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mutations. Consistently with this hypothesis, activating K-RAS mutations are
detectable in up to a third of patients with chronic pancreatitis (Lohr,
Maisonneuve, and Lowenfels 2000). In states of pancreatic inflammation or
damage, an expanded “stem cell”-like compartment could represent a
subpopulation of cells susceptible to oncogenic transformation upon somatic
mutation of key proto-oncogenes and tumor suppressor genes (Beachy,

Karhadkar, and Berman 2004).

Incidence and diagnosis

Pancreatic cancer is the fourth leading cause of cancer death in the USA (Becker
et al. 2014). In 2014, the American Cancer Society (ACS) estimated 46,420 new
cases of pancreatic cancer with 39,590 deaths in the United States.
Unfortunately, 80% of patients diagnosed with pancreatic cancer present
metastatic or local disease at initial diagnosis (Karmazanovsky et al., n.d.) . While
the 5-year survival rates for many oncologic diseases have improved, for
pancreatic cancer it remains dismal at 6% (ACS, 2014). Even at high-volume
specialty centers, where the 5-year survival rate for patients is higher than in
the general population, disease recurrence is still a major problem. As before
reported, PDAC is the most common pancreatic cancer type (90% of cases) and
the most malignant. PDAC has a poor outcome and an increasing incidence
during the last years. Several factors contribute to the poor prognosis of PDAC,
such as late tumor diagnosis, early invasion of blood vessels, high ability to
metastasize, low immunogenicity and poor response to cytotoxic agents.
However, the high mortality rate is mainly caused by the lack of highly sensitive
and specific tools to detect the disease in an early stage (Greenhalf et al. 2009),
and therefore most of the patients are diagnosed in advanced tumor stages. The
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only treatment for pancreatic cancer with curative potential is resection of the
involved portion of the pancreas. Since metastatic and locally advanced disease
is an exclusion criterion for surgical treatment, only a small number of patients
(15%) presenting a resectable tumor at the time of diagnosis, can be surgically
treated (Distler et al. 2014). In the majority of PDAC patients, symptoms do not
manifest at early stages of the disease and diagnosis occurs when the tumor is
locally advanced or metastatic, with liver, lungs and peritoneum as most
common metastatic sites. However, when surgery is possible, often patients
additionally receive an adjuvant therapy, in order to avoid relapse (Kleeff et al.
2016; Distler et al. 2014). The only screening programs that are currently
available are in research settings and are narrowly focused on detecting
potentially precancerous lesions among high-risk individuals. Current
knowledge about pancreatic carcinogenesis points out a stepwise progression
from intraepithelial neoplasia to invasive cancer (Conroy et al. 2011). Resected
pancreas obtained from a patient with family history of pancreatic cancer or
with PDAC showed multifocal, microscopic pancreatic intraepithelial neoplasms
(PanINs) (Burris et al. 1994; Von Hoff et al. 2013). Moreover, two precursor
lesions for this cancer are represented by intraductal papillary mucinous
neoplasms (IPMNs) and mucinous cystic neoplasms (MCNs) (Moore et al. 2007;
Kindler et al. 2010; Philip et al. 2010; Gourgou-Bourgade et al. 2013). An early
detection of these precursor lesions could prevent a disease progression. Up to
50% of pancreatic cancer patients present with jaundice, which is more
common in patients whose cancers are located in the head of the pancreas
where tumors can cause obstruction of the adjacent biliary system (Bose, Katz,
and Fleming 2012). Other common manifestations include vague abdominal

discomfort, nausea, and weight loss. Steatorrhea can result from obstruction of
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the pancreatic duct, whereas hyperglycemia and diabetes ha ve been associated
with early manifestation of disease. Patients with advanced disease can also

present with pain, ascites, and depression.

Therapy

For resectable pancreatic cancer, the primary treatment from the National
Comprehensive Cancer Network (NCCN) is surgery, followed by adjuvant
chemotherapy. However, there are also phase Il clinical trials data that support
the delivery of neoadjuvant therapy (i.e., chemotherapy and radiation
administered prior to surgical resection) in selected patients with biopsy
confirmation of adenocarcinoma (Halperin and Varadhachary 2014). The
primary chemotherapeutic agents that have shown benefit in patients with
pancreatic cancer are gemcitabine and fluorouracil (5-FU). The use of
gemcitabine showed to increase the median disease-free survival to 13.4
months compared with 6.7 months in an observation group (Oettle et al. 2007).
A 5-year survival of 21% was observed in patients treated with adjuvant 5-FU
compared with 9% in patients selected to receive nonadjuvant treatment in a
random way (Halperin and Varadhachary 2014). Folfirinox (made up of: folinic
acid, 5-FU, irinotecan and oxaliplatin) was shown to offer a survival advantage
but increased toxicity compared with gemcitabine in patients with advanced
disease (Conroy et al. 2011). As such, Folfirinox has become an option for
patients with metastatic disease, providing an otherwise good performance
status. In unresectable tumour patients, treatment usually consists of systemic
chemotherapy and in some cases chemoradiation. The role of radiation in
combination with chemotherapy for locally advanced disease was studied:

chemoradiation has shown benefit but a noted increase in toxicity has been
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reported. Nonetheless, the effects achieved by both approaches are mainly a

mildly increased survival rate and lowered cancer-related symptoms. Also

multidrug regimens, such as Abraxane” and Folfirinox, have been recently
developed moderately improving patients’ outcomes; however, their efficacy
still remains low and their use leads to several adverse effects (Adamska,
Domenichini, and Falasca 2017). Further studies were carried out focusing on
the high variety of miRNAs aberrantly expressed in PDAC and their role in the
control of cell proliferation, invasion and apoptosis. The strategy of altering their
expression and activity in order to prevent cancer development and progression
seems to be promising. Synthetic nanoparticles for the delivery of miRNAs,
which are downregulated in cancer tissues, as well as inhibition of
overexpressed miRNA, were explored. Both approaches showed promising in
vitro and in vivo results. However, considering that each miRNA has multiple
targets, their alteration might cause unpredictable modifications in many
pathways, contributing to fatal consequences. Therefore, more advanced pre-
clinical and clinical studies are needed to fully elucidate the potential of miRNAs
modulation in PDAC therapy. Huge heterogeneity and complexity of PDAC is
regarded to be a major clinical obstacle in the development of successful
therapies. Indeed, PDAC displays a high resistance to conventional therapies.
Targeting individual molecules is not a sufficient approach, as it is counteracted
by upregulation of members of adjacent pathways, contributing to therapy
failure. Therefore, strategies combining chemotherapy with targeting multiple
targets and nano-drug delivery could considerably reduce this risk. In the last
years, the strategy of combining targeted agents with chemotherapy has been
widely explored; however, in pancreatic cancer, the only drug that reported an

effect was erlotinib (Traceva®).
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Further research and clinical studies should be also focused on the role of
pancreatic cancer stem-like cells, a subpopulation of slow-cycling highly
metastatic cells showing increased chemoresistance. The ability to control this
subpopulation of cancer cells, responsible for enhanced aggressiveness and
invasion potential, could be of great clinical value. Nevertheless, in all
therapeutic regimens, some general side effects are expected, including
complications associated with a reduction in blood cell counts, vomiting and
nausea, diarrhoea, constipation, mouth ulcers, poor appetite, hair loss, nervous
system changes, and infertility. It has been considered that some of these
adverse effects, especially blood clotting and weight loss, may be one of the
reasons for the ineffectiveness of current therapies, forcing their early
termination. Thereby, learning how to manage these adverse symptoms could
significantly improve patients’ outcomes (Adamska, Domenichini, and Falasca
2017).

In conclusion, pancreatic cancer is a complex disease that need to be managed
with an integrative approach, and therefore, there is an urgent clinical need to
develop best therapeutic strategies aimed at specific subpopulations of

patients.

Extracellular vesicles

Among emerging key players in the study of new potential cancer targets,
extracellular vesicles (EVs) have reported to promote several tumour processes,
and therefore we focused our project on evaluating their involvement in
pancreatic cancer. EVs are small membrane vesicles that constitute critical
components of intercellular communication (Lobb et al. 2015).

Although the release of apoptotic bodies during apoptosis has been long known
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(Hristov 2004), the fact that also perfectly healthy cells shed vesicles from their
plasma membrane has only recently become appreciated. These vesicles are
generally referred to as exosomes, microvesicles, ectosomes, shedding vesicles,
or microparticles among others (Holme et al. 1994; C. Hess et al. 1999; Cocucci,
Racchetti, and Meldolesi 2009; Gyorgy et al. 2011). They are capable of inducing
local and systemic changes, thereby promoting disease progression in a number
of settings (EL Andaloussi et al. 2013). The functional impact of EVs is imparted
by the molecular components (e.g. protein and RNA cargo) they carry,
prompting the increased interest in EVs as potential novel biomarkers for the
diagnosis and prognosis of disease progression (Théry, Ostrowski, and Segura
2009).

EVs were shown to convey molecular information within the tumour
microenvironment and beyond, as they efficiently travel throughout the
organism and can be detected in various organic fluids and secretions (H. Shao
et al. 2012; Treps et al. 2016).

The machineries involved in scission/release of EVs from the plasma membrane
and those implicated in the mobilization of secretory EVs to the cell periphery,
their docking and fusion with the cell surface are still at an early stage of
comprehension. These processes require the cytoskeleton (actin and micro-
tubules), associated molecular motors (kinesins and myosins), molecular
switches (small GTPases), and the fusion machinery (SNAREs and tethering
factors) (Cai, Reinisch, and Ferro-Novick 2007). The first indications for the
involvement of Rab GTPases in exosome secretion were from studies on
reticulocyte cell lines, which required the function of Rab 11 for exosome
secretion (Savina, Vidal, and Colombo 2002). More recently, in an RNAi screen

in Hela cells targeting 59 members of the Rab GTPase family, knockdown of
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Rab27a or Rab27b significantly reduced the amount of secreted exosomes
(Ostrowski et al. 2010). Rab27 could be involved directly or indirectly in the
transport and tethering at the cell periphery of the secretory EVs. Release of EVs
was found to be regulated in several cellular model systems. For example, it can
be stimulated through activation of purinergic receptors with ATP (Wilson et al.
2004). Platelets are stimulated to shed vesicles from the plasma membrane and
to release exosomes in response to thrombin receptor activation (Heijnen et al.
1999). Dendritic cells increase the release of MVs and change the protein
composition in response to activation by lipopolysaccharides (Obregon et al.
2006; Nolte-"t Hoen et al. 2013), whereas peptide-loaded immature dendritic
cells were stimulated to release exosomes in response to their interaction with
T cells recognizing peptide-loaded MHC class Il (Buschow et al. 2009). Similarly,
plasma membrane depolarization increases the rapid secretion of exosomes by
neuronal cells (Fauré et al. 2006; Lachenal et al. 2011), and cross-linking of CD3
in T cells stimulates exosome release by T cells (Blanchard et al. 2002). In a
recent study, it was demonstrated that secretion of exosomes carrying the
morphogen Wnt is dependent on the R-SNARE Ykt6 (Gross et al. 2012).
Functions of EVs in physiological and pathological processes depend on the
ability of EVs to interact with recipient cells to deliver their contents. EVs
released by a human intestinal epithelial cell line have found to interact
preferentially with dendritic cells rather than with B or T lymphocytes (Mallegol
et al. 2007). The cellular and molecular basis for EVs targeting is still
undetermined, but several target cell-dependent and —conditional aspects are
beginning to emerge. Target cell specificity is likely to be determined by
adhesion molecules, such as integrins, that are present in EVs. After binding to

recipient cells, EVs may remain stably associated with the plasma membrane or
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dissociate, directly fuse with the plasma membrane, or are internalized through
distinct endocytic pathways. When endocytosed, EVs may subsequently fuse
with the endosomal delimiting membrane or be targeted to lysosomes for
degradation. Stable and persistent cell surface exposure can be expected,
particularly on cells that display little if any endocytic activity (Denzer et al.
2000). Detection of fusion of small EVs with the plasma membrane by
fluorescence microscopy in live cells is limited by resolution and the fast
dynamics of fusion events. Several studies provided evidence for the
accumulation of captured EVs in endocytic or phagocytic compartments, with
uptake depending on the actin cytoskeleton, phosphatidylinositol 3-kinase
activity, and dynamin-2 function (Morelli 2006; Tian et al. 2010; Graca Raposo
and Stoorvogel 2013)

A current problem impeding the advancement in EVs research is the lack of
characterization of current methodologies evaluating their usability, vesicle
purity and yield from cell culture conditioned media (CCM) and complex
biological fluids such as plasma. High- throughput methods that minimize the
co-isolation of protein aggregates are essential to develop accurate biomarker
signatures for disease and assess the downstream biological impacts of EVs in

recipient cells (Lobb et al. 2015).

Exosomes

The term exosome was initially used for membrane vesicles ranging from 40 to
1,000nm that are released by a variety of cultured cells (Trams et al. 1981), but
the subcellular origin of these vesicles remained unclear. Later, this
nomenclature was adopted for 40—-150nm vesicles released during reticulocyte

differentiation as a consequence of multivesicular endosome (MVE) fusion with
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the plasma membrane (Harding, Heuser, and Stahl 1984). One decade later,
exosomes were found to be released by B lymphocytes and dendritic cells
through a similar route (G. Raposo 1996). Several additional cell types of both
hematopoietic and non-hematopoietic origin were also shown to release
exosomes through MVE fusion with the cell surface (Simons and Raposo 2009).
Vesicles with hallmarks of exosomes have been isolated from diverse body
fluids, including semen (Aalberts et al. 2012; K.-H. Park et al. 2011), blood (Caby
et al. 2005), urine (Pisitkun, Shen, and Knepper 2004), saliva (Ogawa et al. 2011),
breast milk, amniotic fluid (Asea et al. 2008), ascites fluid (Andre et al. 2002),
cerebrospinal fluid (Vella et al. 2007), and bile (Masyuk et al. 2010). Most of
these studies attributed the isolated vesicles to exosomes because of their
exosome-like protein contents. However, circulating vesicles are likely
composed of both exosomes and microvesicles (MVs) and a single cell type
releases both exosomes and MVs has, for example, either been demonstrated
or suggested for platelets (Heijnen et al. 1999), endothelial cells (Deregibus et
al. 2007), and breast cancer cells (Muralidharan-Chari et al. 2009). Currently
available purification methods do not always allow one to fully discriminate
between exosomes and MVs.

Exosomes are formed from multivesicular bodies (MVBs), which are intracellular
endosomal organelles, characterized by multiple intraluminal vesicles within a
single outer membrane. MVBs are formed from early endosomes, which as
prelysosomal structures belong to the degradative endosomal pathway of
internalized proteins. It is known now that they are involved in numerous
endocytic and trafficking functions, including protein sorting, recycling,
transport, storage, and release. Early endosomes can interact with the Golgi

apparatus and the endoplasmic reticulum. Exosomes can be formed by
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endocytosis of the early endosome membrane having a unique orientation of
the involuted cytoplasmic side (Palay 1960). Generation of MVBs as well as
secretion of exosomes are mediated through the action of endosomal protein
complexes required for transport. They are involved in the recognition of
ubiquitinated cargo by MVBs, as well as the invagination of the MVB outer
membrane (Babst et al. 2002; Wollert and Hurley 2010). The origin of exosomes
suggests that their production is stimulated in response to alterations in the
microenvironment. The formation of early endosomes and MVBs has been
shown to increase upon signaling through growth factor receptors, suggesting
that the cell adjusts exosome production according to its need (Borges, Reis,
and Schor 2013; Pisitkun, Shen, and Knepper 2004). Exosomes are now
emerging as key players involved in several pathological processes, including
cancer. Indeed, exosomes are also released by cancer cells and are considered
messengers in tumour intercellular communication (Taverna et al.
2012).Biochemical and proteomic analysis of exosomes revealed that these
vesicles contain cell-type specific proteins that characterize their functional
activity (Mathivanan, Ji, and Simpson 2010). The exact function of exosomes in
malignant cells has yet to be elucidated, but investigation has suggested roles
in cell-to-cell communication, tumor-stroma interaction and antigen
presentation, thereby potentially affecting cancer progression at different steps
(lero et al. 2008). Exosomes have been shown to interact with endothelial cells
(Dutta et al. 2015; Putz et al. 2012).Tumour-derived exosomes can increase
tumour invasiveness and proliferation in an autocrine fashion (Skog et al. 2008),
in addition to interactions with host stromal cells, such as the conversion of
fibroblasts to a myofibroblast phenotype resulting in extracellular matrix (ECM)

remodelling that is conducive to tumour growth (Webber et al. 2015). The

91



presence of matrix metalloproteinases allows for direct modulation of the ECM
by tumour-derived exosomes in the primary tumour microenvironment and
metastatic spread (Mu, Rana, and Zoéller 2013). Exosome secretion may also
facilitate advantageous exocytosis and cellular removal of tumour suppressors,
showing the complex role of exosomes within tumour progression
(Chairoungdua et al. 2010; Ostenfeld et al. 2014). The release of exosomes into
the interstitial space and subsequent dissemination throughout the body
highlights a potential role for tumour-derived exosomes in formation of a pre-
metastatic niche (Costa-Silva et al. 2015; Hood, San, and Wickline 2011) beyond
that of an auto/paracrine action at the primary tumour site. This potential is
further supported by increased vascular leakiness and concomitant increased
metastatic lesion formation in the lungs of mice after systemic administration
of malignant cell-derived exosomes (Peinado et al. 2012).

The current ““gold standard” for the purification of exosomes is differential
centrifugation, which typically consists of low-speed centrifugation to remove
cells and large vesicles, and high-speed ultra-centrifugation to pellet exosomes
(Théry et al. 2006). Density gradients can then be utilized to remove
contaminating impurities such as non-specific argonaute proteins (Van Deun et
al. 2014). Ultracentrifugation of large volumes of CCM can results in sample loss
depending on the skill of the operator. It has also been suggested in the
literature that repeated ultracentrifugation steps can damage vesicles and
reduce yields, thereby potentially impacting proteomic and RNA analysis of
exosome content (Lamparski et al. 2002). An alternative to ultracentrifugation

is concentration of large volumes of CCM using ultrafiltration devices.
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Methods and results

Isolation of EVs

Basing on previous reported findings, an approach with the aim to identify new
molecular markers for the early diagnosis and for a specific therapy of
pancreatic cancer needs to be developed. In this study, we investigated and
characterized exosomes released by different pancreatic cancer cell types,
focusing on a detailed proteomic analysis of their content. Exosomes have
shown to contain a large number of proteins that can be responsible of their
activity and their pro-tumoral function. This analysis will lead to the detection
of potential biomarkers that can be isolated and studied for their role in
pancreatic cancer progression.

To perform this evaluation, we cultured PDAC, PANC2, KPC (mouse) and PANC1,
miaPACA2 (human) pancreatic cancer cell lines in their recommended
conditions. After 72h in which cells were mantained in culture with a cell
conditioned medium, we proceeded with exosome isolation from cell
supernatant. We used a conditioned medium in which exosomes were removed
from the serum, in order to avoid contaminations in our final product. At the
moment of exosome extraction, cell supernatant was collected, since EVs are
normally released in the extracellular space. A procedure of differential
centrifugation was developed: supernatant was centrifuged at 200g for 10min
at 4 °C to remove cell debris; then a centrifugation at 16,500g for 30min at 4 °C
followed; finally supernatant was ultracentrifuged at 100,000g for 90min at 4
°C. EVs were obtained from this last centrifugation and thus the pellets were
resuspended in a large volume of ultrapure water, washed and collected by a
further ultracentrifugation at 100,000g for 90min at 4 °C. The preparation was

stored at 4 °C, to prevent degradation.
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Once obtained, the EVs preparation was verified by electron microscopy, to
assess purity and dimension. Moreover, EVs size and particle number were
analysed using the dynamic light scattering (DLS) and transmission electronic
microscope (TEM) nanoparticle characterization system. Performed analysis
showed the presence of EVs with a very small size (50-150nm) which is
attributable to exosomes (Fig. 25).

We concentrated this study on the analysis of proteins which are contained in
exosomes. The concentration of exosome proteins was determined by BCA

Protein Assay Kit (Thermo).

Figure 25: TEM image of PDAC isolated EVs.

Internalization in HUVECs

Since exosomes are known to be involved in intercellular communication, they
transport their material from some cells to other. Thereby, we decided to
investigate the internalization of exosomes isolated from PDAC cells in HUVECs.
Indeed, this assessment will allow future investigations on exosomes influence

on tumour processes, such as cell migration and angiogenesis. First, exosomes
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derived from PDAC cell line were fluorescently labelled using PKH67 membrane
dye (Sigma) and then HUVECs were incubated with labelled exosomes.
Unlabelled exosomes were used as controls of signal specificity. The analysis of
cells which incorporated exosomes was performed by flow cytometry and
confocal evaluation.

For the flow cytometry analysis, HUVECs (1x10'/well) were seeded in 24-well
plates and treated with 50ug/ml of labelled exosomes for 30min, 1h or 2h. The
samples were analyzed and obtained results showed that exosomes
internalization in HUVECs followed a time-dependent trend. Indeed, the
obtained peaks indicated a growing increment of exosomes’ cells from 30min
to 2h (Fig. 26).

In order to observe exosomes internalization, HUVECs treated with 50ug of
labelled exosomes for 30min, 1h or 2h were observed by a confocal microscope
(Olympus with DSU spinning disk). Images at each time were acquired, captured
and observed. Previous findings were validated, since also in this case the
amount of cells with internalized exosomes increased over time. At 2h, most of

all exosomes showed to be present into the exposed cells (Fig. 27).
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Figure 26: Exosomes” HUVECs after 30’, 1h or 2h of incubation. Samples were analyzed with a
MACSQuant Analyzer (Miltenyi Biotec) for flow cytometry experiments (CYBIO Plateform,
Institut Cochin, Paris, France). Files were processed and analysed using CFlow plus software (BD
Biosciences). PKH-67-positive events were recorded and analyzed. Not marked exosomes (EXO
NM) was used as a negative control.
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Figure 27: Exosomes internalization in HUVECs after 30, 1h or 2h of treatment. Images at each
time were acquired with a IX81 Olympus equipped with a DSU spinning disk confocal system,
coupled to an OrcaR2 Hamamatsu CCD camera. Axial z-stacks were acquired in order to observe
cells at each level from the base to the top with a 60 x ph3 NA 1.25 Oil Objective.
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Western blotting for the identification of exosomes

Exosomal protein content was detected by western blot, using antibodies
directed to known exosomal markers, such as CD-9 and tetraspanin-8 (Rana et
al. 2012). For this evaluation, 50ug of PDAC exosomal proteins were loaded on
a polyacrilamide gel and SDS-PAGE was performed. Samples were then
transferred onto a PVDF membrane (Millipore). After transfer, membranes’
aspecific binding sites were blocked in 3% BSA. Subsequentely, they were
incubated with primary anti-TSPANS8 antibody (TA339425, 1:1,000, Origene) and
anti-CD9 (ab92726, 1:2,000, Abcam) diluted in 3% BSA. A HRP-goat anti-rabbit
IgG (jackson, 1:10,000) diluted in 3% BSA was used as secondary antibody. Once
the incubation was ultimated, membranes were rinsed in ECL western blot
substrate (Thermo) before scanning. Finally, membranes were scanned and
analysed using an OdysseyH IR scanner using OdysseyH imaging software 3.0.
The two antibodies detected binded proteins in our samples, demonstrating
that exosomes were present in our preparation. Figure 28 reports CD-9
detection on the membrane.

Exo Exo Exo
PDAC  Panc2 Pancl

CD9 25 kDa

Figure 28: Western blotting image reporting CD-9 detection on exosomal samples obtained
from PDAC, PANC2 or PANC1 cell lines.
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Analysis of exosomal protein content

In order to define the proteomic profile of isolated pancreatic cancer exosomes,
a proteomic-LC/MS analysis of all obtained exosomes was carried out. For this
analysis, 50ug of exosomal proteins were loaded on a polyacrilamide gel and
SDS-PAGE was performed. Then, after gel staining with colloidal coomassie blue
and destaining in double-distilled H20, each band on the gel was cut, and
protein digestion was performed, by using a nano-LC-MS/SynaptG2-S, a
UPLC/HDMSF method and, for data extraction, Uniprot complete Human or
Mouse proteome databases concatenated with common contaminants using
ProteinLynx Global SERVER (PLGS; Waters).

Therefore, the protein content of exosomes derived from all examined
pancreatic cancer cell lines was analyzed, and a list of revealed proteins for each
of them was obtained. Table 1 shows a list of the proteins obtained from PDAC
cell line derived exosomes.

We decided to group common proteins among different analyzed exosomes for
each cell line. For example, four PDAC derived exosomal contents were analyzed
and common proteins were grouped. The common proteins were analyzed by
using bioinformatic softwares (string-db.org and FunRich.org) and some of them
were found to be common exosomal markers, such as Tetraspanin-8, Heat

shock cognate 71 kDa protein and Tubulin beta-1 chain (Fig. 29).

99



ECV purification 2 ECV purification 3

(115 proteins) (68 proteins)
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1 (52 proteins)
Proteins common to 4 isolated ECV
Q01853 Transitional endoplasmic retict

49 14 Q9WU78 Programmed cell death 6-inte
\ P68368 Tubulin alpha-4A chain
7 T Q07797 Galectin-3-binding protein

A2AQQ7 Tubulin beta-1 chain

Q8R3G9 Tetraspanin-8

P63017 Heat shock cognate 71 kDa prot
P07356 Annexin A2

Figure 29: Identification of proteins common to four different exosome extracts belonging to
four PDAC cell lines. 8 common proteins were found and then analyzed through the use of
bioinformatic softwares.

Moreover, a preliminary analysis of proteins common to PDAC exosomes and
PANC2 exosomes was performed, in order to see if some proteins were present
in both exosomes derived from the two different pancreatic cancer cell types
(Fig. 30). Among common proteins, lactadherin has been found; this protein is
known to promote the process of neo-angiogenesis and therefore its presence
among two different pancreatic cancer exosomes may underlie an exosomal
involvement in this process. However, a deeper study on a larger number of
exosomal contents needs to be performed. Further analyses have been started
and are now ongoing for comparing exosomal lists of proteins even for the other
studied murine and human cancer cell types. The evaluation of common

proteins will be useful to identify possible pancreatic cancer biomarkers.
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P99024 Tubulin beta-5 chain

070475 UDP-glucose 6-dehydrogenase
aowveT F landin F2 receptor negative regulator
Q3V3K7 Beta-1,3-galactosyl-O-glycosyl-glycoprotein beta-1,6-N-

acetylglucosaminyltransferase 7
P68368 Tubulin alpha-4A chain

Q61398 Procollagen C-endopeptidase enhancer 1

P05213 Tubulin alpha-1B chain
P07724 Serum albumin

P01942 Hemoglobin subunit alpha
P21956 Lactadherin
Q9JL35

High mobility group nucleosome-binding domain-containing protein 5

Qowurs Programmed cell death 6-interacting protein
P19426 Negative elongation factor E

P16858 Glyceraldehyde-3-phosphate dehydrogenase
P20029 78 kDa glucose-regulated protein

Pe3017 Heat shock cognate 71 kDa protein
Q9QY66 Zinc finger HIT domain-containing protein 2
P35441 Thrombospondin-1

Figure 30: Identification of proteins common to exosome extracts belonging to PDAC and PANC2
cell lines. 19 common proteins were found and then analyzed through the use of string-db.org.
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Mouse strains and plasma EVs

All mouse work was performed in accordance with institutional french
guidelines. For the exosome-isolation from PDAC mice, 10week-old FVB female
mice were used for all animal experiments. For the exosome-isolation from
PANC2 and KPC injected mice, 10week-old C57/BI6 female mice were used.
Animals were anesthetized and injected into the head of the pancreas with
1,000 PDAC cells in 50pl, or 300,000 PANC2 cells in 100ul, or 10,000 KPC cells in
50pl. Tumors were allowed to grow during the following 3 weeks. After 3 weeks,
mice were sacrificed and plasma was collected and processed for exosome
isolation.

The procedure of exosome isolation from plasma was similar to the one used
for isolation from cell supernatant. Plasma was centrifuged at 200g for 10min
at 4 °C to remove cell debris; then a centrifugation at 16,500g for 30min at 4 °C
followed; finally supernatant was ultracentrifuged at 100,000g for 90min at 4
°C. EVs were obtained from this last centrifugation and thus the pellets were
resuspended in a large volume of ultrapure water, washed and collected by a
further ultracentrifugation at 100,000g for 90min at 4 °C. The preparation was
stored at 4 °C, to prevent degradation.

Afterwards, proteomic-LC/MS analysis of all obtained exosomes was carried out
to analyze their protein content, using the previously shown procedure. The
protein content of exosomes derived from all examined mice plasma was
analyzed, and a list of revealed proteins for each of them was obtained. An
interesting point was to analyze the different exosomal protein content
between tumour and healthy mice plasma, both in qualitative and in
guantitative terms (Fig. 31). Among PDAC mice and their healthy control, 107

common proteins were identified and their quantity reported to be different in
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the two examined groups. The % fold change tumour/healthy > or < 20% (fmol)
was taken into consideration, and proteins with higher differences between the
groups showed to be involved in processes such as negative regulation of
protein metabolic process, acute-phase response and regulation of blood
coagulation (Fig. 32).

Further analyses are in progress for comparing exosomal lists of proteins even
between plasma exosomes derived by other studied mouse models and their
healthy counterpart.

Finally, the detection of proteins common to exosomes derived from a
pancreatic cancer cell line and the respective mouse model may result
important for identifying potential biomarkers for that specific pancreatic
cancer type. Figure 33 shows a comparison between the protein content of
exosomes deriving from PDAC cell line and from PDAC mice plasma.

Results obtained from the analysis of plasma exosomes are being implemented
with the study of biological processes and pathways in which these proteins are
involved, and more represented proteins can represent biomarkers for this

tumour.
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Mass-spectrometry analysis

A
Tumor exosomes | Healthy exosomes
B
PDAC mice Healthy mice
plasma Exo plasma Exo

Figure 31: (A) Polyacrilamide gel after SDS-PAGE, reporting plasma exosomes of three PDAC
mice and the respective healthy controls. (B) Exosomal proteins common to three PDAC and
healthy mice plasmas analyzed through the use of bioinformatic softwares.
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Figure 32: % fold change between exosome proteins from plasma of PDAC and healthy mice.
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6 common proteins:

. Pigment epithelium-derived factor
PDAC plasma ex C cell line exosome

Clusterin
Actin, cytoplasmic 1

High  mobility group nucleosome-binding
domain-containing protein 5

FERM domain-containing protein 5

Thrombospondin-1

Figure 33: Analysis of proteins common to exosomes deriving from PDAC cell line and
respective PDAC mice plasma.

Table 1: List of PDAC exosomal proteins.
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Accession | Entry Description
P39061 COIA1_MOUSE Collagen alpha-1(XVIII) chain 0S=Mus musculus GN=Col18al PE=1 SV=4
P62204 CALM_MOUSE Calmodulin 0S=Mus musculus GN=Calm1 PE=1 SV=2
High mobility group nucleosome-binding domain-containing protein 5
QL35 HMGNS_MOUSE 0S=Mus musculus GN=Hmgn5 PE=1 SV=2
Thioredoxin domain-containing protein 17 OS=Mus musculus
Q3CaM5 | TXD17_MOUSE GN=Txndcl7 PE=1 SV=1
P62204 CALM_MOUSE Calmodulin 0S=Mus musculus GN=Calm1 PE=1 SV=2
P39061 COIA1_MOUSE Collagen alpha-1(XVIIl) chain 0S=Mus musculus GN=Col18al PE=1 SV=4
High mobility group nucleosome-binding domain-containing protein 5
9JL35 HMGN5_MOUSE
Q - 0S=Mus musculus GN=Hmgn5 PE=1 SV=2
P01942 HBA_MOUSE Hemoglobin subunit alpha 0S=Mus musculus GN=Hba PE=1 SV=2
Q6P5HE FRMDS5_MOUSE E\E/Iilill domain-containing protein 5 0S=Mus musculus GN=Frmd5 PE=1
P01942 HBA_MOUSE Hemoglobin subunit alpha 0S=Mus musculus GN=Hba PE=1 SV=2
Q6PSHE FRMDS_MOUSE E\E/Iillll domain-containing protein 5 0S=Mus musculus GN=Frmd5 PE=1
Q8CBY8 DCTN4_MOUSE Dynactin subunit 4 0S=Mus musculus GN=Dctn4 PE=1 SV=1
Q8BHL4 RAI3_MOUSE E\E;t_lgom acid-induced protein 3 0S=Mus musculus GN=Gprc5a PE=1
054879 HMGB3_MOUSE s\llg_l';moblllty group protein B3 OS=Mus musculus GN=Hmgb3 PE=1
Q68FD5 CLH1_MOUSE Clathrin heavy chain 1 0S=Mus musculus GN=Cltc PE=1 SV=3
Q8BHN5 | RBM45_MOUSE RNA-binding protein 45 0S=Mus musculus GN=Rbm45 PE=1 SV=1
Uveal autoantigen with coiled-coil domains and ankyrin repeats
Q8CGB3 UACA_MOUSE 0S=Mus musculus GN=Uaca PE=1 SV=2
Q9R0OB6 LAMC3_MOUSE Laminin subunit gamma-3 0S=Mus musculus GN=Lamc3 PE=1 SV=2
Prostaglandin F2 receptor negative regulator 0S=Mus musculus
WV91l | FPRP_M E
QIWV9 -MOUS GN=Ptgfrn PE=1 SV=2
Q9R100 CAD17_MOUSE Cadherin-17 0S=Mus musculus GN=Cdh17 PE=1 SV=1
Q9JLQo CD2AP_MOUSE CD2-associated protein OS=Mus musculus GN=Cd2ap PE=1 SV=3
P09055 ITB1_MOUSE Integrin beta-1 OS=Mus musculus GN=Itgb1 PE=1 SV=1
Zinc finger CCCH-type with G patch domain-containing protein 0S=Mus
8VDM1 | ZGPAT_MOUSE
Q - musculus GN=Zgpat PE=1 SV=1
Programmed cell death 6-interacting protein 0S=Mus musculus
Q9wu78 | PDC6l_MOUSE GN=Pdcd6ip PE=1 SV=3
035450 FKBPL_MOUSE FK506-binding protein-like 0S=Mus musculus GN=Fkbpl PE=2 SV=1
Q3UJK4 GTPB2_MOUSE GTP-binding protein 2 0S=Mus musculus GN=Gtpbp2 PE=1 SV=1
Sodium/potassium-transporting ATPase subunit alpha-1 0OS=Mus
VDN2 AT1A1_M E
Q8 -MOUs musculus GN=Atplal PE=1 SV=1
Q91Vv92 ACLY_MOUSE ATP-citrate synthase OS=Mus musculus GN=Acly PE=1 SV=1
Prostaglandin F2 receptor negative regulator 0S=Mus musculus
Q9WV9l | FPRP_MOUSE GN=Ptgfrn PE=1 SV=2
Q9R100 CAD17_MOUSE Cadherin-17 0S=Mus musculus GN=Cdh17 PE=1 SV=1
Q62470 ITA3_MOUSE Integrin alpha-3 0S=Mus musculus GN=Itga3 PE=1 SV=1
A2AGHG MED12_MOUSE Mediator of RNA polymerase Il transcription subunit 12 0S=Mus

musculus GN=Med12 PE=1 SV=1




Zinc finger CCCH-type with G patch domain-containing protein OS=Mus

Q8VDM1 | ZGPAT_MOUSE musculus GN=Zgpat PE=1 SV=1
P09055 ITB1_MOUSE Integrin beta-1 0S=Mus musculus GN=Itgb1 PE=1 SV=1
Q60823 AKT2_MOUSE RAC-beta serine/threonine-protein kinase 0S=Mus musculus GN=Akt2
PE=1SV=1
Sodium/potassium-transporting ATPase subunit alpha-1 0S=Mus
Q8VDN2 | AT1A1 MOUSE musculus GN=Atplal PE=1 SV=1
Programmed cell death 6-interacting protein 0S=Mus musculus
Q9wu78 | PDC6l_MOUSE GN=Pdcd6ip PE=1 SV=3
Q7TNC6 KI26B_MOUSE Kinesin-like protein KIF26B OS=Mus musculus GN=Kif26b PE=1 SV=3
Pleckstrin homology domain-containing family G member 3 OS=Mus
E
Q4VACI PKHG3_MOUS musculus GN=Plekhg3 PE=1 SV=2
CAP-Gly domain-containing linker protein 1 0S=Mus musculus
22 CLIP1_M E
Q92213 -Mous GN=Clip1 PE=1 SV=1
Zinc finger CCCH domain-containing protein 13 0S=Mus musculus
E9Q784 | ZC3HD_MOUSE GN=7c3h13 PE1 SVe1
1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase gamma-2
Q8CIHS PLCG2_MOUSE 0S=Mus musculus GN=Plcg2 PE=1 SV=1
035450 FKBPL_MOUSE FK506-binding protein-like 0S=Mus musculus GN=Fkbpl PE=2 SV=1
Q61739 ITA6_MOUSE Integrin alpha-6 OS=Mus musculus GN=Itga6 PE=1 SV=3
P30999 CTND1_MOUSE Catenin delta-1 OS=Mus musculus GN=Ctnnd1 PE=1 SV=2
Q9R100 CAD17_MOUSE Cadherin-17 0S=Mus musculus GN=Cdh17 PE=1 SV=1
Q62470 ITA3_MOUSE Integrin alpha-3 0OS=Mus musculus GN=Itga3 PE=1 SV=1
QaJLQo CD2AP_MOUSE CD2-associated protein 0S=Mus musculus GN=Cd2ap PE=1 SV=3
Prostaglandin F2 receptor negative regulator 0S=Mus musculus
WV91l | FPRP_M E
QIWV9 -MOus GN=Ptgfrn PE=1 SV=2
Zinc finger CCCH-type with G patch domain-containing protein 0S=Mus
Q8VDM1 | ZGPAT_MOUSE musculus GN=Zgpat PE=1 SV=1
035450 FKBPL_MOUSE FK506-binding protein-like 0S=Mus musculus GN=Fkbpl PE=2 SV=1
Programmed cell death 6-interacting protein 0S=Mus musculus
Q9wu78 | PDC6l_MOUSE GN=Pdcd6ip PE=1 SV=3
Programmed cell death 6-interacting protein 0S=Mus musculus
wWu7 PDC6I_M E
QIwu78 C61_MoUs GN=Pdcd6ip PE=1 SV=3
Q01853 TERA_MOUSE Transitional endoplasmic reticulum ATPase OS=Mus musculus GN=Vcp
PE=1SV=4
P26231 CTNA1_MOUSE Catenin alpha-1 0S=Mus musculus GN=Ctnnal PE=1 SV=1
Q9EQKS MVP_MOUSE Major vault protein 0S=Mus musculus GN=Mvp PE=1 SV=4
054890 ITB3_MOUSE Integrin beta-3 0S=Mus musculus GN=Itgh3 PE=1 SV=2
088398 AVIL_MOUSE Advillin 0S=Mus musculus GN=Avil PE=1 SV=2
Prostaglandin F2 receptor negative regulator 0S=Mus musculus
Q9WV9l | FPRP_MOUSE GN=Ptgfrn PE=1 SV=2
Q7TPR4 ACTN1_MOUSE Alpha-actinin-1 OS=Mus musculus GN=Actn1 PE=1 SV=1
Q9R100 CAD17_MOUSE Cadherin-17 0S=Mus musculus GN=Cdh17 PE=1 SV=1
P56203 CATW_MOUSE Cathepsin W OS=Mus musculus GN=Ctsw PE=2 SV=2
Q970G0 GIPC1_ MOUSE PDZ domain-containing protein GIPC1 OS=Mus musculus GN=Gipcl
PE=1SV=1
QOWU78 | PDC6I_MOUSE Programmed cell death 6-interacting protein 0S=Mus musculus

GN=Pdcd6ip PE=1 SV=3




Transitional endoplasmic reticulum ATPase OS=Mus musculus GN=Vcp

Q01853 TERA_MOUSE PE=1 SV=4
Q9EQKS5 MVP_MOUSE Major vault protein 0S=Mus musculus GN=Mvp PE=1 SV=4
054890 ITB3_MOUSE Integrin beta-3 0S=Mus musculus GN=Itgh3 PE=1 SV=2
P26231 CTNA1_MOUSE Catenin alpha-1 OS=Mus musculus GN=Ctnnal PE=1 SV=1
Prostaglandin F2 receptor negative regulator 0S=Mus musculus
WV91l FPRP_M E
QIWVI -Mous GN=Ptgfrn PE=1 SV=2
Programmed cell death 6-interacting protein 0S=Mus musculus
9Wu78 | PDC6l_MOUSE
Q - GN=Pdcd6ip PE=1 SV=3
Q01853 TERA_MOUSE Transitional endoplasmic reticulum ATPase OS=Mus musculus GN=Vcp
PE=1SV=4
Q9EQKS5 MVP_MOUSE Major vault protein 0S=Mus musculus GN=Mvp PE=1 SV=4
054890 ITB3_MOUSE Integrin beta-3 0S=Mus musculus GN=Itgh3 PE=1 SV=2
088398 AVIL_MOUSE Advillin 0S=Mus musculus GN=Avil PE=1 SV=2
Q9R100 CAD17_MOUSE Cadherin-17 0S=Mus musculus GN=Cdh17 PE=1 SV=1
P26231 CTNA1_MOUSE Catenin alpha-1 0OS=Mus musculus GN=Ctnnal PE=1 SV=1
P63017 HSP7C_MOUSE I;\;:-E\; shock cognate 71 kDa protein 0S=Mus musculus GN=Hspa8 PE=1
P17156 HSP72 MOUSE Heat shock-related 70 kDa protein 2 0S=Mus musculus GN=Hspa2
- PE=1 SV=2
008688 CAN5_MOUSE Calpain-5 OS=Mus musculus GN=Capn5 PE=1 SV=1
Q61696 HS71A_MOUSE Ig\tjf; shock 70 kDa protein 1A OS=Mus musculus GN=Hspala PE=1
4F2 cell-surf i h hai =M | N=SIc3a2
P10852 4F2_ MOUSE cell-surface antigen heavy chain 0S=Mus musculus GN=SIc3a
PE=1SV=1
Q8BG17 NOL12_MOUSE Nucleolar protein 12 0S=Mus musculus GN=Nol12 PE=1 SV=1
Q61503 S5NTD_MOUSE 5'-nucleotidase OS=Mus musculus GN=Nt5e PE=1 SV=2
P19426 NELFE_MOUSE Negative elongation factor E 0S=Mus musculus GN=Nelfe PE=1 SV=2
P63017 HSP7C_MOUSE Is-l\jzf'i shock cognate 71 kDa protein 0S=Mus musculus GN=Hspa8 PE=1
008688 CAN5_MOUSE Calpain-5 OS=Mus musculus GN=Capn5 PE=1 SV=1
Q6PAJ1 BCR_MOUSE Breakpoint cluster region protein 0S=Mus musculus GN=Bcr PE=1 SV=3
Q7TPQ3 SHPRH_MOUSE E\S/:Jlblqultm—protem ligase SHPRH OS=Mus musculus GN=Shprh PE=1
A2AGTS CKAP5_MOUSE g\\;t_olskeleton-assouated protein 5 0S=Mus musculus GN=Ckap5 PE=1
P63017 HSP7C_MOUSE Is-l\jzi\'; shock cognate 71 kDa protein 0S=Mus musculus GN=Hspa8 PE=1
Q61696 HS71A_MOUSE I;\e/af; shock 70 kDa protein 1A OS=Mus musculus GN=Hspala PE=1
008688 CAN5_MOUSE Calpain-5 O0S=Mus musculus GN=Capn5 PE=1 SV=1
P10852 4F2 MOUSE 4F2 cell-surface antigen heavy chain 0S=Mus musculus GN=Slc3a2
- PE=1SV=1
Q8BG17 NOL12_MOUSE Nucleolar protein 12 0S=Mus musculus GN=Nol12 PE=1 SV=1
Guanine nucleotide-binding protein G(1)/G(S)/G(0) subunit gamma-10
BG1 E
Q3CXP8 GBG10_MOUS 0S=Mus musculus GN=Gng10 PE=3 SV=1
P19426 NELFE_MOUSE Negative elongation factor E 0S=Mus musculus GN=Nelfe PE=1 SV=2
POCG49 UBB_MOUSE Polyubiquitin-B 0S=Mus musculus GN=Ubb PE=2 SV=1




Heat shock cognate 71 kDa protein OS=Mus musculus GN=Hspa8 PE=1

P63017 HSP7C_MOUSE Sv=1

Q8C1c8 PNMA1_MOUSE Paraneoplastic antigen Mal homolog OS=Mus musculus GN=Pnmal
PE=1 SV=2

Q61696 HS71A_MOUSE I;\e/af; shock 70 kDa protein 1A OS=Mus musculus GN=Hspala PE=1

P63017 HSP7C_MOUSE Ig\tjf'; shock cognate 71 kDa protein 0S=Mus musculus GN=Hspa8 PE=1

POCG49 UBB_MOUSE Polyubiquitin-B 0S=Mus musculus GN=Ubb PE=2 SV=1

P63017 HSP7C_MOUSE I;i\(/ef'; shock cognate 71 kDa protein 0S=Mus musculus GN=Hspa8 PE=1

Q61696 HS71A_MOUSE Is-l\jzf; shock 70 kDa protein 1A OS=Mus musculus GN=Hspala PE=1

Q8C1C8 PNMAL_MOUSE Paraneoplastic antigen Mal homolog OS=Mus musculus GN=Pnmal
PE=1 SV=2

Q07797 LG3BP_MOUSE Galectin-3-binding protein 0S=Mus musculus GN=Lgals3bp PE=1 SV=1

Q9DC53 CPNE8_MOUSE Copine-8 0S=Mus musculus GN=Cpne8 PE=2 SV=3

P21956 MFGM_MOUSE Lactadherin 0S=Mus musculus GN=Mfge8 PE=1 SV=3

Q61398 PCOC1_MOUSE Procollagen C-endopeptidase enhancer 1 0S=Mus musculus GN=Pcolce
PE=1 SV=2

P16627 HS71L_MOUSE IS-I\?E\Z shock 70 kDa protein 1-like 0S=Mus musculus GN=Hspall PE=1

P63017 HSP7C_MOUSE I;\;:Af; shock cognate 71 kDa protein 0S=Mus musculus GN=Hspa8 PE=1
Acid sphingomyelinase-like phosphodiesterase 3b 0S=Mus musculus

P58242 ASM3B_MOUSE GN=SmpdI3b PE=1 SV=1

P52480 KPYM_MOUSE Pyruvate kinase PKM OS=Mus musculus GN=Pkm PE=1 SV=4
Programmed cell death 6-interacting protein 0S=Mus musculus

D E

Q9WU78 | PDC6I_MOUS GN=Pdcd6ip PE=1 SV=3

Q8vcCl7 SWAP1_MOUSE ATPase SWSAP1 0S=Mus musculus GN=Swsap1 PE=2 SV=2

Q9D824 FIP1_MOUSE Pre-mRNA 3'-end-processing factor FIP1 OS=Mus musculus GN=Fip1l1
PE=1SV=1

POS553 NFM_MOUSE siill'ofllament medium polypeptide 0S=Mus musculus GN=Nefm PE=1

Q07797 LG3BP_MOUSE Galectin-3-binding protein 0S=Mus musculus GN=Lgals3bp PE=1 SV=1

Q9DC53 CPNE8_MOUSE Copine-8 0S=Mus musculus GN=Cpne8 PE=2 SV=3
Heat shock te 71 kD tei =M lus GN=H PE=1

P63017 HSP7C_MOUSE S\;:-i\ls ock cognate a protein OS=Mus musculus spa8

P16627 HS71L_MOUSE l;iitl shock 70 kDa protein 1-like 0S=Mus musculus GN=Hspall PE=1

P52480 KPYM_MOUSE Pyruvate kinase PKM OS=Mus musculus GN=Pkm PE=1 SV=4

P21956 MFGM_MOUSE Lactadherin 0S=Mus musculus GN=Mfge8 PE=1 SV=3
Membrane-associated guanylate kinase, WW and PDZ domain-

Q3EQIS MAGI3_MOUSE containing protein 3 0S=Mus musculus GN=Magi3 PE=1 SV=2
P Il - i h 10S=M I N=Pcol

Q61398 PCOC1_MOUSE rocollagen C-endopeptidase enhancer 1 0S=Mus musculus G colce
PE=1 SV=2
Acid sphingomyelinase-like phosphodiesterase 3b 0S=Mus musculus

P58242 ASM3B_M E

>8 SM3B_MOUS GN=SmpdI3b PE=1 SV=1
Q9DC53 CPNE8_MOUSE Copine-8 OS=Mus musculus GN=Cpne8 PE=2 SV=3
P21956 MFGM_MOUSE Lactadherin 0S=Mus musculus GN=Mfge8 PE=1 SV=3




Q07797 LG3BP_MOUSE Galectin-3-binding protein 0S=Mus musculus GN=Lgals3bp PE=1 SV=1
P16627 HS71L_MOUSE ;'\jfz shock 70 kDa protein 1-like 0S=Mus musculus GN=Hspall PE=1
P63017 HSP7C_MOUSE IS-I\?E\; shock cognate 71 kDa protein 0S=Mus musculus GN=Hspa8 PE=1
Acid sphingomyelinase-like phosphodiesterase 3b 0S=Mus musculus
P58242 ASM3B_MOUSE GN=Smpdi3b PE=1 Sv=1
P52480 KPYM_MOUSE Pyruvate kinase PKM 0S=Mus musculus GN=Pkm PE=1 SV=4
P68368 TBA4A_MOUSE Tubulin alpha-4A chain 0S=Mus musculus GN=Tuba4a PE=1 SV=1
Q61398 PCOC1_MOUSE Procollagen C-endopeptidase enhancer 1 0S=Mus musculus GN=Pcolce
PE=1 SV=2
POCTNG PSMG4_MOUSE z\rlcztleasome assembly chaperone 4 0S=Mus musculus GN=Psmg4 PE=1
Q8R3G9 TSN8_MOUSE Tetraspanin-8 0S=Mus musculus GN=Tspan8 PE=1 SV=1
Q99JRS TINAL_MOUSE Tubulointerstitial nephritis antigen-like 0S=Mus musculus GN=Tinagl1
PE=1SV=1
070475 UGDH_MOUSE UDP-glucose 6-dehydrogenase OS=Mus musculus GN=Ugdh PE=1 SV=1
P68368 TBA4A_MOUSE Tubulin alpha-4A chain 0S=Mus musculus GN=Tuba4a PE=1 SV=1
P63017 HSP7C_MOUSE Ig\tjf'; shock cognate 71 kDa protein 0S=Mus musculus GN=Hspa8 PE=1
P68372 TBB4B_MOUSE Tubulin beta-4B chain 0S=Mus musculus GN=Tubb4b PE=1 SV=1
008688 CAN5_MOUSE Calpain-5 0S=Mus musculus GN=Capn5 PE=1 SV=1
K i 1] keletal 2 epi | 0S=M | N=Krt2
Q3TTYS K22E_MOUSE eratin, type Il cytoskeletal 2 epidermal 0S=Mus musculus G rt
PE=1SV=1
Q99JRS TINAL_MOUSE Tubulointerstitial nephritis antigen-like 0S=Mus musculus GN=Tinagl1
PE=1SV=1
Q37289 SC31B_MOUSE :\r/citzem transport protein Sec31B 0S=Mus musculus GN=Sec31b PE=1
070475 UGDH_MOUSE UDP-glucose 6-dehydrogenase OS=Mus musculus GN=Ugdh PE=1 SV=1
Q9Cs72 FLIP1_MOUSE Filamin-A-interacting protein 1 0S=Mus musculus GN=Filip1 PE=1 SV=2
Q9DCV7 K2C7_MOUSE Keratin, type Il cytoskeletal 7 0S=Mus musculus GN=Krt7 PE=1 SV=1
P04104 K2C1_MOUSE Keratin, type Il cytoskeletal 1 0S=Mus musculus GN=Krt1 PE=1 SV=4
P68368 TBA4A_MOUSE Tubulin alpha-4A chain 0S=Mus musculus GN=Tuba4a PE=1 SV=1
Q61398 PCOC1_MOUSE Procollagen C-endopeptidase enhancer 1 0S=Mus musculus GN=Pcolce
PE=1 SV=2
POCTNG PSMG4. MOUSE :\r/(itleasome assembly chaperone 4 0S=Mus musculus GN=Psmg4 PE=1
P17182 ENOA_MOUSE Alpha-enolase OS=Mus musculus GN=Enol PE=1 SV=3
A2AQ07 TBB1_MOUSE Tubulin beta-1 chain 0S=Mus musculus GN=Tubb1 PE=1 SV=1
P21956 MFGM_MOUSE Lactadherin 0S=Mus musculus GN=Mfge8 PE=1 SV=3
Q99JY9 ARP3_MOUSE Actin-related protein 3 0S=Mus musculus GN=Actr3 PE=1 SV=3
Q9D8E6 RL4_MOUSE 60S ribosomal protein L4 OS=Mus musculus GN=Rpl4 PE=1 SV=3
Platelet-activating factor acetylhydrolase IB subunit alpha 0S=Mus
P63005 LIS1_MOUSE musculus GN=Pafah1b1 PE=1 SV=2
97298 PEDF MOUSE Pigment epithelium-derived factor 0S=Mus musculus GN=Serpinfl
- PE=1 SV=2
A2AQ07 TBB1_MOUSE Tubulin beta-1 chain 0S=Mus musculus GN=Tubb1 PE=1 SV=1
P17182 ENOA_MOUSE Alpha-enolase 0S=Mus musculus GN=Enol PE=1 SV=3




P21956 MFGM_MOUSE Lactadherin 0S=Mus musculus GN=Mfge8 PE=1 SV=3
Q9D8Eb6 RL4_MOUSE 60S ribosomal protein L4 OS=Mus musculus GN=Rpl4 PE=1 SV=3
Platelet-activating factor acetylhydrolase IB subunit alpha OS=Mus
P63005 LIS1_MOUSE musculus GN=Pa1§ah1b1 PE=1§VZ2 i
P63260 ACTG_MOUSE Actin, cytoplasmic 2 0S=Mus musculus GN=Actgl PE=1 SV=1
Q8BFZ3 ACTBL_MOUSE Beta-actin-like protein 2 0S=Mus musculus GN=Actbl2 PE=1 SV=1
P63260 ACTG_MOUSE Actin, cytoplasmic 2 0S=Mus musculus GN=Actgl PE=1 SV=1
Q8BFZ3 ACTBL_MOUSE Beta-actin-like protein 2 0S=Mus musculus GN=Actbl2 PE=1 SV=1
P07356 ANXA2_MOUSE Annexin A2 0S=Mus musculus GN=Anxa2 PE=1 SV=2
035639 ANXA3_MOUSE Annexin A3 0S=Mus musculus GN=Anxa3 PE=1 SV=4
Glyceraldehyde-3-phosphate dehydrogenase 0S=Mus musculus
P16858 | G3P_MOUSE Gl\\l/=Gapdh L oves P yarog
Charged multivesicular body protein 4b 0S=Mus musculus
Q9D8B3 | CHM4B_MOUSE GN:(g:hme Deet Syeo yp
P07356 ANXA2_MOUSE Annexin A2 0S=Mus musculus GN=Anxa2 PE=1 SV=2
035639 ANXA3_MOUSE Annexin A3 0S=Mus musculus GN=Anxa3 PE=1 SV=4
Charged multivesicular body protein 4b 0S=Mus musculus
Q9D8B3 | CHM4B_MOUSE GN:ghme Dot Sye yp
P97429 ANXA4_MOUSE Annexin A4 0S=Mus musculus GN=Anxa4 PE=1 SV=4
Q9ROP3 ESTD_MOUSE S-formylglutathione hydrolase 0S=Mus musculus GN=Esd PE=1 SV=1
P19221 THRB_MOUSE Prothrombin OS=Mus musculus GN=F2 PE=1 SV=1
P40240 CD9_MOUSE CD9 antigen 0S=Mus musculus GN=Cd9 PE=1 SV=2
P97429 ANXA4_MOUSE Annexin A4 0S=Mus musculus GN=Anxa4 PE=1 SV=4
Q9ROP3 ESTD_MOUSE S-formylglutathione hydrolase 0S=Mus musculus GN=Esd PE=1 SV=1
P40240 CD9_MOUSE CD9 antigen 0S=Mus musculus GN=Cd9 PE=1 SV=2
P10107 ANXA1_MOUSE Annexin A1 0S=Mus musculus GN=Anxal PE=1 SV=2
P12970 RL7A_MOUSE 60S ribosomal protein L7a OS=Mus musculus GN=Rpl7a PE=1 SV=2
P62754 RS6_MOUSE 40S ribosomal protein S6 0S=Mus musculus GN=Rps6 PE=1 SV=1
P14148 RL7_MOUSE 60S ribosomal protein L7 0S=Mus musculus GN=Rpl7 PE=1 SV=2
39S ribosomal protein L18, mitochondrial 0S=Mus musculus
Q9cals | RM18_MOUSE N-MrpILE PEEI il
P10107 ANXA1_MOUSE Annexin A1 0S=Mus musculus GN=Anxal PE=1 SV=2
P12970 RL7A_MOUSE 60S ribosomal protein L7a OS=Mus musculus GN=Rpl7a PE=1 SV=2
P62754 RS6_MOUSE 40S ribosomal protein S6 0OS=Mus musculus GN=Rps6 PE=1 SV=1
P14148 RL7_MOUSE 60S ribosomal protein L7 OS=Mus musculus GN=Rpl7 PE=1 SV=2
Q9ROP3 ESTD_MOUSE S-formylglutathione hydrolase 0S=Mus musculus GN=Esd PE=1 SV=1
P62242 RS8_MOUSE 40S ribosomal protein S8 0OS=Mus musculus GN=Rps8 PE=1 SV=2
P63101 1433Z_MOUSE 14-3-3 protein zeta/delta OS=Mus musculus GN=Ywhaz PE=1 SV=1
Q9DBJ1 PGAM1_MOUSE Phosphoglycerate mutase 1 OS=Mus musculus GN=Pgam1 PE=1 SV=3
P01942 HBA_MOUSE Hemoglobin subunit alpha 0S=Mus musculus GN=Hba PE=1 SV=2
P68510 1433F_MOUSE 14-3-3 protein eta 0OS=Mus musculus GN=Ywhah PE=1 SV=2
P63101 1433Z_MOUSE 14-3-3 protein zeta/delta OS=Mus musculus GN=Ywhaz PE=1 SV=1
P62242 RS8_MOUSE 40S ribosomal protein S8 0OS=Mus musculus GN=Rps8 PE=1 SV=2
P01942 HBA_MOUSE Hemoglobin subunit alpha 0S=Mus musculus GN=Hba PE=1 SV=2
P68510 1433F_MOUSE 14-3-3 protein eta 0OS=Mus musculus GN=Ywhah PE=1 SV=2




P17751 TPIS_MOUSE Triosephosphate isomerase 0S=Mus musculus GN=Tpil PE=1 SV=4
Q8R3G9 TSN8_MOUSE Tetraspanin-8 0S=Mus musculus GN=Tspan8 PE=1 SV=1
P01942 HBA_MOUSE Hemoglobin subunit alpha 0S=Mus musculus GN=Hba PE=1 SV=2
P17751 TPIS_MOUSE Triosephosphate isomerase OS=Mus musculus GN=Tpil PE=1 SV=4
P01942 HBA_MOUSE Hemoglobin subunit alpha 0S=Mus musculus GN=Hba PE=1 SV=2
Q8R3G9 TSN8_MOUSE Tetraspanin-8 0S=Mus musculus GN=Tspan8 PE=1 SV=1
Q91v4al RAB14_MOUSE Ras-related protein Rab-14 OS=Mus musculus GN=Rab14 PE=1 SV=3
P62821 RAB1A_MOUSE Ras-related protein Rab-1A OS=Mus musculus GN=Rab1A PE=1 SV=3
P51150 RAB7A_MOUSE Ras-related protein Rab-7a 0S=Mus musculus GN=Rab7a PE=1 SV=2
P29391 FRIL1_MOUSE Ferritin light chain 1 0S=Mus musculus GN=Ftl1 PE=1 SV=2
008992 SDCB1_MOUSE Syntenin-1 OS=Mus musculus GN=Sdcbp PE=1 SV=1
Q91v4al RAB14_MOUSE Ras-related protein Rab-14 OS=Mus musculus GN=Rab14 PE=1 SV=3
P51150 RAB7A_MOUSE Ras-related protein Rab-7a 0S=Mus musculus GN=Rab7a PE=1 SV=2
P62821 RAB1A_MOUSE Ras-related protein Rab-1A OS=Mus musculus GN=Rab1A PE=1 SV=3
008992 SDCB1_MOUSE Syntenin-1 OS=Mus musculus GN=Sdcbp PE=1 SV=1
P29391 FRIL1_MOUSE Ferritin light chain 1 0S=Mus musculus GN=Ftl1 PE=1 SV=2
Q99JI6 RAP1B_MOUSE Ras-related protein Rap-1b OS=Mus musculus GN=Rap1lb PE=1 SV=2
P35762 CD81_MOUSE CD81 antigen 0S=Mus musculus GN=Cd81 PE=1 SV=2
P29391 FRIL1_MOUSE Ferritin light chain 1 0S=Mus musculus GN=Ftl1 PE=1 SV=2
Q9WVA4 | TAGL2_MOUSE Transgelin-2 0S=Mus musculus GN=TagIn2 PE=1 SV=4
Beta-1,3-galactosyl-O-glycosyl-glycoprotein beta-1,6-N-
Q3V3K7 GCNT7_MOUSE acetylglucosaminyltransferase 7 0S=Mus musculus GN=Gcnt7 PE=2
Sv=1
Q8BMS4 | MYLIP_MOUSE E\alzulbiquitin-protein ligase MYLIP OS=Mus musculus GN=Mylip PE=1
P29391 FRIL1_MOUSE Ferritin light chain 1 0S=Mus musculus GN=Ftl1 PE=1 SV=2
Q9WVA4 | TAGL2_MOUSE Transgelin-2 0S=Mus musculus GN=TagIn2 PE=1 SV=4
P35762 CD81_MOUSE CD81 antigen 0S=Mus musculus GN=Cd81 PE=1 SV=2
Beta-1,3-galactosyl-O-glycosyl-glycoprotein beta-1,6-N-
Q3V3K7 GCNT7_MOUSE acetylglucosaminyltransferase 7 0S=Mus musculus GN=Gcnt7 PE=2
Sv=1
Receptor-type tyrosine-protein phosphatase R 0S=Mus musculus
Q62132 | PTPRR_MOUSE GN:}ftprr F}’g’zl zv=1 P phosp
B2RY56 RBM25_MOUSE RNA-binding protein 25 0S=Mus musculus GN=Rbm25 PE=1 SV=2
Q91v11 PCDA9_MOUSE Protocadherin alpha-9 0S=Mus musculus GN=Pcdha9 PE=2 SV=1
E9Q784 ZC3HD_MOUSE Zinc finger CCCH domain-containing protein 13 OS=Mus musculus

GN=Zc3h13 PE=1 SV=1




Discussion

Pancreatic cancer is the fourth leading cause of cancer death in the USA, with a
5-year survival rate of 6%. Pancreatic ductal adenocarcinoma (PDAC) is the most
common pancreatic cancer type (90% of cases) and the most malignant. In the
majority of PDAC patients, symptoms do not manifest at the early stages of the
disease and diagnosis occurs when the tumor is locally advanced or metastatic,
with liver, lungs and peritoneum as most common metastatic sites. Therefore,
surgery, that constitutes the most successful treatment for resectable tumors,
is possible in only 15% of patients, who manifest the disease at early stages. In
the other cases, systemic therapy based on the use of chemotherapeutic agents
represents the most efficient option with the aim to prevent disease
progression and prolong life (Distler et al. 2014). However, PDAC displays a high
resistance to conventional therapies, thereby leading to the study of new
therapeutic strategies able to overcome these limits. Consequently, there is an
urgent need to identify molecular markers used in the diagnosis and therapeutic
monitoring of this tumour.

Extracellular vesicles (EVs) play a critical role in the intercellular communication
and can induce modifications in target cells. EVs ability to transfer molecular
information through cells is supported by the molecules that they carry that
include proteins, mRNA, miRNA and lipids (Lobb et al. 2015). Among EVs,
exosomes (30-150nm) are membrane vesicles deriving from late endosome;
their size is around 30-150nm and they can be detected in biological fluids and
secretions. Exosomes are now emerging as key players involved in several
pathological processes, including cancer. As a matter of fact, their content can
be crucial for the interaction with other cells in the tumour microenviroment,
and tumour-derived exosomes can interact with extracellular matrix inducing a
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remodeling that promotes cancer progression. Furthermore, exosomes have
shown to be implicated in the metastatic process and in particular in the
formation of pre-metastatic niches, that prepare future metastatic sites for the
arrival and survival of tumour cells (Taverna et al. 2012; Costa-Silva et al. 2015).
The aim of our study was to investigate and characterize exosomes released by
different pancreatic cancer cell types, focusing on a detailed proteomic analysis
of their content. Indeed, exosomes have shown to contain proteins that can be
responsible of their activity and their pro-tumoral function.

Initially, EVs were isolated from the supernatant of PDAC, PANC2, KPC (mouse)
and PANC1, miaPACA2 (human) pancreatic cancer cell lines, using a protocol of
differential centrifugation. Once EVs were obtained, the product was analyzed
by TEM and DLS, demonstrating the presence of exosomes (50-150nm) in our
preparation.

In a second moment, since exosomes play a role in the intercellular
communication, we decided to evaluate the internalization of PDAC exosomes
in HUVECs. Results obtained by FACS and confocal analysis reported that
exosomes are internalized in a time-dependent manner, starting from 30 min
and achieving a maximal internalization at 2 h. These findings are particularly
relevant in order to facilitate future studies on exosomal influence on
endothelial mediated tumour processes, such as cell migration and
angiogenesis.

Concerning the evaluation of exosomal protein contents, a proteomic-LC/MS
analysis of all obtained exosomes was carried out. Therefore, a list of revealed
proteins for exosomes isolated from each pancreatic cancer cell line was
obtained. We grouped common proteins among different examined exosomes

for each cell line and we analyzed them with bioinformatic softwares. Some
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detected proteins revealed to be common exosomal markers, such as
Tetraspanin-8, Heat shock cognate 71 kDa protein and Tubulin beta-1 chain.
Moreover, proteins common to exosomes from different cell types were figured
out, and lactadherin, which is involved in the process of neo-angiogenesis, was
detected among PDAC and PANC2 exosomes, indicating a potential exosomal
involvement in this process.

Afterwards, a similar proteomic-LC/MS analysis was performed on the exosomal
content derived from plasma of PDAC mice and their healthy counterpart.
Among them, 107 common proteins were identified but their quantity reported
to be different in the two examined groups. In particular, proteins with higher
differences between the groups showed to be involved in processes such as
negative regulation of protein metabolic process, acute-phase response and
regulation of blood coagulation. Furthermore, the detection of proteins
common to exosomes derived from a pancreatic cancer cell line and its
respective mouse model may result important for identifying possible
biomarkers for a specific pancreatic cancer type. Thereby, this assessment
started from comparing the protein content of exosomes derived from PDAC
cell line and PDAC mice plasma, and it is now proceeding also for other studied
models. In conclusion, data obtained from this preliminary study allowed to
determine the proteomic profile of exosomes from different pancreatic cancer
cell lines, giving information about more represented proteins. Moreover, the
in vivo study was useful to point out quantitative differences in exosomal
proteins of PDAC mice with respect to healthy mice, and to compare the protein
content of both exosomes derived from a cell line and the respective mouse
model. This evaluation may lead to the discovery of new potential biomarkers

that can be isolated and studied for their role in pancreatic cancer progression.
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Osteopontin as tumor biomarker

General features

Osteopontin (OPN) is an extracellular matrix protein involved in multiple
physiological and pathological processes (Castello et al. 2017; Vaschetto et al.
2008; Clemente et al. 2016). In particular, OPN plays a key role in cancer
progression by enhancing proliferation, survival, motility, and invasion of tumor
cells in breast cancer, hepatic carcinoma, prostate cancer, colorectal cancer,
lung cancer and melanoma (Cook et al. 2005; Bandopadhyay et al. 2014; Irby,
McCarthy, and Yeatman 2004; Zhou et al. 2005; Chambers, Groom, and
MacDonald 2002; Thalmann et al. 1999; Gotoh et al. 2002). Overexpression of
OPN has been detected at the tumor sites and in the blood of patients, and its
levels correlate with tumor stage and aggressiveness, suggesting that OPN can
be a diagnostic and prognostic biomarker for several cancers (Irby, McCarthy,
and Yeatman 2004).

OPN is expressed by many cell types such as bone cells (e.g., osteoblasts,
osteoclasts, and osteocytes), immune cells (e.g., T cells, B cells, natural killer
cells, and macrophages), neural cells, epithelial cells, fibroblasts, smooth muscle
cells, and endothelial cells (Murry et al. 1994; Kunii et al. 2009; Kruger et al.
2014) and in several tumor-derived cell lines. It is distributed in a variety of
tissues and secreted in body fluids including blood, urine, bile, and milk. OPN
consists of 314 amino acid residues, which confer a predicted molecular weight
of 35 kDa. However, because of splicing and post-translational modifications
(PTMs), such as phosphorylation, glycosylation, and protein cleavage mediated
by thrombin and other proteases, the actual molecular weight ranges from 41

to 75kDa (Christensen, Petersen, and Sgrensen 2008). The protein exists in a
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myriad of different soluble isoforms due to alternative splicing and a large
number of PTMs. The expression patterns and functions of OPN-splicing
isoforms appear to be tumour-specific and clinically relevant in some cases.

OPN mediates several biological functions such as bone remodeling,
macrophage response, cell migration and adhesion, and it is involved in the
pathogenesis of several diseases including atherosclerosis, cancer, chronic
inflammatory diseases, and several autoimmune diseases (Grassinger et al.
2009; Cho, Cho, and Kim 2009; Liu et al. 2014; A. Brown 2012). OPN is a member
of the SIBLING (Small Integrin Binding Ligand N-linked Glycoprotein) protein
family. It has two calcium binding sites, two heparin binding domains, and
multiple adhesion motifs which allow interaction with several receptors and cell
types (Kon et al. 2002). OPN has RGD (arginine-glycine-aspartate) integrin
binding domain, through which it mediates interactions with several integrins
(Liaw et al. 1998; Hu et al. 1995; Yokosaki et al. 1995). a9f1, a4f1, and adf7
integrins bind to a cryptic SVVYGLR sequence which is exposed upon thrombin
cleavage occurring at the Arg168-Ser169 site near to the RGD motif (Yokosaki et
al. 1995; P. M. Green et al. 2001; Ito, Obata, and Saito 2009). This cleavage
generates two fragments, the N- and C-terminal, displaying functional
differences from the full length protein (Morimoto et al. 2010). The N-terminal
fragment (OPN-N, approx. 35kDa) binds to integrins through the RGD or the
cryptic binding site, promotes IFN-y secretion in T cells, and stimulates cell
migration by binding to @981 and a4f1 integrins (Grassinger et al. 2009;
Yokasaki and Sheppard 2000). The C-terminal fragment (OPN-C, approx. 25 kDa)
inhibits IL-10 secretion and stimulates cell-cell adhesion by interacting with
CD44 isoforms containing the v6 and v7 domains (Desai, Rogers, and Chellaiah

2007; Iczkowski 2010).
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Besides its secreted form, OPN can be found in its intracellular form (iOPN),
which is a truncated version of the full-length protein lacking the signal
sequence due to initiation of translation from a downstream noncanonical start
codon (Shinohara, Kim, Kim, et al. 2008). The biological functions of iOPN are
related mainly to the regulation of cytoskeletal rearrangement and signal
transduction pathways [50]. iOPN was found in dendritic cells (Shinohara, Kim,
Kim, et al. 2008; Inoue and Shinohara 2011; Zhu et al. 2004; Shinohara et al.
2006), macrophages (Zhu et al. 2004), and nervous cells (Wung et al. 2007).
Indeed, iOPN localizes to the nucleus of cells where it mediates cell duplication
through association with polo-like kinase 1, whereas in fibroblasts, iOPN plays a

role in cell migration (Zohar et al. 2000).

Role in inflammation

Among the many functions of OPN, it can act as pro-inflammatory cytokine in
the progression of several inflammatory and immunitary processes. The main
role of OPN during inflammation is to trigger different leucocytes eliciting a
functional response and inducing cytokine secretion, in order to shape the
entire immune response. As an integrin-binding protein, OPN not only
stimulates migration, accumulation, and retention of macrophages at sites of
injury but can also modulate their cytokine production by promoting Th1 cell-
mediated immunity and stimulating their differentiation from monocytes. OPN
also controls several immune cells functions including monocyte adhesion,
migration, differentiation, and phagocytosis (Liaw et al. 1998). Nevertheless,
OPN is also able to enhance Thl and Th17 differentiation and inhibit Th2
cytokine expression. By interacting with CD44 in Th cells, OPN induces the
production of IFN-y and IL-17A (Desai, Rogers, and Chellaiah 2007). Finally, OPN
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even acts on neutrophil recruitment but has no influence on their phagocytic

activity and superoxide, cytokine, and MMP-9 production (lczkowski 2010).

Role in angiogenesis

OPN is highly expressed in several tumors, where it can be cleaved by thrombin
and can act as a proangiogenic factor. Proliferation, migration, and tissue
infiltration of pericytes, vascular smooth muscle, and endothelial cells from
preexisting blood vessels are needed for tumor angiogenesis, and OPN may
participate in all these processes (Lu et al. 2007; Castello et al. 2017). The role
of OPN in tumor angiogenesis is associated with VEGF-a as both are frequently
and simultaneously upregulated during angiogenesis (Takahashi et al. 2002). In
the preclinical model, OPN stimulates angiogenesis by inducing VEGF-a
expression in endothelial cells (Dai et al. 2009). OPN itself can be upregulated
by fibroblast growth factor- (FGF-) 2 in endothelial cells in vitro and in vivo,
leading to the recruitment of proangiogenic monocytes to the tumor
microenvironment (Leali et al. 2003). OPN-N and OPN-C have shown to display
a stronger angiogenic potential in vitro, compared to full-length OPN. These
results are in line with the reports from Senger et al. (Senger et al. 2002)
showing that VEGF-a induces OPN and avf3 expression in endothelial cells and
stimulates cleavage of OPN by thrombin and that the resulting OPN fragments
are strongly chemotactic for endothelial cells promoting angiogenesis (Orimo
and Weinberg 2006). However, these authors used a mixture of the two OPN
fragments obtained by thrombin-mediated cleavage of OPN-full length (OPN-
FL) in vitro. Therefore, they could not distinguish the specific contributions of
OPN-N versus OPN-C. Moreover, other studies have shown that, in vascular

endothelial cells, OPN enhances VEGF-a expression, which, in turn, mediates a
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positive feedback on OPN expression; the blocking of this feedback signal by
anti-VEGF-a antibodies partially inhibited OPN-induced HUVECs motility,

proliferation, and tube formation (Dai et al. 2009).

114



New insights on OPN activity

Thrombin cleavage of OPN in multiple sclerosis

Before investigating OPN involvement in cancer, we decided to investigate the
role played by OPN-C and OPN-N on human cells, with a particular focus on
multiple sclerosis (MS) processes, where the inflammatory background allowed
us to investigate the specific role played by the two OPN forms generated by
thrombin cleavage during inflammation.

Indeed, several studies reported that the two fragments deriving from thrombin
cleavage may play different functions in the development of autoimmune
diseases. For example, full length OPN (OPN-FL) is expressed at similar levels in
the synovial fluid of patients with rheumatoid arthritis (RA) and in those with
osteoarthritis, but OPN-N levels in RA synovial fluid samples are around 30-fold
higher than in those from osteoarthritis and correlate with the disease status
(Hasegawa et al. 2011).

A considerable body of evidence suggests that OPN exerts an important
function in MS and its animal model, experimental autoimmune
encephalomyelitis (EAE) (Chiocchetti et al. 2005; Comi et al. 2012; Chabas et al.
2001). In MS lesions, high OPN levels are present in the perivascular cuff that
surrounds inflamed blood vessels, contains inflammatory lymphocytes and is
delimited by the endothelium and the basement membrane. Studies in MS
tissue and in models of relapsing-remitting (RR) and progressive EAE showed
that OPN might have a role in the progression from RR disease to the more
chronic form (Chabas et al. 2001). As reported before, OPN serves as a ligand

for CD44 and various integrin (Ashkar et al. 2000), including a4B1 integrin. These
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adhesion molecules are crucial in modulating disease in mice with EAE, and
04B1 integrin is the main adhesion molecule involved in MS relapse (Yednock et
al. 1992; Brocke et al. 1999; Steinman 2005; Polman et al. 2006; Rudick et al.
2006; Hur et al. 2007; Stromnes and Goverman 2007; Vogt et al. 2003).

OPN plays a role in lymphocyte recruitment into the MS lesion, which involves
a4f1 integrin that is the target of the anti-MS drug natalizumab, a humanized
monoclonal antibody that has had benefic effects for relapses prevention in RR-
MS (Steinman 2005). In fact, after discovering the importance of a4f1 integrin
in lymphocyte homing to the inflamed brain, investigators searched for its
binding partners. The first binding partner discovered for a4B1 integrin was
vascular cell adhesion molecule 1 (VCAM1) (Cannella and Raine 1995), and the
second binding partner was OPN. In a model of RR-EAE induced by peptide 139-

151 from proteolipid protein (PIP139_151) in Sjl/j mice, administration of

recombinant OPN after the first remission induced a rapid relapse and increased
neurological defects. In this model there were indications that animals receiving
a control injection of saline went into remission after relapse, but mice treated
with recombinant OPN developed a more progressive disease and never
returned to a state of remission. This suggested that OPN could be crucial during
the transition from RR disease to secondary progressive disease (Hur et al.
2007).

OPN binds to @41 integrin only upon cleavage by thrombin which unmasks two
a4f1integrin binding sites located into the N-terminal fragment. Recent studies
showed that the administration of recombinant OPN-FL exacerbates EAE, but
the relative role of OPN-N and OPN-C is not known (Hur et al. 2007). However,
thrombin-mediated cleavage may play a role, since thrombin activity increases
with the progression of neuroinflammation, and is detectable in the
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demyelinating lesions where also OPN is present at high levels (Beilin et al. 2005;
Davalos et al. 2012).

Administration of OPN to mice with established EAE quickly triggers
neurological relapse by two mechanisms. First, OPN stimulates the expression
of pro-inflammatory mediators, including T helper 1 (Th1)- and 17 (Th17)-type
cytokines (Chabas et al. 2001; Jansson et al. 2002) in myelin-specific T cells, the
expression of which is regulated by nuclear factor-kB (NF-kB) (Shinohara et al.
2008; Murugaiyan, Mittal, and Weiner 2008). Simultaneously, OPN inhibits
forkhead box O3A (FOxO3A)-dependent apoptosis of autoreactive immune cells
(Hur et al. 2007). The transcription factors FOxO3A and NF-kB have inverse
effects on the apoptotic death of activated T cells and, as expected, OPN
displays reciprocal effects on these opposing transcription factors. The sum of
effects on these key factors after OPN-mediated signaling promotes the survival
of autoreactive T cells. In a detailed series of experiments, we showed that
following stimulation with OPN, phosphorylated FOXO3A was excluded from the
nucleus and was inactivated. When FOxO3A translocated to the nucleus, it
promoted apoptosis, whereas its exclusion from the nucleus led to cell survival.
By contrast, OPN increased the degradation of IkBa (an inhibitor of NF-kB a-
subunit; also known as NF-kBIA), thereby triggering the transcriptional
activation and nuclear translocation of NF-kB. Furthermore, OPN activated IkB
kinase-B (IKKB), which leads to increased nuclear translocation of NF-kB. OPN
therefore cooperatively regulated the function of both FOXO3A and NF-kB, thus
controlling the death and survival of activated T cells (Hur et al. 2007). The fact
that OPN not only increases the production of Th1- (Chabas et al. 2001; Jansson
et al. 2002) and Th17-type cytokines, but also increases the survival of activated

Th1 cells and Th17 cells, drives the relapses that follow the administration of
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recombinant OPN.

It has been demonstrated that patients with RRMS display high levels of anti-
OPN autoAbs and these levels are more elevated in remission than in relapse
phase. Indeed, vaccination with OPN before developing EAE, induces production
of anti-OPN autoAbs, ameliorating the course of the disease. Concerning MS,
anti-OPN autoAbs levels were evaluated in a cohort of RR patients (Leone et al.
2008; Clemente et al. 2017). The anti-OPN autoAbs presence marks the
inflammatory phase of MS. In fact, these Abs levels were inversely correlated
with disease duration and higher during remission, since they are increased by
the OPN peak that occurs during relapse. Intriguingly, the anti-OPN response
recognized OPN-C better than OPN-N in all patients, which may mark both
guantitative and qualitative differences of the auto-Abs produced against the
two fragments. The focus on OPN-C was further noted by EAE-experiments
because vaccination with OPN-C resulted in the greatest induction of anti-OPN
autoAbs, ameliorating disease progression, particularly in terms of inducing
disease remission and decreasing the autoantigen-driven production of IFN-y
and IL-17 (Clemente et al. 2017). These data suggest that production of anti-
OPN autoAbs may favor remission in both MS and EAE. Discriminating the role
of each fragment in MS and EAE is crucial for developing a specific therapy
directed against the most pathogenic fragment, preserving the physiological

activity of the others.
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PAPER 1

Background: In MS, OPN plays a pathogenetic role by recruiting autoreactive T
cells into the central nervous system. During inflammation, OPN is cleaved by
thrombin in an N-terminal (OPN-N) and a C-terminal (OPN-C) fragment. The OPN
cleavage unmasks a cryptic domain of interaction with a4f1 integrin that is the
main adhesion molecule involved in lymphocyte transmigration to the brain and
is the target for natalizumab, the most potent drug preventing relapses
observed during the disease course.

Aim: The aim of this work was to investigate the involvement of the two
fragments in the disease. Methods: OPN-N and OPN-C were produced in an
eukaryotic system and their effect was evaluated in vitro on human peripheral
blood mononuclear cells (PBMCs) by studying cell migration, adhesion,
angiogenesis and cytokine production, and in vivo on experimental autoimmune
encephalomyelitis (EAE), the MS animal model.

Results: In vitro obtained results show that OPN-N up-regolates the secretion of
IL-17 (70% positive cells), that is involved in breaking the blood brain barrier,
and cell migration (65%), whereas OPN-C is able to increase cell adhesion (70%),
thus suggesting a role of the two fragments in the homing of autoreactive
lymphocytes in the central nervous system lesions. On the other hand, they play
arole in local inflammation, since OPN-N induces secretion of IL-6 in monocytes
(75% positive cells), OPN-C inhibits production of IL-10 (14% positive cells), and
both increase secretion of IFN-y. These effects are exerted at higher levels by
the appropriate OPN fragment than by OPN-FL, and it suggests that thrombin-
mediated cleavage plays a key role in OPN activity. Moreover, OPN-N and OPN-

C were much more active than OPN-FL in inducing tubulogenesis (70% vs 30%).

119



The in vivo experiments showed that OPN-FL was much more effective in
inducing EAE relapses than OPN-FL,,t, which is resistant to thrombin cleavage.
Therefore, the effect of OPN-FL must be ascribed to fragments produced by
thrombin cleavage in vivo. Results obtained after administration of the
recombinant OPN-C and OPN-N revealed that OPN-C was more responsible of
this induction, while OPN-N displayed only a weak effect.

Conclusion: These findings suggest that drugs targeting each fragment may be

used to fine tune pathological effects of OPN in MS.
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Osteopontin is a proinflammatory cytokine and plays a pathogenetic role in multiple sclerosis and its animal model, experimental
autoimmune encephalomyelitis (EAE), by recruiting autoreactive T cells into the central nervous system. Osteopontin functions are
modulated by thrombin cleavage generating N- and C-terminal fragment, whose individual roles are only partly known. Published
data are difficult to compare since they have been obtained with heterogeneous approaches. Interestingly, thrombin cleavage of
osteopontin unmasks a cryptic domain of interaction with e, 8, integrin that is the main adhesion molecule involved in lymphocyte
transmigration to the brain and is the target for natalizumab, the most potent drug preventing relapses. We produced recombinant
osteopontin and its N- and C-terminal fragments in an eukaryotic system in order to allow their posttranslational modifications.
We investigated, in vitro, their effect on human cells and in vivo in EAE. We found that the osteopontin cleavage plays a key role in
the function of this cytokine and that the two fragments exert distinct effects both in vitro and in vivo. These findings suggest that

drugs targeting each fragment may be used to fine-tune the pathological effects of osteopontin in several diseases.

1. Introduction

Osteopontin (OPN) is a matricellular protein originally iso-
lated from the bone, expressed by various cell types including
macrophages, dendritic cells, and activated T cells. OPN
mediates several biological functions such as bone remodel-
ing, macrophage response, cell migration, and adhesion, and
itis involved in the pathogenesis of several diseases including
atherosclerosis, cancer, chronic inflammatory diseases, and
several autoimmune diseases [1-3]. OPN costimulates T cell
activation and supports differentiation of proinflammatory T
helper 1 (Thl) and Thi7 cells [4, 5].

OPN is a member of the SIBLING (Small Integrin Bind-
ing Ligand N-linked Glycoprotein) protein family. It has two
calcium binding sites, two putative heparin binding domains,
and multiple adhesion motifs which allow interaction with
several receptors and cell types [6]. OPN biological functions
are influenced by posttranslational modifications, such as
phosphorylation, glycosylation, and protein cleavage medi-
ated by thrombin and metalloproteinases [7-9]. OPN has
RGD (arginine-glycine-aspartate) integrin binding domain,
through which it mediates interactions with avpl, avf33,
avf5, avB6, a8fl, and a5p1 integrins [10-13]. Moreover,
91, a4p1, and a4 7 integrins bind to a cryptic SVVYGLR
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(SLAYGLR in mice) sequence which is exposed upon throm-
bin cleavage occurring at the Argl68-Serl69 site near to the
RGD motif [14-16]. This cleavage generates two fragments,
the N- and C-terminal, displaying functional differences
from the full length protein [17]. The N-terminal fragment
(OPN-N, approx. 35kDa) binds to integrins through the
RGD or the cryptic binding site, promotes IFN-y secretion
in T cells, and stimulates cell migration by binding to
a9f1 and a4p1 [18, 19]. The C-terminal fragment (OPN-C,
approx. 25kDa) inhibits IL-10 secretion and stimulates cell-
cell adhesion by interacting with CD44 isoforms containing
the v6 and v7 domains [20, 21].

OPN is highly expressed in several tumors, where it can be
cleaved by thrombin and acts as a proangiogenic factor [22-
25]. Moreover, the OPN:CD44 interaction promotes metas-
tasis dissemination in a variety of malignancies [26]. The
individual role of OPN-N and OPN-C has been investigated
mainly in cancer cells because of the expression of both OPN
and activated thrombin in the microenvironment of several
tumors [22, 27, 28]. On the contrary, little information is
available on their role in autoimmune diseases. Full length
OPN (OPN-FL) is expressed at similar levels in the synovial
fluid of patients with rheumatoid arthritis (RA) and in
those with osteoarthritis, but OPN-N levels in RA synovial
fluid samples are around 30-fold higher than in those from
osteoarthritis and correlate with the disease status [29].

A considerable body of evidence suggests that OPN plays
a detrimental role in multiple sclerosis (MS) and its animal
model, experimental autoimmune encephalomyelitis (EAE)
[30-32]. In MS lesions, high OPN levels are present in
the perivascular cuff that surrounds inflamed blood vessels,
contains inflammatory lymphocytes, and is delimited by
the endothelium and the basement membrane. At this site,
OPN plays a role in lymphocyte recruitment into the MS
lesion, which involves a4f1 integrin that is the target of
the anti-MS drug natalizumab, a humanized monoclonal
antibody that has had benefic effects for relapses prevention
in RR-MS [33]. OPN binds to a4fl1 integrin only upon
cleavage by thrombin which unmasks two a4l integrin
binding sites located into the N-terminal fragment. Hur et
al. showed that the administration of recombinant OPN-FL
exacerbates EAE, but the relative role of OPN-N and OPN-
C is not known [34]. However, thrombin-mediated cleavage
may play a role, since thrombin activity increases with the
progression of neuroinflammation, and it is detectable in
the demyelinating lesions where also OPN is present at
high levels [35, 36]. Moreover, in vivo administration of
hirudin, a thrombin inhibitor, decreases clinical severity,
demyelination, and secretion of Thl- and Th17-type cytokines
in EAE (37, 38].

OPN modulates several cell activities in vitro, but the
role of OPN cleavage and the relative role of OPN-C and
OPN-N are only partly known. Moreover, several available
data are difficult to compare because they have been obtained
with heterogeneous approaches, such as antibody-mediated
blockage of the OPN receptors, use of OPNs produced in
bacteria and eukaryotic cells, which influence the posttrans-
lational modifications involved in OPN function, or use of

Journal of Immunology Research

a mixture of OPN fragments obtained by in vitro treatment
with thrombin.

The aim of our research was to recapitulate, in vitro,
the OPN effects on human cells with a particular focus on
processes involved in MS relapse, that is, T cell and monocyte
activation, T cell apoptosis, lymphocytes, and endothelial
cell migration and adhesion, by using recombinant forms of
OPN-FL, OPN-N, and OPN-C produced in an eukaryotic
system in order to ensure their posttranslation modifications.

Moreover, we investigated the activity of these OPNs
and a point-mutated form of OPN resistant to thrombin
cleavage (OPN-FL™) on the EAE course in vivo in mice,
since the functional in vivo role of the OPN cleavage and OPN
fragments is far from being elucidated.

2. Materials and Methods

2.1. Production of Human and Murine Recombinant Proteins.
Both human and mouse OPN ¢cDNAs were purchased from
imaGenes GmBH, Germany. The coding sequences lacking
the signal sequence, of the OPN full length (OPN-FL) and
the two thrombin-cleaved fragments (OPN-N and OPN-
C), were amplified by PCR with specific oligonucleotides
and cloned into pMB-SV5 vector [39] downstream from the
immunoglobulin leader sequence. The thrombin-uncleavable
OPN constructs (OPN-FL™") was generated by mutating
the mouse OPN sequence from AGGTCA coding for amino
acids R;53 and S;5, to the AGCTTT coding for S,5; and
F s, This substitution has been described as yielding a
thrombin cleavage resistant OPN [23]. In order to introduce
the mutation, we performed site-directed mutagenesis using
a mutagenic oligonucleotide specific for each sequence in
combination with the reverse oligonucleotide mapping on
the C-terminal end of the molecule. After amplification and
restriction digestion, each mutated fragment was ligated with
the wild-type upstream fragment obtained by restriction
digestion to reconstitute the full length sequence. All these
OPN constructs were subsequently amplified with specific
oligonucleotides and cloned as six histidine- (6xHis-) tagged
molecules into pUCOE vector [40]. For this cloning, we
used a common forward oligonucleotide annealing on the
Kozak sequence of the pMB-SV5 vector and a specific reverse
oligonucleotide carrying 6xHis sequence. Recombinant OPN
molecules were produced in Chinese Hamster Ovary Sus-
pension Cells (CHOs; Invitrogen, Burlington, ON, Canada,
USA). Cells were cultured in CHOS-SFMII medium (Invit-
rogen) and transfected with the pUCOE-OPN6xHis plasmids
using FreeStyle MAX Reagent (Invitrogen) according to the
manufacturer’s instructions. To maintain stable transgene
expression, transfected cells were cultured under selective
pressure using 200 pg/mL of hygromycin B (Invitrogen). The
presence of each recombinant OPN construct in the cell
supernatant was verified by western blotting using either
an antibody directed against the His tag (Tetra-His Anti-
body, Qiagen, Valencia, CA, USA) or an anti-OPN antibody
directed against an epitope located in the N- or C-terminal
half of the molecule: SPP1 Polyclonal Antibody (Invit-
rogen) and Polyclonal Anti-Osteopontin Antibody (Milli-
pore, Billerica, MA, USA), respectively. These antibodies
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were detected using the appropriate horseradish peroxidase-
conjugated secondary antibody (Sigma-Aldrich, St. Louis,
MO, USA). The reactive proteins were visualized by the
ECL (Perkin Elmer, Waltham, MA, USA). All recombinant
proteins were correctly recognized, and they displayed the
expected size (ie, 60kDa for OPN-FL and OPN-FL™",
35 kDa for OPN-N, and 25 kDa for OPN-C). Cells were grown
at high density using CELLine™ devices (BD Biosciences,
San Diego, CA, USA) and collected twice a week. After
centrifugation at 400 xg for 10 minutes, cell supernatants
were collected and each recombinant protein was purified
on HIS Trap Excel Ni-Sepharose resin (GE Healthcare,
Uppsala, Sweden), dialyzed overnight against PBS, and
analyzed by western blotting and coomassie gel staining
(Sigma-Aldrich).

2.2. Cells. Peripheral blood mononuclear cells (PBMCs)
were separated from human blood samples obtained from
healthy donors, who signed their written informed consent,
by density gradient centrifugation using the Ficoll-Hypaque
reagent (Lympholyte-H, Cedarlane Laboratories, Burlington,
ON, Canada). The use of PBMCs was approved by the
ethics committee of the “Azienda Ospedaliera Universitaria
Maggiore della Carita” of Novara (Prot. 962/CE). CD4" T
cells and monocytes were negatively purified from PBMCs
using the EasySep™Human CD4 Negative Selection Kit and
EasySep Human CDI14 Negative Selection Kit, respectively
(Stem Cells Technologies, Vancouver, BC, USA). Cell purity
was checked by immunophenotypic analyses and was higher
than 95%. Peripheral blood lymphocytes (PBL) were obtained
from PBMC after 2h adhesion to remove monocytes. Cul-
tures were performed in RPMI 1640 supplemented with
10% fetal bovine serum (FBS), and 100 U/mL penicillin,
100 pg/mL streptomycin (Invitrogen). For interferon- (IFN-)
y, interleukin- (IL-) 17A, and IL-10 secretion and intracellular
staining, 0.1 X 10° CD4" T cells were activated with anti-CD3
(1 pg/mL, clone: OKT3) and anti-CD28 (2 ug/mL, Ancell,
Bayport, MN, USA) in the presence or absence of OPN-FL
1 ug/mL, OPN-N, or OPN-C 0.5 pg/mL for 5 days. For Tissue
Inhibitor Metalloproteinase-1 (TIMP-1) and IL-6 secretion,
0.1x 10° monocytes were cultured in the presence or absence
of OPN-FL1 yg/mL, OPN-N, or OPN-C 0.5 pg/mL for 2 days.
The effects of OPN-FL were compared to that of a commercial
OPN-FL purchased from R&D System, and we obtained the
same results.

Human umbilical vein endothelial cells (HUVECs) were
isolated from human umbilical veins via trypsin treatment
(1%) and cultured in M199 medium (Sigma-Aldrich) with the
addition of 20% FCS (Invitrogen) and 100 U/mL penicillin,
100 ug/mL streptomycin, 5 UI/mL heparin, 12 ug/mL bovine
brain extract, and 200 mM glutamine (HyClone Laboratories,
South Logan, USA). Cells were grown to confluence in flasks
and used at the 2nd-5th passage. The purity of the EC prepa-
ration was evaluated using morphologic criteria and positive
immunofluorescence for factor VIII. Contamination with
blood leukocytes was assessed via immunofluorescence with
an anti-CD45 antibody. The use of HUVECs was approved
by the institutional review board of the “Presidio Ospedaliero
Martini” of Turin (Prot. 263-07/NF) that waived the need for

consent; the data were analyzed anonymously and conducted
in accordance with the Declaration of Helsinki.

2.3.ELISA. Concentrations of IL-17A, IFN-y,IL-10,IL-6,and
TIMP-1 were measured in culture supernatants by ELISA
according to the instructions of the manufacturers (R&D
System, Minneapolis, MN, USA; eBioscience San Diego, CA,
USA and BioLegend, San Diego, CA, USA). Absorbance was
detected with a microplate reader (Bio-Rad, Hercules, CA,
USA), and the I-smart program was used to calculate the
standard curve.

2.4. Intracellular Staining. CD4™ T cells (1 x 10°) were
cultured for 5 days in round-bottomed 96-well plates in the
presence of anti-CD3 (1ug/mL) plus anti-CD28 (1ug/mL)
mADb and in the presence of recombinant OPN-FL 1 ug/mL,
OPN-N, or OPN-C 0.5pug/mL. After 5 days of culture,
the cells were restimulated with phorbol 12-myristate 13-
acetate (PMA, 50ng/mL; Sigma-Aldrich) plus ionomycin
(500 ng/mL; Sigma-Aldrich) for 5 hours in the presence of
BFA (10 ug/mL; Sigma-Aldrich). Then, cells were permeabi-
lized, stained with a PE-conjugated anti-IL-10 mAb (Miltenyi
Biotec GmbH, Bergisch Gladbach, Germany) and APC-
conjugated anti-IL-17A mAb (eBioscience, San Diego, CA,
USA), and analyzed by flow cytometry.

2.5. Cell Death Assay. Activation induced cell death (AICD)
was evaluated on T cell lines obtained by activating PBMC
with phytohemagglutinin (PHA, Sigma-Aldrich; 1pug/mL)
and cultured in RPMI 1640 medium + 10% FBS + IL-2
(2 U/mL; Sigma-Aldrich) for 6 days. In the AICD assay, cells
(5 x 10%/well) were cultured in wells coated with anti-CD3
mAb (OKT3, 1ug/mL) with RPMI + 5% FBS + 1U/mL IL-
2 in the presence or absence of OPN-FL (I ug/mL), OPN-
N, or OPN-C (0.5 ug/mL). Live cells were then counted in
each well using the trypan blue exclusion test. Assays were
performed in triplicate and results were expressed as relative
cell survival % calculated as follows: (total live cell count in
the assay well/total live cell count in the respective control
well) x 100.

2.6. Cell Migration Assay. In the Boyden chamber (BD
Biosciences) migration assay, resting PBL or HUVECs (5 x
10* or 2 x 10°, resp.) were plated onto the apical side
of 50 ug/mL matrigel-coated filters (8.2mm diameter and
0.3um or 0.5um pore size; Neuro Probe, Inc; BIOMAP
snc, Milan, Italy) in RPMI or M200 serum-free medium,
with or without OPN-FL (10 ug/mL), OPN-N (5 ug/mL), or
OPN-C (5 ug/mL). Mediums containing 1ng/mL RANTES
(R&D System) or 10ng/mL vascular endothelial growth
factor (VEGF-a, R&D System) were placed in the basolateral
chamber as a positive chemoattractant stimuli for PBL and
HUVECs, respectively. The chamber was incubated at 37°C
under 5% CO,. After 20 h, the cells on the apical side were
wiped off with Q-tips. The cells on the bottom of the filter
were stained with crystal violet, and all were counted (four-
fold filter) with an inverted microscope (magnification 40x).
Data are shown as percentages of the treated cells migration
versus the control migration measured for untreated cells.



Control migration is (mean + SEM) 263 + 45 cells for
HUVECs (n = 5) and 155 + 25 for lymphocytes (1 = 5).

2.7. Cells Adhesion Assay. HUVECs were grown to conflu-
ence in 24-well plates in complete M200 medium (PromoCell
GmbH, Heidelberg, Germany) and then treated or not
with OPN-FL (10 ug/mL), OPN-N (5ug/mL), or OPN-C
(5 ug/mL) for 30 min, washed with fresh medium twice, and
incubated for 1h with resting PBL (5 x 10* cell/well). The
1h incubation time was chosen to allow full sedimentation
of the adhering cells, but similar results were obtained with
a shorter incubation time (30 min). After incubation in the
adhesion assay, nonadherent cells were removed by washing
three times with M200. The center of each well was analyzed
by fluorescence image analysis. Adherent cells were counted
by the Image-Pro Plus Software for microimaging (Media
Cybernetics, Bethesda, MD, version 5.0). Data are shown as
percentages of the treated cells adhesion versus the control
adhesion measured for untreated cells. This control adhesion
was (mean + SEM) 35 + 4 cells per microscope field (n = 5).

2.8. Angiogenesis Assay. In the tube formation assay,
HUVECs were cultured in M200 serum-free medium
and seeded onto 48-well plates (2.5 x 10*/well) previously
coated with 150 uL of growth factor-reduced matrigel (BD
Biosciences) in the presence of OPN-FL (10 ug/mL), OPN-N
(5ug/mL), OPN-C (5ug/mL), or control medium with
VEGF-« (10 ng/mL, R&D System).

The morphology of the capillary-like structures formed
by the HUVECs was analyzed after 6h of culture using
an inverted microscope (Leica Microsystem; magnification
10x) and was photographed with a digital camera (Leica
Microsystem). Tube formation was analyzed and the number
of tubes (with branching at both ends) was counted with an
imaging system (Image-Pro Plus software for microimaging,
Media Cybernetics, version 5.0, Bethesda, MD, USA). Tube
formation was evaluated by counting the total number of
tubes in three wells (n = 5) as previously described [41].

2.9. EAE Induction and OPN Treatment. Specific pathogen-
free female C57BL/6 mice were purchased from Harlan (Har-
lan Laboratories, Indianapolis, IN, USA). The experimental
protocol and animal handling were approved by CESAPO,
the ethical committee of the University of Piemonte Orientale
(Permit Number: 10/2013). To induce EAE, eight-week-old
mice (n = 48) were immunized with 200 pg of MOG34 _s5 pep-
tide (Espikem, Firenze, Italy) emulsified in complete Freund
adjuvant (Sigma-Aldrich) containing 4 mg/mL heat-killed
mycobacterium tuberculosis (Difco laboratories, Detroit, MI,
USA). On the day of MOG;;_s; immunization and 48 h later,
the mice were injected intraperitoneally (i.p.) with pertussis
toxin (Sigma-Aldrich, 500 ug in 0.1mL of PBS). The mice
were examined daily for clinical signs of EAE and scored
as reported [42]. Twenty days after the remission, mice
were divided into different experimental groups receiving
daily injection of 5ug of different OPN variants (OPN-
FL, OPN-N, OPN-C, or a mixture of OPN-C + OPN-N).
Moreover, since OPN-FL is cleaved by thrombin in vivo, we
also injected OPN-FL™", lacking the thrombin cleavage site.
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Animal health was evaluated daily, throughout the duration
of the experiment. Since the applied EAE protocol and the
treatments with recombinant OPNs do not cause a long and
intense suffering, we never administered an analgesic therapy.
To prevent malnutrition in palsy mice, starting from EAE
score 3.5 on, we put food and water directly into the cage,
where they could easily reach. No unexpected death was
recorded. Euthanasia was performed by cervical dislocation
after a light inhalational anesthesia with isoflurane (2-chloro-
2-(difluoromethoxy)-1,1,1-trifluoro-ethane) (ISOFLURANE
VET FL VT, Merial Italia SpA, PD, Italy) using a precision
out-of-circuit vaporizer (ISOTEC 4 series 1789, 2Biological
Instruments SNC, VA, Italy) in a rodent induction chamber
(2Biological Instruments SNC).

2.10. Data Analysis. The data are shown as the % of mean
+ SEM. The statistical analyses were performed with Graph-
Pad Prism 3.0 software (San Diego, CA, USA) using the
Wilcoxon’s signed rank test. The Friedman ANOVA test for
repeated measures followed by Dunn’s multiple comparison
was used to analyze the daily clinical EAE score. p values
<0.05 were considered significant.

3. Results

3.1 Production of Human and Murine Recombinant Proteins.
Both the human and murine leaderless OPN sequences,
lacking the signal sequence, were cloned into pUCOE vector
(OPN-FL). In order to assess the role of thrombin cleavage on
OPN activity, we also cloned the following mouse and human
OPN variants: OPN-N including aa 17-168 (human) or 17-153
(mouse) of OPN; OPN-C including aa 169-314 (human) or
154-294 of OPN; OPN-FL™" carrying a mutated thrombin
cleavage site (from R 53-S54 to S,53-F;s,) (Figure 1(a)) [23].
The cDNA coding for all these variants was cloned as fusion
proteins with the 6xHis Tag and stably transfected into CHO
cells. The presence of the recombinant proteins was verified
in the culture supernatants by coomassie staining and by
western blotting using antibodies designed against different
epitopes of OPN or the His Tag (Figure 1(b)). All recombinant
proteins displayed the expected sizes, that is, 60kDa for
OPN-FL and OPN-FL™, 35kDa for OPN-N, and 25kDa
for OPN-C, without presence of degradation products and/or
contamination by other proteins. As expected, OPN-FL™"
was not cleaved by thrombin (Figure 1(c)).

3.2. Effects of OPN on Human Immune Cells In Vitro. We
evaluated the effect of the human OPN-FL, OPN-N, and
OPN-C on secretion of IFN-y, IL-17, and IL-10 by T cells,
since OPN is known to stimulate secretion of IFN-y and IL-17
and to inhibit secretion of IL-10 [43, 44]. CD4" T cells from
healthy donors were activated by triggering CD3 and CD28
and cultured in the presence and absence of OPN-FL, OPN-
N, and OPN-C for 5 days. Then, secretion of IL-17A, IFN-y,
and IL-10 was evaluated by ELISA in the culture supernatants.
The results showed that all OPN preparations were similarly
active in increasing secretion of IFN-y (Figure 2(a)), whereas
secretion of IL-17A was significantly increased by OPN-FL
and OPN-N but not OPN-C (Figure 2(b)), and secretion of



Journal of Immunology Research

sk okok koo

¥
i

¥
fo

OPN-FL NH, .

sk okok kR

oPN-N - NH, @)

OPN-C

¥

sk okok o ok

@ o

Thrombin

l * kK

k kock skokok kokok ko ok

COOH

* kk ok ok kokok kokk ok kok

*
IqHz S-------<2§>--i"k»CO(H{

* kK ok sk skokok ok ok

opNM NH, @) 2&! zi, SLVVGLS F COOH
@ RGD-dependent integrin binding Histidine tag
1 RGD-independent integrin binding «  Phosphorylation site
CD44v6-7 binding “%%— Glycosylation site
(a)
N FL C FL™ N C FL FL™ N F C FR™
e e > =
3 b 3y -
‘..’ 33 ’
-— e
Anti His Anti OPN Nter Anti OPN Cter
(b)
FL FL™
Thrombin - + - +

2ol L . -

33 p

(c)

Anti His

FIGURE 1: Recombinant OPN variants. (a) The figure depicts the recombinant OPN variants: OPN-FL (aa 17-314 human and aa 17-294
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(c) OPN-FL but not OPN-FL™" is cleaved by thrombin.

IL-10 was significantly decreased by OPN-FL and OPN-C
but not OPN-N (Figure 2(c)). IL-10 and IL-17 expression was
evaluated also by intracellular staining of cells restimulated
for 5h with PMA and ionomycin after the 5-day cultures.
Cytofluorimetric analysis showed that the proportion of IL-
17A single positive cells was significantly increased by OPN-
FL and OPN-N but not OPN-C, whereas the proportions
of IL-10 single positive cells and IL-17A/IL-10 dual positive

cells were significantly decreased by all OPN preparations
(Figure 2(d)).

We evaluated the effect of the human OPN-FL, OPN-N,
and OPN-C on secretion of IL-6 and TIMP-1 in monocytes,
since OPN is known to stimulate secretion of both molecules
which play a key role in inflammation and several pathologi-
cal conditions [45, 46]. Monocytes from healthy donors were
cultured in the presence and absence of OPN-FL, OPN-N,
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and OPN-C for 2 days. Then, secretion of IL-6 and TIMP-
1 was evaluated by ELISA in the culture supernatants. The
results showed that secretion of IL-6 was induced mildly
by OPN-FL and strikingly by OPN-N, whereas OPN-C had
no significant effect (Figure 2(e)). By contrast, secretion of
TIMP-1 was similarly induced by OPN-FL, OPN-N, and
OPN-C (Figure 2(f)).

We evaluated the effect of the human OPN-FL, OPN-
N, and OPN-C in AICD of T cells, since OPN is known to
inhibit T cell AICD, which is a key mechanism of peripheral
tolerance [47]. PHA-activated T cells obtained from healthy
donors were treated with anti-CD3 mAb to induce AICD in
the presence and absence of OPN-FL, OPN-N, and OPN-C,
and cell survival was evaluated after 16 h. The results showed
that AICD was inhibited to the same extent by OPN-FL,
OPN-N, and OPN-C (Figure 3).

We evaluated the effect of the human OPN-FL, OPN-N,
and OPN-C on lymphocyte migration and adhesion to vascu-
lar endothelial cells, since OPN is known to induce both cell
adhesiveness and migration. In the migration experiments,
PBL were seeded in the upper side of a Boyden chamber
in serum-free medium; OPN-FL, OPN-N, and OPN-C and
RANTES, used as positive controls for chemoattraction of
lymphocytes, were loaded in the lower side of the Boyden
chamber. The results showed that migration of lymphocytes
was induced by OPN-FL and, to a greater extent, OPN-N,
but not OPN-C (Figure 4(a)). In the adhesion experiments,
HUVECs were treated with OPN-FL, OPN-N, and OPN-C

for 30 min, washed, and then used in the adhesion assay with
PBL. The results showed that adhesion was induced by both
OPN-FL and, to a greater extent, OPN-C but not OPN-N
(Figure 4(b)).

We evaluated the effect of the human OPN-FL, OPN-N,
and OPN-C in angiogenesis in vitro by assessing migration
and tube formation on HUVECs, since OPN is known to
induce angiogenesis [48]. The migration assay was performed
as with PBL using VEGF-« as a positive control. The results
overlapped those obtained with PBL, since migration was
induced by OPN-FL and, to a greater extent, OPN-N,
but not OPN-C (Figure 5(a)). In the tubulogenesis assay,
HUVECs were seeded onto growth factor-reduced matrigel
in the presence or absence of OPN-FL, OPN-N, and OPN-
C, and the morphology of capillary-like structures formed
by HUVECs was analyzed after 6 h. The results showed that
OPN-N and OPN-C induced high levels of tube formation,
whereas OPN-FL had a mild, although significant, effect
(Figure 5(b)).

3.3. Effect of OPN in Mouse EAE In Vivo. The first part of
this work has been performed on human cells which are the
therapeutic targets in human diseases. To assess whether the
OPN forms exert different effects also in vivo, we moved to
mouse EAE, a model of MS [32]. EAE is a T cell-mediated
autoimmune disease characterized by perivascular CD4" T
cell and mononuclear cell infiltration, causing demyelination
areas in the central nervous system, leading to progressive
hind-limb paralysis.

Several works showed that, in the mouse, OPN displays
similar effects than in human cells in terms of cytokine
secretion [49], cell migration [50, 51], and angiogenesis [52].
Moreover, we performed pilot experiments using T cells
and OPN variants from mice, which confirmed the pattern
of OPN-FL, OPN-C, and OPN-N effects detected in the
human model in terms of secretion of IFN-y, IL-17, and IL-
10, migration, and adhesion, which are key factors in EAE
pathogenesis (data not shown).

EAE can be induced by immunization with myelin pro-
teins, such as proteolipid protein (PLP) or myelin basic pro-
tein (MBP) or myelin oligodendrocyte glycoprotein (MOG)
in complete Freund’s adjuvant (CFA). In C57BL/6 mice, the
disease can be induced by immunization with the MOG
immunodominant epitope corresponding to amino acids
from 35 to 55 (MOGs;.55). In this model, mice develop
progressive paralysis (relapse) followed by a stable remission.
However, administration of OPN in the remission phase
induces a prompt relapse [34]. Therefore, we induced EAE
in C57BL/6 mice and waited for the remission and, 20 days
later, we started daily injections with the OPN variants and
monitored relapse development. We compared the effect of
the mouse OPN-FL, OPN-N, OPN-C, or OPN-C + OPN-
N. Since OPN-FL in vivo is cleaved by thrombin, we also
injected OPN-FL™", lacking the thrombin cleavage site. The
results showed that OPN-FL, OPN-C, and OPN-C + OPN-
N induced a similar strong relapse of the disease (p < 0.001)
(Figure 6), whereas OPN-N induced a mild relapse (p < 0.05)
and OPN-FL™" had no significant effect.
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F1GURE 4: Effect of OPN variants on PBL migration and adhesion. (a) PBL were plated onto the apical side of matrigel-coated filters in 50 uL
of medium in the presence or absence of either 10 #g/mL OPN-FL, 5 ug/mL OPN-N, or OPN-C; RANTES (10 ng/mL) was loaded in the
basolateral chamber as a positive control for migration. The cells that migrated to the bottom of the filters were stained using crystal violet
and counted (5 fields for each triplicate filter) using an inverted microscope. (b) PBL were pretreated or not with OPN-FL, OPN-N, or OPN-
C (10 ug/mL) for 30 min, washed, and then incubated together for 1h in the adhesion assay. Data are expressed as the mean + SEM of the
percentage of migration or adhesion versus the control obtained from untreated cells set at 100% from 5 independent experiments. (" P < 0.05;
versus the control; *p < 0.05; P < 0.01 versus OPN-FL; “p < 0.05; * p < 0.01 versus OPN-C or OPN-N; Wilcoxon’s signed rank test).

4. Discussion

In this study, we produced recombinant proteins correspond-
ing to the human OPN-FL, OPN-N, and OPN-C. These
proteins were produced in an eukaryotic system in order to
ensure the posttranslational modifications influencing OPN
functions, and they were used to investigate their individual
activity on key players in the immune response, such as
lymphocytes, monocytes, and endothelial cells. We also used
the same approach to produce the mouse OPN-FL, OPN-
N, and OPN-C, together with a thrombin-resistant form of
OPN-FL in which the thrombin cleavage site was mutated
(OPN-FL™") and assessed their individual effect in vivo on
mouse during EAE relapse.

In T cells, OPN cleavage seems not to influence the effect
on IFN-y secretion, which marks activation of Thl cells since
secretion of this cytokine is similarly costimulated by OPN-
FL, OPN-N, and OPN-C. This suggests that production of
IFN-y is similarly costimulated by the triggering of either
integrins or CD44, and no incremental effect is ascribable
to the integrin cryptic site exposed in OPN-N. A similar
reasoning may be applied to inhibition of AICD, which plays
a key role in switching off the immune response and was
similarly inhibited by OPN-FL, OPN-N, and OPN-C. This
was not surprising, since both the RGD-dependent triggering
of integrins and the triggering of CD44 v6-7 have been shown
to protect cells from apoptosis [53, 54].

By contrast, secretion of IL-17 and IL-10, respectively,
upmodulated and downmodulated by OPN-FL, differentially
involves the two OPN fragments, since IL-17 upmodulation is

mainly ascribable to OPN-N, whereas IL-10 downmodulation
is mainly ascribable to OPN-C. These results are in line
with reports showing that the OPN effects on IL-17 and IL-
10 are selectively inhibited by anti-integrin and anti-CD44
antibodies, respectively [43].

The IL-17A secretion data were confirmed by intracy-
toplasmic expression of IL-17A. By contrast, the different
effects of the OPN preparations on IL-10 secretion were not
confirmed by intracytoplasmic staining of IL-10 since all
OPNs similarly decreased the proportion of IL-10* cells. Since
cell staining was performed at day 5, whereas supernatant
analysis evaluated the overall secretion during the whole
culture time, it is possible that the supernatant differences
were ascribable to initial phases of the culture. Another point
is that all OPN preparations decreased the proportions of IL-
10/IL-17A double positive cells, which suggest that they can
work in pushing these cells toward a frankly proinflammatory
Th17 effector function [55, 56].

A similar coordinated effect of OPN fragments can be
envisaged on lymphocyte adhesion to endothelial cells and
migration, which are two key steps of lymphocyte extrava-
sation and homing into tissues. Our results, indeed, showed
that both adhesion and migration are supported by OPN-FL,
but adhesion is ascribable to OPN-C, whereas migration is
ascribable to OPN-N, and each fragment displays its effect at
higher levels than OPN-FL.

The experiment on HUVECs showed that also the OPN
effect on migration of endothelial cells was ascribable to
OPN-N and not to OPN-C. By contrast, both OPN-N and
OPN-C displayed a strikingly higher effect than OPN-FL
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as a positive control for migration. The cells that migrated to the bottom of the filters were stained using crystal violet and counted (5 fields
for each triplicate filter) using an inverted microscope. Results are expressed as in Figure 4. (b) In the tube formation assay, HUVECs were
plated in the presence and absence of OPN-FL (10 #g/mL), OPN-N (5 ug/mL), OPN-C (5 ug/mL), or VEGF-a (10 ng/mL), as a control. The
morphology of capillary-like structures formed by HUVECs was analyzed 6 h after culturing. Results are expressed as means + SEM from 3
experiments (“P < 0.05; **p < 0.01 versus the control; Sp < 0.05; °p < 0.01 versus OPN-FL; *p < 0.05; versus OPN-C; Wilcoxon’s signed

rank test). Right panels show a representative tubulogenesis experiment.

in inducing tubulogenesis, which is an in vitro assay of
neoangiogenesis. These results are in line with the reports
from Senger and colleagues [48] showing that VEGF induces
OPN and avf3; expression in endothelial cells and stimulates
cleavage of OPN by thrombin and that the resulting OPN
fragments are strongly chemotactic for endothelial cells and

promote angiogenesis [57]. However, these authors used a
mixture of the two OPN fragments obtained by in vitro
thrombin-mediated cleavage of OPN-FL, and they could
not distinguish the individual role of OPN-N and OPN-
C. Moreover, other studies have shown that, in vascular
endothelial cells, OPN enhances VEGF-« expression, which,
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FIGURE 6: Effect of different forms of OPN on the EAE remission
phase. The upper schema depicts the timing of the experiment:
n = 48 mice were immunized at day 0 with MOG;;_s; peptide
to induce EAE. The mice were examined daily for clinical signs
of EAE and scored as reported in the lower panel (grey circles).
Twenty days after the remission, at day 55 after EAE induction, mice
were randomized into different experimental groups and received
daily injection of either OPN-FL (black diamonds), OPN-FL™"
(white squares), OPN-N (white triangles), OPN-C (black triangles),
OPN-C + OPN-N (black circles), or vehicle (white circles). A
nonparametric ANOVA test was used for clinical score comparisons
(***p < 0.001 PBS versus OPN-FL, OPN-C, and OPN-N + OPN-C;
P < 0.05 PBS versus OPN-N; ¥p < 0.01 OPN-C versus OPN-N
and versus OPN-FL™").

in turn, mediates a positive feedback on OPN expression; the
blocking of this feedback signal by anti-VEGF-« antibodies
partially inhibits the OPN-induced HUVECs motility, prolif-
eration, and tube formation [58].

In monocytes, the main finding was a marked putative
effect of thrombin cleavage on IL-6 secretion, which was
induced moderately by OPN-FL and strikingly by OPN-N,
whereas OPN-C displayed no effect. This differential effect
was detected on IL-6 but not on TIMP-1 whose secretion was
similarly induced by all OPN preparations, and this suggests
that OPN-N fine-tunes monocyte activation [32, 49, 59, 60].

Altogether our in vitro experiments show not only that
the OPN effects on IL-17 and IL-6 secretion and cell migration
are mainly ascribable to OPN-N, whereas those on IL-10
secretion and cell adhesion are mainly ascribable to OPN-C,
but also that these effects are exerted at higher levels by the
appropriate OPN fragment than by OPN-FL, which suggests
that thrombin-mediated cleavage plays a key role in OPN
activity. A striking gain of function was also detected in the
tubulogenesis assay in which both OPN-N and OPN-C were
much more active than OPN-FL. In the case of OPN-N, this
gain of function may be ascribed to exposure of the cryptic
integrin binding site that allows binding to integrins unbound
by OPN-FL. By contrast, it is difficult to explain it for OPN-
C, whose only known binding site is that for CD44, which
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is present also in OPN-FL. Besides the possibility that OPN-
C exposes unknown cryptic binding site(s) for unknown
ligand(s), the gain of function of OPN-C might be ascribed
to removal of the N-terminal portion of OPN-FL, which
may exert a partial steric or functional interference on CD44
triggering.

Also the in vivo experiments showed that thrombin-
mediated cleavage of OPN plays a key role in OPN function,
since OPN-FL was much more effective in inducing EAE
relapses than OPN-FL™", which is resistant to thrombin-
mediated cleavage. Therefore, the effect of OPN-FL must be
ascribed to the fragments produced by thrombin cleavage in
vivo. Use of the recombinant OPN-C and OPN-N showed
that the effect was ascribable to OPN-C, whereas OPN-
N was active only weakly. The critical role of OPN-C was
surprising, since the presence of the cryptic binding sites for
a4f1 would instead draw the attention to OPN-N because
a4pl is involved in the homing of T cells into the central
nervous system, and it is the target of the anti-MS drug
natalizumab.

Substantial evidence indicates that OPN-FL plays a detri-
mental role in MS and EAE [32, 46, 61]. OPN-FL has been
found to be the most abundantly expressed cytokine in
the lesions of MS patients and EAE mice. Moreover, OPN
deficient mice and mice injected with anti-OPN antibodies
develop a mild EAE, whereas administration of OPN-FL
triggers relapses in several EAE models [34]. Recently, pro-
teomic analysis of MS lesions has unraveled a potential link
between the coagulation cascade and MS pathology, which
is supported by EAE data showing that administration of
the thrombin inhibitor hirudin decreases clinical severity,
demyelination, and Thl and Th17 cytokines secretion [36, 38].
Intriguingly, thrombin activity is increased in the demyelinat-
ing lesions [37] where OPN is expressed at high levels. Our
data confirm that thrombin-mediated cleavage of OPN plays
a key role in MS relapse by exerting a dual effect. On the one
hand, they may play a key role in the homing of autoreactive
lymphocytes in the central nervous system lesions, since
OPN-N increases production of IL-17 involved in breaking
the blood brain barrier and stimulates lymphocyte migration,
whereas OPN-C increases lymphocyte adhesion to vascular
endothelial cells. On the other hand, they may support local
inflammation, since OPN-N induces secretion of IL-6 in
monocytes, OPN-C inhibits production of IL-10, and both
increase secretion of IFN-y.

5. Conclusion

In conclusion, this study shows that the OPN fragments
generated by thrombin exert distinct effects on cells involved
in the immune and inflammatory response, and it suggests
that drugs targeting each fragment may be used to fine-tune
the wide effects of this cytokine.
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Proteasome cleavage of OPN

After investigating the role of thrombin cleavage on OPN and demonstrating in
vitro and in vivo that OPN-N and OPN-C exert different functions on MS
pathological processes, we decided to take into account another protease that
may act on OPN, that is proteasome.

The study of proteasome-cleavage of OPN is important for the investigation on
the products of proteasome-digestion. Indeed, the generated OPN peptides
may play different roles and some of them may display a gain of function,
compared to the whole protein, because of the exposure of particular binding
sites that become unmasked.

The ubiquitin-proteasome system is responsible for destruction of the majority
of cytoplasmic proteins, exerting housekeeping functions and maintaining
cellular homeostasis (Bellavista et al. 2014). Proteins are usually targeted by
ezyme-mediated poly-ubiquitination, carried into the proteasome proteolytic
chamber, fragmented and expulsed (Schwartz and Ciechanover 2009). Poly-
ubiquitin tagging (when it occurs), transport and peptide-bond hydrolysis
regulate protein half-life and thereby affect the majority of metabolic processes
in the cell. Proteins that reflect particular stress conditions, proteins involved in
cell cycle progression, cellular growth control, and oncogenesis, are some of the
many proteins regulated by the complex of 20S proteasome (Ben-Nissan and
Sharon 2014). The 20S (700-kDa) standard proteasome (s-proteasome) is a
dynamic enzyme with an activity that varies over time because of interactions
between substrates and products and the proteolytic and regulatory sites. It is
a cylinder-shaped complex, composed of four stacked rings, each consisting of
seven protein subunits. Among them the 1, 2, and B5 subunits harbour the
proteolytic active sites (Voges, Zwickl, and Baumeister 1999). The 26S (2000-
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kDa) complex contains in addition to the 20S proteasome a 19S regulatory
complex composed of multiple ATPases and components necessary for binding
protein substrates (Structure and functions of the 20S and 26S proteasomes
(Coux, Tanaka, and Goldberg 1996).

Mathematical modelling approaches have been proposed for a mechanistic
analysis of proteasome, in order to point out its activity. Obtained results show
that proteasome digestion velocity is dipendent on mechanisms of transport
inside and outside the proteolytic chamber. Moreover, proteasome activity is
mediated by regulatory sites (Liepe et al. 2015).

The immunoproteasome (i-proteasome) is an isoform of the 20S proteasome.
When a cell experiences inflammation, proteasomes can change some of their
subunits and form an i-proteasome. It carries specific catalytic subunits, B1i,
f2i, and B5i, which confer to the i-proteasome quicker proteins digestion and
differences in cleavage preferences and substrate degradation rates, compared
to the s-proteasome. I-proteasome is generally synthesized upon interferon-y
(IFN-y) stimuli, but tumor necrosis factor-a (TNF-a) or lipopolysaccharide has
also been found to be involved in its inducible expression (Pintado et al. 2012;
Ferrington and Gregerson 2012). The vast majority of endogenous peptides

presented by the MHC class | molecules at the cell surface and recognised by

cD8* T cells are generated by proteasomes. I-proteasome is generally highly
efficient in generating MHC class I-restricted epitopes. In support to this, i-
proteasomes are predominantly expressed by professional antigen presenting
cells (APCs), such as dendritic cells (DCs) and B cells, or by other cell types during
inflammation (Ebstein et al. 2012; Qureshi, Morrison, and Reis 2012). Previous
studies demonstrated an accumulation of i-proteasome and its regulator

PA28af in different cell types of MS patients, such as oligodendrocytes,
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macrophages/microglia, infiltrating lymphocytes, and weakly neurons (Mishto
et al. 2010). Such disease-related expression of i-proteasome is in agreement
with recent observations in EAE. In this model, the cerebral expression of i-
proteasome and PA28a3 was increased as compared with baseline levels during
the acute phase of EAE (Zheng, Dasgupta, and Bizzozero 2012). The expression
of i-proteasome in MS lesions or in cells involved in MS mechanisms is important
because this isoform was recently linked to different inflammatory processes.
Indeed, i-proteasomes are specifically implicated in cytokine-mediated
inflammation, cell growth, and differentiation in mice (Ebstein et al. 2012). I-

proteasome depletion alters the T cell antigen receptor (TCR) repertoire

formation, the number and differentiation of cpst T cells, and the production
of proinflammatory cytokines (Groettrup, Kirk, and Basler 2010). Also the
activity of Th-17 cells could be regulated by gut microbiota and i-proteasome, in
EAE. Moreover, it may influence onset and progression of MS by affecting the
response of different cell types to the inflammatory aggression in the CNS. The
i-proteasome exists also in an extracellular form, that is proteolytically active,
but whose role as well as its cellular origin and mechanisms of release remain
elusive (Sixt and Dahlmann 2008; Zoeger et al. 2006). In patients with solid
tumors, extracellular proteasome levels increase and correlate with occurrence,
severity, as well as clinical outcome of the diseases (L Henry et al. 2009; Laurent
Henry et al. 2013; de Martino et al. 2012). In some autoimmune diseases,
including MS, the levels of extracellular proteasome are increased and mark cell
damage and immunological activity (Egerer et al. 2002; Minagar et al. 2012).

Therefore, proteasome is largely involved in MS development and the study of
proteasome-related biomarkers, such as proteasome antibodies and circulating

proteasome, may represent a field of interest in MS.
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PAPER 2

Background: OPN is involved in several diseases including MS. Secreted OPN is
cleaved by few known proteases, modulating its pro-inflammatory activities.
The proteasome, involved in processes aimed at eliminating cellular waste
products, may cleave OPN. Moreover, high levels of extracellular proteasome
were detected in MS patients, thereby the function of OPN and proteasome
may be related.

Aim: The aim of this work was to investigate wheter secreted OPN can be
processed by extracellular proteasome, thereby producing fragments with
novel chemotactic activity.

Methods: Proteasome digestion products of OPN-C were obtained and analyzed
by mass spectrometry. The effect of proteasome digestion-derived peptides
was assessed in vitro on migration of HUVECs, lymphocytes and monocytes.
Results: In HUVECs and monocytes, the treatment with 20S proteasome
significantly hampered the chemotactic activity of OPN-N, whereas it increased
the chemotactic activity of OPN-FL and, especially, OPN-C on HUVEC and
lymphocytes. This suggests that proteasome-mediated degradation of OPN-FL
and OPN-C generates novel OPN chemotactic fragments. The analysis of
proteasome digestion of OPN-C detected 6 main fragments, which were then
synthetized and analyzed for their chemotactic activity. Four of these peptides
exerted a strong chemotactic activity towards HUVEC and lymphocytes in a
dose-dependent manner. Since the levels of both the extracellular proteasome
and OPN are increased in MS patients, these data suggest that these peptides
may play a role in MS.

Furthermore, OPN reduced the release of proteasomes in the extracellular

space. The latter phenomenon seems to occur in vivo in multiple sclerosis,
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where it reflects the remission/relapse alternation.
Conclusion: The extracellular proteasome-mediated inflammatory pathway

may represent a general mechanism to control inflammation in in ammatory

diseases.
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Osteopontin is a pleiotropic cytokine that is involved in several diseases including multiple sclerosis.
Secreted osteopontin is cleaved by few known proteases, modulating its pro-inflammatory activities.
Here we show by in vitro experiments that secreted osteopontin can be processed by extracellular
proteasomes, thereby producing fragments with novel chemotactic activity. Furthermore, osteopontin
reduces the release of proteasomes in the extracellular space. The latter phenomenon seems to occur
in vivo in multiple sclerosis, where it reflects the remission/relapse alternation. The extracellular
proteasome-mediated inflammatory pathway may represent a general mechanism to control
inflammation in inflammatory diseases.

Osteopontin (OPN), a component of bone matrix and a soluble pleiotropic cytokine, plays a pivotal role in several
diseases such as tumors, myocardial and kidney dysfunctions, and autoimmune diseases. OPN has a particular
relevance in multiple sclerosis (MS), a disease in which the autoimmune response targets the myelin sheaths
of the central nervous system (CNS). Indeed, in MS secreted OPN stimulates the expression of Th1 and Th17
cytokines, inhibits apoptosis of autoreactive T cells, and regulates leukocyte adhesion, migration, and trafficking
into the CNS by binding to CD44 and various integrins® Increased concentrations of OPN occur in peripheral
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blood and cerebrospinal fluid during the relapse phase in MS patients®=°. Moreover, OPN is strongly expressed
in MS lesions. A similar phenomenon occurs also in the experimental autoimmune encephalomyelitis (EAE), an
MS mouse model in which the administration of the OPN results in rapid induction of relapse, increased level of
neurological defects and progression of the disease®.

Secreted OPN molecules are cleaved by matrix metalloproteinases and thrombin'. Thrombin cleaves the full
length OPN (OPN-FL) into N-terminal (OPN-N) and C-terminal (OPN-C) fragments, which exert different
biological activities”$. Another protease present in different types of biological fluids, including blood, is the
20S proteasome. Depending on its incorporated catalytic subunit pattern proteasome is named as either stand-
ard proteasome, intermediate-type proteasome or immunoproteasome. Standard proteasome is the most com-
mon proteasome isoform, whereas intermediate-type proteasome and immunoproteasome are expressed during
inflammation or in immune cells®. The proteasome isoforms possess different proteolytic dynamics'®-'2. The
difference in protein turnover results in preferential tasks carried out by either standard proteasome or immu-
noproteasome. For instance, immunoproteasome specifically regulates some aspects of the cytokine-mediated
inflammation and cell-mediated immunity®. It is generally believed that these immunological tasks are carried
out by the proteasome only as intracellular protease; indeed, the role of extracellular proteasomes as well as their
cellular origin and the mechanisms of release remain elusive'*. However, it is known that extracellular proteasome
purified from plasma is proteolytically active'®. Active release rather than passive leakage from injured/apoptotic
cells was suggested to cause the early increase of extracellular proteasome levels in sepsis and severe injury'®.
Active mechanisms of proteasome release have been proposed through various types of extracellular vesicles
(EVs), i.e. microparticle/ectosomes shedding from the surface of T lymphocytes'®, or exosomes derived from
endocytic compartments of mesenchymal stem cells'’. In patients with solid tumors and hematological malignan-
cies, extracellular proteasome levels increase and correlate with occurrence, severity, as well as clinical outcome of
the diseases'®-?’. In some autoimmune diseases, such as rheumatoid arthritis, MS and systemic lupus erythemato-
sus, extracellular proteasome levels are increased and are markers of cell damage and immunological activity?*2.

No function of proteasome in the extracellular space has been demonstrated so far.

Results and Discussion

20S proteasome processes OPN molecules and modulates their chemotactic activities. To
investigate whether extracellular proteasome could be involved in the OPN-mediated inflammatory events, we
first investigate whether 20S proteasome can fragment OPN molecules in an ubiquitin-independent manner. We
use purified 20S proteasome because there is no evidence that the entire ubiquitin-proteasome system is present
and functional in the extracellular space. Furthermore, 20S proteasome is the only active proteasome form that
has been identified in extracellular microparticles!S. Therefore, we perform in vitro degradation of different por-
tions of recombinant OPNG, i.e. OPN-FL (OPN-FL,;_3,-6His), OPN-N (OPN-FL,,_¢-6His) and OPN-C (OPN-
FL 49.314-6His) by purified erythrocyte 20S standard proteasomes. Testing different ratios of proteasome/OPNs,
we observe a concentration-dependent degradation of OPN substrates, thereby showing that 20S standard protea-
some can cleave OPNs outside the cell in an ubiquitin-independent manner (Fig. 1a and Supplementary Fig. 1).
Furthermore, we investigate the degradation rate of the three OPNs by using 20S standard proteasome derived
from a different cell source, i.e. derived from T2 cells. Thereby we verify that the OPN processing is not a singu-
larity of erythrocyte 20S standard proteasome (Fig. 1b and Supplementary Fig. 1).

Since a key function of OPNs during inflammation is the regulation of cell chemotaxis, we study whether
proteasome-mediated processing of OPNs affects the in vitro chemotaxis of different cell types, i.e. human umbili-
cal vein endothelial cells (HUVEC), peripheral blood lymphocytes (PBLs) and monocytes (PBMs). These cells are
recruited through OPN-mediated chemotaxis to the inflammation site in different physiological and pathological
conditions. HUVECs are a standardized model for investigating the behavior of vascular endothelial cells, which
are key players in inflammation by regulating inflammatory cell trafficking. Furthermore, the migration of PBLs
and PBMs in the CNS is considered to be an important pathological inflammatory factor for the MS development.

HUVECs, PBLs and PBMs are treated with OPNs pre-incubated or not with 20S proteasomes. The chemotaxis
is measured in a Boyden chamber migration assay after 20h (Fig. 2a). We use as positive control the well-known
chemotactic factors VEGF-a for the HUVECs and RANTES for PBLs and PBMs.

In HUVECs, the presence of 20S proteasome significantly hampers the chemotactic stimulus by OPN-N
whereas OPN-FL and OPN-C gain chemotactic activity upon proteasome digestion. Proteasome has only mar-
ginal effects per se on spontaneous migration or in the chemotaxis induced by VEGF-« (Fig. 2a). 20S proteas-
ome also significantly hampers the chemotaxis of PBLs induced by OPN-N, whereas it boosts the chemotaxis
upon processing of OPN-FL and OPN-C. The proteasome has neither effects per se on chemotaxis nor on the
RANTES-induced chemotaxis (Fig. 2b). Similar effects of proteasome-catalyzed OPN cleavage are observed in
PBMs; indeed, proteasome-mediated digestion of OPN-N significantly reduces its chemotactic activity, whereas
it significantly enhances the PBMs’ chemotaxis induced by OPN-FL and OPN-C. Proteasome has no effect in
absence of OPNs but it reduces, mildly although significantly, the chemotactic activity of RANTES in PBMs
(Fig. 2¢).

Specific proteasome-generated fragments of the OPN-C stimulate HUVEC and PBL chemo-
taxis. The fact that 20S proteasome can cleave OPN-FL and OPN-C thereby increasing their chemotactic
activity suggests that 20S proteasome-catalyzed degradation of OPN-FL and OPN-C might unmask cryptic OPN
chemotactic fragments. Such fragments would then be able to activate chemotaxis better than when they were
included and folded in the OPN-FL. Similar mechanism has been proposed for the activation of other cryptic
sites of OPN-FL upon processing by thrombin®’.

To identify these active fragments, we digest recombinant OPN-C by 20S proteasome and analyze the products
by mass spectrometry. Among more than hundred identified fragments (data not shown), we select 6 fragments,
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Figure 1. Extracellular 20S standard proteasomes cleave OPN molecules. (a) Representative in vitro
digestion (n = 3) of recombinant OPN-FL, OPN-N, OPN-C by different amount of human erythrocyte

20S standard proteasome. (b) Degradation kinetics of OPN-FL, OPN-N and OPN-C by T2 20S standard
proteasomes are shown by representative Western Blot assay (left panel; the proteasome o4 subunit is used as
control marker since it is incorporated in each proteasome). The density of the Western Blot bands is measured
and the corresponding relative OPNs’ degradation computed (right panel; mean and SD of 4-5 independent
experiments measured in duplicate). The relevant bands of the Western Blot assays shown here are cropped
from the full blots shown in Supplementary Fig. 1. No significant differences between the degradation rate of the
three OPNs are observed by Kruskal-Wallis test. In (b) we use a ratio OPNs/proteasome that roughly resembles
that observed in the peripheral blood of healthy and MS donors (Fig. 5) and that used in the cell migration
experiments (Fig. 2).

i.e. OPN-FL,,; 5300 OPN-FLy5 566 OPN-FLyg; 576 OPN-FLg5 576, OPN-FLygs 506 and OPN-FL,, 56 (Fig. 3a), show-
ing dominant mass spectrometry ion peak areas in a 20 h degradation of OPN-C by 20S proteasome from eryth-
rocytes (Supplementary Fig. 2). These peptides are synthetized and analyzed for their ability to induce HUVEC
chemotaxis. Among them, four peptides — i.e. OPN-FL,,;_,30, OPN-FL,49 566 OPN-FL,¢; 576 and OPN-FLy, 306
- exert their chemotactic activity towards HUVECs in a dose-dependent manner (Supplementary Fig. 3). In
particular, they are effective at the dose of 100 nM (Fig. 3b), which is likely the maximal OPN fragment concen-
tration generated by extracellular 20S proteasome during our chemotaxis experiments (Fig. 2). Their activity is
sequence-dependent, and not only related to chemical properties of the peptides, since control peptides with
inverted sequences compared to the functional peptides have no chemotactic activity towards HUVEC:s (Fig. 3c).

The same response towards the 6 OPN-derived peptides is observed for the cell migration of PBLs. Indeed, the
four peptides OPN-FL,,; 5335, OPN-FL, 49 566, OPN-FL,¢; 576 and OPN-FL,, 3 are chemoattractant also towards
PBLs, whereas the peptides OPN-FL,¢q 575, OPN-FLyg 306 exert no effect (Fig. 3d).

According to the prediction of the OPN-FL 3D structure (Fig. 3e) the four active OPN fragments are either
buried in the OPN-FL structure, or part of loops and strongly secondary structured alpha-helices.

OPNs reduce the release of proteasome by endothelial cells in the extracellular space. In bio-
logical systems, negative feedback loops exist to control the activity of mediators. Thus, we investigate whether
areciprocal regulation could exist between OPN and extracellular proteasome, whereby OPNs regulate protea-
some release in the extracellular space. To this end, we measure the concentration of extracellular proteasome
in cultures of HUVECs, PBLs or PBMs upon treatment with the three OPNs, and either VEGF-a or RANTES,
respectively. We observe a significant decrease in the extracellular proteasome concentration in the medium of
HUVEC cultures upon stimulation with either each of the three OPNs or with VEGF-a compared to untreated
cells (Fig. 4). On the contrary, these cytokines do not have any effect on proteasome released by PBLs (Fig. 4); a
similar lack of effect is also detected with PBMs (data not shown).
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Figure 2. Extracellular proteasome modulates chemotactic activity of OPN molecules. (a) Representative
pictures of migrated HUVECs (stained by crystal violet) treated with OPNs + 20S proteasome are displayed.
The quantitative effect of OPNs = 20S proteasome (and VEGF-« as positive control) on the HUVEC chemotaxis
(n=6-38) is shown. (b) Representative pictures of migrated PBLs treated with OPNs == 20S proteasome

are displayed. The quantitative effect of OPNs + 20S proteasome (and RANTES as positive control) on the
chemotaxis of PBLs (n = 6-18) is shown. (c) Representative pictures of migrated PBMs treated with OPNs +20S
proteasome are displayed. The quantitative effect of OPNs =+ 20S proteasome (and RANTES as positive control)
on the chemotaxis of PBMs (n = 11-13) is shown. In (a—c) cell migration is measured by applying the Boyden
chamber migration assay; values are percentage of treated vs untreated cells that migrated after 20h and are the
mean and the SD of independent experiments. Wilcoxon test for paired samples p < 0.05 are shown.
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Figure 3. Location and chemotactic effect of proteasome-generated OPN fragments towards HUVECs and
PBLs. (a) The sequence of the OPN-FL (P10451.1) and of the studied proteasome-generated OPN fragments is
here disclosed. (b) The effect of different OPN fragments (100 nM) on the HUVEC chemotaxis is shown.

(c) The comparison between the efficacy of the proteasome-generated OPN fragments and of the corresponding
peptides with inverted sequence in inducing chemotaxis in HUVECs is shown. (d) The effect of the studied
OPN fragments (50 nM) on the PBL chemotaxis is shown. (b-d) Values are reported as percentage of treated

vs untreated cells that have migrated after 20 h and are expressed as the mean and the SD of independent
experiments (n=4-14). Cell migration is measured by the Boyden chamber migration assay. Wilcoxon test

for paired samples p < 0.05 are shown. (e) Tertiary structure prediction of OPN-FL. The predicted structure is
shown as a cartoon representation indicating disordered regions and o-helices. Highlighted are the sequences
produced by proteasome that show strong chemotactic activity and the thrombin cleavage site; colors
correspond to (a). The structure is predicted with I-TASSER server.

An inverse correlation between extracellular OPN and proteasome is confirmed in peripheral

blood of RRMS patients.

We then verify whether this negative feedback loop between extracellular OPN

and proteasome concentration is detectable also in vivo. This could be detected through an inverse correlation
of extracellular OPN and proteasome concentration. We would expect that the proteasome release is regulated
by different factors in non-inflamed and inflamed subjects. In the latter, when OPN function and concentra-
tion raises, the impact of OPNs in the release of proteasome might become evident and an inverse correlation
between OPN and proteasome concentration should be detectable in bodily fluids. This should be the case in the
relapsing-remitting multiple sclerosis (RRMS), which is the most prevalent form of MS, and it is anticipated in
85% of people by an acute onset named clinically isolated syndrome (CIS). RRMS is characterized by disability
episodes (relapses) followed by a complete or partial recovery (remission). During (or right before) the relapse
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Figure 4. OPNs and VEGF-o partially inhibit the release of proteasome by HUVECs. The proteasome
release by HUVEC:s (left panel) and PBLs (right panel) in serum-free medium with OPN-FL, OPN-N,
OPN-C and VEGF-a (with HUVECs) or RANTES (with PBLs) is shown. Values are reported as proteasome
concentration ratio of treated vs untreated cells and they correspond to the mean and the SD of independent
experiments (HUVECs, n = 14; PBLs, n = 10) measured by ELISA. Statistically significant variations from the
control are detected by Wilcoxon test for paired samples and p < 0.05 are annotated.

of RRMS patients, the levels of OPN rise together with the exacerbation of the CNS inflammation, while they
decrease in the following remission'.

In line with our hypothesis, in the sera of a first Italian cohort (Supplementary table 1), we observe a signif-
icantly higher concentration of OPNs in RRMS patients in relapse compared to those in remission and healthy
donors (Fig. 5a), and a significant inverse non-linear correlation between extracellular proteasome and OPN
concentrations by pooling together relapses and remissions (Fig. 5b). To further assess the robustness of this cor-
relation, we perform a bootstrap analysis to obtain confidence intervals. All bootstrap samples show a significant
correlation coefficient between 0.25 and 0.55, which assures that the observed correlation is stable to potential
outliers (Fig. 5b). This inverse correlation within the RRMS cohort suggests that the dramatic increase of OPN
levels in the relapse leads to a corresponding decrease of serum proteasome concentration. According to our
hypothesis, such effect should disappear during the remission when the secreted OPN concentration drops. This
is indeed what we observe in the serum of the RRMS cohort: the extracellular proteasome levels are significantly
higher in Italian RRMS patients in remission compared to those in relapse (Fig. 5¢). They are also higher than
those measured in healthy controls in agreement with the study of Minagar and colleagues?. This latter observa-
tion is confirmed in a second German cohort of RRMS patients in remission compared to healthy donors as well
as of CIS patients compared to healthy donors (Fig. 5d).

EVs-free extracellular proteasome varies amongst disease groups. Extracellular vesicles (EVs)
have been hypothesized to be one of the mechanisms for the proteasome release in the extracellular space. EVs
have been also suggested as the active delivery mechanism of biological mediators in peripheral blood and other
bodily fluids of several diseases including MS'¢*?, Hence, we investigate whether serum EV's might be respon-
sible for the differences in extracellular proteasome concentration we observed in RRMS and CIS cohorts com-
pared to healthy donor cohort.

Different factors might affect EV stability in extracellular fluids and lead to difference when plasma and serum
are considered®. Therefore, we initially analyze the proteasome content in large vesicles (p2p3, >100 nm), small
vesicle/exosomes (p4 < 100 nm) or all vesicles (p2p4), as well as the corresponding supernatants centrifuged from
freshly isolated healthy donor plasma and serum by western blotting. Proteasomes are present in both large
and small vesicle fractions and at a similar extent comparing plasma and serum samples (Fig. 6a). By ELISA on
healthy donor plasma and serum supernatants, we find that a large portion of extracellular proteasomes is not
associated with EVs, both in frozen and fresh samples (Fig. 6b). Accordingly, extracellular proteasomes are mainly
present in the EVs-depleted serum in a sub-cohort of both German healthy donors (n=11; mean =74.4 + 14.8%)
and German CIS patients (n = 14; mean =74.9 + 12.0%). In the same sub-cohorts, the amount of extracellular
proteasomes measured in non-fractionated serum correlates with that of the supernatant after p2p4 separation
(Fig. 6¢) but not with vesicular proteasomes (p2p4 fraction) (Fig. 6d), thereby suggesting that the variation of
extracellular proteasome we detect in the CIS and RRMS patient sera is not due to the EVs’ content.
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Figure 5. Serum OPN and proteasome levels inversely correlate in RRMS patients. (a) Serum OPN
concentration is significantly increased in an Italian cohort of RRMS patients in remission (RRMS Rem, n =48)
and relapse (RRMS Rel, n =24) compared to healthy controls (HC; n=28), as well as in RRMS Rel vs RRMS
Rem. The Kruskal-Wallis test is applied with a Bonferroni correction for multiple comparisons, and p < 0.05

are reported. (b) Serum OPN and proteasome concentration in Italian RRMS patient cohort (n=72) are
nonlinearly and inversely correlated as shown by plotting OPN vs 1/extracellular proteasome concentrations
(Pearson’s test, p < 0.001; C value is shown in the chart). Bootstrap test using 1000 samples with 100% of the
data shows a significant correlation coefficient between 0.25 and 0.55 (right panel). (c) Serum proteasome
concentration in Italian healthy donors (n=62), RRMS patients in remission (RRMS Rem, n = 50) or in relapse
(RRMS Rel, n=25). (d) Serum proteasome concentration in German healthy controls (n =50), RRMS patients
in remission (RRMS Rem, n=12) and CIS patients (n = 35). 3-6 technical ELISA replicates for each samples
are used in the analysis. Kruskal-Wallis test is applied for multiple comparison with Bonferroni correction and
p <0.05 are reported. In (a,c,d) the median, the 25-75 quartiles (the grey box), the 0-100 quartiles (the error
bars) and the outliers are shown.

Conclusions

Extracellular proteasome has been proposed as a suitable biomarker in some cancers and autoimmune diseases,
potentially allowing for better diagnosis, patient stratification, and prediction of the response to therapy's-2!, even
though its function is not yet understood. Here, we elucidate one of its potential functions in the extracellular space.
The OPN chemotactic activity toward three cell types is indeed enhanced by extracellular proteasome through the
release of active OPN fragments during OPN processing. These peptide fragments are buried in the C-terminal
portion of OPN-FL. When they are removed from the original protein they have likely lost their secondary con-
formation and the absence of surrounding bulky structures might facilitate an enhanced binding to chemotac-
tic receptors. This could enhance their chemotactic activity towards migrating cells, such as HUVECs, PBLs and
PBMs. Similar mechanism has been proposed for the activation of other cryptic sites of OPN-FL upon processing
by thrombin®”. The action of these novel OPN peptides seems to be sequence-specific since peptides with inverted
sequences do not have chemotactic activity and small variations of the sequence alter the peptide efficacy. Indeed,
the removal of a single residue from the peptide OPN,; ;5 remarkably reduces its chemotactic activity, whereas the
removal of six residues from the peptide OPN 4 546 confers a stronger chemotactic efficacy to the peptide (Fig. 3
and Supplementary Fig. 3). It is noteworthy that peptide hydrolysis might not be the only mechanism whereby
extracellular proteasome modulates OPN activities. Indeed, proteasome is also able to ligate peptide fragments
thereby generating novel peptides with sequences that are not present in the parental protein. This process, named
proteasome-catalyzed peptide splicing, is much more frequent than expected?®-?® and it has been already hypothe-
sized to be involved in generating autoimmune epitopes in diseases such as MS**°. Although proteasome-generated
spliced peptides have been investigated so far only as target of T cell response, they might have other functions and
cells might use them to multiply the variety of functional peptides derivable from a parental protein.
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Figure 6. The main portion of serum extracellular proteasome is not stored in isolated EVs. (a) Representative
Western blot analysis (n = 3) of p2p3 (large vesicles), p4 (small vesicles) and p2p4 (all vesicles) protein

extracts are shown. They derive from healthy donor’s freshly-isolated plasma and serum samples. Cell lysate

from lymphoblastoid cell lines is used as control. (b) The quantitative evaluation of extracellular proteasome
concentration is here shown and is obtained by applying ELISA on the fresh plasma (n=5) and serum (n=3) or
frozen serum (n = 3) of healthy donors, or on their corresponding EV-free supernatants, which are obtained by
removing the p2p4 vesicles upon ultra-centrifugations. (c) The correlation between the proteasome concentration
in the total serum and the EV-free (p2p4-free) serum supernatant of a subset of German healthy donor (n=11)
and CIS patient (n= 14) cohorts (measured by ELISA) is shown. A statistically significant positive correlation

is observed between the extracellular proteasome concentration in the EV-free (p2p4-free) serum supernatant
and in the unfractioned serum (Pearson’s test; in healthy donors, p=0.001; in CIS patients, p < 0.001). (d) The
proteasome concentration in p2p4 vesicles of a subset of healthy donors (n =10) and CIS patients (n=11) is
shown. It is measured by Western blotting and by using anti-a6 proteasome subunit antibody. It is expressed as
proteasome concentration relative to that of the cell lysate of lymphoblastoid cell lines. No correlation between the
extracellular proteasome concentration measured in serum p2p4 vesicles or in whole serum is observed. Pearson’s
test C values are reported in each chart.

The cellular origins of the serum proteasome remain unknown, and we can only refer to the extensive study
of Zoeger et al.**, who have shown how proteasome subtype profiles cannot be assigned to any of the investigated
blood cells. Here, we demonstrate that although EV's contain proteasomes, only a minor portion of extracellular
proteasome that we measure in sera is stored by EVs. This portion does correlate neither with total extracellular
proteasome concentration nor with the variations we observe in CIS sera. We cannot exclude the possibility that
extracellular proteasome is initially released in short-lived EVs, whose content is rapidly liberated into the extra-
cellular space after the release from the cells. Indeed, the content of these short-lived EVs would be detected as
free extracellular proteasome in our assays. However, multiple mechanisms of release are a common feature for
both secretory molecules (ATP), or proteins lacking a conventional leader sequence (IL1-3 or tau protein); these
could be used also by proteasome.

It is noteworthy that, in this study, we investigate only the chemotactic effect of OPNs; however, OPNs also
mediate other pro-inflammatory mechanisms involved in MS. Indeed, in EAE it has been demonstrated that
OPN is able to trigger the neurological relapse by supporting the recruitment of autoimmune T cells into the
CNS, by stimulating the expression of Th1 and Th17 cytokines, and by inhibiting T cell apoptosis through the
regulation of Foxo3 and NF-kB transcription factors expression®. Additionally, activated T cells can secrete OPN,
thus enhancing the Th1 and inhibiting the Th2 responses?. Recently, it has been demonstrated that the immuno-
proteasome is also involved in the regulation of Th1 and Th17 cytokine production and T cell differentiation®"*2,
Moreover, the administration of a selective immunoproteasome inhibitor prevents EAE progression and ame-
liorates a relapse when the treatment is started in the recovery phase. These effects depend on the reduction of
immune cell infiltration into the brain and spinal cord, as well as the inhibition of Th17 cell differentiation®. Thus,
based on our in vitro results, we might speculate that the role of immunoproteasome in promoting EAE could be,
at least in part, the direct outcome of an altered activation of OPN pro-inflammatory mechanisms by extracellular
immunoproteasome.
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Materials and Methods

In vitro processing of cytokines by purified 20S proteasome. 20S proteasomes are purified from
human erythrocytes or T2 cell line, which contain only standard proteasome. The purity of 20S proteasome
preparation has been previously shown'2.

For the in vitro degradation assays, 0.4 pg recombinant OPN-FL (OPN,, 5 ,-6His), OPN-N (OPN,,_,;s-6His)
and OPN-C (OPN 4 31,-6His) are incubated in 20 pl solution at 37 °C with different concentration of erythrocyte
20S proteasome for 4 h (Fig. 1a), or 4 pg erythrocyte 20S proteasome for 20 h at 37 °C (Supplementary Fig. 2),
or by 3.51g 20S proteasomes from the T2 cell line for 1-4 h (Fig. 1b). The ratio of OPNs/proteasomes used
in the kinetics assays mimics that observed in serum of healthy controls and MS patients (Fig. 5), and that
used in the cell migration assays (Fig. 2). Substrate degradation is detected by immunoblotting using antibod-
ies for human OPN-N, or -C (1: 250 Maine Biotechnology Services), or OPN-FL (1: 400 Enzo Life science)
as previously described®’. A secondary anti-mouse or anti-rabbit horseradish peroxidase-conjugated antibody
(1:5000; Calbiochem) is used for 1.5h at room temperature followed by ECL detection (Amersham). The samples
described in Supplementary Fig. 2 are analyzed by mass spectrometry (see below).

OPN fragment identification and peptide synthesis. Liquid chromatography tandem mass spectrom-
etry analyses are performed as previously described* on a 4700 proteomics Analyzer (ABSCIEX, Framingham,
MS) off-line coupled with a Dionex UltiMate 3000 RSLC system and Probot fractionation device (Thermo
Scientific, Idstein, Germany). Mass spectrometry spectra are recorded in the range of m/z 600-4000 and with the
accumulation of 1200 sub-spectra. Fragmentation spectra are measured from the five most intensive precursor
ions (S/N > 40). 5000-10.000 laser shots are accumulated. The peak lists are generated by the “Peak to Mascot”
tool of the 4000er Series Explorer v3.6. For data analysis the MASCOT server (version 2.3, Matrixscience,
London, UK) is used. Database searches are performed using SwissProt (2014_08; 546238 protein sequences) and
the following parameters: no enzyme, mass tolerances for precursor ions 100 ppm and for fragment ions 0.5 Da.
Peptides of OPN-C produced by 208 proteasome in vitro are accepted as identified if they provide a MASCOT
score for identity with p < 0.01. MALDI/TOF/TOF fragmentation spectrum of OPN-FL,,; ,3, does not fulfill
this criterion. However, its identity is verified by comparison with the fragment pattern of the synthetic analog.
The reference peptide is synthesized in-house using Fmoc solid phase chemistry as previously described*, and
have the following sequences: WDSRGKDSYETSQL (OPN,};.53,), KANDESNEHSDVIDSQEL (OPNy49.566)>
SKVSREFHSHEF (OPN,, ,75), KVSREFHSHEF (OPN,q 57s), VVDPKSKEEDKHLKFRISHEL (OPN o6 306)»
and KEEDKHLKFRISHEL (OPN,g, 3). Inverted peptides are designed by inverting the sequence of the
related peptides identified in the proteasome-mediated digestion of the OPN-C have the following sequences:
LQSTEYSDKGRSDW (10r1edOPNo15 230)> LEQSDIVDSHENSEDNAK (;,1e11edOPN. 49 266)» FEHSHFERSVKS
(invertedOPNag7.27), and LEHSIRFKLHKDEEK (inyertedOPNass-306)-

Spatial localization of OPN fragments within OPN-FL 3D structure. I-Tasser® is used to predict the
tertiary protein structure of OPN-FL. The c-score (value between -5 and 2, where higher c-scores indicate higher
confidence in the predicted structure) of the best model predicted by I-TASSER is —3.33, which is comparable
to the confidence obtained by predicting the structure of OPN-C*. Pymol is used for graphic visualization (The
PyMOL Molecular Graphics System, Version 1.7.4 Schrodinger, LLC).

Cell culture. HUVECs are isolated from human umbilical veins via trypsin treatment (1%) and cultured in
M199 medium (Sigma-Aldrich) with the addition of 20% FCS (Invitrogen, Burlington, ON, Canada) and 100 U/ml
penicillin, 100 mg/ml streptomycin (Invitrogen), 5 UI/ml heparin (Sigma-Aldrich), 12 mg/ml bovine brain
extract, and 200 mM glutamine (Hyclone Laboratories). HUVECs are grown to confluence in flasks and used at
the second to fifth passage. The use of HUVECs is approved by the Ethics Committee of the “Presidio Ospedaliero
Martini” of Torino and conducted in accordance with the Declaration of Helsinki. Written informed consent is
obtained from all donors. 2*10* HUVEC are used for migration assay and cultured in M200 medium (GIBCO)
with 100 U/ml penicillin, 100 mg/ml streptomycin and 200 mM glutamine.

Peripheral blood mononuclear cells are separated from buffy coat, provided by the local Blood Transfusion
Service of Novara, Italy, with the Ficoll-Hypaque reagent (Limpholyte-H, Cedarlane Laboratories) by
density-gradient centrifugation. PBLs are obtained from peripheral blood mononuclear cells cultured in RPMI
1640 (Euroclone) supplemented with 10% FBS, L-glutamine, penicillin-streptomycin, and let 2h on plate
to remove the adherent monocytes; PBMs (CD14%) are isolated with the EasySep™ Human CD14 Negative
Selection Kit (StemCells Techologies, Vancouver, BC, USA). For both cell types the cell purity is checked by
immunophenotypic analysis and is higher than 98%. 5*10* PBLs or 2*10* PBMs are used for migration assay and
cultured in medium X-vivo 20 or X-vivo 15 (Lonza), respectively, with 100 U/ml penicillin, 100 mg/ml strepto-
mycin and 200 mM glutamine.

Cell migration assay. In the Boyden chamber (BD Biosciences) migration assay, cells are plated onto the
apical side of 50 pg/ml Matrigel-coated filters (0.5 um pore size, Neuro Probe, BIOMAP snc) in M200 serum-free
medium for HUVECs or X-vivo serum-free medium for PBLs or PBMs.

10 pg/ml OPN-FL, OPN-C and OPN-N (Fig. 2) or 10-500nM OPN-C peptides (Fig. 3 and Supplementary Fig. 3),
are placed in the basolateral chamber; 10 ng/ml vascular endothelial growth factor-o (VEGF-a; Sigma-Aldrich)
or 1 ng/ml recombinant human RANTES (rh RANTES/CCL5; ImmunoTools GmbH) are placed as reference
chemoattractant for the HUVECs or the PBLs and the PBMs, respectively.

20S proteasome is pre-incubated with OPN-FL, OPN-C and OPN-N (with ratio ng proteasome: ng
OPNs=20:1) for 2h at 37°C under 5% CO, and subsequently placed in the basolateral chamber.
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The chamber is incubated at 37°C (5% CO,). After 20h, the cells on the apical side are wiped oft with Q-tips.
The cells on the bottom of the filter are stained with crystal violet (HUVEC:s), or eosin Y and thiazine (PBLs and
PBMs), and all counted with an inverted microscope (magnification x40). Data are shown as percentage of the
treated cells migration vs the control migration measured for untreated cells. Control migration of the exper-
iments shown in Fig. 2 is (mean + SEM) 287 =+ 39 cells for HUVECs (n=38), 175+ 28 for PBLs (n=18), and
250 =+ 32 for PBLs (n=13).

Proteasome release in cell cultures. 7+10* HUVECs are seeded in 48 well plates with M199 20% FCS
medium. After 20h HUVECs are twice washed with M200 medium and refilled with M200 medium. Then,
HUVEC:s are treated with 10 pg/ml OPN-FL, OPN-C, OPN-N or 10 ng/ml VEGF-a. After 6h culture the super-
natant is collected. Four replicate wells are used for each donor (n= 14).

1 x 10° lymphocytes are seeded in 96 well plates with RPMI 1640 medium + supplements. After 20 h lympho-
cytes are washed and refilled with X-Vivo 20 medium. Then, lymphocytes are treated with 10 ug/ml OPN-FL,
OPN-C, OPN-N or 1 ng/ml RANTES. After 20 h culture the supernatant is collected. Four replicate wells are used
for each donor (n=10).

Medium supernatant is processed by ELISA assay to measure the proteasome concentration (see below).

Trypan blu assay is assessed in order to evaluate cell viability. Viable cells are measured, by
2,3-bis(2-methoxy-4-nitro-5sulphophenyl)-2H- tetrazolium-5-carboxanilide (Sigma-Aldrich) inner salt reagent,
at UV 570 nm, as described by the manufacturer’s protocol.

Donor enrolment, blood drawing, serum separation. The blood samples of the Italian cohorts are
obtained after informed consent and ethical approval by the University of Piemonte Orientale “Amedeo Avogadro”
(Novara; ethical committee approval: CE 18/04), IRCCS Fondazione Ospedale Maggiore Policlinico and Ospedale
San Raffaele (Milano; ethical committee approval: Banca-INSPE and MSGENE02). The blood samples of the
German cohort are obtained after informed consent and ethical approval by the Clinical and Experimental MS
Research Centre, Charité — Universitdtsmedizin Berlin (Berlin; ethical committee approval: EA1/182/10). All
methods and procedures are performed in accordance with the relevant guidelines and regulations of the ethical
committee approvals. RRMS and CIS patients as well as age-, gender-, and ethnicity-matched healthy controls
without a history of any neurological or other chronic disease are recruited (Supplementary Table 1). All par-
ticipants are older than 18 years; an information sheet related to the study is provided and an informed consent
is undersigned by each participant. Diagnosis of MS is made according to the McDonald 2010 criteria®. The
clinical workup and examinations of MS patients at the visit include: detailed medical and demographic history,
neurological examination, determination of the expanded disability status scale score, brain Magnetic Resonance
Imaging, type of therapy (Glatiramer acetate or IFN-103). Inclusion criteria are the following: age > 18 years, a
first clinical event suggestive of central nervous system demyelination within 6 months before inclusion into the
study for CIS patients or a diagnosis of RRMS according to the McDonald 2010 criteria® within 24 months before
inclusion into the study. Exclusion criteria are the inability or unwillingness to provide informed consent, a his-
tory of alcohol or drug abuse, any ocular diseases precluding performance of optical coherence tomography, and
any conditions (e.g. allergies) or devices (e.g. cardiac pacemaker) precluding MRI examinations. Serum samples
of RRMS patients are obtained from 10 ml of peripheral blood, which are drawn either at the time of relapse (2-7
days from its onset) or in remission (after 1-12 months from the last relapse) as previously reported®. The RRMS
patients receive a corticosteroid treatment after the blood withdrawal during the relapse.

Extracellular proteasome and OPN quantification in serum. The concentration of the extracellular
proteasomes is measured in serum by enzyme-linked immunoabsorbent assay (ELISA), as previously described
with minor modifications. Plates (FA9439454, Nunc Immuno MaxiSorp Surfaces, Thermo Fisher Scientific
Inc.) are coated overnight with mouse monoclonal antibodies towards 20S proteasome subunit a6 (PW 8100,
Enzo Life Sciences Inc.) 1:1500 in 100 pL PBS at pH 7.4. The plates are washed 5 times in PBS-Tween20 (PBST)
0.1% and incubated 6 h at room temperature with a blocking solution of PBST-BSA 1% to prevent non-specific
bindings of the samples. Samples are diluted in PBST-BSA 1% (serum 1:15-1:30; plasma/serum supernatant 1:15;
medium of in vitro experiments 1:2.5-1:10) and 100 ul are applied to each well overnight at 4 °C. Standard curves
are established for every plate using purified 20S proteasomes with concentrations ranging from 0 to 100 ng/ml
(8 linear dilution steps). The plates are washed 3 times and 100 pl of anti-proteasome rabbit polyclonal antibody
1:750 (K42, in house) in PBST solution are added for 3h at 4°C. After additional washing steps, 100 pl of 1:15000
peroxidase-conjugated mouse anti-rabbit IgG (11-035-003, Jackson ImmunoResearch Laboratories Inc.) in PBST
solution are used for antigen detection (1h at 4°C). Finally, plates are washed five times and 100 pl of TMB sub-
strate added (T0440, Sigma-Aldrich). The reaction is stopped with sulphuric acid and OD-values are determined
at 450 nm. Serum from a young healthy control is added in each plate as internal control.

Serum OPN concentration is evaluated by ELISA according to the protocol provided by the manufacturer
(Calbiochem) as previously described®. The optical density is measured with a microplate reader (Bio-Rad).

All assays are performed in duplicate in three independent measurements, and the observer is blinded to the
diagnosis.

Analysis of EVs.  100-200 pl of human serum and plasma are diluted 1:5 in PBS and processed by serial
centrifugations to collect EVs*! into p2p3, p4 or p2p4 fractions. The supernatants are recovered and analyzed
for extracellular proteasome content by ELISA, as above described, thereby reckoning the proportion of extra-
cellular proteasomes in the supernatant vs unfractionated sample. The pellets are lysed in 20 ul of RIPA buffer
supplemented with Protease Inhibitor Cocktail (P2714, Sigma Aldrich) and the protein content is analyzed by
SDS-PAGE and western blotting, as previously described*’. Anti-a6 proteasome subunit antibody (PW 8100,
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Enzo Life Sciences Inc.) is used to measure total proteasomes content within isolated EVs. Crude protein extract
from lymphoblastoid cell line is used as control and for normalizing data of samples loaded in different gels. Equal
loading of EV's proteins is assessed by SDS-PAGE and Coomassie Blue gel staining.

Statistical analysis. For the statistical analysis, peripheral blood samples are analyzed separately in the fol-
lowing categories: RRMS in relapse, RRMS in remission and healthy controls for Italian samples, and CIS, RRMS
in remission and healthy control cohorts for German samples. For each sample, serum levels of extracellular
proteasome and OPN contents are measured in triplicate and the mean value is calculated. Each cohort is tested
to assess whether extracellular proteasome correlated to gender or age of the donors, as well as to the clinical
history and parameters measured at the withdrawal (data not shown). Data are tested for normality distribution
and homoscedasticity by Shapiro-Francia, Shapiro-Wilk and Skewness-Kurtosis tests. To identify significant dif-
ference between groups, One-way ANOVA, Mann-Whitney or Kruskal-Wallis tests are applied depending on
the underlying distributions. To identify significant variation in proteasome release or chemotaxis in cell culture
upon different stimuli we apply Wilcoxon test for paired samples. Pearson’s correlation coefficients are computed
for correlation analyses. Descriptive statistics are carried out with STATA v.9.0 (Stata Corp.), SPSS (version 17)
and R; a p-value < 0.05 is considered statistically significant. After applying Bonferroni correction method for
multiple comparisons, the p value threshold for significance is set at p=0.0083. A bootstrap test (1000 samples
using 100% of the data) is performed to obtain confidence intervals for the correlation coefficient between OPN
and 1/extracellular proteasome. We extract the bootstrap distribution of the correlation coefficient as well as the
5% and 95% quantiles for the confidence intervals.
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Additional results

CD44 as key mediator of OPN effect

There is strong evidence that CD44 interacts with the C-terminal fragment of
OPN (Z. Shao, Morser, and Leung 2014; Steinman 2009). Therefore, after having
demonstrated that OPN-C digestion allows the exposure of binding sites for
important mediators, which are responsible for OPN activity on cell migration
and adhesion, we investigated if CD44 could be the receptor bound by the OPN-
C fragments whereby triggering these processes.

We evaluated whether an anti-CD44 antagonist (Ancell) could affect OPN
function on HUVECs chemotaxis, and obtained results showed that the blocking
of CD44 did not allow OPN-N current stimulation on cell migration (Fig. 15).
Moreover, since the previous article reported that 4 peptides produced by OPN-
C proteasome digestion exerted a chemotactic activity toward HUVECs and
other cell types (Dianzani et al. 2017), we tested whether or not the presence
of anti-CD44 could influence their activity on HUVECs chemotaxis, using OPN-C

peptides (50 or 500 nM) and anti-CD44. For all the 4 peptides, the use of anti-
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CD44 antibody suppressed their chemotactic activity (Fig. 16). A mathematical
modelling (Liepe et al. 2015) was explored to perform peptide docking, in order
to simulate their binding to CD44. In accordance with this model, two residues
in the OPN,17-230 peptide, OPN-E,26 and OPN-S;,5 were found to be responsible
for the binding to CD44, inducing the conformational change that activates the
receptor. To confirm these data, three different modifications were performed
on the three residues, generating peptides that were no longer active. Indeed,
they were not able to report the chemotaxis induction mediated by the wild
type OPN317.230 peptide on HUVECs (Fig. 17). The same result was reported on
lymphocytes (PBLs) migration. As a matter of fact, the interaction between
these specific residues on the peptide and CD44 is crucial for the activation of
the receptor and the promotion of chemotaxis.

Moreover, lymphocytes need to adhere to endothelium in order to extravasate
in inflamed tissue. Since there is evidence that the lymphocytes capturing-
rolling-arrest steps are mediated, among the other molecules, by CD44, which
recognizes the hyaluronic acid (HA) on the endothelium cell membrane (Baaten
et al. 2012), we tested the six peptides (at the concentration 50 nM) derived
from OPN-C proteasome digestion (Dianzani et al. 2017) to determine their
ability to stimulate the HA-CD44-mediated adhesion of PBLs (PMA was used as
positive control). OPN49.265, OPN2s7.273, OPNjesg 273, and less intensely also
OPN>49.26¢ peptides showed an ability to induce PBL adhesion to HA. The
enhancement of the HA-mediated adhesion revealed to be sequence-specific
because the treatment of the PBLs with peptides having a reverse sequence as
compared to the four latter peptides fails to exert the same effect (Fig. 18A).
While OPN-C binds CD44 that interacts with HA in the process of cell adhesion,

OPN-N binds to a4f1 integrin which is an interactor for fibronectin. In order to
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further demonstrate that the process of adhesion was induced by OPN-C
activated CD44 which binds to HA, we tested cells ability to adhere to
fibronectin in presence of the three stimulating peptides. As expected, in this
condition no enhancement of cell adhesion was observed (Fig. 18B). Moreover,
we tested if the presence of anti-CD44 could influence their activity on PBL
adhesion to HA. The use of anti-CD44 antibody suppressed the chemotactic
activity of peptides (Fig. 19).

In conclusion, CD44 demonstrated to be responsible even for PBLs-adhesion to
the vascular endothelium, thereby becoming the molecular interactor for OPN

peptides in the promotion of this process.
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Figure 15: Influence of anti-CD44 on OPN/proteasome induced cell migration on HUVECs. Data
are expressed as the mean + SEM of the percentage of migration versus the control obtained
from untreated cells set at 100% from 5 independent experiments. Statistical analysis was
performed using Wilcoxon test for paired samples
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Figure 16: Influence of anti-CD44 on HUVECs migration after treatment with peptides derived
from OPN proteasome digestion. Data are expressed as the mean + SEM of the percentage of
migration versus the control obtained from untreated cells set at 100% from 5 independent
experiments. Statistical analysis was performed using Wilcoxon test for paired samples.

HUVECs PBLs
2501 3001 ; =0.003
2501

< 200{ p=0.003 —~
E & 200
c
2 S
© "é 1504
o o
£ €
Q - 1004
w [an]
> o
)
I

OPN-FLz17-230 (50 nM) OPN-FLy17.230 (50 nM)

Figure 17: Influence of anti-CD44 on HUVECs and PBL migration after treatment with mutated
peptides derived from OPN proteasome digestion. Data are expressed as the mean + SEM of the
percentage of migration versus the control obtained from untreated cells set at 100% from 5

independent experiments. Statistical analysis was performed using Wilcoxon test for paired
samples.
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Figure 18: (A) Effect of WT and inverted peptides derived from OPN proteasome digestion on
PBL adhesion to HA. (B) Effect of peptides derived from OPN proteasome digestion on PBL
adhesion to fibronectin. Data are expressed as the mean + SEM of the percentage of adhesion
versus the control obtained from untreated cells set at 100% from 5 independent experiments.
Statistical analysis was performed using Wilcoxon test for paired samples.
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Figure 19: Influence of anti-CD44 on PBL adhesion to HA after treatment with peptides derived
from OPN proteasome digestion. Data are expressed as the mean + SEM of the percentage of
adhesion versus the control obtained from untreated cells set at 100% from 5 independent
experiments. Statistical analysis was performed using Wilcoxon test for paired samples.
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Discussion

OPN is an ubiquitary protein distributed in a variety of tissues and secreted in
biological fluids. It is produced by several cell types, such as bone cells, immune
cells, endothelial cells, and also tumour-derived cell lines. OPN is involved in
many physiological processes, such as bone remodelling, macrophage response,
cell migration and adhesion, but it can also take part in the pathogenesis of
several diseases including cancer, atherosclerosis, chronic inflammatory
diseases and several autoimmune diseases (Cho, Cho, and Kim 2009; Liu et al.
2014; A. Brown 2012). OPN acts as pro-inflammatory cytokine in the progression
of several inflammatory and immunitary processes and thereby its role has been
largely investigated in several autoimmune diseases, such as RA and LES.
Furthermore, OPN is involved in multiple sclerosis (MS); indeed high levels of
this cytokine were detected in patients lesions and plasma, and in its animal
model - experimental autoimmune encephalomyelitis (EAE) (Chiocchetti et al.
2005; Comi et al. 2012; Chabas et al. 2001). Previous studies demonstrated that
OPN plays a role in lymphocyte recruitment into the MS lesions, in the inhibition
of autoreactive T cells apoptosis and in the induction of pro-inflmmatory
cytokines production. However, the molecular mechanisms by which OPN can
exert these functions are only partly known. During inflammation, OPN cleavage
by thrombin generates an N-terminal fragment, which binds several integrins,
and a C-terminal fragment which is known to interact with CD44 (Steinman
2009). Before evaluating OPN function in cancer progression, the initial aim of
this project was to characterize the role of the two distinct OPN fragments in
the pathogenesis of MS, since it is well known the cytokine involvement in this
pathology and the inflammatory background allows us to investigate the
separate function of the two OPN forms.
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OPN-N and OPN-C effect was evaluated on lymphocyte adhesion to endothelial
cells and migration, which constitute two key steps of lymphocyte extravasation
and homing into tissues. Obtained results revealed a coordinated effect of the
two fragments, since cell migration was supported by OPN-N, while cell
adhesion was ascribable to OPN-C. The effect of OPN-FL was weaker in both the
processes. Also in vivo experiments revealed the importance of thrombin
cleavage of OPN, since the administration of OPN-FL could induce rapid EAE

relapse, while OPN-FLMUt

, Which is resistant to thrombin-mediated cleavage,
was not able to do that. Moreover, OPN-C was more effective in inducing EAE
relapses than OPN-N.

Taken together, these data allow us to deduce that thrombin cleavage of OPN
is fundamental for the exposure of particular sites that are unmasked and thus
can bind to their ligands. Indeed, the two generated fragments revealed to exert
different but sinergic functions.

Another protease which has recently proposed as a suitable biomarker in some
cancers and autoimmune diseases, such as MS, is the 20S proteasome. In
particular i-proteasome, that is an isoform expressed during inflammation or in
immune cells, can be present in an extracellular form that is even proteolitically
active (Zoeger et al. 2006). We decided to investigate whether extracellular
proteasome is involved in the OPN-mediated inflammatory events, and thereby
we evaluated its activity on OPN. Purified 20S proteasome was incubated with
OPN and its effect was determined on HUVECs, lymphocytes and monocytes
migration. Reported results revealed that the presence of 20S proteasome
significantly hampered the chemotactic stimulus by OPN-N whereas OPN-FL and
OPN-C gained chemotactic activity only upon proteasome digestion. The fact

that proteasome can cleave OPN-FL and OPN-C thereby increasing or inducing,
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respectively, their chemotactic activity suggests that 20S proteasome
degradation might unmask cryptic OPN chemotactic fragments. Such fragments
would then be able to activate chemotaxis better than when they were included
and folded in the OPN-FL. For this reason, six peptides derived from OPN-C
digestion by proteasome were chosen and considered for our analysis.

The effect of these peptides was tested on cell migration and only four of them
resulted as being responsible for the induction of this process, either on HUVECs
and on lymphocytes. It means that proteasome cleavage of OPN is necessary for
achieving its stimulatory effect on cell migration. Indeed, when the single
peptides are removed from the original protein they have likely lost their
secondary conformation and the absence of surrounding bulky structures might
facilitate an enhanced binding to chemotactic receptors.

Since OPN-C is known to bind CD44 (Steinman 2009), the subsequent step was
to assess if this receptor could be the molecular interactor for OPN to exert its
pro-chemotactic activity. The treatment with anti-CD44 of cells inhibited the
stimulatory effect of proteasome/OPN on cell migration. Cells were then
treated with anti-CD44 in the presence of the four chemotactic peptides, and
an inhibition of their effect was also observed in this case. Docking studies
performed on CD44 binding to the most active peptide showed that two
residues on the peptide were essential for the binding to CD44. This interaction
is required to induce a conformational change which activates CD44 and is
necessary for inducing the chemotactic activity.

Even on cell adhesion to endothelium, CD44 resulted a key interactor that binds
HA through the action of three OPN peptides generated by proteasome

digestion, suggesting their involvement in MS pathogenetical processes.
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OPN and cancer

Introduction

After investigating the role played by OPN in MS processes, we extended our
research to the study of its function even on cancer cell types.

As previously reported, there is strong evidence of OPN involvement in cancer
processes, such as cell growth, angiogenesis, and metastasis (Cook et al. 2005;
Bandopadhyay et al. 2014; Irby, McCarthy, and Yeatman 2004; Zhou et al. 2005;
Chambers, Groom, and MacDonald 2002; Thalmann et al. 1999; Gotoh et al.
2002).

OPN is produced by many cell types present in the tumor microenvironment,
including the tumor itself. Several functions of OPN have yet been elucidated,
but elevated levels of OPN in the tumor site and in plasma have been associated
with poor prognosis and with reduced survival in patients with breast cancer
(Patani et al., n.d.). OPN is also one of the highest expressed genes in a large
percentage of patients with glioblastoma (Atai et al. 2011), and the depletion of
OPN in glioblastoma-initiating cells leads to the loss of their tumorigenic
potential (Lamour et al. 2015). Within a tumor mass, the functional activities of
OPN are complex, since OPN is generally expressed by both tumor and stroma
cells in its secreted form. It has been detected in a growing number of human
tumour types, including lung, breast, prostate, gastric, oesophageal, ovarian
and glioma, by immunohistochemistry on tumour tissue sections (Furger et al.
2001; A B Tuck and Chambers 2001). In addition to being present in tumours
and some normal tissues, OPN was also found in biological fluids. OPN plasma
levels were significantly elevated in women with metastatic breast cancer.

Indeed, elevated OPN levels were significantly associated with increased
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numbers of metastatic sites.

Taken together, this growing list of studies suggests that OPN blood levels have
a potential as a prognostic or diagnostic marker in prostate, breast, head and
neck, and likely other cancers.

The mechanisms by which OPN may enhance malignancy are still unclear, but
OPN participates in pathways regulating migration of several cell types,
including tumour cells (A B Tuck et al. 2000). Invasiveness is clearly related to
migration, but not only cells need to be motile in order to invade as they also
need to degrade the extracellular matrix. Several studies suggest that OPN
increases invasiveness by inducing proteinases, particularly uPA (Alan B Tuck et
al. 1999; Das, Mahabeleshwar, and Kundu 2003). Recent experiments suggest
that OPN acts in concert with several growth factors, including hepatocyte
growth factor (HGF) (Medico et al. 2001) and EGF (Alan B Tuck et al. 2003), to
induce malignant properties.

Finally, as previously reported, OPN was found implicated in the process of
angiogenesis, particularly as it is a high-affinity ligand for the ayb3 integrin,
which is highly expressed on some endothelial cells. Signalling through the ayb3
is necessary for endothelial cell survival and indeed OPN enhances survival of
endothelial cells (Scatena et al. 1998). However, recent data demonstrating that
OPN accelerates blood vessel formation in matrigel assays in the presence of
FGF-2, however, suggest that OPN may act in concert with other proangiogenic
molecules to enhance angiogenesis (Leali et al. 2003). Moreover, the OPN:CD44
interaction promotes metastasis dissemination in a variety of malignancies (Fok
et al. 2014) and the individual role of OPN-N and OPN-C has been achieving
interest in cancer cells because of the higher expression of both OPN and
activated thrombin in the microenvironment of several tumors (Franchini and
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Mannucci 2012; Y. Yamaguchi et al. 2013; Beausoleil et al. 2011).
Again, these results underscore the idea that the exact function of OPN in any
given situation may be determined by interactions with other factors in the

microenvironment (Rittling and Chambers 2004).

Methods and results

In order to evaluate the mechanisms underlying OPN effects in cancer, we
performed an in vitro evaluation of tumour cells processes, including cell
migration and adhesion to the endothelium, after treatment with the different
OPN forms.

First, the effect of OPN-FL, OPN-N and OPN-C was evaluated on several human
cancer cell lines migration using a Boyden chamber assay with a previously
described protocol (Boggio et al. 2016), plating 2000 cells/well, using 5ug/ml
OPN-C and OPN-N and 10ug/ml OPN-FL, with 20% FBS as positive control.
Interestingly, obtained results showed that OPN-N was able to strongly increase
migration of PC-3, M14 and JR8 cell lines, while A2058, RPMI-7932 and PCF-2
were not affected, pointing out the role of the OPN N-terminal fragment in
selectively mediating this process. Indeed, OPN-FL exerted a weaker but still
high effect on cell migration, while OPN-C did not influence this process. A
representative image of OPN induced cell migration on PC-3 cell line is shown in
figure 20A. A similar result was obtained for other tested cell lines.

Another essential process for tumour cells to extravasate and reach a new tissue
to colonize and give life to metastases is the adhesion to endothelium.
Consequently, we assayed how the ability of PC-3, M14 and JR8 human cancer
cell lines to adhere to endothelial cells (HUVECs) was affected by the different

OPN forms, using a protocol previously described (Boggio et al. 2016). Fig. 20B
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shows that OPN-C is the fragment responsible for cell adhesion to endothelium,
since it was the only OPN form able to highly induce this process, while OPN-FL
displayed a weaker effect and OPN-N did not report any effect. The same effect
was reported either treating tumour cells for 24h and then using them for cell
adhesion, and treating HUVECs for 24h and then using PC-3 for cell adhesion.
Therefore, OPN was able to activate both HUVECs and tumour cells.

These results are in line with previous findings obtained on OPN study in MS
(Boggio et al. 2016), in which we demonstrated that OPN-C and OPN-N played
a different role in regulating cell processes, such as migration and adhesion.
Therefore, even in tumours, OPN cleavage by thrombin is essential since it
allows the exposure of binding sites for integrins and receptors that are
important mediators for these processes.

Further experiments were carried out in order to evaluate the role of
proteasome in influencing activity of OPN even on cancer cells. The six peptides
previously generated from the proteasome-mediated digestion of OPN-C were
tested to assess their effect on cancer cells migration. Hela, A2780res, PC3 and
A2058 tumour cell lines were treated with the six peptides (50-100nM) and cell
migration was evaluated with a Boyden chamber assay. Obtained results
revealed that only two peptides (OPN;17.230 and OPN249.266) Were responsible of
enhanced migration of Hela, A2780res and PC-3 cell lines (Fig. 21). No effect was
observed using an inverted sequence form of each peptide, demonstrating that
the effect is sequence-specific (Fig. 22). However, an interesting finding was
figured out as we noticed that cell lines influenced by the two peptides
displayed a common characteristic, which is the presence of a particular surface
receptor. This was in line with previous findings on OPN induction of tumour cell

migration, where its effect was selectively directed only to some cell lines. In
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our research group, several studies on this receptor (which cannot be
denominated for patent protection reasons) have been carried out, revealing its
role as a key interactor in cancer pathogenetical process. We decided to deeper
investigate the involvement of this receptor in tumour cell migration, by
inducing genetical modifications in A2058 cell line, which does not express the
receptor. These cells were engineered by transfection with the whole form of
the receptor, the tail-less receptor or the only-tail receptor, by the group of prof
U. Dianzani (Department of Health Science, UniUPO) and three A2058 cell lines
were generated with these genomic modifications. In line with previous
findings, cell migration was induced by OPN-N only in whole receptor
transfected cells (Fig. 23). Finally, to confirm the involvement of this receptor in
cell migration, HUVECs, which constitutively express the receptor at the surface,
were silenced by using a siRNA. As expected, OPN-N was not able to report its
pro-chemotactic effect on receptor-silenced HUVECs (Fig. 24). Therefore,
obtained data enable considering this receptor as an important mediator of

OPN-influenced chemotaxis process.
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Figure 20: Effect of OPN variants on PC-3 migration and adhesion. Data are expressed as the
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untreated cells set at 100% from 5 independent experiments. (**p < 0.01 vs control; Wilcoxon’s
signed rank test).
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Figure 21: Effect of the six peptides derived from OPN proteasome digestion on migration of
different tumour cell lines. Data are expressed as the mean * SEM of the percentage of
migration versus the control obtained from untreated cells set at 100% from 5 independent
experiments. (*p<0.05; **p<0.01 vs control; Wilcoxon’s signed rank test).
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Figure 22: Effect of the inverted six peptides derived from OPN proteasome digestion on
migration of A2780res, Hela and PC-3 cell lines.
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Figure 23: Effect of OPN-N on A2058 transfected with the receptor in the whole form, tail less
or only tail. Data are expressed as the mean + SEM of the percentage of migration. (*p<0.05;
**p<0.01 vs control; Wilcoxon's signed rank test).
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Figure 24: Effect of OPN-N on HUVECs silenced with a siRNA against the receptor. Data are
expressed as the mean + SEM of the percentage of migration. (**p<0.05 vs WT HUVEC; **p<0.01
vs control; Wilcoxon’s signed rank test).
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Discussion

The study on OPN involvement in MS allowed us to determine the differet role
played by OPN-N and OPN-C in pathological processes, such as cell migration
and adhesion. This is a key point for deeper understanding the function of this
protein and its derived forms. Indeed, the cleavage of OPN revealed to be
fundamental for the gain of function of the two deriving fragments, since it
allows the exposure of sites for the binding of specific molecules, such as CD44
and integrins. As a result, the effect of the two OPN forms reported to be higher
than the one displayed by the whole OPN. After investigating the role played by
OPN-FL, OPN-N and OPN-C in MS, our study addressed the evaluation of the
function of the different OPN forms even in cancer. Indeed, OPN is
overexpressed in a variety of human carcinomas, being implicated in
inflammation, tumor progression, and metastasis (Thalmann et al. 1999;
Chambers, Groom, and MacDonald 2002; Gotoh et al. 2002; Irby, McCarthy, and
Yeatman 2004; Cook et al. 2005; Zhou et al. 2005; Bandopadhyay et al. 2014).
Within the tumor microenvironment, OPN is produced by many cell types
including the tumor itself and stromal or immune cells. For all these reasons,
OPN is regarded by many as one of the most attracting targets for cancer
therapy. Nevertheless, targeting OPN for therapeutic purposes needs to take
into account the heterogeneous functions of the multiple OPN forms with
regard to cancer formation and progression.

We decided to study how the two different OPN forms, OPN-N and OPN-C,
triggered some of cancer processes, such as tumor cell migration and adhesion
to endothelium. Therefore, OPN-N and OPN-C effects on tumour proliferation
were tested on several tumour cell lines in vitro, and the obtained results were
in line with those obtained on HUVECs and lymphocytes: OPN-N reported a
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stimulatory effect on cell migration, whereas the induction of cell adhesion was
ascribable to OPN-C. Also in this case, OPN cleavage by thrombin is responsible
for the exposure of binding sites for an improved binding to its ligands.
Another evaluation was carried out on the fragments derived from the
proteasome digestion of OPN, since also the levels of proteasome reported to
be high in MS patients and the proteasome cleavage of OPN generates peptides
which exert different functions in MS processes (Dianzani et al. 2017).

We tested the effect of the six generated peptides on tumor cells migration, in
order to define if OPN proteasome digestion could be implicated even in cancer.
Two of these six peptides revealed to be able to induce the migration of several
cancer cell lines. Therefore, also in this case, OPN cleavage allows a binding sites
exposure and thereby an improved interaction with its ligands, thus enhancing
OPN effect on cell migration.

An important finding was figured out, since either OPN-N or the two peptides
induced migration only on tumour cell lines that shared a particular feature: the
presence of a specific receptor (which cannot be denominated for patent
protection reasons) on their surface.

When this receptor in its whole form was transfected in a tumour cell line not
expressing it, the stimulatory effect of OPN peptides on cell migration was
reached. On the other hand, HUVECs silenced with a siRNA depleting the
receptor, were no longer able to migrate after the peptides chemotactic
stimulation. Obtained findings allow us to assert that this receptor is involved in
OPN-triggered cancer cell migration. At present, further experiments and
evaluations are ongoing to better understand the mechanisms underlying the
activities of different OPN forms, with the aim of investigating novel approaches

targeting distinct OPN forms and activities in distinct cells and tissues.
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Abstract: Glucocorticoids are widely prescribed in treatment of rheumatoid arthritis, asthma, systemic
lupus erythematosus, lymphoid neoplasia, skin and eye inflammations. However, well-documented
adverse effects offset their therapeutic advantages. In this work, novel nano-hydrogels for the
sustained delivery of dexamethasone were designed to increase both bioavailability and duration of
the administered drug and reducing the therapeutic dose. Hydrogels are soft materials consisting
of water-swollen cross-linked polymers to which the insertion of cyclodextrin (CD) moieties adds
hydrophobic drug-complexing sites. Polyamidoamines (PAAs) are biocompatible and biodegradable
polymers apt to create CD moieties in hydrogels. In this work, 3 or y-CD/PAA nanogels have been
developed. In vitro studies showed that a pretreatment for 24-48 h with dexamethasone-loaded,
-CD/PAA nanogel (nanodexa) inhibits adhesion of Jurkat cells to human umbilical vein endothelial
cells (HUVEC) in conditions mimicking inflammation. This inhibitory effect was faster and higher
than that displayed by free dexamethasone. Moreover, nanodexa inhibited COX-2 expression
induced by PMA+A23187 in Jurkat cells after 24—48 h incubation in the 1078-107° M concentration
range, while dexamethasone was effective only at 107> M after 48 h treatment. Hence, the novel
nanogel-dexamethasone formulation combines faster action with lower doses, suggesting the
potential for being more manageable than the free drug, reducing its adverse side effects.

Keywords: dexamethasone; cyclodextrin/polyamidoamine nanohydrogels; topical delivery; 3- and
v-Cyclodextrins; COX-2 expression

1. Introduction

Glucocorticoids (GCs) are anti-inflammatory and immunosuppressive agents widely used to treat
systemic autoimmune diseases and a number of different conditions, such as asthma, skin diseases,
eyes inflammations, allergic reactions, and cancers. They are also common medications in palliative
care [1,2]. Despite their clinical efficacy, GCs cause several adverse reactions limiting their clinical
usefulness. These adverse effects are mostly dependent on the duration and dosage of the therapy and
are, therefore, particularly relevant in chronic diseases that require long-lasting treatments [3,4].
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Dexamethasone is a potent glucocorticoid with a high effectiveness in downregulating the
expression of anti-inflammatory cytokines. It is used to treat many ocular diseases and it is mainly
administered as eye-drops. Unfortunately, high drug concentrations can lead to severe local and
systemic side-effects. Moreover, eye-drops are rapidly cleared and consequently frequent instillations
of high doses of dexamethasone are required [5].

To enhance the efficacy of dexamethasone and control the release kinetics to the target site in
the meantime, decreasing doses and minimizing toxicity, efficient biodegradable and biocompatible
nanodelivery systems have been studied. Nanoparticles present a number of advantages for the ocular
delivery of drugs, comprising controlled drug release, drug targeting, increased surface adhesion, and
drug penetration through mucus membranes. Various nanocarriers with different characteristics
and architectures have been studied for the topical delivery of dexamethasone. A number of
liposomes have been proposed as dexamethasone delivery systems. The effects of formulation
parameters on the liposome physico-chemical properties were deeply investigated, showing that
dexamethasone incorporation and release from liposomes was dependent on the type of lipid used and
their sizes [6,7]. Previously, 3-cyclodextrin-based nanosponges were developed for dexamethasone
ocular delivery. Nanosponge formulations showed prolonged drug release kinetics and an increase
of dexamethasone corneal permeability compared to marketed formulations [8]. Moreover, “smart”
polymer nanoparticles responsive to external stimuli, such as temperature and pH values, or with
mucoadhesion properties, received much attention to improve the therapeutic effects and minimize
side effects. Polymer nanoparticles able to swell with the pH values can be exploited for the design of
nanoformulations with controlled and targeted release kinetics suitable for ocular administration.

Very recently, dexamethasone-loaded Eudragit® RS (an anionic acrylate polymer) and ethyl
cellulose nanoparticles exhibited the capability to adhere to the corneal surface and release the drug
slowly and in a controlled manner over time [9]. Particularly, dexamethasone showed slower release
kinetics in pH 4.5 acetic buffer than in pH 7.5 phosphate buffer. These results are in line with the
swelling behavior of the acrylate polymer.

In addition, pH-sensitive polymeric nanoparticles showed a great potential for dermal and
transfollicular dexamethasone delivery [10].

In this context, recent advances in drug nanotechnology underline the role played by nanogels for
the delivery of dexamethasone [11]. Nanogels are nanostructures consisting of hydrophilic polymer
networks and are promising vehicles for the delivery of a variety of different therapeutic agents [12].
Swelling and shrinkage of nanogels can be induced by changes in pH or temperature providing a
triggered drug release [13]. Nanogels of methylcellulose hydrophobized with N-tert-butylacrylamide
and containing dexamethasone were formulated in order to improve the topical ocular therapy by
reducing the dosage and frequency of administration. Interestingly, cyclodextrins (CDs) could be
integrated as functional units of nanogels in polymer networks acting as carriers of molecules with
poor water solubility. Moreover, CD-based nanogels provide useful functionalities, such as effective
bioconjugation, good adhesion to surfaces, controlled drug complexation, and drug release [14].
Moya-Ortega and colleagues showed that dexamethasone y-cyclodextrin-based nanogel eye drops
increased ocular bioavailability and gave high drug concentrations in the aqueous humor for at least
3 h after ocular administration in rabbits [15].

Polyamidoamines (PAAs) are biocompatible and biodegradable synthetic polymers apt to create
hydrogels, and previously exploited for nanomedicine formulations [16].

Combining PAAs and cyclodextrins, a new nanogel platform was designed aimed at improving
the topical administration of dexamethasone.

Here, we report on the development and in vitro characterization of a new ocular nanoformulation
of dexamethasone, i.e., dexamethasone nanogel, attempting to ameliorate its therapeutic index by
increasing the efficacy and decreasing the side effects.
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2. Results

2.1. Characterization of Blank and Dexamethasone-Loaded Nanogels

The synthetic procedure tuned for preparing cyclodextrin-based nanogels allowed to obtain either
f3- or y-cyclodextrin moieties in the hydrogel network. Two hydrogels were prepared as previously
described [17] with modifications and were named 3-CD/PAA and y-CD/PAA, respectively.

The Fourier transformed infrared (FTIR) spectra of 3-CD/PAA compared to 3-CD are reported in
Figure 1.
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Figure 1. FTIR spectra of 3-CD and 3-CD/PAA.

The presence of peaks around 1500 cm ™! detectable only in the spectrum of -CD/PAA confirmed
the interaction of B-CD with the cross-linked units.

The two hydrogels were then reduced to nanometric size by the High Pressure Homogenization
(HPH) technique, a top-down technology currently used as a pharmaceutical process for producing
colloidal systems [18]. The procedure consisted of forcing a coarse hydrogel suspension in water with
a piston having an applied pressure between 100 and 1500 bar through a tiny gap (5-10 pm). The
mechanical stresses caused fragmentation of hydrogel matrices, thus producing nanosized particles
with the same swelling capability of the parent hydrogels. Interestingly, 3-CD/PAA and y-CD/PAA
nanohydrogels were pH sensitive due to the amphoteric nature of their PAA portion. In particular, the
swelling degree of both types of nanogels increased regularly from pH 4.0 to 7.4.

Figure 2 reports the swelling degree of the two nanogels as a function of the pH value of the
external medium. It may be observed that 3-CD/PAA nanogel always exhibited a higher water uptake
capability than y-CD/PAA.
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Figure 2. pH Dependence of 3-CD/PAA and y-CD/PAA nanogel swelling in aqueous media.
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The 3-CD/PAA nanogel showed a higher swelling degree compared to y-CD/PAA nanogel; in
particular at pH 7.4 an increase of 46% on the nanogel water uptake capability was observed.

Both unloaded nanogels showed average sizes of about 300 nm with a narrow size distribution
and negative surface charge. The incorporation of dexamethasone was easily achieved without organic
solvents. 3-CD/PAA and y-CD/PAA nanogels were able to incorporate dexamethasone with a loading
capacity of 5.15% and 3.61%, respectively.

The physico-chemical characteristics of dexamethasone-loaded -CD/PAA and y-CD/PAA
nanogels are reported in Table 1. Dynamic light scattering (DLS) analyses showed average diameters
of about 310 nm and 370 nm for dexamethasone-loaded 3-CD/PAA and y-CD/PAA nanogels,
respectively. The low polydispersity indices indicated a rather uniform population distribution
due to the HPH step performed during the nanogel preparation. The zeta potential determination
evidenced highly negative surface charges, with a { potential of about —30 mV, values essential for
the physical stability of nanosuspensions, the electrostatic repulsions avoiding nanogel aggregation.
Moreover, the negative charge can favor the interaction with mucin, which is positively charged.
Indeed, a large amount of mucin was absorbed on the two nanogel surfaces, reaching a mucin binding
efficiency of about 85%.

Table 1. Sizes and ( potential values of dexamethasone-loaded 3-CD/PAA and y-CD/PAA nanogels.

Loaded Nanogels Average Diameter (nm) Polydispersity Index C-Potential (mV)
B-CD/PAA 314 £35 0.10 —29.85+15
v-CD/PAA 372 £5.1 0.11 —3330+18

Transmission electron microscope image of blank and dexamethasone-loaded nanogels show the
spherical shape of the system and confirmed the small sizes (Figure 3).

Figure 3. TEM image of blank (A) and dexamethasone-loaded nanogels (B) (scale bar 150 nm).

Figure 4 reports SEM images of the blank and dexamethasone-loaded nanogels.

Differential scanning calorimetry (DSC) analysis showed the incorporation of dexamethasone in
the two types of nanogels. The absence of the drug endothermic peak (262-264 °C) in the thermograms
of the loaded nanogels confirmed the occurrence of dexamethasone molecular interactions with the
polymer matrices (Figure 5).

The in vitro release kinetics of dexamethasone from -CD/PAA and y-CD/PAA nanogels are
reported in Figure 6.
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Figure 4. SEM image of blank (A) and dexamethasone-loaded nanogels (B) (scale bar 1 pm).
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Figure 5. DSC thermograms of dexamethasone (A) and dexamethasone-loaded 3-CD/PAA (B) and

v-CD/PAA (C) nanogels.

100 -
90

—¢—y- CD/PAA —=—B-CD/PAA

80

d (%)

70 -
60 -
v 50
40
% 30
20
e 10
0

Time (h)

Figure 6. In vitro release kinetics of dexamethasone from 3-CD/PAA (A) and y-CD/PAA (B) nanogels
at pH 7.4. Results are shown as means + SEM from three independent experiments (1 = 3).

Both nanogels showed a slow and prolonged release profile over time at pH 7.4 and no initial
burst effect was observed. In particular, only 14% of dexamethasone was released from the 3-CD/PAA
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nanogel after 6 h. On the contrary, after 6 h the percentage of dexamethasone recovered in the receiving
phase from y-CD-PAA was about 50%.

Concerning nanogel safety, no significant hemolysis caused by 3-CD/PAA and y-CD/PAA
nanogels, either blank or dexamethasone-loaded, was observed, confirming their good biocompatibility
and the presence of tonicity values suitable for ocular administration.

Based on their smaller size values, higher loading capability and on the slower release kinetics,
-CD/PAA nanogel was selected for the cell experiments and was named as nanodexa.

2.2. Effect of Dexamethasone or Nanodexa on Jurkat Cell Adhesion to IL-1B-Stimulated HUVEC

GCs act on endothelial cells by decreasing vascular permeability, adhesion molecule expression,
and production of IL-1 and prostaglandins (PGs). However, Kerachian et al. [19] also showed that
high doses of GCs could sensitize HUVEC to the effect of inflammatory mediators favoring their
development of pro-adhesive features. Therefore, we performed our adhesion assays using HUVEC
treated or not with the pro-inflammatory cytokine IL-1f to mimic pro-inflammatory conditions.
HUVEC were treated for 24-48 h with increasing concentration of either dexamethasone (dexa) or
nanodexa (10*9—10*5 M), then stimulated or not with IL-1f for further 18 h and, finally, incubated
with Jurkat cells in the adhesion assay for 45 min. Figure 7 shows the effect of dexa or nanodexa on
Jurkat cell adhesion to IL-13-stimulated HUVEC after 24 h of treatment.
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Figure 7. Effect of HUVEC treatment with dexa and nanodexa on adhesiveness to Jurkat cells. HUVEC
were pretreated or not with titrated amounts of dexa and nanodexa (1079-10~> M) for 24 h (a) and
48 h (b), stimulated with IL-1§3 for 18 h, then incubated with Jurkat cells for 45 min. Data are expressed
as mean + SEM (n = 5) of the percentage of inhibition versus the control.* p < 0.05 and ** p < 0.01
nanodexa versus dexa (significance was assessed with Student’s t-test for paired varieties). S p < 0.05;
85 p < 0.01, significantly different from untreated cells.

Nanodexa inhibited Jurkat cell adhesion in a concentration-dependent manner; the effect was
already significant at 107 M (about 40% inhibition), with maximal inhibition (about 60%) obtained at
107°~10~5 M. By contrast, no significant inhibition was detected with any concentration of free dexa
at this time. Extending the duration of the treatment to 48 h, adhesion inhibition was detectable also
for dexa, but only in the 1077-107% M range of concentrations. By contrast, nanodexa was already
effective at the 1078 M dose and its concentration-response curve was substantially different from that
of dexa (p < 0.01).

Figure 8 shows micrographs of the Jurkat adhesion assay on IL-13-stimulated HUVEC untreated
(a) or treated with 10~7 M of either dexa (b: 36% of inhibition) or nanodexa (c: 55% of inhibition) for
48 h.
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Figure 8. Fluorescent microscopy of Jurkat cells adherent to HUVECs that were not treated (a) or
treated with dexa and nanodexa (b,c, respectively) (scale bar 10 pm; magnification 100x).

2.3. Effect of Dexamethasone or Nanodexa on COX-2 Expression in Stimulated Jurkat Cells

COX-2 is upregulated during pathological conditions, such as inflammation and cancer, and
glucocorticoids inhibit induction of COX-2 expression in a variety of cell lines and in response to
different stimuli [20,21]. Since COX-2 is upregulated in T cells upon activation, we compared the
activity on this induction exerted by dexa and nanodexa in Jurkat cell activated by the phorbol
ester PMA (15 ng/mL) and calcium ionophore A23187 (1 uM) [22] Jurkat cells were treated for
24-48 h with increasing concentration of dexa and nanodexa (1078-1075 M) and COX-2 expression
was then stimulated with PMA+A23187. Figure 9 shows the effect of dexa and nanodexa after 24 h
(panel A,C) and 48 h (panel B,D) of treatment. While dexa inhibited COX-2 expression only by 35% at
10~7 M after 48 h incubation, nanodexa was already maximally active after 24 h in the 1078-107° M
concentration range.
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Figure 9. Effect of dexa or nanodexa on COX-2 expression in stimulated Jurkat. Jurkat were pretreated
or not with titrated amounts of dexa or nanodexa (1078-107 M) for 24 h (A,C, respectively) and
48 h (B,D, respectively) and then stimulated with PMA+A23187 for 18 h. Then, cells were lysed, and
COX-2 expression was analyzed by Western blot. The bar graphs show data (mean 3 SEM) normalized
to B-actin, expressed as the percentage of inhibition versus the control. * p < 0.05 (significance was

assessed with one-way ANOVA and the Dunnett test). Top: Western blot analysis from a representative
experiment. Bottom: Densitometric analysis of COX-2 expression expressed in arbitrary units of three

independent experiments.
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3. Discussion

Two cyclodextrin-based nanogels were obtained with attractive and promising properties as
new biomaterial for dexamethasone ocular delivery. A polymer architecture comprising cross-linked
cyclodextrin units was purposely tuned to load lipophilic molecules in a hydrophilic matrix. Indeed,
the two nanogels were able to incorporate dexamethasone in good amounts due to the interaction
with the hydrophobic cyclodextrin cavities and polymer networks. It is worth noticing that
dexametasone-CD complexes have been previously described in the literature [23-25]. Dexamethasone
has a poor water solubility (about 0.1 mg/mL) and CDs showed the capability to improve the solubility
and the topical bioavailability of the drug [5]. Previous studies suggested that the A-ring of the
steroid molecule was predominantly included in the cavity of CDs. The inclusion complexation
of dexamethasone with a number of CDs were determined, showing that the stability constant
values of B-CD and y-CD complexes were 9560 and 37,300 M1, respectively [26]. Here, the nanogel
formulations were designed to increase the apparent water solubility of the drug and to enhance the
contact time with the eye surface, key factors for improving the ocular drug delivery.

The 3-CD/PAA nanogel provided a more stable complexation of dexamethasone than y-CD/PAA,
as the drug loading capacity and the in vitro release kinetics demonstrated. This behavior appeared in
contrast with the stability constant values of the dexamethasone with the two parent CDs, as previously
reported [26]. Indeed, we speculated that the bonding of CDs with the cross-linking agents in the
nanogels may distort the CD cavity, so modifying the complexation capability with a guest molecule,
as previously observed with alkylcarbonates derivatives of y-cyclodextrins [27].

Intriguingly, the insertion of cyclodextrin moieties did not affect the high hydration properties
of nanogels and the pH sensitive swelling capacity. B-CD/PAA showed a greater water content
in comparison to the one of y-CD/PAA. Different cross-linking degree and dimensions of network
nanochannels might be present in the polymer matrix of 3-CD/PAA and y-CD/PAA, due to the
different sizes of the two cyclodextrins, i.e., 262 and 427 A3 for B-CD and y-CD, respectively.
The differences in the polymer nanostructure might affect the water uptake capability of the
two nanohydrogels.

The in vitro release study showed prolonged release profiles of dexamethasone without a burst
effect, but the drug kinetics varied according to the type of nanogels. The observed differences might
be related to the presence of different nanochannel network in the polymer matrices, besides different
interactions with the CD cavities. The slow and constant dexamethasone release might be useful to
achieve a sustained drug concentration in the tear fluid on the eye surface.

For effective topical drug delivery into the eye, various polymer nanodelivery systems have been
described in the literature showing a great potential to control the release kinetics and the penetration
of corticosteroid [9,23].

Considering a possible future clinical application of the new dexamethasone delivery system the
pharmacology activity was evaluated.

Dexamethasone is widely used for its ocular anti-inflammatory effect [1,28-30] but can also treat
lymphoid neoplasia [31], and it has been used in solid cancer therapies in combination with antitumor
drugs, such as 5-fluorouracil and cisplatin [32]. It exerts its anti-inflammatory and immunosuppressive
effects by reducing the expression of cytokines and adhesion molecules, inhibiting leukocyte trafficking
and access to inflammation sites and interfering with leukocyte, fibroblast and endothelial cell function.
In this work, to evaluate the nanodexa activity, Jurkat cells were used to assess the inhibitory effect on
adhesion to human umbilical vein endothelial cells (HUVEC) and COX-2 expression. Interestingly,
we found that nanodexa inhibited Jurkat cell adhesion to HUVEC and COX-2 expression with earlier
effects and at lower doses than free dexamethasone.

The anti-inflammatory and immunosuppressive actions of GCs are exerted by two different
mechanisms. In the classic genomic pathway, dexamethasone modulates the expression of proteins
via their interactions with the cytosolic GC receptor (GR). However, GCs can also act by non-genomic
mechanisms [33]. The genomic pathway is considered responsible for many adverse effects of
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GCs, most of which are time- and dose-dependent, such as osteoporosis, osteonecrosis, cataracts,
hyperglycemia, coronary heart disease, and cognitive impairment, among others [34]. Consequently,
the dose decrease is a key factor to control side effects of dexamethasone.

The marked anti-inflammatory effect obtained with nanodexa at lower concentration of the drug
may play an important role in decreasing the administered dose and the adverse side effects.

Inflammation involves adhesive interactions between circulating leukocytes and endothelial
cells lining the vascular wall. In response to various stimuli, such as the pro-inflammatory cytokines
TNF-alfa, IL-1 beta, INF-gamma, and endothelial cells undergo inflammatory activation, producing
an increased surface expression of cell adhesion molecules (CAMs), such as ICAM-1, VCAM-1, and
E-selectin [35]. These endothelial CAMs play a fundamental role in leukocyte recruitment from the
blood for tissue infiltration. Chronic induction of these CAMs leads to abnormal leukocyte recruitment,
as seen in chronic inflammatory diseases [36]. Therefore, the effective inhibitory activity displayed by
nanodexa on CAM expression by “inflamed” endothelial cells may be beneficial in blunting detrimental
inflammatory reactions [37,38].

Even the potent inhibitory effect of nanodexa on COX-2 expression is intriguing. Prostaglandins
(PGs) are known to be an important mediators of acute inflammation. They are synthesized by
cyclooxygenase, comprising the constitutively expressed isoform COX-1 and the inducible isoform
COX-2. COX-1 is expressed in most tissues that generate PGs during their normal physiological
functions, and its expression does not fluctuate in response to stimuli. In contrast, COX-2 induction
has critical roles in the response to tissue injury and infection and is an essential component of the
inflammatory response and tissue repair [39]. Although the physiological activity of COX-2 may
provide a definite benefit to the organism, its aberrant or excessive expression has been implicated in
the pathogenesis of many diseases, such as chronic inflammations [40]. Taking into account that the
positive effects of dexamethasone-loaded nanogels are exerted through earlier effectiveness and at
lower doses than those of free dexamethasone, it may be hypothesized that this innovative nanogel
formulation may increase the therapeutic efficacy with less adverse reactions. Finally, the small sizes
and the mucoadhesive property of nanodexa can favor the ocular retention of the nanoformulation,
contributing to the sustained release of the drug at the target site [41]. This might provide a long-lasting
pharmacological activity with less frequent dexamethasone instillations.

4. Conclusions

Two promising cyclodextrin-based pH-sensitive nanogels were obtained. Morphological and
physico-chemical properties of the dexamethasone-loaded nanogels made them suitable as prolonged
release delivery systems for ocular administration.

Taken together, the invitro results demonstrated that the 3-CD/PAA dexamethasone
nanoformulation is effective at lower doses and with faster onset compared to the free drug.

Therefore, dexamethasone in CD-PAA nanogels may represent a potential novel strategy to
formulate eye drops able to overcome the shortcomings of this drug.

5. Materials and Methods

5.1. Materials

All materials were from Sigma-Aldrich (St. Louis, MO, USA). All reagents were of analytical grade.

5.2. PAA Hydrogel Synthesis

Two hydrogels were prepared as previously described [16] with modifications. Briefly, the
polyaddition reaction between prim-or bis-sec-amines and bisacrylamides leads to polyamidoamines
(PAAs). At pH > 11.5 the hydroxyl groups of cyclodextrins react with bisacrylamides in the same
way and cyclodextrins behave as multifunctional monomers and give cross-linked polymer named
nanosponges. With bisacrylamides, mixtures of cyclodextrins and amines give copolymeric hydrogels.
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The CD-containing hydrogels used in this work were prepared from 2,2-bisacrylamido acetic acid
(BAC) as bisacrylamide, 2-methyl piperazine (2-MP) as amine and (3- or y-cyclodextrin. The resultant
hydrogels were named -CD/PAA and y-CD/PAA, respectively. In them, the PAA short chains
connecting the CD moieties contained carboxyl- and amine groups and, in principle, had amphoteric
properties. In a typical procedure, 3-CD/PAA was prepared dissolving 3-CD (734.84 mg, 0.62 mmol)
and LiOH-H;O (77.7 g, 1.83 mmol) in H,O (0.4 mL) in a test tube. BAC (188.7 mg, 0.935 mmol)
and LiOH-H,O (39.6 mg, 0.935 mmol) were dissolved in H,O (0.3 mL) in a second test tube, then
2-methylpiperazine (93.7 mg, 0.935 mmol) was added. The two solutions were thoroughly mixed and
allowed to react at 25 °C for 48 h. The final product appeared as a homogeneous, transparent, and soft
gel, which was tritured under water, and purified by repeated water/ethanol extraction cycles. The
nanosponge sample was first soaked in deionized H,O (50 mL) and allowed swelling for 2 h, the pH
was lowered to 5 with HCI 37% w/w then the nanosponge was soaked in ethanol (50 mL) for 2 h. This
procedure was repeated three times. The product was dried to a constant weight. Yield: 76%.

v-CD/PAA was prepared following the same procedure described for 3-CD/PAA. The monomers
used and their amounts are reported below. The y-CD was dissolved at about 95 °C.

v-CD/PAA: y-CD (1030.52 mg, 0.77 mmol), LiOH-H,O (158.4 mg, 3.74 mmol), HO (0.7 mL), BAC
(192.4 mg, 0.96 mmol), LiOH-H;O (40.8 mg, 0.96 mmol), H,O (0.3 mL), 2-methylpiperazine (96.3 mg,
0.96 mmol). Yield: 45%.

5.3. FTIR Analysis

Fourier transformed infrared (FTIR) spectra of 3-CD and 3-CD/PAA were obtained using a
Perkin Elmer Spectrum 100 FT-IR in the region of 4000-650 cm~!. Data acquisition was done by
Spectrum software version 10.03.05 (Perkin Elmer Corporation, Waltham, MA, USA).

5.4. Swelling Capacity Evaluation

The swelling capacity of nanogels was evaluated by gravimetric analysis. A weighted amount
of dry 3-CD/PAA or y-CD/PAA (W4) was dispersed in 5.0 mL of PBS buffer at different pH values
(i.e., 1,4,5, 6,7.4). The mixture was stirred at 25 and 37 °C overnight. The supernatant was removed
and then the wet weight (W) of the nanogels was measured. The swelling capacity (Sc) was calculated
as the following equation: S¢ = (W, — Wgq)/Wy.

5.5. Nanogel Preparation by HPH

Nanogels were obtained using a top down method. To this purpose, 3-CD/PAA or y-CD/PAA
were suspended in saline solution (NaCl 0.9% w/v) at a concentration of 10 mg/mL and homogenized
using a high shear homogenizer (Ultraturrax) for 10 min at 24,000 rpm. To further reduce the size
of the nanogels and obtain an almost homogenous nanoparticle distribution, the sample underwent
to high pressure homogenization for 90 min at a back-pressure of 500 bar, using an EmulsiFlex C5
instrument (Avastin, Ottawa, ON, Canada). The nanogels were then purified by dialysis (membrane
cutoff of 12,000 Da) to eliminate potential synthesis residues.

5.6. Preparation of Dexamethasone-Loaded Nanogel

Dexamethasone was incorporated in the pre-formed nanogels, by the addition of dexamethasone
(1 mg/mL) to the aqueous nanosuspension of 3-CD/PAA or y-CD/PAA. Then, the mixture was
stirred at room temperature in dark conditions over night. A purification step by dialysis (Spectrapore,
Rancho Dominguez, CA, USA, cellulose membrane, cutoff of 12,000 Da) was carried out to eliminate
the unbounded drug.
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5.7. Physico-Chemical Characterization of Nanogels

The average diameters and polydispersity indices of nanogels were determined, after their
dispersion in water, by photon correlation spectroscopy (PCS) using a 90 Plus Instrument (Brookhaven,
NY, USA) at a fixed angle of 90° and at a temperature of 25 °C. Each sample was analyzed in
triplicate. The nanogel zeta potentials were measured by electrophoretic mobility (90 Plus Instrument,
Brookhaven, NY, USA). For zeta potential determination, the samples were diluted in water and
placed in the electrophoretic cell, where an electric field of approximately 15 V/cm was applied. The
morphology of nanogels was evaluated by scanning electron microscopy and transmission electron
microscopy. For TEM analysis a Philips CM 10 transmission electron microscope was used. The
samples were sprayed on Formwar-coated copper and air-dried before observation.

5.8. Thermal Analysis

Differential scanning calorimetry (DSC) was carried out by means of a Perkin Elmer DSC/7
differential scanning calorimeter (Perkin-Elmer, Waltham, MA, USA) equipped with a TAC 7/DX
instrument controller. The instrument was calibrated with indium for melting point and heat of fusion.
A heating rate of 10 °C/min was employed in the 25-250 °C temperature range. Standard aluminum
sample pans (Perkin-Elmer) were used; an empty pan was used as a reference standard. Analyses
were performed in triplicate on 3 mg freeze-dried samples under a nitrogen purge.

5.9. In Vitro Release Kinetics of Dexamethasone from Nanogels

In vitro drug release experiments were conducted in a multi-compartment rotating cell,
comprising a donor chamber separated by a cellulose membrane (Spectrapore, cut-off = 12,000 Da)
from a receiving chamber. One milliliter of dexamethasone-loaded nanogels was placed in the donor
chamber. The receiving compartment contained 1 mL of phosphate-buffered saline (PBS) at pH 7.4
with 0.1% sodium dodecyl sulfate (SDS) to assure drug solubility. The receiving phase was withdrawn
at regular intervals and completely replaced with the same amount of fresh solution, to maintain sink
conditions. The concentration of dexamethasone in the withdrawn samples was detected by HPLC.

For the dexamethasone quantitative determination an HPLC analysis was performed using
a Perkin Elmer pump (Perkin Elmer PUMP 250B, Waltham, MA, USA) equipped with a
spectrophotometer detector (Flexar UV /Vis LC spectrophotometer detector, Perkin Elmer, Waltham,
MA, USA). A reversed phase Agilent TC C18 column (150 cm x 4.6 mm, pore size 5 um; Agilent
Technologies, Santa Clara, CA, USA) was used. A mixture of acetonitrile —25 mM phosphate buffer
pH 3 (27:73, v/v) was used as the mobile phase at a flow rate of 1.0 mL/min and the effluent
monitored by measuring absorbance at 246 nm. HPLC chromatograms of dexamethasone are reported
in Supplementary Material (Figure S1).

5.10. Mucoadhesion Test

The in vitro evaluation of the mucoadhesive properties of nanogels was carried out. To this
purpose, the interaction between mucin and nanogels was determined by turbidimetric assay.

Stock solutions of mucin (from porcine stomach) were prepared in water in the concentration
range from 0.1 to 1 mg/mL. The transmittance of mucin solutions was measured at 500 nm with an
UV spectrophotometer and a calibration curve was obtained. 1 mL of 3-CD/PAA suspension was
mixed with mucin stock solution and incubated under magnetic stirring for 30 min. Then, the samples
were centrifuged for 5 min at 10,000 rpm and the transmittance of the supernatant, which contains the
mucin non-adhesive to the 3-CD/PAA hydrogel, was measured at 500 nm.

5.11. Determination of the Hemolytic Activity

For hemolytic activity determination, 100 pL of nanogels were incubated at 37 °C for 90 min
with diluted blood (1:4 v/v) obtained by adding freshly-prepared PBS at pH = 7.4. After incubation,
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nanogels-containing blood was centrifuged at 1000 rpm for 5 min to separate plasma. The amount of
hemoglobin released due to hemolysis was determined spectrophotometrically (absorbance readout
at 543 nm using a Duo spectrophotometer, Beckman, Brea, CA, USA). The hemolytic activity was
calculated to reference with nanogel-free diluted blood. Complete hemolysis was induced by the
addition of ammonium sulfate (20% w/v).

Optical microscopy was used to evaluate changes in red blood cell morphology after incubation
with the formulations.

5.12. Cell Culture

HUVEC were isolated from human umbilical veins by trypsin treatment (1%) and cultured at
37 °C (5% CO,, 85-95% humidity) in M199 medium with the addition of 20% fetal calf serum (FCS)
and 100 U/mL penicillin, 100 pg/mL streptomycin, 5 Ul/mL heparin, 12 ug/mL bovine brain extract,
and 200 mM glutamine. HUVEC were grown to confluence in flasks and used at the 2nd-5th passage.
Informed consent was obtained from all donors. All subjects gave their informed consent for inclusion
before they participated in the study. The study was conducted in accordance with the Declaration
of Helsinki, and the protocol was approved by the Ethics Committee of Turin University (Project
DIAC_RLO1601). HUVEC viability was not affected by the treatment with the drug.

Leukemic human T cells (Jurkat, clone E6-1) were obtained from the American Type Culture
Collection (ATCC; Manassas, VA, USA), and were cultured in RPMI 1640 medium supplemented
with 10% FCS, 100 U/mL penicillin, and 100 pg/mL streptomycin at 37 °C in a 5% CO,
humidified atmosphere.

5.13. Cells Adhesion Assay

HUVEC were grown to confluence in 24-well plates, washed, and rested for one day in M199 plus
10% FCS. The cells were incubated or otherwise with increasing concentrations of dexa or nanodexa
(10-2-105 M) for 24-48 h, washed with fresh medium twice, stimulated for 24 h with IL-1p 1 ng/mL,
and incubated with the Jurkat cells (1 x 10° cell/well) for 45 min; this incubation time was chosen
to allow full sedimentation of the adhering cells. After incubation, non-adherent cells were removed
by being washed three times with M199. The centre of each well was analysed by fluorescence
image analysis [33]. Adherent cells were counted by the Image Pro Plus Software for micro-imaging
(version 5.0, Media Cybernetics, Rockville, MD, USA). Single experimental points were assayed in
triplicate, and the standard error of the three replicates was always below 10%. Percentage inhibition
of adhesion was calculated as follows: (100 — (a)/(b)) x 100, where a is adhesion measured in the
presence of the compound plus stimulus minus basal adhesion and b is adhesion elicited by stimulus
minus basal adhesion. The adhesion measured on untreated cells was 25 + 2 cells/microscope fields,
and on IL-1p-stimulated cells was 58 + 6 cells/microscope fields (1 = 19).

5.14. Protein Extraction and Western Blot Analysis

In order to compare dexa with nanodexa effects on COX-2 expression, Jurkat cells were pre-treated
with increasing concentrations of the drugs (1078-10~> M) for 24-48 h, and then stimulated with
Phorbol 12-myristate 13-acetate (PMA) 15 ng/mL + A23187 1 uM for 18 h.

Cells were lysed in a buffer composed of 50 mM Tris-HCI pH 7.4, 150 mM NaCl, 5 mM EDTA, 1%
NP40, phosphatase, and protease inhibitor cocktails. Cell lysates were cleared from insoluble fractions
through high-speed centrifugation, and protein concentrations were determined with a commercially
available kit (Bio Rad Laboratories, Hercules, CA, USA). Then, 10-40 ug proteins were separated on
10% SDS PAGE gels and transferred onto nitrocellulose membranes. These were blocked by incubation
for 1 h at room temperature with 5% nonfat milk dissolved in TBS Tween 20. The membranes were
probed overnight with the primary antibodies (Cell Signaling, Danvers, MA, USA, dilution 1/1000)
and, after three washes, incubated for 1 h with horseradish peroxidase (HRP)-conjugated secondary
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antibodies. Bands were detected by chemiluminescence, and densitometric analysis was performed
with the Multi-Analyst software (version 1.1, Bio-Rad Laboratories, Hercules, CA, USA).

5.15. Statistical Analysis

If not differently stated, data are expressed as means = SEM. (n = 3). Statistical analysis
was performed with GraphPad Prism 4.0 software (Graphpad Software Inc, San Diego, CA, USA).
Significance was assessed with Student’s t-test for paired varieties or with the one-way ANOVA and
the Dunnett test with p < 0.05 as the cut-off.

Supplementary Materials: The following are available online at www.mdpi.com/2310-2861/3/2/22/s1.

Acknowledgments: We are grateful to the Obstetrics and Gynecology Unit, Martini Hospital, Torino, for providing
human umbilical cords. This work was supported by the University of Turin Progetti di Ricerca di Ateneo
Anno 2015.

Author Contributions: Monica Argenziano and Shankar Swaminathan formulated and in vitro characterized the
nanoformulations, Benedetta Ferrara and Chiara Dianzani performed cell culture experiments, Amedea Manfredi
synthetized PAA hydrogel, Paolo Ferruti designed the two PAA hydrogel structure and the synthetic route,
Elisabetta Ranucci and Roberta Cavalli conceived the experiments and gave the intellectual rationale to the work.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

HUVEC human umbilical vein endothelial cells
Polyamidoamines (PAASs)
Cyclodextrins (CD)
2,2-bisacrylamidoacetic acid (BAC)
2-methylpiperazine (2-MeP)
High Pressure Homogenization (HPH)
Glucocorticoids (GCs)
Phorbol 12-myristate 13-acetate (PMA)
GC receptor (GR)
Prostaglandins (PGs)
References

1. Barnes, PJ.; Adcock, I.; Spedding, M.; Vanhoutte, PM. Anti-inflammatory actions of steroids: Molecular
mechanisms. Trends Pharmacol. Sci. 1993, 14, 436-441. [CrossRef]

2. Thiem, A.; Rolke, R.; Radbruch, L. Glucocorticoids and androgens for treatment of tiredness and weakness
in palliative care patients: A systematic review. Schmerz 2012, 26, 550-567. [CrossRef] [PubMed]

3. Harris, E.; Tiganescu, A.; Tubeuf, S.; Mackie, S.L. The prediction and monitoring of toxicity associated with
long-term systemic glucocorticoid therapy. Curr. Rheumatol. Rep. 2015, 17, 513-523. [CrossRef] [PubMed]

4. Minneci, P.C.; Deans, K.J.; Banks, S.M.; Eichacker, P.Q.; Natanson, C. Meta-analysis: The effect of steroids
on survival and shock during sepsis depends on the dose. Ann. Intern. Med. 2004, 141, 47-56. [CrossRef]
[PubMed]

5. Villanueva, J.R; Villanueva, L.R.; Navarro, M.G. Pharmaceutical technology can turn a traditional drug,
dexamethasone into a first-line ocular medicine. A global perspective and future trends. Int. J. Pharm. 2017,
516, 342-351. [CrossRef] [PubMed]

6.  Bhardwaj, U.; Burgess, D.J. Physicochemical properties of extruded and non-extruded liposomes containing
the hydrophobic drug dexamethasone. Int. J. Pharm. 2010, 388, 181-189. [CrossRef] [PubMed]

7. Choksi, A.; Sarojini, K.V.,; Vadnal, P, Dias, C; Suresh, PK. Khandare, J. Comparative
anti-inflammatory activity of poly(amidoamine) (PAMAM) dendrimer-dexamethasone conjugates with
dexamethasone-liposomes. Int. . Pharm. 2013, 449, 28-36. [CrossRef] [PubMed]


www.mdpi.com/2310-2861/3/2/22/s1
http://dx.doi.org/10.1016/0165-6147(93)90184-L
http://dx.doi.org/10.1007/s00482-012-1214-9
http://www.ncbi.nlm.nih.gov/pubmed/22956074
http://dx.doi.org/10.1007/s11926-015-0513-4
http://www.ncbi.nlm.nih.gov/pubmed/25903665
http://dx.doi.org/10.7326/0003-4819-141-1-200407060-00014
http://www.ncbi.nlm.nih.gov/pubmed/15238370
http://dx.doi.org/10.1016/j.ijpharm.2016.11.053
http://www.ncbi.nlm.nih.gov/pubmed/27889587
http://dx.doi.org/10.1016/j.ijpharm.2010.01.003
http://www.ncbi.nlm.nih.gov/pubmed/20079409
http://dx.doi.org/10.1016/j.ijpharm.2013.03.056
http://www.ncbi.nlm.nih.gov/pubmed/23583708

Gels 2017, 3, 22 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Swaminathan, S.; Vavia, PR.; Trotta, F.; Cavalli, R. Nanosponges encapsulating dexamethasone for ocular
delivery: Formulation design, physicochemical characterization, safety and corneal permeability assessment.
J. Biomed. Nanotechnol. 2013, 9, 998-1007. [CrossRef] [PubMed]

Balzus, B.; Sahle, EF.; Honzke, S.; Gerecke, C.; Schumacher, F.; Hedtrich, S.; Kleuser, B.; Bodmeier, R.
Formulation and ex vivo evaluation of polymeric nanoparticles for controlled delivery of corticosteroids to
the skin and the corneal epithelium. Eur. J. Pharm. Biopharm. 2017, 115, 122-130. [CrossRef] [PubMed]
Sahle, EF.; Gerecke, C.; Kleuser, B.; Bodmeier, R. Formulation and comparative in vitro evaluation of various
dexamethasone-loaded pH-sensitive polymeric nanoparticles intended for dermal applications. Int. J. Pharm.
2017, 516, 21-31. [CrossRef] [PubMed]

Jamard, M.; Hoare, T, Sheardown, H. Nanogels of methylcellulose hydrophobized with
N-tert-butylacrylamide for ocular drug delivery. Drug Deliv. Transl. Res. 2016, 6, 648-659. [CrossRef]
[PubMed]

Kabanov, A.V.; Vinogradov, S.V. Nanogels as pharmaceutical carriers: Finite networks of infinite capabilities.
Angew. Chem. Int. Ed. Engl. 2009, 48, 5418-5429. [CrossRef] [PubMed]

Urban, M.W.; Motornov, M.; Roiter, Y.; Tokarev, I.; Minko, S. Stimuli-responsive nanoparticles, nanogels and
capsules for integrated multifunctional intelligent systems. Prog. Polym. Sci. 2010, 35, 174-211.
Moya-Ortega, M.D.; Alvarez-Lorenzo, C.; Concheiro, A.; Loftsson, T. Cyclodextrin-based nanogels for
pharmaceutical and biomedical applications. Int. ]. Pharm. 2012, 428, 152-163. [CrossRef] [PubMed]
Moya-Ortega, M.D.; Alves, T.E.G.; Alvarez-Lorenzo, C.; Concheiro, A.; Stefansson, E.; Thorsteinsdéttira, M.;
Loftsson, T. Dexamethasone eye drops containing-cyclodextrin-based nanogels. Int. . Pharm. 2013, 441,
507-515. [CrossRef] [PubMed]

Ekkelenkamp, A.E.; Jansman, M.M.T.; Roelofs, K.; Engbersen, J.E].; Paulusse, ].M.J. Surfactant-free
preparation of highly stable zwitterionic poly(amido amine) nanogels with minimal cytotoxicity.
Acta Biomater. 2016, 30, 126-134. [CrossRef] [PubMed]

Ferruti, P; Ranucci, E.; Cavalli, R. Nanogeli di Poliammidoammine. U.S. Patent MI2012A001407,
7 August 2012.

Leone, E; Cavalli, R. Drug nanosuspensions: A ZIP tool between traditional and innovative pharmaceutical
formulations. Expert Opin. Drug Deliv. 2015, 12, 1607-1625. [CrossRef] [PubMed]

Kerachian, M.A.; Cournoyer, D.; Harvey, E.J.; Chow, T.Y.; Neagoe, P.E.; Sirois, M.G.; Séguin, C. Effect of
high-dose dexamethasone on endothelial haemostatic gene expression and neutrophil adhesion. J. Steroid
Biochem. Mol. Biol. 2009, 116, 127-133. [CrossRef] [PubMed]

Iniguez, M.A.; Punzon, C.; Fresno, M. Induction of cyclooxygenase-2 on activated T lymphocytes: Regulation
of T cell activation by cyclooxygenase-2 inhibitors. J. Immunol. 1999, 163, 111-119. [PubMed]

Zarghi, A.; Arfaei, S. Selective COX-2 Inhibitors: A Review of Their Structure-Activity Relationships. Iran. ].
Pharm. Res. 2011, 10, 655-683. [PubMed]

De Gregorio, R.; Iniguez, M.A.; Fresno, M.; Alemany, S. Cot kinase induces cyclooxygenase-2 expression
in T cells through activation of the nuclear factor of activated T cells. J. Biol. Chem. 2011, 276, 27003-27009.
[CrossRef] [PubMed]

Loftsson, T.; Stefansson, E. Cyclodextrins and topical drug delivery to the anterior and posterior segments of
the eye. Int. J. Pharm. 2017, in press. [CrossRef] [PubMed]

Jansook, P.; Ritthidej, G.C.; Ueda, H.; Stefansson, E.; Loftsson, T. yCD/HPyCD mixtures as solubilizer:
Solid-state characterization and sample dexamethasone eye drop suspension. J. Pharm. Pharm. Sci. 2010, 13,
336-350. [CrossRef] [PubMed]

Doile, M.M.; Fortunato, K.A.; Schmticker, I.C.; Schucko, S.K.; Silva, M.A.; Rodrigues, P.O. Physicochemical
properties and dissolution studies of dexamethasone acetate-{3-cyclodextrin inclusion complexes produced
by different methods. AAPS PharmSciTech 2008, 9, 314-321. [CrossRef] [PubMed]

Uekama, K.; Fujinaga, T.; Hirayama, F; Otagiri, M.; Yamasaki, M. Inclusion complexations of steroid
hormones with cyclodextrins in water and in solid phase. Int. J. Pharm. 1982, 10, 1-15.

Cavalli, R;; Trotta, F; Trotta, M.; Pastero, L.; Aquilano, D. Effect of alkylcarbonates of y-cyclodextrins with
different chain lengths on drug complexation and release characteristics. Int. J. Pharm. 2007, 339, 197-204.
[CrossRef] [PubMed]

Giuliano, C.; Smalligan, R.D.; Mitchon, G.; Chua, M. Role of dexamethasone in the prevention of migraine
recurrence in the acute care setting: A review. Postgrad. Med. 2012, 124, 110-115. [CrossRef] [PubMed]


http://dx.doi.org/10.1166/jbn.2013.1594
http://www.ncbi.nlm.nih.gov/pubmed/23858964
http://dx.doi.org/10.1016/j.ejpb.2017.02.001
http://www.ncbi.nlm.nih.gov/pubmed/28189623
http://dx.doi.org/10.1016/j.ijpharm.2016.11.029
http://www.ncbi.nlm.nih.gov/pubmed/27845215
http://dx.doi.org/10.1007/s13346-016-0337-4
http://www.ncbi.nlm.nih.gov/pubmed/27807769
http://dx.doi.org/10.1002/anie.200900441
http://www.ncbi.nlm.nih.gov/pubmed/19562807
http://dx.doi.org/10.1016/j.ijpharm.2012.02.038
http://www.ncbi.nlm.nih.gov/pubmed/22388054
http://dx.doi.org/10.1016/j.ijpharm.2012.11.002
http://www.ncbi.nlm.nih.gov/pubmed/23149258
http://dx.doi.org/10.1016/j.actbio.2015.10.037
http://www.ncbi.nlm.nih.gov/pubmed/26518103
http://dx.doi.org/10.1517/17425247.2015.1043886
http://www.ncbi.nlm.nih.gov/pubmed/25960000
http://dx.doi.org/10.1016/j.jsbmb.2009.05.001
http://www.ncbi.nlm.nih.gov/pubmed/19442730
http://www.ncbi.nlm.nih.gov/pubmed/10384106
http://www.ncbi.nlm.nih.gov/pubmed/24250402
http://dx.doi.org/10.1074/jbc.M100885200
http://www.ncbi.nlm.nih.gov/pubmed/11356833
http://dx.doi.org/10.1016/j.ijpharm.2017.04.010
http://www.ncbi.nlm.nih.gov/pubmed/28391041
http://dx.doi.org/10.18433/J3M88B
http://www.ncbi.nlm.nih.gov/pubmed/21092707
http://dx.doi.org/10.1208/s12249-008-9042-z
http://www.ncbi.nlm.nih.gov/pubmed/18446497
http://dx.doi.org/10.1016/j.ijpharm.2007.03.001
http://www.ncbi.nlm.nih.gov/pubmed/17418510
http://dx.doi.org/10.3810/pgm.2012.05.2554
http://www.ncbi.nlm.nih.gov/pubmed/22691905

Gels 2017, 3, 22 150f 15

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Abadia, B.; Calvo, P; Ferreras, A.; Bartol, F; Verdes, G.; Pablo, L. Clinical Applications of Dexamethasone for
Aged Eyes. Drugs Aging 2016, 33, 639-646. [CrossRef] [PubMed]

Rafie, F; Javadzadeh, Y.; Javadzadeh, A.R.; Ghavidel, L.A; Jafari, B.; Moogooee, M.; Davaran, S. In vivo
evaluation of novel nanoparticles containing dexamethasone for ocular drug delivery on rabbit eye.
Curr. Eye Res. 2010, 35, 1081-1089. [CrossRef] [PubMed]

De Bosscher, K.; van den Berghe, W.; Haegeman, G. The interplay between the glucocorticoid receptor and
nuclear factor-kappaB or activator protein-1: Molecular mechanisms for gene repression. Endocr. Rev. 2003,
24,488-522. [CrossRef] [PubMed]

Li, M,; Chen, F; Liu, C.P; Li, D.M.; Li, X.; Wang, C.; Li, ].C. Dexamethasone enhances trichosanthin-induced
apoptosis in the HepG2 hepatoma cell line. Life Sci. 2010, 86, 10-16. [CrossRef] [PubMed]

Ruiz-Irastorza, G.; Danza, A.; Khamashta, M. Glucocorticoid use and abuse in SLE. Rheumatology 2012, 51,
1145-1153. [CrossRef] [PubMed]

Zhang, D.; Marconi, A.; Xu, L.-M.; Yang, C.; Sun, G.; Feng, X.; Ling, C.; Qin, W.; Uzan, G.; D’Alessio, P.
Tripterine inhibits the expression of adhesion molecules in activated endothelial cells. . Leukoc. Biol. 2006,
80, 309-319. [CrossRef] [PubMed]

Szmitko, PE.; Wang, C.; Weisel, R.D.; Jeffries, G.A.; Anderson, TJ.; Verma, S. Biomarkers of vascular disease
linking inflammation to endothelial activation Part II. Circulation 2003, 108, 1917-1923. [CrossRef] [PubMed]
Meager, A. Cytokine regulation of cellular adhesion molecule expression in inflammation. Cytokine Growth
Factor Res. 1999, 10, 27-39. [CrossRef]

D’Alessio, P. Endothelium as a pharmacological target. Curr. Opin. Investig. Drugs 2001, 2, 1720-1724.
[PubMed]

Vane, J.R.; Botting, R.M. Anti-inflammatory drugs and their mechanism of action. Inflamm. Res. 1998, 47
(Suppl. 2), S78-S87. [CrossRef] [PubMed]

Schottenfeld, D.; Beebe-Dimmer, J. Chronic Inflammation: A Common and Important Factor in the
Pathogenesis of Neoplasia. CA Cancer J. Clin. 2006, 56, 69-83. [CrossRef] [PubMed]

Dianzani, C.; Minelli, R.; Mesturini, R.; Chiocchetti, A.; Barrera, G.; Boscolo, S.; Sarasso, C.; Gigliotti, C.L.;
Sblattero, D.; Yagi, J.; et al. B7h triggering inhibits umbilical vascular endothelial cell adhesiveness to tumor
cell lines and polymorphonuclear cells. J. Immunol. 2010, 185, 3970-3979. [CrossRef] [PubMed]

Chetoni, P.; Burgalassi, S.; Monti, D.; Tampucci, S.; Tullio, V.; Cuffini, A.M.; Muntoni, E.; Spagnolo, R.;
Zara, G.P,; Cavalli, R. Solid lipid nanoparticles as promising tool for intraocular tobramycin delivery:
Pharmacokinetic studies on rabbits. Eur. |. Pharm. Biopharm. 2016, 109, 214-223. [CrossRef] [PubMed]

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses /by /4.0/).


http://dx.doi.org/10.1007/s40266-016-0392-z
http://www.ncbi.nlm.nih.gov/pubmed/27566619
http://dx.doi.org/10.3109/02713683.2010.508867
http://www.ncbi.nlm.nih.gov/pubmed/20961207
http://dx.doi.org/10.1210/er.2002-0006
http://www.ncbi.nlm.nih.gov/pubmed/12920152
http://dx.doi.org/10.1016/j.lfs.2009.10.016
http://www.ncbi.nlm.nih.gov/pubmed/19891978
http://dx.doi.org/10.1093/rheumatology/ker410
http://www.ncbi.nlm.nih.gov/pubmed/22271756
http://dx.doi.org/10.1189/jlb.1005611
http://www.ncbi.nlm.nih.gov/pubmed/16769766
http://dx.doi.org/10.1161/01.CIR.0000089190.95415.9F
http://www.ncbi.nlm.nih.gov/pubmed/14568885
http://dx.doi.org/10.1016/S1359-6101(98)00024-0
http://www.ncbi.nlm.nih.gov/pubmed/11892934
http://dx.doi.org/10.1007/s000110050284
http://www.ncbi.nlm.nih.gov/pubmed/9831328
http://dx.doi.org/10.3322/canjclin.56.2.69
http://www.ncbi.nlm.nih.gov/pubmed/16514135
http://dx.doi.org/10.4049/jimmunol.0903269
http://www.ncbi.nlm.nih.gov/pubmed/20817864
http://dx.doi.org/10.1016/j.ejpb.2016.10.006
http://www.ncbi.nlm.nih.gov/pubmed/27789355
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

W J

World Journal of
Gastroenterology

Submit a Manuscript: http:/ /www .f6publishing.com

DOI: 10.3748 / wjg.v23.i23.4200

World ] Gastroenterol 2017 June 21; 23(23): 4200-4210

ISSN 1007-9327 (print) ISSN 2219-2840 (online)

Basic Study
Solid lipid nanoparticles delivering anti-inflammatory drugs
to treat inflammatory bowel disease: Effects in an /n vivo

model

ORIGINAL ARTICLE

Chiara Dianzani, Federica Foglietta, Benedetta Ferrara, Arianna Carolina Rosa, Elisabetta Muntoni,
Paolo Gasco, Carlo Della Pepa, Roberto Canaparo, Loredana Serpe

Chiara Dianzani, Federica Foglietta, Benedetta Ferrara,
Arianna Carolina Rosa, Elisabetta Muntoni, Carlo Della
Pepa, Roberto Canaparo, Loredana Serpe, Department of
Drug Science and Technology, University of Torino, 10125
Torino, Italy

Paolo Gasco, Nanovector s.r.1, 10144 Torino, Italy

Author contributions: Dianzani C, Foglietta F, Ferrara B
and Rosa AC performed the in vitro and in vivo experiments;
Muntoni E was responsible for animal handling and performed
the in vivo disease activity evaluation; Gasco P synthesized and
characterized the anti-inflammatory drug nanoformulation; Della
Pepa C analyzed the data and contributed to the discussion;
Canaparo R analyzed the data, contributed to the discussion and
reviewed the manuscript; Serpe L designed the study, analyzed
the data and wrote the manuscript. All the authors have read and
approved the final manuscript.

Supported by Regione Piemonte (grant “Converging
Technologies”, NanoIGT) and University of Torino (grant
“Ricerca Locale”, Linea A).

Institutional review board statement: The study was reviewed
and approved by the Institutional Review Board of the University
of Torino (Torino, Italy).

Conflict-of-interest statement: The authors declare that they
have no competing interests.

Data sharing statement: The technical appendix, statistical
code, and dataset are available from the corresponding author at
email address loredana.serpe@unito.it.

Open-Access: This article is an open-access article which was
selected by an in-house editor and fully peer-reviewed by external
reviewers. It is distributed in accordance with the Creative
Commons Attribution Non Commercial (CC BY-NC 4.0) license,
which permits others to distribute, remix, adapt, build upon this
work non-commercially, and license their derivative works on
different terms, provided the original work is properly cited and
the use is non-commercial. See: http://creativecommons.org/

Boishideng® ~ WJG | www.wjgnet.com

licenses/by-nc/4.0/
Manuscript source: Invited manuscript

Correspondence to: Loredana Serpe, MD, PhD, Department
of Drug Science and Technology, University of Torino, Via Pietro
Giuria 13, 10125 Torino, Italy. loredana.serpe@unito.it
Telephone: +39-11-6706235

Fax: +39-11-6706230

Received: February 7, 2017
Peer-review started: February 10,2017
First decision: March 21, 2017
Revised: April 3,2017

Accepted: May 4, 2017

Article in press: May 4, 2017
Published online: June 21, 2017

Abstract

AIM

To improve anti-inflammatory activity while reducing
drug doses, we developed a nanoformulation carrying
dexamethasone and butyrate.

METHODS

Dexamethasone cholesteryl butyrate-solid lipid nano-
particles (DxCb-SLN) were obtained with the warm
microemulsion method. The anti-inflammatory activity of
this novel nanoformulation has been investigated /n vitro
(cell adhesion to human vascular endothelial cells and
pro-inflammatory cytokine release by lipopolysaccharide-
induced polymorphonuclear cells) and /in vivo (disease
activity index and cytokine plasma concentrations in a
dextran sulfate sodium-induced mouse colitis) models.
Each drug was also administered separately to compare
its effects with those induced by their co-administration
in SLN at the same concentrations.
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RESULTS

DxCb-SLN at the lowest concentration tested (Dx
2.5 nmol/L and Cb 0.1 pumol/L) were able to exert
a more than additive effect compared to the sum
of the individual effects of each drug, inducing a
significant /n vitro inhibition of cell adhesion and a
significant decrease of pro-inflammatory cytokine (IL-
1B and TNF-a) in both /n vitro and /in vivo models.
Notably, only the DxCb nanoformulation administration
was able to achieve a significant cytokine decrease
compared to the cytokine plasma concentration of the
untreated mice with dextran sulfate sodium-induced
colitis. Specifically, DxCb-SLN induced a IL-1p plasma
concentration of 61.77% =+ 3.19%, whereas Dx or Cb
used separately induced a concentration of 90.0% %
2.8% and 91.40% = 7.5%, respectively; DxCb-SLN
induced a TNF-a plasma concentration of 30.8% =+
8.9%, whereas Dx or Cb used separately induced ones
of 99.5% + 4.9% and 71.1% £ 10.9%, respectively.

CONCLUSION

Our results indicate that the co-administration of dexa-
methasone and butyrate by nanoparticles may be
beneficial for inflammatory bowel disease treatment.

Key words: Nanoparticles; Dexamethasone; Butyrate;
Inflammatory bowel disease; Drug delivery systems

© The Author(s) 2017. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: The oral treatment with dexamethasone and
butyrate co-loaded into nanoparticles was effective in
achieving strong anti-inflammatory effects at doses
significantly lower than those required for each single
drug. This nanoformulation may open a new window on
the treatment of chronic inflammatory conditions such
as inflammatory bowel disease, where dose- and time-
dependent side effects can limit the drug’s therapeutic
usefulness. Notably, dexamethasone cholesteryl
butyrate-solid lipid nanoparticles significantly relieved
and repaired colon inflammation in a colitis mouse
model thanks to the nanoformulation, which displayed
an additive synergism among the corticosteroid, dexa-
methasone, and the short-chain fatty acid, butyrate.

Dianzani C, Foglietta F, Ferrara B, Rosa AC, Muntoni E, Gasco
P, Della Pepa C, Canaparo R, Serpe L. Solid lipid nanoparticles
delivering anti-inflammatory drugs to treat inflammatory bowel
disease: Effects in an in vivo model. World J Gastroenterol 2017,
23(23): 4200-4210 Available from: URL: http://www.wjgnet.
com/1007-9327/full/v23/i23/4200.htm DOI: http://dx.doi.
org/10.3748/wjg.v23.i23.4200

INTRODUCTION

Inflammation is a physiological process that involves
different cells, such as leukocytes and endothelial
cells that establish adhesive interactions in order
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to transverse the vascular wall and migrate to the
damaged tissue. Inflammatory bowel diseases
(IBDs), including ulcerative colitis and Crohn’s di-
sease, are comprised of chronic and deregulated
inflammation of the intestinal mucosa characterized by
active inflammation, tissue destruction and repeated
attempts at tissue repair that lead to a waxing-waning
course. This persistent inflammation is triggered by
neutrophil and macrophage infiltration, with activated
macrophages producing a potent mixture of broadly
active inflammatory cytokines, including interleukin (IL)-
1B and tumor necrosis factor (TNF)-a™?. In response
to such pro-inflammatory cytokines, endothelial cells
undergo inflammatory activation, resulting in an
increased surface expression of cell adhesion molecules
(CAMs), such as ICAM-1, VCAM-1 and E-selectin®.
These endothelial CAMs play a fundamental role
in leukocyte recruitment from the blood for tissue
infiltration. Chronic induction of these CAMs leads to
abnormal leukocyte recruitment, like that observed
in chronic inflammatory diseases characterized by
profound tissue remodeling and loss of function™.

Recently, the traditional therapeutic approach
of IBD, with the introduction of biologic agents, has
moved away from non-specific immunomodulators,
including corticosteroids, thiopurines, and methotrexate
toward a pathway-based anti-inflammatory approach.
Even though the introduction of TNF inhibitors such as
infliximab, as well as anti-integrins, has initiated a new
therapeutic era, these biologics are clinically effective
only in a subgroup of IBD patients®®®. Therefore, IBD
treatment is still a difficult challenge, and efforts to
facilitate effective drug treatment are still necessary.
Corticosteroids exert their anti-inflammatory and
immunosuppressive effects by reducing the expression
of cytokines and adhesion molecules, inhibiting
leukocyte traffic and access to the inflammation site.
In particular, dexamethasone (Dx) has been used for
decades in the treatment of IBD flares, even if a such
life-long treatment might produce several adverse
reactions that are mostly time- and dose-dependent,
limiting its clinical usefulnesst”®, Hence, attempts to
maintain the IBD therapeutic effects of corticosteroids
while minimizing their systemic side effects might
provide a major therapeutic improvement.

With regard to corticosteroids and pharmaceutical
technology, to date only the novel oral formulation of
budesonide using multi-matrix (MMX) drug delivery
technology has been introduced as a treatment option
for patients with ulcerative colitis, allowing a wider
colonic targeting with low systemic bioavailability. The
MMX strategy is an extension of the pH-responsive
polymer technique that allows the sustained release of
a drug enclosed within a gastro-resistant, pH-dependent
coating™. However, it seems likely that all such systems
relying on pH-responsive polymers will not be truly
colon site-specific*®.

Recent advances in nanotechnology have enabled
the development of new corticosteroid formula-
tions with a nanometric approach to ameliorate
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pharmacological properties, resulting in increased
efficacy and reduction of side effects''!!. Different
from the MMX strategy, the nanoparticle drug delivery
strategy relies on the nanosize as the cardinal property
for interaction with biological systems. Indeed, the
nanosize determines the ability to penetrate cell
membranes, thus facilitating the passage across
biological barriers, interaction with the immune
system, uptake, absorption and distribution!*?!. For
instance, the size of orally assumed nanoparticles
may somehow determine their fate, addressing the
kind of cell with which to interact (i.e., epithelial or
phagocytic cells), or the depth level in the intestinal
mucosa. Moreover, nanoparticles can directly enter
into phagocytic cells populating the inflamed tissue,
thus providing a wider distribution and an additional
mechanism for drug targeting™®.

Furthermore, the potential inhibitory effect of
nanoparticle formulations of Dx on cyclooxygenase-2
(COX-2) expression is interesting. Although the
physiological activity of COX-2 may provide a benefit
to the organism, its aberrant expression has been
implicated in the pathogenesis of many diseases,
such as chronic inflammation and carcinogenesis!*.
Moreover, the effective inhibitory activity displayed by
nanoparticle formulations of Dx on CAM expression
by “inflamed” endothelial cells may be beneficial in
blunting detrimental inflammatory reactions!***¢,
In particular, the incorporation of Dx into solid lipid
nanoparticles (SLN) showed a significant improvement
of its anti-inflammatory activity in a human IBD
whole-blood model. SLN loaded with Dx exerted
earlier anti-inflammatory effects and at lower doses
than free Dx, highlighting how this nanoparticle for-
mulation may be of therapeutic interest!"”. It is well-
known that nanoparticles are efficiently taken up
by immunocompetent cells, so that nanoparticulate
drug carriers may be useful in targeting the inflamed
regions. Indeed, in the presence of IBD there is a
strong cellular immunoresponse from the inflamed
regions, and the nanoparticle passive targeting may
allow for the accumulation of the drug loaded into the
nanoparticulate carrier in the inflamed area’!l.

Furthermore, our group investigated whether the
association between Dx and another anti-inflamma-
tory agent such as butyrate might be of therapeutic
interest in IBD. Butyrate is a short-chain fatty acid
(SCFA) normally released by intestinal epithelial cells,
which exhibit several physiological and immunological
functions™®, Like other SCFA, such as acetate and
propionate, butyrate has regulatory effects on the
proliferation, differentiation, gene expression and
immune regulation of colon epithelial and immune
cells. In particular, in experimental models, butyrate
has been demonstrated to stimulate mucus production
by colon epithelial cells, to inhibit colon inflammation
and oxidative stress, and to improve the colon defense
barriers, inhibiting colon carcinogenesis as well**2!],
Butyrate has emerged as a modulator of adaptive
responses, owing to its multiple biofunctions, i.e.,
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restoring transforming growth factor-g (TGF-B) and
IL-10 production in the colonic mucosa, inducing T
cell apoptosis and dampening interferon-y (IFN-y)
secretion® ), Clinical trials have shown the
effectiveness of butyrate monotherapy and/or in
combination with conventional treatment in patients
with diversion colitis, acute radiation proctitis, as
well as ulcerative colitis®?”), In this regard, in
the 1990s non-controlled pilot clinical trials using
oral administration or enemas of butyrate yielded
promising results in ulcerative colitis patients®®.
However, extended confirmatory studies have not yet
been performed. On the other hand, in a randomized,
double-blind, placebo-controlled study on ulcerative
colitis patients, the combined treatment of oral sodium
butyrate tablets in combination with mesalazine
significantly decreased the disease activity index
score and improved disease outcomes with respect to
mesalazine alone™,

Therefore, owing to partial patient compliance
or restricted indications, these treatments were not
established as a standard of care. Recent studies have
renewed the expectations in regard to strategies related
to intestinal SCFA. The administration of probiotic
bacteria with the capacity to produce butyrate has
been shown to improve the symptoms in IBD models
in vivo®. Moreover, the treatment with butyrate has
been shown to increase apoptosis and differentiation,
and to inhibit proliferation in colon, breast, gastric,
lung, brain and pancreas cancer cells'®3!, Butyrate
is characterized by a short half-life, due to its rapid
metabolism and excretion through the liver. Therefore,
continuous administration of the drug is required in
order to maintain therapeutic concentrations®?!. In
addition, the use of butyrate in therapy is limited by
its dose-dependent side effects, such as anemia,
headache, nausea, diarrhea and abdominal cramps.

In order to overcome these limitations, SLN have
been proposed for improving butyrate therapy, in
that they constitute a drug delivery system able to
ensure high drug loading, enhanced drug pharmacoki-
netic profile, good biocompatibility and scale-up
feasibility®*>*, The use of SLN has been under
investigation in various preclinical and clinical trials,
especially in cancer therapy, and their employment
has been approved for clinical use in some cases®,
Cholesteryl butyrate (Cb) as a butyrate SLN formulation
has been evaluated in several in vitro and in vivo
studies as an anticancer agent™ *" and only in in vitro
studies as anti-inflammatory agent!"’%,

Thus, our group sought to develop a new SLN
formulation carrying dexamethasone and cholesteryl
butyrate (DxCb) and investigated the efficacy of this
strategy in strengthening the effect of each single
drug in the treatment of inflammation. Specifically,
investigations of this new anti-inflammatory SLN
formulation were carried out in the following IBD
models: (1) in vitro, evaluating the effects on cell
adhesion to human vascular endothelial cells and on
pro-inflammatory cytokine release by lipopolysaccharide
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Table 1 Composition of warm microemulsion for cholesteryl

butyrate and dexamethasone cholesteryl butyrate-solid lipid
nanoparticles formulations

Molar composition of warm Cb, mmol/L  DxCb-SLN, mmol/L
microemulsion

Dexamethasone 21-acetate - 8.1
Cholesteryl butyrate 273.7 273.7
Epikuron™ 200 (purified 335.5 88515
phosphatidylcholine 92%)

Sodium glycocholate 194.8 194.8

Cb: Cholesteryl butyrate; DxCb-SLN: Dexamethasone cholesteryl butyrate-
solid lipid nanoparticles.

Table 2 Concentration of main components of water
dispersion of cholesteryl butyrate and dexamethasone

cholesteryl butyrate-solid lipid nanoparticles formulations
after 4 washing steps (HPLC method determination)

Molar composition of final Cb, mmol/L DxCb-SLN, mmol/L
dispersion after washing

Dexamethasone 21-acetate - 1.1
Cholesteryl butyrate 36.0 38.5
Phosphatidylcholine 484 492
Sodium glycocholate 12.5 11.2

Cb: Cholesteryl butyrate; DxCb-SLN: Dexamethasone cholesteryl butyrate-
solid lipid nanoparticles.

Table 3 Average value of hydrodynamic diameter (Zave)
and polidispersity index of cholesteryl butyrate and

dexamethasone cholesteryl butyrate-solid lipid nanoparticles
formulations

Physical characterization Cb DxCb-SLN
DLS analysis

Zave in nm 79.6 72.9
Polydispersity index 0.25 0.28

Cb: Cholesteryl butyrate; DxCb-SLN: Dexamethasone cholesteryl butyrate-
solid lipid nanoparticles.

(LPS)-induced polymorphonuclear cells; and (2) in vivo,
evaluating the effects in dextran sulfate sodium-induced
mouse colitis.

MATERIALS AND METHODS

Preparation and characterization of DxCh-SLN

Cb and DxCb-SLN were obtained with the warm
microemulsion method (patent WO0030620). This
process is based on mixing, in precise ratio, the melted
lipid matrix loaded with hydrophobic drug with water
phase (maintained at the same melting temperature
as the lipid matrix) which contains surfactants, mainly
phospholipids, and other co-surfactants, like SCFA, bile
salts or short-chain fatty alcohols. When a clear warm
microemulsion is obtained, it is dispersed in cold water
(2 °C) to generate nanoparticles by solidifying the lipid
matrix. The SLN dispersion obtained is then washed
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by tangential flow filtration (cut-off 30-100 kDa) to
remove components and drug not incorporated into
SLN, and the final product can then be filtered at 0.2
um for sterility or can be subjected to freeze drying.

The Cb was prepared from cholesteryl butyrate
(Asia Talent Chemical, Shenzen China), Epikuron 200
(Cargill, Milano, Italy) and sodium glycocholate (PCA,
Basaluzzo, Italy). In this formulation, cholesteryl
butyrate lipid matrix acts as a prodrug of butyrate.
For preparation of the DxCb-SLN, Dx 21-acetate
(hereafter referred to as Dx; Sigma-Aldrich, Milano,
Italy) was previously added and dissolved into melted
cholesteryl butyrate matrix before adding other
excipients as by the preparation protocol of Cb. The
full compositions of warm microemulsions used to
prepare Cb and DxCb-SLN are reported in Table 1.
The temperature of these warm microemulsions was
85 ‘C for both. After clear microemulsions had been
obtained, they were dispersed in cold water (2 C)
under stirring, at a 1:5 volume ratio. The dispersions
obtained were then washed by tangential flow
filtration (Vivaflow50 membrane with cut-off of 100
kDa; Sartorius Stedim Biotech GmbH, Goettingen,
Germany) by adding and removing the same volume
of water 4 times (4 washings); the final concentrations
of the main components are reported in Table 2. In
both formulations, 2-phenylethanol was added to aid
in microemulsion formation. In particular, it works
mainly to reduce viscosity and further helps in the
formation of an interface between the oil phase and
the lipid phase. Due to the multiple washings applied
to purify the final products - four washings in this case
- the concentration of 2-phenylethanol was strongly
reduced in the final dispersion, where it finally acted as
a preservative. Dx (water:ethanol 9:1, 1 mmol/L) was
also prepared as a free drug reference.

Physical characterization was performed by
dynamic light scattering (DLS) (Malvern Zetasizer
- Nano ZS; Malvern Instruments, Malvern, United
Kingdom). The data are reported in Table 3. Finally,
electron microscopy analysis by ZEISS Supra 40 Field
Emission Scanning Electron Microscopy confirmed the
regular shape and nanosize of the particles (Figure 1)
(courtesy of Prof. Pirri, Laboratory FESEM Microscopy,
DISAT, Politecnico of Torino).

Cell lines

Leukemic human T cells (Jurkat, clone E6-1) were
obtained from American Type Culture Collection (ATCC)
(Manassas, VA, United States), and were cultured in
RPMI 1640 medium supplemented with 10% fetal
calf serum (FCS) (v/v), 2 mmol/L L-glutamine and
antibiotics (100 U/mL streptomycin and 200 U/mL
penicillin) (Sigma-Aldrich).

Human vascular endothelial cells (HUVECs) were
isolated from human umbilical veins from healthy
parturients aged between 18-35 years undergoing a
natural birth (informed consent was obtained from
all donors). The umbilical cord was collected at birth
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and stored at 4 C until the isolation procedure by
trypsin treatment (1%). HUVECs were cultured in
M199 medium with the addition of 20% FCS (v/v)
and 100 U/mL penicillin, 100 mg/mL streptomycin, 5
UI/mL heparin, 12 mg/mL bovine brain extract and
200 mmol/L glutamine (Sigma-Aldrich). HUVECs were
grown to confluence in flasks and used between the
second and fifth passages; HUVEC viability was not
affected by the drug treatment.

Peripheral blood mononuclear cells (PBMCs) were
isolated from heparinized peripheral rat blood samples
by density-gradient centrifugation over Ficoll-Paque
(Pharmacia Biotech, Uppsala, Sweden) according to the
method of Liu et af**! (the study was approved by the
Ethics Committee of the University of Torino). PBMCs
were cultured in RPMI 1640 medium supplemented with
10% FCS (v/v), 2 mmol/L L-glutamine and antibiotics
(100 U/mL streptomycin and 200 U/mL penicillin). All
the cell lines were cultured at 37 C in a humidified 5%
C02-95% air incubator.

In vitro cell adhesion assay

HUVECs were grown to confluence in 24-well culture
plates, washed and rested for 1 d in M199 medium
plus 10% FCS (v/v). Cells were pre-activated with
IL-1B (0.01 pumol/L) for 1 h and then exposed or not
exposed to increasing concentrations of Dx (2.5, 25
and 250 nmol/L), Cb (0.1, 1 and 10 umol/L) and DxCb-
SLN (2.5 nmol/L:0.1 umol/L, 25 nmol/L:1 umol/L and
250 nmol/L:10 umol/L) for 24 h, washed with fresh
medium twice and incubated for 1 h with Jurkat cells (1
x 10° per well). The 1 h incubation time was chosen
to allow full sedimentation of the adhering cells, but
similar results were obtained with shorter incubation
times (10 and 20 min). After incubation, non-adherent
cells were removed by being washed three times with
M199 medium. The center of each well was analyzed
by fluorescence imaging'*?!. Adherent cells were
counted by the ImagePro Plus Software for micro-
imaging (version 5.0; Media Cybernetics, Bethesda,
MD, United States). Single experimental points were
assayed in triplicate, and the standard error of three
replicates was always below 10%. Data are shown
as the percentage of inhibition of treated cells vs the
control adhesion measured on untreated cells (control
adhesion was 65 £ 5 cells per microscope field; n = 5).

In vitro PBMC assay

PBMC viability was assayed by trypan blue dye
exclusion, and 5 x 10°/mL viable cells were cultured in
24-well culture plates with culture medium containing
1 pg/mL LPS (Sigma-Aldrich) for 24 h. PBMCs were
then incubated with increasing concentration of Dx
(2.5, 25 and 250 nmol/L), Cb (0.1, 1 and 10 pmol/L)
and DxCb-SLN (2.5 nmol/L:0.1 pmol/L, 25 nmol/L:1
umol/L and 250 nmol/L:10 pmol/L) for 24 h. In order
to exclude the possibility that the drugs might affect
cell viability, 24 h after drug incubation a trypan blue
dye exclusion assay was performed for each condition.

Boishideng® ~ WJG | www.wjgnet.com

The IL-18 and TNF-a protein concentrations in
culture supernatants of PBMCs were determined at 24
h incubation by specific enzyme-linked immunosorbent
assay (ELISA) (eBioscience, Thermo Fisher Scientific,
Milano, Italy) according to the manufacturer’s
instructions. Data are shown as the percentage of the
cytokine secretion of LPS-treated PBMCs after each
drug treatment vs the cytokine secretion of control
cells, i.e., LPS-stimulated PBMCs.

Animals

Male, 8 wk-old BALB/c mice, with an average weight
of 18 g, were obtained from Charles River (Milano,
Italy). The mice were housed in a specific pathogen-
free environment, and a 12 h light/dark cycle was
maintained. The mice had access to water and rodent
laboratory chow ad libitum; the weights of the mice as
well as diarrhea were recorded daily. The procedures
for the care and handling of the animals used in the
study were approved by the local "Animal Use and Care
Committee” (protocol number 12201), and they were in
accordance with the European Directive 2010/63/EU on
the protection of animals used for scientific purposes.

In vivo model of colitis

Colitis was induced in mice by adding 4% (w/v)
dextran sulfate sodium salt (DSS, molecular weight
40000) (Sigma-Aldrich) to the drinking water and
allowing ad libitum access, starting from day 0 for 5
d. Groups of mice (at least 5 mice per group) were
then orally treated (by gavage) daily with Dx (0.0001
mg/g bw), Cb (0.004 mg/g bw) or DxCb-SLN (0.0001
mg/g bw:0.004 mg/g bw) starting from day 6 for 3
d. Moreover, in a group in which colitis was induced,
as a sham treatment mice were administered orally
with sterile phosphate-buffered saline solution (150
ulL/mouse per day) starting from day 6 for 3 d (DSS
group), whereas in another group colitis was not
induced (control group). All groups were sacrificed on
day 10. There were at least 5 mice per group, and two
separate experiments were carried out. There was no
significant difference in the water consumption and food
intake of each group during all experimental periods.

Assessment of in vivo inflammation
The mice were weighed and inspected for diarrhea
and rectal bleeding every day. The disease activity
index (DAI) (i.e., the combined score of weight
loss and bleeding) was determined according to a
standard scoring system, as previously described by
Rachmilewitz et al**, Specifically, the scores were
defined as follows: (1) bodyweight (bw) loss (0: no
bw loss; 1: 5%-10% bw loss; 2: 10%-15% bw loss;
3: 15%-20% bw loss; 4: > 20% bw loss); (2) fecal
occult blood (0: no blood; 2: positive; 4: gross blood);
and (3) diarrhea (0: no diarrhea; 1: mild diarrhea, 2:
severe diarrhea). All groups were sacrificed on day 10.
The IL-1B and TNF-a plasma concentrations were
determined on day 9, i.e., 24 h after the different
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H1=24.49 nm

Pa 1 = 58.20 nm

Figure 1 FeSEM micrograph of dexamethasone cholesteryl butyrate-solid
lipid nanoparticles. Electron microscopy analysis showed regular shape and
nanosize of particles by height (H) or radius (R) measurements.
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Figure 2 Effect of dexamethasone, cholesteryl butyrate and
dexamethasone cholesteryl butyrate-solid lipid nanoparticles on human
vascular endothelial cell adhesiveness to Jurkat cells. Human vascular
endothelial cells were pre-activated with IL-18 (0.01 umol/L) for 1 h and then
exposed or not exposed to increasing concentrations of Dx (2.5, 25 and 250
nmol/L), Cb (0.1, 1 and 10 umol/L) and DxCb-SLN (2.5 nmol/L:0.1 umol/L, 25
nmol/L:1 pmol/L and 250 nmol/L:10 pmol/L) for 24 h and then incubated with
Jurkat for 1 h. °P < 0.01, vs Dx; °P < 0.01, vs Cb. Dx; Dexamethasone; Cb:
Cholesteryl butyrate; DxCb-SLN: Dexamethasone cholesteryl butyrate-solid
lipid nanoparticles.

treatments by specific sandwich enzyme immunoassay
(eBioscience, Thermo Fisher Scientific) according
to the manufacturer’s instructions. Data are shown
as the percentage of the cytokine secretion of DSS-
treated mice after each drug treatment vs the cytokine
secretion of DSS-treated mice.

Statistical analysis

Results are expressed throughout as mean £ SD of
three independent experiments for in vitro studies and
of two independent experiments for in vivo studies.
Statistical analyses were performed on GraphPad Prism
6.0 software (La Jolla, CA, United States). The two-way
or one-way analysis of variance and Bonferroni’s test
were used to determine statistical significance in the
different treatment groups. The statistical significance
threshold was set at P < 0.05.
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RESULTS

Effects of DxCb-SLN on in vitro cell adhesion

First, we analyzed the effect of DxCb-SLN on the
adhesion of Jurkat cells, a widely used continuous
model of human T lymphocytes, to HUVECs comparing
it with the effect of the drug separately, i.e., Dx and Cb.
In order to reproduce an inflammatory environment,
we pre-activated HUVECs with 0.01 umol/L IL-1p for 1
h. The treatment with IL-1p increased Jurkat adhesion
by 180%, and this value was used as control. The
concentration used for each drug had been found not
to be toxic for HUVECs.

HUVECs were treated with increasing con-
centrations of each single drug, i.e., Dx (2.5, 25 and
250 nmol/L) and Cb (0.1, 1 and 10 pymol/L), and of
the DxCb nanoformulation (DxCb-SLN with a Dx:Cb
concentration of 2.5 nmol/L:0.1 pymol/L, 25 nmol/L:1
pumol/L and 250 nmol/L:10 umol/L) for 24 h, washed
and used in the adhesion assay with Jurkat cells.
Figure 2 shows that DxCb SLN inhibited cell adhesion
to HUVEC in a concentration-dependent manner. A
significant 43.1% £ 7.3% inhibition of cell adhesion
was already determined at the lowest concentration
tested of the DxCb nanoformulation (DxCb-SLN with
a Dx:Cb concentration of 2.5 nmol/L M:0.1 umol/L),
reaching an 81.8% =% 11.7% inhibition of cell adhesion
at the highest concentration tested (DxCb-SLN with
a Dx:Cb concentration of 250 nmol/L:10 pmol/L).
Considering the inhibition of cell adhesion determined
by the single drugs, Dx produced a 4.2% £ 0.8%
inhibition at the lowest concentration tested (2.5
nmol/L), reaching a 15.4% £ 0.9% inhibition at the
highest concentration tested (250 nmol/L) and Cb
determined a 14.9% = 4.3% inhibition at the lowest
concentration tested (0.1 pmol/L), reaching a 51.6% %
7.8% inhibition at the highest concentration tested (10
umol/L). Therefore, taking all the data together, the
nanoformulation containing Dx 2.5 nmol/L and Cb 0.1
pumol/L was able to exert an inhibition of cell adhesion
in @ more than additive manner with respect to the
sum of the individual effects of each drug if they had
been used separately (Figure 2).

Effects of DxCb-SLN on in vitro cytokine production

With respect to the effects on IL-1B production in
PBMC culture supernatant, 24 h after the incubation a
statistically significant (P < 0.05) higher decrease of
IL-1B compared to the effect induced by each single
drug was observed only with the nanoformulation
containing the lowest concentrations tested (DxCb-SLN
with a Dx:Cb concentration of 2.5 nmol/L:0.1 pmol/L;
Figure 3A). Assuming as 100% the IL-1B production
of untreated PBMCs, an IL-1p production of 74.3%
+ 8.7% was observed with the nanoformulation, in
contrast to a 98.7% % 9.8% and a 89.1% * 8.2%
production with Dx (2.5 nmol/L) and with Cb (0.1
umol/L), respectively. On increasing the concentrations,
no significant differences on the IL-1B production were
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Figure 3 In vitro effect of dexamethasone, cholesteryl butyrate and dexamethasone cholesteryl butyrate-solid lipid nanoparticles on interleukin-13 and
tumor necrosis factor-a. secretion. Cells were treated with increasing concentrations of Dx (2.5, 25 and 250 nmol/L), Cb (0.1, 1 and 10 umol/L) and DxCb-SLN
(2.5 nmol/L:0.1 umol/L, 25 nmol/L:1 umol/L and 250 nmol/L:10 umol/L) for 24 h. IL-1B (A) and TNF-a (B) secretion in culture supernatant of PBMCs stimulated with
lipopolysaccharide (LPS; 1 pg/mL for 24 h) were analyzed by ELISA. °P < 0.01, vs Dx; °P < 0.01, vs Cb. Dx: Dexamethasone; Cb: Cholesteryl butyrate; DxCh-SLN:
Dexamethasone cholesteryl butyrate-solid lipid nanoparticles; IL: Interleukin; TNF: Tumor necrosis factor.

observed using either the DxCb nanoformulation or
each single drug (Figure 3A).

Regarding the effects on TNF-a production in the
PBMC culture supernatant, 24 h after incubation a
statistically significant (P < 0.001) higher decrease of
TNF-o compared to the effect induced by single Dx
was observed only with the nanoformulation at the
lowest concentrations tested (DxCb-SLN with a Dx:
Cb concentration of 2.5 nmol/L:0.1 pumol/L; Figure
3B). Assuming as 100% the TNF-o production of
untreated PBMCs, a TNF-a. production of 19.2% + 2.8%
was observed with the nanoformulation, compared
to a 58.4% £ 5.3% and a 101.3% % 11.3% produc-
tion with Dx (2.5 nmol/L) and with Cb (0.1 umol/L),
respectively. On increasing the concentrations, no
significant differences on TNF-o production were
observed using either the DxCb nanoformulation or Dx
single drug (Figure 3B). Therefore, in regard to all the
data, the nanoformulation containing Dx 2.5 nmol/L
and Cb 0.1 umol/L was able to exert a strong decrease
of TNF-o production in a more than additive manner
with respect to the sum of the individual effects of each
drug if they had been used separately (Figure 3B).

Effects of DxCh-SLN on in vivo mice colitis

In order to evaluate the effect of the DxCb na-
noformulation on a mouse colitis model, the mice
were divided into groups, and each was given drugs
separately or as DxCb-SLN at the same concentrations.
Specifically, doses of Dx (0.0001 mg/g bw), Cb (0.004
mg/g bw) or DxCb-SLN (0.0001 mg/g bw:0.004 mg/g
bw) per day were administered orally from day 6 to
day 8 after the colitis induction from day 0 to day 5.
In addition, another group was composed of untreated
mice (DSS group), and another of mice in which colitis
was not induced (control group). Changes in mice bw
were significantly different between the control group
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and the DSS group starting from day 7 and between
groups treated with Dx or Cb and the control group
starting from day 9 (Figure 4A). Instead, a slight but
significant change in mice bw between DxCb-SLN
treated-group and control group was recorded only
at the last day of observation, i.e., day 10 (P < 0.05;
Figure 4A). According to the DAI score determined
for each treatment group, we observed that Dx alone
was able to induce a significant decrease of the score
compared to untreated mice (DSS group), with a 25%
reduction of the disease symptoms (i.e., 6.0 vs 4.5,
P < 0.05; Figure 4B). Notably, DxCb-SLN was able
to induce a higher significant decrease of the disease
score compared to untreated mice, with a 42%
reduction of the disease symptoms (i.e., 6.0 vs 3.5, P
< 0.01; Figure 4B).

Considering the cytokine plasma concentration on
day 9, i.e., 24 h after drug treatment, only the DxCb
nanoformulation administration was able to achieve a
significant cytokine decrease compared to the cytokine
plasma concentration of the DSS group. Assuming
as 100% the IL-1B or TNF-a production of mice with
DSS-induced colitis on day 9, 24 h after the 3 d of oral
treatments, only DxCb-SLN (0.0001 mg/g bw:0.004
mg/g bw) were able to induce a significant decrease
(Figure 5). Specifically, DxCb-SLN induced a IL-1B
plasma concentration of 61.77% £ 3.19%, whereas
Dx or Cb used separately induced a concentration of
90.0% £ 2.8% and 91.40% £ 7.5%, respectively
(Figure 5A); DxCb-SLN induced a TNF-a plasma
concentration of 30.8% %= 8.9%, whereas Dx or Cb
used separately induced ones of 99.5% % 4.9% and
71.1% % 10.9%, respectively (Figure 5B). Thus, DxCb-
SLN significantly ameliorated DSS-induced colitis in
the mice compared to the treatments with each drug
separately, given that the observed anti-inflammatory
effect was higher than what would be expected from a
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Figure 4 In vivo effect of dexamethasone, cholesteryl butyrate and dexamethasone cholesteryl butyrate-solid lipid nanoparticles on bodyweight and
disease activity index. Animals received no treatment (control), DSS alone (DSS), or a combination of DSS and Dx (Dx, 0.0001 mg/g bw for 3 d), DSS and Cb (Cb,
0.004 mg/g bw for 3 d) and DSS and DxCb-SLN (DxCb-SLN, 0.0001 mg/g bw:0.004 mg/g bw for 3 d). After 7 d, DSS was replaced with a water cycle (ad /ibitum)
for another 7 d. Body weight of the mice was recorded daily (A) and the disease activity rate at day 9 (B). °P < 0.01, vs control; °P < 0.05; °P < 0.01, vs DSS. Dx:
Dexamethasone; Cb: Cholesteryl butyrate; DxCb-SLN: Dexamethasone cholesteryl butyrate-solid lipid nanoparticles; DSS: Dextran sulfate sodium.
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Figure 5 In vivo effect of dexamethasone, cholesteryl butyrate and dexamethasone cholesteryl butyrate-solid lipid nanoparticles on interleukin-13 and
tumor necrosis factor-o. secretion. Animals were treated with DSS alone (DSS), or a combination of DSS and Dx (Dx, 0.0001 mg/g bw for 3 d), DSS and Cb (Cb,
0.004 mg/g bw for 3 d) and DSS and DxCb-SLN (DxCb-SLN, 0.0001 mg/g bw:0.004 mg/g bw for 3 d). IL-18 and TNF-a secretion in mice plasma were analyzed by
ELISA at day 9, 24 h after drug treatment. °P < 0.01, vs Dx; °P < 0.01, vs Cb. Dx: Dexamethasone; Cb: Cholesteryl butyrate; DxCb-SLN: Dexamethasone cholesteryl
butyrate-solid lipid nanoparticles; DSS: Dextran sulfate sodium; IL: Interleukin; TNF: Tumor necrosis factor.

simple additive effect (Figures 4 and 5).

DISCUSSION

In a previous work, we observed that the incorporation
of butyrate and Dx separately into SLN was effective
in enhancing the anti-inflammatory activity of the
drugs on PBMCs of IBD patients'”.. In the research
presented herein, we observed that the combination
therapy of Dx and butyrate co-loaded into an oral
nanoformulation, namely DxCb-SLN, was effective in
reducing the disease activity in a mouse model of DSS-
induced colitis, as verified by its effect on macroscopic
and biochemical parameters.

Before moving to an in vivo IBD model, we first
tested DxCb-SLN on in vitro inflammation models. In
a IL-1p-stimulated leukocyte-endothelial cell adhesion
model, where the use of the cytokine allowed us to
reproduce the initiation phase of IBD, the combination
treatment with DxCb-SLN was able to significantly
inhibit cell adhesion already at the lowest concentration
tested, showing a significant inhibition at doses 10-fold
lower than the dose required to achieve the same
effects with each single drug. In a LPS-stimulated
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PBMC model, DxCb-SLN demonstrated a significant
decrease of cytokine release that was higher for
TNF-o rather than IL-1B secretion. Once again, the
combination treatment was more effective at doses
10-fold lower than the dose required to achieve the
same effects with the single drug treatment, i.e., 2.5
nmol/L:0.1 umol/L Cb for DxCb-SLN with respect to 25
nmol/L for Dx and 1 umol/L for Cb. We did not observe
significant further decreases of both cytokine release
at the highest concentration tested of DxCb-SLN
because the free drugs, especially Dx, had a strong
anti-inflammatory activity by themselves.

We then investigated this novel oral nanoformulation
on a DSS-induced colitis in vivo model, which is one
of the experimental models most frequently used in
investigation of novel treatments for IBD™*. Confirming
the data observed in vitro, the in vivo pro-inflammatory
cytokine release was significantly decreased by the
DxCb-SLN oral administration, the decrease for
TNF-a being more pronounced than IL-1B plasma
concentration, 24 h after a daily treatment for 3 d. It
is interesting that, on comparing the in vitro cytokine
release at the lowest concentration of DxCb-SLN, we
observed the same more pronounced decrease for
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TNF-o than IL-1p secretion.

This anti-inflammatory activity was consistent with
the decreased DAI determined by the oral treatment
with DxCb-SLN compared to the effects induced by the
treatment with each drug separately. Notably, the bw
loss induced by DSS was recovered significantly only
after the oral treatment with DxCb-SLN. Therefore,
thanks to this novel oral nanoformulation, the
combination therapy of Dx and butyrate had better
effects than any other single treatment, as specifically
revealed by the significant decrease of plasma pro-
inflammatory cytokines, i.e., IL-18 and TNF-a, and of
the DAI. The efficacy of DxCb-SLN demonstrated in
these in vitro and in vivo models may be explained
by various mechanisms, such as particular abilities of
nanoparticulate drug delivery systems and positive
interaction mechanisms between Dx and butyrate.

However, further research is necessary to exa-
mine in depth the mechanism underpinning the
enhanced anti-inflammatory effect determined by the
simultaneous oral administration of Dx and butyrate
as SLN formulation rather than as free drugs. For
instance, a pharmacokinetic study comparing the
simultaneous administration of the two drugs as free or
loaded into the same SLN will be necessary to evaluate
if the drug delivery system is effective in improving
the bioavailability and inflamed tissue targeting. Also,
molecular investigations will be necessary to evaluate
differences in modulating inflammatory pathways by
administering, at the same time, the two drugs as free
or SLN formulation.

Thanks to pharmaceutical technology, we had
the opportunity to develop an efficient drug delivery
system able to improve the treatment of such a
disease mediated by inflammation™*®', The use of
a nanoparticulate drug carrier is useful to prevent
early drug biological environmental degradation, to
modulate drug pharmacokinetics, but also to enhance
the treatment selectivity by targeting. Indeed,
nanoparticles depending on their physico-chemical
properties can preferentially accumulate in areas of
intestinal inflammation when delivered orally!**2,
They are particularly well-suited to the treatment
of IBD through the local delivery of drugs to areas
of inflammation, allowing site-specific delivery and
minimizing side effects in other organs.

Targeting IBD sites is a challenging task to ensure
the release of an intact and quantitatively clear amount
of the administered drugs. Since drugs encounter a
harmful environment after oral administration, high
doses and/or frequent administration are usual to
counter the degradation by stomach acidic pH or
small intestine digestive enzymes; on the other hand,
the occurrence of side effects are more likely™**”, In
particular, SLN have been one of most studied carriers
worldwide for drug delivery, since this nanosystem is
mainly composed of solid lipid core and lecithin, has
very low toxicity profile, good affinity for biological
membrane, ability to facilitate up-taking/overcoming,
and capacity to improve drug pharmacokinetics™*®*°!,
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Therefore, the therapeutic potential of this novel
anti-inflammatory drug nanoformulation in IBD is due
to: (1) time protection of the loaded drug, especially
for butyrate; (2) controlled release of the loaded drug,
allowing a prolonged drug exposure; and (3) passive
targeting of IBD sites, as a result of the abnormal
permeability of inflamed colonic mucosa and the
nanoparticle preferential uptake by immunocompetent
cells.

Moreover, because some studies have reported the
ability of butyrate to enhance the anti-inflammatory
activity of corticosteroids or non-steroidal drugs®"*",
we decided to evaluate the effect of a combination
therapy of Dx and butyrate. It is well-known that
butyrate may play an important role in regulating
intestinal inflammation®**\. As reported by Place
et al*?, butyrate influences NF-«xB activity by preventing
the proteasome-dependent degradation of IxBa. This
inhibition appears to arise from butyrate’s ability to
inhibit histone deacetylase (HDAC)™. Specifically, the
selective changes in gene expression induced by HDAC
inhibitors, such as butyrate, arise from the enhanced
acetylation of histone proteins and gene-regulatory
transcription factors (e.g., p53, Sp1 and Sp3)?2.

NF-«B is a central mediator of the immune and
inflammatory response and, upon activation, it rapidly
enhances the expression of pro-inflammatory genes
such as those encoding cytokines and cell adhesion
molecules®. Dx effect on cytokine modulation in IBD
is achieved through the translocation and activation of
the glucocorticoid-receptor complex that can both bind
to, and inactivate, key pro-inflammatory transcription
factors, such as NF-kB®®. Therefore, the greater effect
observed in both in vitro and in vivo inflammation
models by DxCb-SLN on TNF-a rather than IL-1B
secretion might be modulated by a gene transcriptional
regulation of NF-kB. Thus, according to our data we
can speculate that an additive synergistic effect on
NF-kB modulation due to the co-administration of
Dx and butyrate might be responsible for the higher
anti-inflammatory effect observed compared to the
use of each drug separately, even if further molecular
investigations are needed to confirm this hypothesis.

DxCb-SLN may provide a novel approach to
treating IBD by taking advantage of a combination
treatment achieved by co-loading Dx and butyrate
into the same nanoparticle, which is able to exert a
more than additive anti-inflammatory effect. Moreover,
the pronounced anti-inflammatory activity of the
DxCb-SLN oral treatment may be also due to passive
targeting of the inflamed IBD sites, with the potential
to reduce systemic side effects of each single drug in
addition to the reduced amount of each drug required
to achieve such an important anti-inflammatory activity.
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COMMENTS

Background

Dexamethasone has been used for decades in the treatment of inflammatory
bowel disease (IBD) flares, even if such a life-long treatment might produce
several adverse reactions that are mostly time- and dose-dependent, limiting
its clinical usefulness. Hence, attempts to maintain the IBD therapeutic effects
of corticosteroids while minimizing their systemic side effects might provide a
major therapeutic improvement.

Research frontiers

Nanotechnology can be used to improve the pharmacokinetic and
pharmacodynamic properties of such a powerful drug. The authors have
developed a nanoformulation carrying dexamethasone and the short-chain fatty
acid, butyrate, to improve anti-inflammatory activity while reducing drug doses.

Innovations and breakthroughs

The authors developed a new solid lipid nanoparticle formulation carrying
dexamethasone and butyrate highlighting the efficacy of this strategy in
strengthening the effect of each single drug in the treatment of inflammation.

Applications

This nanoformulation may open a new window on the treatment of chronic
inflammatory conditions such as inflammatory bowel disease, where dose- and
time-dependent side effects can limit the drug’s therapeutic usefulness. Notably,
dexamethasone cholesteryl butyrate-solid lipid nanoparticles significantly
relieved and repaired colon inflammation in a colitis mouse model thanks
to the nanoformulation, which displayed an additive synergism among the
corticosteroid, dexamethasone, and the short-chain fatty acid, butyrate.

Terminology

Solid lipid nanoparticles are mainly composed of solid lipid core and lecithin,
have very low toxicity profile, good affinity for biological membrane, ability to
facilitate up-taking, and capacity to improve drug pharmacokinetics.

Peer-review

This is a very interesting article discussing a novel drug delivery using
dexamethasone cholesteryl butyrate-solid lipid nanoparticles in in vitro and in
vivo models.
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ABSTRACT

Doxorubicin (DOXO) lauroyl ester and amide were proposed as lipophilic derivatives and entrapped in
SLNs. DOXO derivatives-loaded SLNs were spherical shaped, had 200-300 nm mean diameters and showed
80-94% w/w drug entrapment efficiencies. The effect of DOXO derivatives-loaded SLNs and free DOXO on
cell growth was examined by MTT and colony-forming assays on four different tumour cell lines: a pancre-
atic, CFPAC-1, a lung, A549, and two ovarian, A2780 and A2780res (DOXO-resistant). The results obtained
with MTT and colony-forming assay show that although DOXO displayed an inhibition of cell proliferation
greater or similar to DOXO lauroyl amide-loaded SLNs on all cell types, the effect induced by DOXO lauroyl
ester-loaded SLNs was higher and concentration-dependent, and it was the only one maintained at
107> mM concentration. Only DOXO lauroyl ester-loaded SLNs were able to induce a 40% inhibitory effect

on A2780 res cell line up to 10~*mM concentration.

Introduction

Doxorubicin (DOXO) is one of the most effective chemotherapeu-
tics used against a wide spectrum of solid tumours in clinical can-
cer therapy for over 30 years. However, even when located in the
tumour interstitium, similarly to other anticancer drugs, its efficacy
against several solid tumour types can be limited, owing to the
ability of cancer cells to develop drug-resistance mechanisms
(MDR) and to evade chemotherapy. Transmembrane proteins act
as drug-efflux pumps, actively reducing intracellular drug to levels
lower than the effective cytotoxic concentration. Due to this efflux
and to the resulting sub-therapeutic concentrations of active drug
in cancer cells, progressively higher doses of the anti-cancer drug
are required. The administration of increased DOXO doses enhan-
ces the risk of toxicity to normal cells as well as systemic toxicity
to most major organs, especially life-threatening cardiotoxicity
(Swain et al, 2003) and frequently occurring bone marrow sup-
pression which force the treatment to become dose limiting.
Consequently, the clinical application of DOXO is often limited by
its severe toxicity and it is therefore pre-eminent to find effective
approaches to overcome MDR in order to reduce adverse drug
reactions.

Over the years, many studies were performed to develop drug
delivery systems able to target the tumour site and overcome
MDR (Barraud et al., 2005; Duggan and Keating, 2011; Petschauer
et al,, 2015). One of the effective approaches is to use nanoparticle
(NP)-mediated drug delivery to increase drug accumulation in drug
resistant cancer cells.

A possible application of NPs is the entrapment of poorly sol-
uble drugs (Merisko-Liversidge and Liversidge, 2008) and the deliv-
ery of multi-agent enhancing therapeutic effects (Devalapally et al.,
2007; Ganta and Amiji, 2009). However, the most attractive feature
of multifunctional NPs for treating MDR cancers is the obtainment
of targeting using target molecules such as antibodies, peptides or
aptamers, that can help locate, bind or traffic NPs into the target
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tumour (lyer et al., 2013). Moreover, it is well known that nanosys-
tems, such as properly designed NPs, can also passively reach
tumours by EPR effect, which can be considered as passive target-
ing (Moghimi et al., 2001).

Among different NPs types, solid lipid nanoparticles (SLNs) have
attracted increasing attention as potential drug delivery carriers
consequently of their physical stability, their capacity to protect
labile drugs from degradation, the easiness of preparation, and the
lack of toxicity (Laquintana et al., 2009; Doktorovova et al., 2014;
Thukral et al,, 2014).

SLNs are disperse systems having size ranging from 1 to
1000 nm and represent an alternative to polymeric particulate car-
riers. They are composed of physiological or biocompatible lipids
or lipid molecules with a history of safe use in therapy and they
are generally suitable for intravenous administration, avoiding the
toxicity problems caused by polymeric NPs.

SLNs technology represents a promising approach to lipophilic
drug delivery, although in recent years, several papers report on
SLNs potentially used as carriers of different water soluble drug,
i.e. zidovudine, insulin, cisplatin, ciprofloxacin hydrochloride, to
improve their therapeutic effects (Gasco et al, 1996; Singh et al.,
2010; Trotta et al., 2010, 2011; Shah et al., 2012).

Moreover, recently, several authors described the ability of SLN
formulations to increase both stability and efficacy of water-soluble
substances other than drugs (i.e. vitamin C, caffeic acid) allowing
their improved use (Gliney et al., 2014; Dikmen et al,, 2015).

In literature, many authors studied SLNs as systems able to
deliver anticancer drugs to the tumour site (Wong et al, 2007).
Miao et al. (2013) found that a SLN-based drug delivery system
could increase the transport of paclitaxel or DOXO into cancer cells
and enhance the cytotoxicity against both sensitive and their
multi-drug resistant variant cells, compared with free drug solu-
tions. It can be supposed that SLN lipid matrix can protect the
entrapped drug from the P-gp efflux mechanism of the cell and
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overcome MDR, revealing a potential application of this drug
resistance reversal mechanism in drug resistant human cancer
cells.

Some authors (Ma et al, 2009) found that SLNs loaded with
DOXO were able to overcome Pgp-mediated MDR both in vitro in
P388/ADR leukaemia cells and in vivo in the murine leukaemia
mouse model. The results suggested that SLNs might offer poten-
tial to deliver anticancer drugs for the treatment of Pgp-mediated
MDR in leukaemia.

Recently, a new solvent-free technique, defined as “coacerva-
tion” was developed to prepare fatty acids-based SLNs (Battaglia
et al, 2010). In a fatty acid alkaline salt micellar solution, in the
presence of an appropriate polymeric stabiliser, the pH is lowered
by acidification and the fatty acid precipitates as SLNs owing to
proton exchange between the acid solution and the sodium salt.

DOXO was studied as an anti-cancer drug to be entrapped in
SLNs, but, owing to its hydrophilic nature that hampers its entrap-
ment in SLNs, several strategies were performed to increase its lip-
ophilicity and to favour its entrapment in the SLN core.

In previous studies, lipophilic counter ions were tested to per-
form lipophilic ion pairing of DOXO (Battaglia et al., 2014); among
several screened counter ions, only sodium dioctylsulfosuccinate
(AOT) allowed to obtain an ion pair entrapped in SLNs with high
efficiency. Although cytotoxicity studies on glioma cell lines and in
vitro BBB permeation studies revealed a higher performance of
DOXO-AOT entrapped in SLNs than free DOXO, the possibility of
ion pair dissociation after dilution (occurring after i.v. administra-
tion) is an actual risk that should not be underestimated.

The aim of this work is to prepare, characterise and evaluate
the potential of SLNs to release DOXO lipophilic derivatives to
tumour cells in vitro and to demonstrate that the entrapment of
DOXO in SLNs does not negatively influence the cytotoxicity of
the native drug.

For these reasons, in this experimental work we decided to syn-
thesise lipophilic prodrugs of DOXO and entrap them in SLNs; lipo-
philic DOXO prodrugs and analogues have been described in the
literature (de Graaf et al, 2004; Wang et al., 2006; Ibsen et al,
2010; Chhikara et al., 2011). Therefore, two different DOXO deriva-
tives, lauroyl ester and lauroyl amide were prepared and proposed
as model of DOXO lipophilic derivatives to be entrapped in fatty
acid SLNs.

For the above-mentioned purpose, SLNs were prepared and
extensively characterised in vitro with regard to their physicochem-
ical properties, their capacity to load lipophilic derivatives and their
cytotoxicity.

Methods
Chemicals

Na-BA was purchased from Nu-Chek Prep, Inc. (Elysian, MN). PVA
9000, acetonitrile, DMF, dioxane, DMSO, lauric acid, THF, trifluoro-
acetic acid and dichloromethane from Sigma (Dorset, UK); hydro-
chloric acid, sodium hydroxide and monobasic sodium phosphate
from Merck (Darmstadt, Germany); methanol, thionyl chloride, dii-
sopropyl ether, diethyl ether and ethanol from Carlo Erba (Val De
Reuil, France); deionised water was obtained by a MilliQ system
(Millipore, Bedford, MO).

Synthesis of DOXO derivatives

C;,-DOXO ester
KF (0.16 g, 2.70mmol) was added to the solution of 14-bromo/
chloro daunorubicin hydrobromide (0.30g, 0.45mmol) and lauric

acid (0.27g, 1.35mmol) in dry DMF, in one portion and the reac-
tion, mixture was stirred at room temperature for 72 h. The solvent
was removed under reduced pressure and the residue was purified
by flash chromatography (eluent: gradient from 98/2 to 9/1
dichloromethane/methanol) to give a red solid. The obtained com-
pound was dissolved in freshly distilled dry THF, and two equiva-
lents of HCI 1.7 M solution in dry dioxane was added. The
resulting mixture was stirred for 2h at room temperature, than
diluted with diisopropyl ether. Precipitated hydrochloride was fil-
tered, washed extensively with diethyl ether and dried in a vac-
uum chamber to give a title compound as a red powder (yield
58% w/w). HPLC (Waters Acquity UPLC, Waters Corp., Milford, MA,
column Xterra MS C18 2.1 x 150, 3.5um; flow rate =0.3 ml/min;
A=0.1% v/v formic acid in water, B=0.1% v/v formic acid in
acetonitrile, gradient (B%, time (min)): 10,1; 90,9; 10,5):
Rt=10.7 min, 98% (Water Acquity PDA detector, A 480nm and
254 nm).

'H NMR (300MHz, CDCls) 8 (ppm): 0.85 (t, 3H, CH,CH;); 1.18
(m, 3H, *CHCHs); 1.24 (m, 16H, 8CH,); 1.57 (m, 2H, OCOCH,CH.);
1.70 (d, TH), 1.89 (m, TH) (*CH,); 2.00 (d, TH), 2.30 (d, TH) (5CH,);
2.39 (t, 2H, OCOCH,); 2.75 (d, TH), 2.97 (d, TH) ("°CH,); 3.63 (m, TH,
“CH); 3.94 (s, 3H, OCHs); 425 (q, TH, *CH); 4.87 (bs, 1H, *COH);
5.25 (m, 3H, "CH+ CH,); 545 (bs, 1H, °COH); 5.73 (s, 1H, "CH);
7.55 (m, 1H), 7.79 (m, 2H) (3CH Ar); 8.02 (bs, 3H, NH5™); 13.13
(s, TH, PhOH); 13.94 (s, 1H, PhOH).

ESI-MS m/z=726.1 [M+H]™.

C;,-DOXO amide

Lauric acid (0.50 g, 2.5 mmol) was added to freshly distilled thionyl
chloride (10ml) to synthesize lauroyl chloride and stirred under
reflux for 8 h. Thionyl chloride was then evaporated and product
was used in the next step without further purification.

To synthesise DOXO lauroyl amide, DOXO hydrochloride (0.23 g,
0.40mmol) was dissolved in water/acetonitrile mixture (10ml/
10ml) and pH was adjusted to 7 by addition of diluted NaOH solu-
tion. A solution of lauroyl chloride (0.36g, 1.64mmol) in aceto-
nitrile (15ml) was added dropwise at room temperature. During
the addition pH was monitored and maintained to 7 by addition
of diluted NaOH aqueous solution. Reaction was monitored by
TLC (silica gel, dichloromethane/methanol =6/4) and when it was
finished acetonitrile was removed under vacuum and aqueous
phase was extracted with dichloromethane (3 x 15ml). Organic
layer was dried with Na,SO, and solvent was removed under vac-
uum. Crude product was then purified by flash chromatography
(eluent: 8/2 dichloromethane/methanol) to obtain a red solid (yield
80% w/w).

TLC: silica gel, dichloromethane/methanol =6/4, Rf =0.9; HPLC
(Waters 1525EF pump, W717 autosampler and Waters 2996 PDA
detector, column Xterra C8 4.6 x 150, 5um; flow rate =1 ml/min;
A=0.1% v/v trifluoroacetic acid in water, B=0.1% v/v trifluoroace-
tic acid in methanol, gradient (B%, time (min)): 0,30; 7.5,30;
25.0,100; 35.0,100): Rt =29.3min, 85% (L 480nm and 254nm); 'H
NMR (300 MHz, CDCl3) & (ppm): 0.64-0.53 (m, 3H, CHs); 0.76 (m,
16H, 8CH,); 095 (d, 3H, ®CHs); 141 (d, 2H, NHC(O)CH,CH,);
1.81-1.70 (m, TH, 7°9H); 2.04 (dd, J=9.35Hz, J=6.31Hz, 1H, "**H);
2.08-2.13 (m, 2H, NHC(O)CH,); 2.46 (d, 1H, 3"aXH); 2.55 (d, J=4.11,
1H, ¥¢9H); 2.96 (d, J=19.8Hz, ®™H); 3.22 (d, J=19.2Hz, **9H); 3.70
(s, TH, ®H); 3.99 (s, 3H, OCHs); 4.13-4.04 (m, 2H, "°H+*H); 4.67
(s, 2H, "CH,); 5.20 (s, TH, H); 5.41 (m, TH, *H); 5.76 (d, J=6.3, H,
OH); 6.80 (s, TH, NH); 731 (d, J=86Hz, 1H, Ar “CH); 7.70
(t, J=82Hz, 1H, Ar 3CH); 7.95 (d, J=72Hz, 1H, Ar *CH); 13.18
(s, TH, PhOH).

ESI-MS m/z=726.73 [M+ H]*, 748.64 [M+Na] .



Determination of partition coefficient of C,,-DOXO derivatives

Octanol/water partition coefficient (P) of C,,-DOXO derivatives was
determined using biphasic n-octanol/water system (octanol and
water were mutually saturated). A volume of 2ml C;,-DOXO ester
or amide-saturated water solution, obtained by centrifuging an
oversaturated suspension of both compounds, was added to 2ml
n-octanol in a separating funnel. The aqueous phase concentration
of both C;,-DOXO derivatives was determined by HPLC. The mix-
ture was then shaken for 10minutes and left to rest overnight;
after phase separation, C;,-DOXO derivative aqueous phase con-
centration was determined by HPLC. The C;,-DOXO derivative con-
centration in the organic phase was determined by the difference
between its aqueous phase concentrations before and after phase
separation. P was calculated as n-octanol/water C;,-DOXO deriva-
tives molar concentration ratio at the equilibrium. The results were
expressed as log P. Each experiment was repeated thrice.

C;,- DOXO derivatives loaded SLN preparation

SLNs were prepared using the coacervation method (Battaglia
et al, 2010) which uses hydrophilic polymers as stabilisers able to
confer hydrophilicity to SLN surface. Further to a preliminary cyto-
toxicity screening against hCMEC/D3 cells relating to different fatty
acids, which evidenced that BA-SLNs did not cause any detectable
cytotoxicity against hCMEC/D3 cells (Gallarate et al., 2014), BA was
chosen as lipid matrix.

Briefly, appropriate amounts of Na-BA (1% w/w) and PVA 9000
(2% or 4% w/w), as steric stabiliser (Scholes et al., 1999), were dis-
persed in 5ml deionised water and the mixture was then heated
under stirring (300rpm) just above the Krafft point of Na-BA
(75°C) to obtain a clear micellar solution.

A selected acidifying solution (100 ul 1M NaH,PO4-+ 160 pl 1M
HCI) was then added drop-wise until pH 3.5-4.0 was reached. The
obtained suspension was then cooled in a water bath under stir-
ring at 300rpm up to complete precipitation of SLNs. SLNs were
stored at 4 °C before characterisation.

Drug-loaded SLNs were prepared as described for blank SLNs
(empty SLNs), introducing C;,-DOXO derivatives as follows:

400 pl of C;,-DOXO ester methanolic solution (10 mg/ml) was
added:

a. In the micellar hot solution before acidification and SLN
formation;

b. Directly into the SLN suspension heated just above the melt-
ing point of BA (80°C).

In both methods (a) and (b) the sample was then cooled in a
water bath under stirring at 300 rpm until the temperature reached
15°C.

100 pl of C;,-DOXO amide ethanolic solution (40 mg/ml) was
added in the same way as the ester derivative. SLN samples were
prepared under sterile conditions working in a horizontal laminar
flow hood to perform in vitro studies on cell lines.

SLN characterisation

C,,-DOXO derivatives localisation into SLN dispersion was deter-
mined using optical microscopy equipped with a fluorescent lamp
(Leica DM 2500, Solms, Germany) at 630x magnification.

SLN particle sizes, polydispersion indexes (PDI) and Zeta poten-
tial were determined 1h after preparation using dynamic light
scattering technique-DLS (Brookhaven, NY). Size measurements
were obtained at an angle of 90° at 25°C. The dispersions were
diluted with water or with the different growth media described
later in cytotoxicity studies for size determination, or with 0.01 M
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KCl for Zeta potential determination, in order to achieve the pre-
scribed conductibility.

For size stability studies versus time, the samples were stored
at 4°C. All data were determined in triplicate.

%EE determination was performed as follows: 1 ml SLN suspen-
sion was centrifuged for 15min at 62000g, the precipitate was
washed twice with 1ml 30:70 v/v ethanol:water to eliminate
adsorbed drug. The solid residue was dissolved in 1:1 v/v
DMSO:dichloromethane; 0.1 ml water was then added to precipi-
tate the lipid matrix and the supernatant was injected in HPLC for
C;,,-DOXO derivative determination. C;,-DOXO derivative %EE was
calculated as the ratio between drug amount in SLNs and that in
the starting micellar solution x100.

%EE was also determined after 1:100 dilutions in water. An ali-
quot of suspension was stirred for 1h, centrifuged for 15min at
62000g and then treated as previously described. The amount of
unentrapped drug was eliminated from drug-loaded SLN formula-
tion by gel centrifugation on Bio-gel P-6DG (pore size 90-180 um,
nominal exclusion limit was 6000 Da).

HPLC analysis

C;>-DOX0O amide

HPLC analysis was performed using a LC-6A pump (Shimadzu,
Tokyo, Japan) with a reversed-phase column (ChromsystemTM ODS,
125 x46mm, 25um particle size) and a C-R6A integrator
(Shimadzu, Tokyo, Japan). HPLC grade methanol/water (85/15 v/v)
with pH 7 adjusted by NaOH 0.01 N was used as a mobile phase
with a flow rate of 1ml/min. UV-Vis detector was set at
A =480nm. R, was 5 min.

C;,-DOXO ester

HPLC analysis was performed with YL9100 HPLC system equipped
with a YL9110 quaternary pump, a YL 9101 vacuum degasser and
a YL 9160 PDA detector linked to YL-Clarity software for data ana-
lysis (Young Lin, Hogye-dong, 258 Anyang, Korea) and with MERK
50986 LiChrospher 100 RP8 5um 80 x 4.6 mm column. Acetonitrile
(A)-phosphate buffer (50 mM at pH =2 adjusted by HCl 0.01 N) (B)
with gradient system (30% A/70% B to 90% A/10% B in 15min at
flow rate: 1 ml/min; total run 25 min) was used as mobile phase. R,
was 14 min.

In vitro cytotoxicity studies

MTT assay

The following human tumour cells were used: CFPAC-1 (pancreatic
adenocarcinoma cell line), A459 (lung cancer cell line), A2780
(ovarian cancer cell line) and A2780 res (A2780 resistant to DOXO
cancer cell line). All of them were obtained from the American
Type Culture Collection (ATCC, Manassas, VA). A2780 and A2780
res were grown as a monolayer culture in RPMI 1640 medium,
CFPAC-1 in DMEM, A549 in DMEM+F12, all of them supple-
mented with 10% heat-inactivated foetal calf serum (FCS), 2 mmol/
| t-glutamine and penicillin/streptomycin (100 units/ml), at 37°C in
5% CO, humidified atmosphere.

A2780 and A2780 res cell lines (2 x 10°/well), CFPAC-1 and
A549 (800/well) were seeded in 96-well plates and incubated at
37°C, 5% CO,, for 24h. Then, they were treated with C;,-DOXO
amide and C;,-DOXO ester-loaded SLNs prepared as reported
above and diluted to obtain C;,-DOXO derivatives in the
1072-10"°mM range, based on %EE. After 72h incubation, the
amount of viable cells was evaluated by MTT (Sigma-Aldrich) inner
salt reagent at 570 nm, as described by the manufacturer’s protocol.
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The controls (i.e. cells that had received no drug) were normalised
to 100%, and the readings from treated cells were expressed as %
viability. Eight replicates were used to determine each data point
and five different experiments were performed.

Colony-forming assay

A2780 and A2780 res cell lines (2 x 10%/well), CFPAC-1 and A549
(800/well, determined according to cell growth rate), were seeded
into six-well plates and the day after they were treated with the
compounds diluted to obtain DOXO derivatives concentrations in
the 1072-10"°mM range (based on %EE). The medium was
changed after 72h and cells were cultured for additional 7 days in
a drug-free medium. Subsequently, cells were fixed and stained
with a solution of 80% crystal violet (Sigma-Aldrich) and 20%
methanol. Colonies were then photographed and counted with
Gel Doc equipment (Bio-Rad Laboratories, Milan, Italy). Then the
cells were perfectly washed and 30% v/v acetic acid was added to
induce a completely dissolution of the crystal violet. Absorbance
was recorded at 595nm by a 96-well-plate ELISA reader. Five dif-
ferent experiments were performed.

Data analysis

Data are shown as mean+SEM (standard error mean = standard
deviation/number of replicates). Statistical analyses were per-
formed with GraphPad Prism 3.0 software (La Jolla, CA) using one-
way ANOVA and Dunnett’s test. Values of p < 0.05 were considered
statistically significant.

Results

Water solubilities of C;,-DOXO amide and C;,-DOXO ester were
64.49 ng/ml and 38.47 pg/ml, respectively. Log p values of C;-
DOXO amide and C;,-DOXO ester, 2.58 and 3.47 respectively, were
significantly higher than that of DOXO (log P=0.6 reported by
Chhikara et al, 2011), showing an increase in lipophilicity com-
pared to the parent drug. Mean diameters (+standard error, SE),
PDI and Zeta potential of SLNs, determined by DLS, are reported
in Table 1.

Mean diameters are in the 200-300 nm range. Zeta potential of
SLNs prepared by coacervation is around 0 mV (Chirio et al., 2011).
Probably, PVA 9000 used as stabiliser locates itself externally, thus
partially screening the surface charge. Zeta potential indicates the
surface charge of SLNs: Zeta potential values of empty SLNs con-
firmed the external positioning of the stabilising polymer. Being
Zeta potential also related to drug arrangement in the lipid matrix
of these systems (Kushwaha et al, 2013), probably, the slightly
positive Zeta potential of SLN C;,-DOXO ester is due to partial
arrangement of the drug to the outside of SLN surface, conferring
them a positive charge.

Although a high value of Zeta potential is generally required to
improve the stability of disperse systems, in the present case SLNs
are stable in spite of 0mV Zeta potential due to the surface stabil-
isation of polymer that avoids aggregation.

Size measurements were performed also on samples diluted
with the different growth media used in in vitro experiments in
order to evaluate the possible changes of SLN sizes when tested

Table 1. Mean particle size, PDI and Zeta potential +SE (n=3) of empty SLNs
and of SLNs loaded with C;,-DOXO derivatives.

Mean diameter (nm)

Sample after gel centrifugation PDI Zeta potential (mV)
Empty SLN 2715+55 0.108£0.012 —2.20+0.84
SLN C;,-DOXO ester 287.4+6.1 0.135+0.024 2.70+1.08
SLN C;,-DOXO amide 3189+0.8 0.173£0.031 —2.29+0.02

in vitro. The growth media do not seem to influence SLN dimen-
sions, as all SLNs maintained their size (+5%). The formulations
were analysed to verify their overtime size stability. Particles diam-
eters measured at different times up to 70 days were practically
unmodified (Figure 1).

In Figure 2(A and B) SLN microphotographs are reported. The
observation of SLN suspensions under optical microscope confirmed
the spherical shape of the particles. The use of fluorescent light
allowed indentifying C;,-DOXO derivatives within the SLNs: the dis-
persions of fluorescent SLNs were observed in both suspensions.

In Table 2, the amount of C;,-DOXO derivatives in SLN, pre-
pared by dispersion in 2% w/w PVA9000 aqueous solution, is
expressed as %EE and as drug loading (ug C;,-DOXO derivative/
mg BA). %EE was calculated after SLN centrifugation and washing
with ethanol:water 30:70 v/v.

SLNs showed a good C;,-DOXO derivatives loading capacity. In
particular, %EE did not significantly vary by increasing the drug
amount, while it was significantly influenced by PVA 9000 content.
When the stabiliser percentage was increased from 2% w/w to 4%
w/w in SLN loaded with C;,-DOXO ester (added after re-melting) a
decrease in drug %EE from 80 to 70+5% (w/w) was noted; prob-
ably PVA 9000 formed micelles in aqueous phase able to solubilise
the ester derivative.

When SLNs carrying both derivatives (added after SLN re-melt-
ing) were 1:100 diluted in physiological fluids, drug %EE remained
almost unchanged (+5%). This is a successful improvement com-
pared with the almost complete loss of %EE registered when
DOXO-AOT ion pair was entrapped in SLNs (Battaglia et al., 2014).

On the contrary, when both derivatives were added to the
micellar solution, after 1:100 dilution %EE decreased up to 65% w/
w. Probably, when added to the micellar solution, derivatives are
partially entrapped in PVA chains located on the surface of SLNs
and therefore they might be released upon high dilutions.

After gel centrifugation of SLNs, in which the drug was added
in the melted lipid, resulting %EE of C;,-DOXO ester was 73% w/w
and that of C;,-DOXO amide was 65% w/w. The gel centrifugation
method allows to eliminate the not-completely entrapped drug,
that cannot be extracted by simple centrifugation and washing.

In vitro cytotoxicity studies

The effect of C;,-DOXO amide loaded SLNs, C;,-DOXO ester
loaded SLNs and free DOXO on cell growth of three different

10 7 @SN C12-DOXO ester
9 | DOSLN C12-DOXO amide

S

diameter increase (%)

1 A m
0 e B ,

— t

7 10 30 45 70
time (days)

Figure 1. SLN diameter variation £ SE (n = 3) versus time.
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Figure 2. (A) Optical microscopy images of C;,-DOXO amide-loaded SLNs and (B) C;,-DOXO ester-loaded SLNs.

Table 2. %EE (w/w) and drug loading (p1g/mg) +SE (n=3) of C;,-DOXO deriva-
tive-loaded SLNs obtained using two different methods of preparation.

%EE Drug
SLN loaded with C;,-DOXO derivatives (w/w)  loading (ng/mg)
SLN C;,-DOXO ester added after re-melting 805 64+4
SLN C;,-DOXO ester added to the micellar solution 69+2 55+2
SLN C;,-DOXO amide added after re-melting 94+5 75+3
SLN C;,-DOX0 amide added to the micellar solution  81+6 65+5

tumour cell lines was examined. Since, among different carcinoma
types, ovarian, pancreatic and lung carcinoma are those with the
worse prognosis, any therapeutic improvement is imperative:
therefore, their cell types were selected as a model of tumour with
high aggressive behaviour (Szepeshazi et al, 2013; Giovinazzo
et al, 2016; Lixia et al., 2016). Initially, the ability of SLNs loaded
with C;,-DOXO derivatives and of free DOXO to inhibit the growth
of CFPAC-1, A549, A2780 and A2780res cells was compared. Cells
were cultured in the presence and absence of titrated amounts
(107°-1072mM) of DOXO or both C;,-DOXO derivative loaded
SLNs for 72 h, that is the same time point used for the subsequent
clonogenic assay. The most significant time chosen was 72h to
detect cell growth inhibition, as preliminary in vitro release studies
showed a very slow release of both DOXO derivatives from SLNs
(data not reported). The amount of viable cells was then assessed
by the MTT assay. MTT, a yellow tetrazole, is reduced to purple for-
mazan in living cells. Tetrazolium dye reduction is dependent on
NAD(P)H-dependent oxidoreductase enzymes largely in the cyto-
solic compartment of the cell. Therefore, reduction of MTT
depends on the cellular metabolic activity due to NAD(P)H flux.
Cells with a low metabolism such as thymocytes and splenocytes
reduce very-little MTT. In contrast, rapidly dividing cells exhibit
high rates of MTT reduction.

The obtained results showed that DOXO displayed an inhibition
of cell proliferation greater or similar to C;,-DOXO amide-loaded
SLNs on all cell types (Figure 3). It has been revealed that the pres-
ence of the amide bond reduced the anticancer activity on A2780,
A549 and CFPAC-1 cell lines, in accordance with previous literature
data (Chhikara et al, 2011) suggesting that the presence of free
amino group is required for anticancer activity of DOXO. Otherwise
C;,-DOXO ester-loaded SLNs showed a stronger inhibitory effect
than DOXO. The effect was concentration-dependent with some
differences among the four cell lines. The most responsive cell line
was A549, where C;,-DOXO ester-loaded SLNs were always more
efficient than the free drug (Figure 3(B); inhibition rate: 90% versus
60% at 107>mM, 65% versus 40% at 10 *mM). The two

formulations displayed a similar efficacy on CFPAC-1 in the range
of concentrations 10~*~1072mM, but C;,-DOXO ester-loaded SLNs
retained their activity at 10~>mM (50% of inhibition) and became
inefficient at 10"®mM (data not reported), while the free drug was
completely ineffective at 107>mM (Figure 3(A)). A2780 cell line
was sensitive to both compound, but at 10> mM, only C;,-DOXO
ester-loaded SLNs retained a weak inhibitory effect (Figure 3(C);
38% inhibition).

In order to deepen the evaluation on the efficacy of C;,-DOXO
derivatives loaded SLNs, we decided to test their ability to exert
an antitumor activity also on a particular ovarian cancer cell line
resistant to DOXO (A2780res).

As expected, free DOXO was effective only at the highest con-
centration (1072mM; 40% inhibition), while C;,-DOXO ester-loaded
SLN was more efficient since it was able to induce the same inhibi-
tory effect (40%) also in the range of concentrations
107%-10"*mM (Figure 3(D)).

To investigate the possibility that empty SLNs may exert cell
toxicity (not related to DOXO), the effects of empty SLNs (diluted
as to obtain 107°-10"2mM DOXO-derivative concentration range)
on cell growth of the four tumour cell lines were evaluated using
the MTT assay. Results showed that SLNs did not affect cell growth
even at the highest concentrations.

Table 3 shows the ICso for all tested cell lines, revealing that
C;,-DOXO ester-loaded SLNs were always more effective than the
free drug except for A2780 cell line, as confirmed by MTT assay,
where C;,-DOXO ester and free DOXO were similarly efficient at
concentrations higher than 107> mM.

MTT test allows the evaluation of cell enzymatic activity after
72h of incubation, but it does not give any information on cell
ability to further proliferate even after the removal of the drug
from culture medium.

Colony-forming (clonogenic) assay is the “gold standard” cellu-
lar-sensitivity assay and it is more representative of the in vivo
condition (Langdon and Macleod, 2004). In order to validate the
previous findings, clonogenic survival assays were performed.
Clonogenic assay is an in vitro cell survival assay based on the
ability of a single cell to grow into a colony. The colony is
defined to consist of at least 50 cells. The assay essentially tests
every cell in the population for its ability to undergo “unlimited”
division. After plating at very-low density (800 or 2 x 10° cell per
well), cells were treated with the samples for 72h, then samples
were removed by washing the cells with the cell medium and
the cells were allowed to growth over extended period of time
(7 days). Only a fraction of seeded cells retained the capacity to
produce colonies.
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Figure 3. Inhibition of CFPAC-1 cells (A), A549 cells (B), A2780 cells (C), A2780res cells (D) proliferation following C;,-DOXO ester-loaded SLNs, C;,-DOXO amide loaded
SLNs and DOXO treatment. Cells were treated with increasing concentrations (107°~10"2mM) of C;,-DOXO ester-loaded SLNs, C;,-DOXO amide loaded SLNs, empty
SLNs, and DOXO for 72h; the result was expressed as the percentage of viable cells versus the control expressed as mean+SEM (n=5). One-way ANOVA and the
Dunnett’s test revealed statistically significance differences (*p < 0.05; **p < 0.01) of DOXO versus C;,-DOXO amide-loaded SLNs treated cells and (§p < 0.05; §§p < 0.01)
of C;,-DOXO ester versus DOXO-treated cells.

Table 3. ICso+SEM (n=5) of C;,-DOXO derivatives loaded SLNs and DOXO solution.

1C50a2780 [MM]

IC50as49 [MM]

1C5042780 res [MM]

1C50¢kpac1 [mM]

DOXO solution
SLN C;,-DOXO amide
SLN C;,-DOXO ester

55.107°+05 43.1073+0.1
14107°+06 711074 £0.9
2.7-107°+0.1 2.9-1075+0.9%

581072406
1.7-107%+0.2
7.5-10 6+ 0.4**

53-107°+0.2
231072402
8.8-10 5+ 0.4*

One-way ANOVA and the Dunnett’s tests revealed statistically significance differences (*p < 0.05; **p < 0.01) of C;,-DOXO ester-loaded SLNs versus DOXO treated cells.
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Figure 4. Effect of C;,-DOXO ester-loaded SLNs and DOXO treatment on cell clonogenicity was tested by colony forming assay. Cells (800 or 2 x 10° per well) were
seeded in six-well plates and treated with each sample at the indicated drug concentrations (107°~10"2mM) for 72 h. The medium was then changed and cells were cul-
tured for additional 7 days and subsequently fixed and stained with crystal violet (n =5). One-way ANOVA and the Dunnett’s tests revealed statistically significance differ-

ences (*p < 0.05; **p < 0.01) of C;,.D0XO0 ester-loaded SLNs versus DOXO-treated cells.

The results shown in Figure 4 were similar to those obtained
with the MTT assay, but the inhibitory effect was more promin-
ent, since noticeable even at 107°mM, in A549 and A2780. In
fact, C;,-DOXO ester-loaded SLNs retained their ability to inhibit
CFPAC-1 strongly, being able to induce the growth of only 20%
of colony at 107>mM. DOXO was almost inefficient at the same
concentration. A549 were also more sensitive to C;,-DOXO ester-
loaded SLN than to DOXO, since it was still active at 10~ °mM,
when only 60% of the colony were able to grow. A2780 resulted
particularly sensitive to DOXO also in the clonogenic assay, but
C;,-DOXO ester-loaded SLNs demonstrated a stronger efficacy at
107°-10"°mM. Finally, A2780 res showed a better response to
C;,-DOXO ester loaded SLN than to DOXO to the concentration
103mM, even if they were less responsive than the other cell
types.

In Figure 5, representative photos of clonogenic assay carried
out on the four cell lines are reported. In each non-resistant cell
line, C;,-DOXO ester-loaded SLNs maintained their anti-prolifera-
tive effect up to 10"°mM concentration, whereas, samples treated
with free DOXO began to grow.

Discussion

BA SLNs, loaded with DOXO lauroyl ester or lauroyl amide, were
prepared with the coacervation technique. Spherical-shaped SLNs
with mean diameters in the 200-300 nm range were obtained.

SLNs showed a good C;,-DOXO derivatives loading capacity,
but by introducing C;,-DOXO derivatives after SLN re-melting
instead of adding them to the micellar solution allowed to obtain
higher drug %EE, as reported in previous work (Chirio et al., 2014).
Probably, the high drug lipophilicity does not allow its distribution
within micelles, while promoting its solubilisation in the molten
lipid.

Therefore, the preparation method consisting in the addition of
both lipophilic DOXO derivatives in the re-molten lipid resulted to
be the most suitable for our purposes, especially for in vitro cell
toxicity studies, as well as for a possible future in vivo
administration.

C;,-DOXO amide-loaded SLNs were not more effective than
DOXO in inhibiting cell growth. Conjugation of 4-amino group
with fatty acid through an amide bond reduced or maintained
almost unmodified the anticancer activity of the free drug in
tested cancer cell lines. This suggests, as already demonstrated by
Chhikara et al. (2011) that the presence of free amino group is
required for anticancer activity of DOXO.

DOXO hinders the resealing of DNA double helix strands inhib-
iting the enzyme topoisomerase Il during the replication and
thereby arresting the reproduction of the cells. Replication inhib-
ition is due to the structure of DOXO: the planar aromatic portion
of the molecule intercalates between two base pairs of the DNA
helix. The carbohydrate part of DOXO is involved in the binding to
replicating DNA bases during its mechanism of action, and amine
group should be freely available for interaction with the flanking
base pairs.

Also, in this study, the requirement for availability of the sugar
moiety in DOXO was confirmed. SLN-loaded C;,-DOXO amide was
probably only partially hydrolysed even after long incubation time
providing only a slow anti-proliferative activity in these specific cell
lines.

The effect on inhibition of cell proliferation induced by C;,-
DOXO ester-loaded SLNs was concentration-dependent, with some
differences among the four cell lines and between the SLN-loaded
pro-drug and the free drug. The results obtained with clonogenic
assay were similar to those obtained with the MTT assay. In fact,
C;,-DOXO ester-loaded SLNs retained the ability of the drug to
inhibit CFPAC-1, A2780 and A549 strongly at 10> mM, while free
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Figure 5. Effect of C;,-DOXO ester-loaded SLNs and DOXO treatment on cell clonog:

SLN C12-DOXO ester

enicity was tested by colony forming assay. Clonogenic assay photos from a represen-

tative experiment. The amount of lipid in empty SLN sample corresponds to the dilution required to obtain 10~>mM C,,-DOXO ester.

DOXO was almost inefficient or less efficient at the same concen-
tration. The observation that the inhibition detected by the clono-
genic assay was substantially higher than that detected by the
MTT assay suggests that cells, which were still viable in the MTT
assay, after 72h of treatment, were severely damaged and unable

to proliferate in the clonogenic assay, partially confirming the slow
release of DOXO-ester from SLNs. The positive result obtained also
on A2780 cell lines, on which C;,-DOXO ester-loaded SLN and free
DOXO were similarly efficient in MTT test, reinforces this
hypothesis.



Even A2780 res, less responsive than the other cell types,
showed a better response to C;,-DOXO ester-loaded SLNs than to
free DOXO. Probably, the capacity of C;,-DOXO ester-loaded SLNs
to partially inhibit the proliferation also of a resistant cell line
might be ascribed to the overcoming of MDR due to the protec-
tion of the entrapped drug from the P-gp efflux mechanism of the
cell. Further investigation on different resistant cancer cell lines are
therefore needed to confirm such hypothesis.

From a formulative point of view, SLNs described in this paper
proved to be able to incorporate lipophilic pro-drugs of DOXO
with good %EE, which was maintained also after 1:100 dilution,
other than what was noted in a previous work (Battaglia et al.,
2014) for DOXO-AOT ion pairs.

The relevance of using DOXO derivatives strongly entrapped
within the lipid matrix could be an important prerequisite for a
future in vivo administration. Many problems are related to in vivo
administration of nanoparticulate systems, such as the quickly
binding to opsonin proteins that allows macrophages to easily rec-
ognise and remove them before they can perform their designed
therapeutic function. Therefore, the developments of stealth SLNs
as well as the modification of SLN surface with specific ligands to
specific receptor over-expressed on different tumour cells are the
mandatory following steps to begin in vivo studies. Moreover the
effect on MDR of SLNs will be evaluated measuring the expression
(by immunoblotting) and the activities (evaluating efflux of fluores-
cent substrates, ATPase activity) of Pgp and MRP. If the hypothesis
that SLNs can overcome MDR will be confirmed, the effective con-
centration in the targeted cells will be increased, indirectly reduc-
ing the required administered drugs.

The results obtained in vitro, if supported by satisfactory phar-
macokinetic and biodistribution patterns, with a possible targeting
to the tumour site, might suggest the potential use of SLNs as
DOXO delivery systems.

As one of the major DOXO adverse effect is cardiotoxicity,
which may limit its use, the perspective to reduce its therapeutic
dose by employing promising vehicles such as C;,-DOXO ester-
loaded SLNs is an important goal of our future research.

Conclusion

SLNs are able to incorporate lipophilic pro-drugs of hydrophilic
agents with unsatisfactory biodistribution patterns, and to increase
cytotoxicity of parent drug. Although it is still necessary to assess
the ability of SLN to revert MDR by in vitro studies, and to opti-
mise SLN-loading capacity, C;,-DOXO ester-loaded SLNs are prom-
ising vehicles to increase DOXO cytotoxicity in perspective of
reducing its therapeutic dose and consequently its systemic toxic
side effect.
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Melanoma skin cancer is an aggressive tumour with an increasing incidence. In recent years, the treatment
options for the advanced disease have expanded dramatically with the employment of targeted therapy and the
immunotherapy. However, the high rate of non-response, the toxicity, and the induced drug resistance remain
unmet clinical problems. Scientists are expecting a further advance with the application of nanotechnology in
melanoma treatment and diagnosis. In this review, we present an up-date on the latest pre-clinical studies (2015-
2016) on nanomedicine with potential use in the clinical management of this disease.

Introduction

Melanoma skin cancer is an aggressive tumour whose incidence has been steadily increasing
over the last 50 years, now representing 3% of total tumours. In 2012, more than 232,000 new cases
of melanoma were diagnosed worldwide; in the same year, mortality estimation calculated 55,500
deaths from melanoma in the world [1], with an increasing stage-specific mortality rate [2]. The
treatment of localized disease (stage I and II) is surgical excision, while, in the advanced disease,
pharmacotherapy is included in the treatment [3]. Chemotherapy was the first therapeutical
option: Dacarbazine (DTIC), an alkylating agent, was approved in 1974 by US Food and Drug
Administration (FDA) for the treatment of metastatic melanoma. Later, other chemotherapeutic
drugs were used, alone or in combination, in several clinical trials, such as Temozolomide (TMZ), a
combination of Cisplatin, Vinblastine and Dacarbazine (CVD), or Carboplatin and Paclitaxel (CP).
However, these regimes have been compared with DTIC alone and no significant improvements in
overall survival were observed, or they elicited important toxic effects, such as myelosuppression,
peripheral neuropathy and fatigue [4].

A recent report has calculated that less than 5% of patients achieve a complete response with
DTIC, and the 5-year survival rate is only 2-6% [5]. Recent improvements in treatment effectiveness
have been obtained with Immunotherapy and Targeted therapy (Table 1).

The immune system plays a very important role in melanoma progression. Indeed, melanoma
can evade immune response which can be associated with immunosuppression [6]; thus, the
possibility of re-activating a specific antitumour immune response has been widely explored. IL-2
and interferon were at first used as adjuvant therapy, but, more recently, very specific modulators of
the immune response, such as the Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4) and Programmed
Death-1 (PD-1) inhibitors have been approved. CTLA-4 is a protein receptor present on the surface
of cytotoxic T-lymphocytes, and acts as an inhibitory checkpoint that blocks T-cell activation;
ipilimumab, the anti-CLTA-4 monoclonal antibody, is able to restore T cell activity [7]. Similar
to CTLA-4, the PD-1 receptor is expressed on T-cells, and it normally binds to the PD-1 and 2
Ligands (PD-L1, PD-L2); moreover, it is present on antigen-presenting cells and suppresses T-cell
activation; pembrolizumab and nivolumab are two anti-PD-1 antibodies that block the interaction
between PD-1 and its ligands, PD-L1 and PD-L2, thus reactivating the T-cell response [8]. Very
recently, the first live oncolytic virus therapy against melanoma has been approved by the FDA.
Imlygic is a genetically modified oncolytic herpes virus, able to replicate within cancer cells, destroy
them, and produce the immunostimulatory protein GM-CSF (Granulocyte-Macrophage Colony
Stimulating Factor) [9].

In the last few years, the treatment options for the advanced disease have expanded dramatically,
thanks to the identification of activating mutations in the genes involved in melanoma progression.
New molecular targeted therapies have been set up, with the development of small molecular
inhibitors that target these mutated proteins. In 2011, the FDA approved the first targeted drug
for the advance melanoma disease, the B-RAF inhibitor Vemurafenib [10]. B-RAF is a Serine/
Threonine Kinase, belonging to Mitogen-Activated Protein Kinases (MAPKs), one of the main
signal transduction pathways involved in cell proliferation. Vemurafenib, with the more recently
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Table 1: FDA-approved drugs in Immunotherapy and Targeted therapy.

Targeted therapy

Drug Activity FDA-Approved
Cotellic (Cobimetinib, Genentech) MEK inhibitor Nov 2015
Trametinib (Mekinist, GlaxoSmithKline) MEK Inhibitor May 2013
Dabrafenib (Tafinlar, GlaxoSmithKline) Inhibitor of V600E-mutated form of BRAF May 2013
Vemurafenib (Zelboraf, Roche) Inhibitor of V600E-mutated form of BRAF Aug 2011

Immunotherapy

Drug Activity FDA-Approved

Talimogene laherparepvec "T-Vec" (Imlygic, Oncolytic effects and immunomodulating effect by producing GM-CSF (granulocyte- 0Oct 2015
Amgen) macrophage colony-stimulating factor)

Pembrolizumab (Keytruda, Merck) PD-1 inhibitor Set 2014
Nivolumab (Opdivo, Bristol-Myers Squibb) PD-1 inhibitor Dec 2014
Peginterferon alfa-2b (Sylatron, Merck) Peginterferon alfa-2b with immunomodulating action Apr2011
Ipilimumab (Yervoy, Bristol-Myers Squibb) CTLA-4 inhibitor Mar 2011
IL-2 (Proleukin-Chiron) IL-2 with immunomodulating action Jan 1998
Interferon alfa-2b recombinant (Intron A, Interferon alfa-2b with immunomodulating action Dec 1995

Schering-Plough)

FDA-approved dabrafenib, targets the V600E/K mutated form of
BRAF, which is carried in 50-60% of cutaneous melanomas [11]. The
treatment with the BRAFV600E/K inhibitors has been successfully
used, prolonging both progression-free and overall survival, when
compared with DTIC [12-14]. Another member of the MAPK
pathway is the Mitogen-activated protein kinase (MEK), which is the
primary downstream target of B-RAF. MEK is mutated in about 8% of
melanomas [15]. MEK inhibitors, such as cobimetinib and trametinib
are now available on the market for the treatment of advanced
melanoma (Table 1). Moreover, several clinical trials are on-going for
testing inhibitory molecules against other activating mutations which
have been identified in melanoma, such as C-KIT or mTOR (i.e.: Trial
ID NCT02501551, NCT01280565 and NCT01960829).

Both targeted therapies and immunotherapies are promising
for advanced melanoma. However, toxicity and/or drug resistance
remain unmet clinical problems. For instance, after vemurafenib
treatment, most patients develop resistance after 6 to 7 months [12-
14]; the concurrent administration of ipilimumab and nivolumab,
although producing a 2-year survival of 79% caused severe immune
toxicities in 53% of patients treated with this combination, leading
30% of patients to discontinue this therapy [16,17]. These important
limitations strongly suggest investigating novel methods of drug
delivery. With the recent and rapid developments in nanotechnology,
the incorporation of therapeutic agents into Nanoparticles (NPs) can
be the possible answer. The use of drug-loaded NPs can improve the
solubility of poorly water-soluble drugs, optimize pharmacokinetics,
increase drug half-life, improve bioavailability, achieve targeting
specificity, diminish drug metabolism, with the ultimate goals of
improving efficacy, overcoming drug resistance, and reducing
toxicity.

Several types of NPs for cancer treatment are currently under
investigation, including liposomes, Solid Lipid Nanoparticles
(SLNs), polymeric micelles, nanospheres, dendrimers, nanotubes,
mesoporous silica NPs, quantum dots, super paramagnetic iron
oxide NPs, and gold NPs [18-21]. Several nanomedicines for cancer
treatment have been FDA-approved, such as pegylated doxorubicin

(Doxil) in ovarian and breast cancer, albumin-bound paclitaxel
nanospheres (Abraxane) and liposome-encapsulated doxorubicin
(Myocet) in breast cancer [22]. For melanoma, nanomedicines are
not yet FDA-approved, but there are several on-going trials (Table 2).

Beside the therapeutical option, another interesting application
for the nanotechnological platforms consists of their use for diagnostic
purposes. Several types of NPs, containing non-radioactive tracers,
can be useful for visualizing the disease site, such as the presence
of metastatic melanoma cells into the lymph nodes. Moreover, the
possibility of combining the therapeutic and the diagnostic abilities,
referred to as theranostic, is receiving growing interest [23-24]. Table
3 also reports the on-going trials having a diagnostic or theranostic
purpose.

The opportunities offered by nanomedicine for melanoma
treatment, diagnosis, and theranostic applications have been
extensively reviewed [18-24-27]. In this review we present an up-
date on the latest pre-clinical studies (2015-2016) of the use of
nanotechnology in melanoma treatment and diagnosis.
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Figure 1: Number of Publications per year on Nanomedicine and Melanoma.
Number of publications per year obtained on PubMed with the following
query: “(Nanoparticle or Nanomedicine) and melanoma”. A great increase is
evident from the year 2008.
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Table 2: Ongoing clinical trials involving NPs and melanoma (from www.clinicaltrials.gov and from www.isrctn.com).

Nanoformulations Disease ‘ Phase ‘ Results Trial ID
Cancer immunotherapy
Pegylated Interferon-alpha-2a Patients With Malignant Melanoma IIA-IIIB Il 0223'3%’”;“ NCT00204529
Pegylated Interferon-alpha-2b Melanoma stage I-11 0 recruiting NCTO00871533
Cytotoxic chemotherapy
Albumin-bound paciitaxel (Nab-paciitaxel) ‘ Pediatric Patients With Recurrent/ Refractory Solid ‘ - ‘ recruiting ‘ NCT01962103
Tumours, including melanoma
Targeted therapy
Liposomes containing shRNA against human Several metastatic tumours, including melanoma ongom.gl, not NCT01505153
stathmin 1 recruiting
Combined therapy
Nab-paclitaxel and bevacizumab vs. ipilimumab Patients With Stage IV Melanoma That Cannot Be I ongomgl, not NCT02158520
Removed By Surgery recruiting
Nab-paiitaxel in combination with bevacizumab | 2uents With Stage IV Melanoma That Cannot Be i ongoing, not NCT01879306
Removed By Surgery recruiting
Nab-paclitaxel in combination with bevacizumab Patients With Stage IV Melanoma That Cannot Be | recruiting NCT02020707
Removed by Surgery
Rituxan and Nab-paclitaxel Patients With '“°per:/|belfaf;arg: lIl'and IV Malignant I recruiting NCT02142335
nab—pa'clna{(el in gomplnatlon with PITX7f186 Patients With Advanced Solid Tumours, including | recruiting NCT01804530
(tyrosine kinase inhibitor) and gemcitabine melanoma
Llposomgl Cytarat?lne (Depo(?ytTM.) in combination Leptomeningeal Metastasis From Malignant Melanoma | recruiting NCT01563614
with lomustine and brain radiotherapy
Diagnosis and imaging
Magnetic Nanoparticles Using magnetic tracers to find the sentinel lymph nodes |, recruiting ISRCTN15768185
in patients with Melanoma skin cancer
Silica-based nanoparticles labeled with the For Image-Guided Intraoperative Sentinel Lymph Node
fluorophore cyanine 5.5, and functionalized with Mapping in Head and Neck Melanoma, and others 0 recruiting NCT02106598
RGD cancers

The Use of Nanotechnology in Melanoma Treatment

The interest in nanotechnology for the treatment and diagnosis
of melanoma has grown exponentially over the past five years (Figure
1). We found 79 publications in the period 2015-March 2016, about
latest pre-clinical studies on nanotechnology applied to melanoma
research. Most of the publications (65, representing the 82%) are
about the identification of new type of anti-melanoma treatments. A
small percentage (7 publications representing the 9%) is focused on
diagnosis. Seven publications (9%) are devoted to the development of
nanocarriers able to combine both therapy and diagnosis (theranostic)
(Figure 2).

By considering the publications related to new nanotherapeutic
approaches, we can further subdivide them according to the type of
treatment: immunotherapy, the treatments that can restore or enhance
the immune system’s ability to fight cancer; cytotoxic chemotherapy,
which employs the common cytotoxic drugs; new anticancer agents,
which explore the anti-tumoral properties of new molecules of
different origins; targeted therapy, using drugs that interfere with
specific molecules involved in tumor growth and survival; physically-
driven therapy, which involves the use of photosensitizing agents;
combined therapy, which combines the contemporary use of two
or more therapeutical strategies; cellular targeting, which explores
several strategies to enhance the active tumor targeting, such as the
functionalization of nanocarriers or the stimuli-responsive nano-
formulations; and theranostic, nanocarriers able to combine both
therapy and diagnosis. In the 2015-2016 period, the nanoformulations
were most commonly employed for immunotherapy (21%), followed
by cellular targeting (18%), physically-driven therapy (15%), and new

anti-cancer (14%) studies (Figure 3). A graphical overview of these
nanotherapeutic approaches for melanoma in 2015-16 is showed in
Figure 4.

Cancer Immunotherapy

In recent years, we have witnessed tremendous progress in the
development of the cancer immunotherapy, especially for melanoma
tumours. Several immunomodulators are already in clinic (Table 1)
and the scientists are expecting further advances with nanomedicine
applications.

theranostic
9%

diagnosis
9%

treatment
82%

Figure 2: Nanomedicine and Melanoma in the 2015-2016 time period. Type
of publications in the 2015-2016 time period, expressed as percentage. Most
of the publications (82%) are about the identification of new types of anti-
melanoma treatments. A small percentage (9%) is focused on diagnosis.
9% of the publications are devoted to the development of nanocarriers able
to combine both therapy and diagnosis (theranostic).
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Cytotoxic
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Figure 3: Different Nanotherapeutic approaches for Melanoma Treatment
in the 2015-2016 time period. Number of publications in the period 2015-
2016, expressed as percentage, relative to the different nanotherapeutic
approaches for melanoma treatment.

Inhibition of the immunosuppressive cells: One of the possible
strategies of cancer immunotherapy is to eradicate the immune
suppressor cells, such as the regulatory T-lymphocytes (Treg) and
the Myeloid-Derived Suppressor Cells (MDSCs), a heterogeneous
population of immature myeloid cells that suppress effector T cell
responses. Similar to anti-CTLA-4 drugs, Li and collaborators [28]
developed NPs containing a siRNA targeting CLA-4 (NPsiCTLA-4).
They demonstrated, in the mouse model bearing B16 melanoma, that
NPsiCTLA-4 was able to activate the anti-tumour immune responses,
as demonstrated by the increase of anti-tumour CD8+T cells, and the
decrease of inhibitory T regulatory cells among tumour infiltrating
lymphocytes [28]. An interesting strategy for the ablation of MDSCs
was proposed by Jeanbart and collaborators [29], which have
developed polymer micelles loaded with 6-Thioguanine (MC-TG), a
cytotoxic drug used in the treatment of myelogenous leukemia, with
the aim of killing MDSCs. After the injection of micelles in B16-F10
melanoma-bearing mice, they found a depletion of MDSC, as well as
a higher efficacy of adoptive T cell therapy.

Toll-like receptors (TLR) agonists: Recently, tumour-specific
immune activation was achieved with the agonist of Toll-Like
Receptors (TLRs). Their engagement leads to innate and adaptive
immune responses, which can have anti-tumoural effects [30]. For
instance, it has been demonstrated that TLR agonists may indirectly
kill chronic lymphocytic leukemia cells, by enhancing the activity of
natural killer and tumor-reactive T cells [31]. Moreover, clinical trials
demonstrated the successful treatment of cutaneous tumors, such
as the basal cell carcinoma with imiquimod, an immunoresponse
modifier affecting TRL-7, which is able to stimulate both the innate
immune response and the cell-mediated immune system, via
induction of cytokines [32].

With this aim, Zhu and collaborators [33] developed a new
nanocarrier containing analogs of the unmethylated Cytosine-
phosphate-Guanine (CpG), a class of potent adjuvants that activate
TLRY, located in the endolysosome of many Antigen-Presenting
Cells (APCs). This nanoformulation, obtained by self-assembling
concatemer CpG analogs and Magnesium Pyrophosphate (Mg2PPi),
had a rapidly uptake by APCs. In the endolysosomes compartment,

Mg2PPi was dissolved, due to the acidic environment, and CpG
analogs were able to activate TRL9. Thus, APCs started to secrete
proinflammatory and co-stimulatory factors, leading to the tumour
growth inhibition in B16-F10 melanoma-bearing mice [33].

Cancer vaccines: The use of nanoparticle-based vaccines is a recent
application of the field of nanomedicine [30]. A specific antigens,
such as ovalbumin (OVA), or tumour-specific antigens with or
without adjuvants, loaded in nanostructure, can be delivered to
the “in situ” DCs for efficient antigen presentation and consequent
stimulation of the antigen-specific response against cancer cells.
Hong and collaborators [34] developed new antigen-encapsulating
NPs, loaded with OVA, and coated with interLeukin-15 (IL-15) and
its receptor IL-15Ra (IL-15: IL-15Ra), which functions as a vaccine
adjuvant. After the treatment of DCs, they found an enhanced ability
to stimulate antigen-specific CD8+T cell responses. Moreover, the
treatment with (IL-15: IL-15Ra)-coated NPs, in an animal model
of murine melanoma, significantly increased the survival rate, in
comparison with monovalent (IL-15: IL-15Ra) treatment. Similar
to IL-15, a-GalactosylCeramide (a-GalCer) has been regarded
as a potent vaccine adjuvant. Dolen and collaborators [35] have
encapsulated both in a single NP and they found that, in mice, a
single immunization with OVA+a-GalCer NPs provided substantial
protection from melanoma tumour formation and even delayed the
growth of already established tumours.

Poly Lactic-co-Glycolic Acid NPs (PLGA-NP) have been
extensively studied for vaccine delivery and have been reported to
target dendritic cells naturally through phagocytosis with efficient
delivery of the vaccine components. OVA containing PLGA-NPs were
loaded in thermoresponsive hydrogels, made of PolyEthyleneGlycol-
PolyCaproLactone-PolyLactide-PolyCaproLactone-
PolyEthyleneGlycol (PEG-PCL-PLA-PCL-PEG) [36]. The hydrogels
stimulated both cellular and humoral responses, and stimulated
effective anti-tumour responses in an animal melanoma tumour
model. Tumour-Associated DCs (TADCs), compared to normal
DCs, are less responsive to TLR stimulation, which has been related
to STAT3 hyperactivity. Luo and collaborators [37] developed new
nanovaccines with the aim to overcome DC dysfunction. They have
co-encapsulated the Poly I:C (PIC), a TLR3 agonist, the OV A antigen,
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and the siRNA targeting STAT3, in PEG-b-Poly(L-Lysine)-b-Poly(L-
Leucine) (PEG-PLL-PLLeu) polypeptide micelles. These micelles
showed a strong tumour regression effect with prolonged survival,
accompanied by anti-tumour immune responses in B16 melanoma-
bearing mice. Silva and co-authors [38] co-delivered OVA and two
TRL ligands, such as Poly(I:C) and CpG in mannose-functionalized
NPs. The presence of this sugar, on the surface of the NPs, enhanced
the up-take from the antigen-presenting cells, which have the
mannose receptors. This nanovaccine decreased the growth rate of
murine B16F10 melanoma tumours. A gene-carrier system based
on chitosan NPs with immunomodulant activity was developed by
Yan and collaborators [39]. These NPs were loaded with a plasmid
containing the fusion of two genes: the extracellular domain of the
activating receptor NKG2D (Natural-Killer Group 2, member D) and
the IL-15 gene. The protein showed the ability to activate NK and
CD8+T cells, thus enhancing the antitumour activity of the immune
system. Indeed, intramuscular injection of fused gene NPs suppressed
tumour growth and prolonged survival of melanoma-bearing mice.

The use of specific antigens for melanoma can improve the efficacy
of nanovaccines. Several authors, in 2015-2016, developed new
nanovector containing specific melanoma antigens and adjuvants.
PLGA-based NPs (PLGA-NPs), carrying the melanoma antigen
(hgp10025-33) and, as adjuvant, the TRL4 agonist MonoPhosphoryl
Lipid (MPLA), were recently reported [40]. Interestingly, the PLGA-
NPs were coated with erythrocyte membranes, by virtue of their
easy isolation and intrinsic biocompatibility [41]. PLGA-NPs were
further modified by adding the mannose on the surface, to actively
target APCs in the lymphatic organ. This nanovaccine demonstrated
superiority to an ordinarily used vaccine formulation against
tumour prevention, growth, and metastasis in B16-F10 bearing mice
[40]. Zhuang and collaborators [42] proposed a Lipid-coated Zinc
Phosphate hybrid NP (LZnP NP), able to co-deliver both the tumour
specific antigens, represented by a multi-peptide (TRP2180-188
and HGP10025-33) and a TRL4 agonist (MPLA) as adjuvant. This
nanoformulation, with the size of 30 nm, was intradermically injected
in C57BL/6 mice. Ten days after the last immunization, C57BL/6
mice were inoculated subcutaneously B16-F10 melanoma cells. Mice
exhibited antitumour immunity, as demonstrated by the secretion of
cytokines and the increased CD8+T cell response. This antitumour
effect elicited an inhibition of melanoma growth, more consistent
when compared with the treatment of free antigens [42]. The gp100
melanocyte differentiation protein epitope was loaded into NPs,
obtained by engineering the E2 subunit of pyruvate dehydrogenase
[43]. Moreover, this non-viral cage contained CpG DNA molecules,
able to increase the antigen-specific anti-tumour responses following
immunization, since CpG sequences are similar to those found
in bacterial DNA. They succeed in obtaining higher CD8+T cell
activation, as well as an increased survival of animals bearing B16
melanoma by 40%, compared to PBS-treated animals [43].

The melanoma immunotherapy can also take advantage of the
treatment with plant-derived Viral NPs (VNPs), since they are natural
nanomaterials, biodegradable and biocompatible. They can be used as
a carrier for drug delivery or for imaging applications, or they can
use as an adjuvant immunostimulatory molecules, able to activate the
anti-tumoural T-cell response [44]. For instance, it has been shown
that the self-assembling virus-like NPs from Cow Pea Mosaic Virus
(CPMV) [45] and the Papaya Mosaic Virus nanoparticle (PapMV)
[46] suppress melanoma metastatic cancer in animals.

Cytotoxic Chemotherapy

In melanoma, the response rates to the common cytotoxic
drugs are very low. Thus, the scientists do hope to develop effective
anticancer treatments thanks to nanotechnology, which will increase
the effectiveness of anti-cancer treatments. Gold NPs (AuNPs)
conjugated with doxorubicin (Au-Dox) are receiving great attention.
Zhang and collaborators [47] demonstrated that the intratumoural
injection of ultra-small Au-Dox is effective against melanoma in
immunocompetent mice bearing murine B16 melanoma cells and
in nude mice bearing human SK-MEL-28 xenograft. Moreover,
Tawagi and collaborators [48] compared the toxicity of Au-Dox
in B16 melanoma cell lines and cardiomyocytes, measured by real-
time growth assays and Fluorescence Lifetime Imaging Microscopy
(FLIM). They demonstrated that cardiomyocytes were more sensitive
than B16 cells to Dox alone, but were dramatically less sensitive to
Au-Dox. On the contrary, Au-Dox was more effective in inducing cell
death of B16 melanoma cells, compared to Dox alone. The different
patterns of Au-Dox in the two cell types can explain the differential
toxicity: while Au-Dox concentrated in the nuclei of B16 cells, it
remained endosomal in cardiomyocytes. Kaiser and collaborators
[49] demonstrated an enhanced antitumoural activity of docetaxel,
when loaded in Acid-Prepared Mesoporous Spheres (APMS-TEG).
This nano-formulation was effective in MelJuSo, UACC903, and
WM1205 melanoma cell lines at a nanomolar concentration, thus
suggesting a potential use in clinic. A Graphene Oxide (GO) sheet
conjugated with paclitaxel (PTX) was successfully employed in B16
melanoma-bearing C57 mice [50].

An interesting study has determined the influence of nanoparticle
size on targeting lymph node metastases [51]. The authors delivered
micelles, loaded with the platinum anticancer drug, with different
diameters, in a syngenic melanoma model. The targeting of lymph
node metastases was compared with results obtained with the
clinically used Doxil having a diameter of 80 nm. They found that
the sub-50 nm micelles were more efficient in reaching lymph node
metastasis, having a higher capability in extravasating from the blood
and penetrating into the metastatic tumour.

New Anticancer Agents

The anti-melanoma properties of several plant extracts, or
derivatives, have been explored in the last two years.

Dwivedi and collaborators [52] have studied the antitumoural
effect of artemisone, an artemisinin derivative, isolated from the
plant Artemisia annua and currently used as an antimalarial drug, on
melanoma cells in vitro. They loaded Artemisone in nano-vesicular
niosomes and in solid lipid NPs, demonstrating in both cases enhanced
antiproliferative effects against human melanoma A375 cells, with
respect to the free drug. Moreover, these nanoformulations had
negligible toxicity towards normal skin cells. Later, they performed
in vitro skin permeation studies with both nanoformulations. They
found out that, in the stratum corneum-epidermis, artemisone-
SLNs were found at higher concentration compared to than the
artemisone-niosomes, and that, in the epidermis-dermis, artemisone
was only detected after application of the SLN formulation. These
results suggest the possible topical delivery of artemisone-SLNs in
treatment of melanoma [53].

Hu and collaborators [54] have developed new NPs loaded
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with saikosaponin, a biologically active compound extract from the
Bupleurum chinense, with anti-melanoma activity “in vitro” and
“in vivo”. They were able to demonstrate that saikosaponin-d NPs
enhanced the antiproliferative activity against melanoma cells, and
induced apoptosis through the mitochondrial pathway.

The plant-derived curcumin, loaded into chitosan-coated NPs
was orally administered to the BI6F10 metastatic melanoma bearing
mice, obtaining an enhanced anti-tumoural activity [55].

Gismondi and collaborators [56] developed novel Detonation
NanoDiamonds (DNDs), which are new nanoparticles produced by
detonation of explosive Carbon materials. They loaded the Citropten
(5,7-dimethoxycoumarin) agent, a plant secondary metabolite into
DNDs, and demonstrated that this nanovehicle was able to reduce
B16-F10 tumour cell growth.

The herb-derived compound triptolide (TP), with anti-angiogenic
properties, was loaded into methoxy poly(ethylene glycol)-block-
poly(e-caprolactone) micelles by Wang and collaborators [57].
In B16-F10 melanoma-bearing mice they demonstrated that the
nanovehicle enhanced the TP accumulation in tumour tissues,
increased the survival time and inhibited angiogenesis.

4-Hydroxynonenal, an endogenous compound derived from
lipid peroxidation was studied as an anti-melanoma agent [58]. A
new type of lipid nanocapsule, based on fB-Cyclodextrin-poly(4-
acryloylmorpholine) conjugates, was designed to enhance its solubility
and stability. HNE loaded in the nanocapsules was more effective than
free HNE in inhibiting proliferation of several tumour cancer cells,
including melanoma. Moreover, the effect of these new nanocapsules
on a three-dimensional human reconstructed model of skin
melanoma was evaluated. Two diverse treatments were performed:
one in the medium, mimicking the parenteral administration, and the
other onto the epidermal surface, mimicking the topical treatment.
Both treatments were more effective than free HNE on melanoma
cell growth inhibition. Interestingly, the encouraging results obtained
with the topical administration on the epidermal surface could open
new perspectives in melanoma treatments [58].

Other chemical compounds loaded into NPs were successfully
employed for melanoma treatment, such as the novel synthetic tubulin
inhibitor, 2-(1H-indol-5-yl)thiazol-4-yl)3,4,5-trimethoxyphenyl
methanone (abbreviated as LY293) [59], and the Cerium oxide CeO,
[60].

Targeted Therapy

Most recent preclinical studies in the field of targeted therapy
explored the use of nucleic acid for melanoma treatment.

Li and collaborators [61] developed new NPs able to carry
the DNA for the pro-apoptotic gene PUMA (p53 up-regulated
modulator of apoptosis). In particular they used the cationic Polymer
Polyethylenimine (PEI), widely employed for non-viral transfection,
crosslinked ~ with  Sulfosuccinimidyl-4-(N-maleimidomethyl)
cyclohexane-1-carboxylate  (Sulfo-SMCC)  conjugating  Trans-
Activating Transcriptional activator (TAT). This nanovector
enhanced the transfection efficiency of PUMA gene in malignant
melanoma A375 cell, resulting in increased apoptosis.

Polycation based NPs (jetPEI) were used as carrier for the delivery
of a plasmid expressing the short hairpin RNA (shRNA) against
the CXC motif Chemokine Receptor 4 (CXCR4) [62], as an anti-

metastatic target. They succeed in obtaining a significant reduction in
the number of pulmonary metastatic nodules (50%) in animals that
received a retro orbital injection of jetPEI CXCR4 1 shRNA.

Hundt and collaborators [63] set up a method to monitor by MR
imaging the antiangiogenic gene therapy in M21 melanoma-bearing
mice. As the antiangiogenic gene, they chose the dominant-negative
mutant form of Raf-1 (Raf-1-). The plasmid containing Raf-1- was
loaded into RGD-targeted sNPs and was given to the animals. They
found that the targeted gene delivery therapy induces significant
changes in Magnetic Resonance Imaging (MRI) and that there was
an excellent correlation between MRI and histological results, which
were direct effect of the gene delivery therapy.

Beside the employment of the nucleic acids, specific inhibitors
were also studied, such as the Sn-2 lipase-labile, an inhibitor of the
oncogene c-myc [64] and glycomimetic (P-3F(ax)-Neu5Ac), an
inhibitor of the sialic acid, frequently over expressed on cancer cell
surfaces and contributing to the metastatic process [65].

A nanovector for the imatinib mesylate, a tyrosine-kinase
inhibitor already in clinical use for several tumours, was developed
by Labala and collaborators [66]. This nanoformulation consists of a
layer-by-layer polyelectrolyte coated AuNP (LbL-AuNP) and it was
specifically designed for the ionophoretic transport into skin.

Physically-Driven Therapy

Therapies inducing hyperthermia: Photo Thermal Therapy (PTT)
involves the use of light and a photosensitizer to generate heat for
therapeutic purposes. Gold-based NPs are widely used for this
purpose, since after the irradiation, they generate a localized heat
so as to damage a region of interest [67]. A Gold-Ferrite Nano
Composite (GFNC) was obtained by Heidari and collaborators [68],
as a photo thermal agent in melanoma-bearing mice. They have
demonstrated a higher necrotic surface tumour area in mice receiving
GFNC injection and laser irradiation. Wang and collaborators [69]
developed gold nanoshell capsules, which easily penetrate melanoma
cells. After a mild laser irradiation, they observed a consistent ablation
of malignant melanomas.

Magnetic Field Hyperthermia (MFH) treatment has received great
attention from the scientific community, since this therapeutic option
elicits the heating of magnetic NPs by time-varying magnetic fields.
Blanco-Andujar and collaborators [70] demonstrated that human
melanoma cells undergo apoptosis upon exposure to citric acid-
coated iron-oxide NPs, followed by a Magnetic Field Hyperthermia
(MFH) treatment.

The ability of Radio Frequency (RF) radiation to heat human
tissues has been known for a long time, and now this knowledge
can be exploited in cancer therapy. Haghniaz and collaborators [71]
have explored the potential use of Dextran-coated (Dex) Lanthanum
Strontium Manganese Oxide (LSMO) NPs, as a hyperthermia agent
in the treatment of cancer. B16-F1 melanoma cells were exposed to
Dex-LSMO NPs and heated using a radiofrequency generator, finding
that the cell death increased in a time-dependent and temperature-
dependent manner.

Photo dynamic therapy (PDT): Photo Dynamic Therapy (PDT)
uses nontoxic photosensitizing agents and a light source to treat
cancers. Under light exposure, these chemical compounds are excited
and are able to produce ROS, able to kill cancer cells. Ogawara and
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collaborators [72] developed a new nanoformulation for cancer PDT.
They encapsulated Photoprotoporphyrin IX DiMethyl Ester (PppIX-
DME), a hydrophobic porphyrin derivative, into polymeric NPs
composed of polyethylene glycol and polylactic acid block copolymer
(PN-Por). An “in vitro” phototoxicity study clearly indicated the
significant phototoxicity of PN-Por for three types of tumour cells,
(including B16-BL6 melanoma cancer cells), in a PppIX-DME
concentration-dependent fashion [72]. Thus, the use of Zinc Oxide
(ZnO) NPs in anticancer treatment has become a promising strategy,
due to their excellent photo-oxidation activity.

Under light activation, ZnO, or a derivative, is able to induce ROS
production, thus killing cells via oxidative stress. However, ZnO has
a low photocatalytic decomposition rate and Arooj and collaborators
[73] demonstrated that metal ions such as Silver (Ag) improve their
activity. Under daylight exposure, ZnO: Ag nanocomposites induced
cell death of human malignant melanoma (HT144) more efficiently
that ZnO alone. Interestingly, these ZnO: Ag nanocomposites killed
melanoma HT144 cells more efficiently than normal Human Corneal
Epithelial Cells (HCEC). Wang and collaborators [74] succeeded
in treating cultured melanoma cells and a B16 murine melanoma
model with Near-InfraRed (NIR) Plasmonic copper sulfide (Cu2-xS)
Nano Crystals (NCs), followed by NIR irradiation. Interestingly, they
concluded that the therapeutic effect was due to a combination of the
photo thermal heat mechanism (Photo Thermal Therapy, PTT) and
the photodynamic activity, via the production of high levels of ROS.

Araki and collaborators [75] explored the possibility that the
Photo Dynamic Therapy (PDT) towards the tumour vasculature
(Photo-triggered tumour Vascular Treatment, PVT) may enhance
the vascular permeability, leading to augmented Enhanced
Permeability and Retention (EPR). B16 tumour-bearing mice, with
low permeable vasculature, were treated with liposomal paclitaxel
(PL-PTX) and a hydrophobic porphyrin derivative in polyethylene
glycol-block-polylactic acid NPs was used as a photosensitizer. The
authors demonstrated that the PVT treatment enhanced the anti-
tumour activity elicited by PL-PTX, thus augmenting the EPR effect
in a model of low permeable tumour vasculature.

Non-thermal atmospheric-pressure  plasma:  Non-thermal
atmospheric-pressure plasma, also named cold plasma, is defined as
a partly ionized gas and it is a new innovative approach to medicine
[76]. Recently, its anti-tumoural activity has emerged and gained
attention. However, its action is not specific. Choi and collaborators
[77] succeeded in enhancing the capability of the cold plasma in
specifically killing melanoma cells. They have targeted NEU (human
epidermal growth factor receptor 2) protein, which is frequently over-
expressed in the cell membrane of melanoma cells, using anti-NEU
antibody-labeled gold NPs. The labeled NPs preferentially targeted
melanoma cells rather than normal keratinocytes. Both cells were
exposed to the cold plasma and they found the death rate of melanoma
cells was significantly higher than that of normal keratinocyte cells.

Combined Therapy

Several combination therapies have been FDA-approved for
melanoma treatment (i.e. nivolumab plus ipilimumab; trametinib
plus dabrafenib), and studies on other combinatory regimens are
on-going in many trials. Thus, the researchers continue exploring
several types of combinations in pre-clinical studies, involving
nanotechnological carriers.

Combining two chemical agents: Ruttala and collaborators [78]
have developed a liposome carrier containing two chemotherapeutic
agents, paclitaxel (PTX) and curcumin (CUR). Via a thin-film
hydration technique, they encapsulated the PTX-loaded Albumin
NPs (APN) in PEGylated hybrid liposomes containing CUR (CL-
APN). This co-loaded delivery system has shown a higher cytotoxic
effect on several tumour cell lines, including B16-F10 melanoma
cells, compared to single free chemotherapeutic drugs or single drugs
encapsulated in the respective nanocarrier.

Recently, glutamate receptor antagonists, mainly used in
the treatment of many neuronal diseases, have been proposed as
anticancer agents. Tan and collaborators [79] developed Mesoporous
Silica NPs (MSNPs) loaded with both an ionotropic Glutamate (iGlu)
receptor antagonist, the 4-Hydroxyphenylacetyl spermine (L1), and
Dox. Moreover, Dox was trapped within the MSNPs by a redox-
cleavable linker, thus being able to be released upon exposure to
glutathione. The authors demonstrated an enhanced antitumoural
effect of L1 and Dox co-delivering on B16-F10 melanoma cells in
vitro.

Combining chemical agent with targeted therapy: A porous silicon-
based Micro/Nano Composite (MNC) has been designed, able to
co-deliver a chemotherapeutic drug, such as Docetaxel, and a small
interfering RNA (siRNA) against BRAF. The MNC was more effective
in inhibiting tumour growth and reducing lung metastasis in a mouse
melanoma model [80].

Doddapaneni and collaborators [81] designed a novel PEG-PCL
polymer able to contain three drugs against melanoma: docetaxel
(targeting microtubules), everolimus and LY294002 (two inhibitors
of mammalian target of rapamycin, mTOR). They were able to
modify the surface charge of the NPs, obtaining neutral, partially
charged, or fully charged surface, with the aim of having preferential
uptake and accumulation in the lymphatic system, in mice injected
subcutaneously. Two metastatic melanoma mouse models with the
two major mutations (NRASQ61K and RXRa) found in human
melanoma, were used for the in vivo studies. After NPs injection, they
found that the partially charged NPs have the highest potential in
treating metastatic melanoma, demonstrating that the surface charge
is a critical parameter for the lymphatic uptake [81].

Combining chemical agent with radiotherapy: Li and collaborators
[82] succeeded in establishing a Pluronic’ F127-based thermosensitive
hydrogel (Au-Dox-Gel) containing gold NPs (AuNPs), used as
radio sensitizer and Dox, the chemotherapeutic drug, to improve
cancer chemo radiotherapy. Indeed, after radiation, tumour sizes in
melanoma B16 bearing mice were significantly decreased by Au-Dox-
Gel compared to control mice.

Combining chemical agent with immunotherapy: Chemotherapy
with immunotherapy is a regimen generally referred to as
‘BioChemoTherapy’ (BCT). In this respect, Zhao and collaborators
[83] have co-delivered two types of NPs in B16-F10 melanoma-
bearing mice, one carrying the vaccine antigen and the second loaded
with the chemotherapeutic agent. As anti-cancer drug, they have
used the triterpenoid methyl-2-cyano-3,12-dioxooleana-1,9(11)-
dien-28-oate (CDDO-Me) loaded in PLGA-NPs. The antitumoural
mechanisms of CDDO-Me include induction of apoptosis and
modulation of several signal transduction pathways involved in
tumour cell proliferation, but it can also block furthermore the
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immune suppressive function of Myeloid-Derived Suppressor Cells
(MDSCs) and improve the immune response to cancer. The second
nanovector consisted of the self-antigen tyrosinase-related protein
2 (Trp2) peptide, a melanocyte differentiation antigen, loaded in a
Lipid-Calcium-Phosphate NanoParticle (LCP-NP). The authors
demonstrated that the intravenous delivery of CDDO-Me loaded
in PLGA-NP, combined with the subcutaneous Trp2 vaccination,
resulted in an increase of anticancer activity compared to Trp2
vaccine alone in B16-F10 melanoma-bearing mice [83].

Enhancing the Cellular Targeting

Two main strategies are in use to enhance active tumour targeting.
The first consists of the decoration of the surface of the nanocarrier
with ligands (i.e. antibodies, aptamers, peptides, sugars) to allow for
the homing of the drug to a specific target site. The second approach
is the stimuli-responsive delivery strategies, in which the drug release
can be achieved within a tumour in response to a cancer-specific
stimulus.

Functionalized nanocarriers: A well-known peptide used in targeting
nanocarriers is the arginine-glycine-aspartic (RGD) peptide, which is
the minimal binding domain of fibronectin necessary to recognize
cell surface avf33/avf35 integrins, frequently over expressed on cancer
cells and tumour vasculature. Zhao and collaborators [84] enhanced
the hydrosolubility of the anti-cancer agent curcumin with a PEG-
PLA micelle-based drug delivery system. These PEG-PLA micelles
were functionalized with the avf33 integrin-targeted peptide RGD.
The authors showed that RGD-functionalized PEG-PLA micelles
containing curcumin had a stronger inhibition of tumour growth
in B16 tumour-bearing mice, compared with non-RGD modified
PEG-PLA micelles. Similar results were obtained by Makino and
collaborators [85] in B16-F10 melanoma-bearing mice with PEG
micelles loaded with platinum anticancer drug and decorated with
the RGD peptide. Moreover, they demonstrated the cyclic RGD
peptide (cRGDs) have antitumour activities themselves, since it has
been shown that they can inhibit tumour growth and metastasis
by interfering with the angiogenesis or the integrin-dependent
metastatic processes.

Hyaluronan (HA) is another interesting molecule which has
been explored for active targeting. This non-sulfated polysaccharide
is being recognized as an important regulator of cancer progression
and is a ligand for CD44, a transmembrane glycoprotein abundantly
expressed in many malignant tumours and present on many types of
Cancer Stem Cells (CSCs) [86]. An enhancement of anti-melanoma
activity was then observed after HA-decorated nanocarrier treatments
in melanoma-bearing mice [87,88].

Interesting results on enhanced anti-melanoma activity have
been obtained with several other molecules used for active targeting,
such as anisamide, a small molecule of benzamide specific ligand
for the Sigma-1 receptor, highly expressed by tumour cells [89];
the tumour-penetrating peptide RPARPAR [90], able to bind to
the cell surface Neutrophilin-1 receptor (NRP-1), with essential
roles in vascular biology and which is over expressed in angiogenic
endothelial cells and in tumour cells; the tumour homing peptide
GKRK [90], ligand for the receptor p32, a mitochondrial chaperone
protein, aberrantly expressed at the surface of activated cells such
as tumour blood and lymphatic endothelial cells, tumour cells, and

tumour-associated macrophages; and the Polydopamine (PDA), a
mimic of the specialized adhesive foot protein Mefp-5 (mytilus edulis
foot protein-5) secreted by mussels [91].

Stimuli-responsive particles: In the most recent period, scientists
have focused their attention on pH-responsive nanocarrier and
enzyme-responsive nanovehicles.

pH-responsive nanovehicles, from acetalated cyclodextrinsloaded
with docetaxel, have demonstrated a dramatically enhanced efficacy
in a melanoma-bearing nude mouse model [92]. Xu and collaborators
[93] have developed a pH-sensitive carrier, able to simultaneously
deliver Dox and Bcl2 siRNA, specifically designed for local treatment
of lung metastasis. Dox was conjugated onto Polyethylenimine (PEI)
by using Cis-aconitic Anhydride (CA, a pH-sensitive linker) to obtain
PEI-CA-Dox conjugates. At acidic pH the drug was released faster.
Then, the anionic siRNA spontaneously formed a complex with the
cationic PEI-CA-Dox NPs. This nanoformulation showed higher
anti-cancer activity in B16F10 melanoma cells in vitro, with respect
the treatment with either Dox or Bcl2 siRNA alone. Interestingly,
when it is was directly sprayed into the lungs (with acidic pH), of
B16-F10 melanoma-bearing mice, the PEI-CA-Dox/Bcl2 siRNA
complex NPs exhibited enhanced antitumour efficacy compared with
the single delivery of Dox or Bcl2 siRNA.

Among the enzymes, the Matrix MetalloProteases (MMPs)
and gelatinases have been selected as the external stimulus for the
nanocarrier opening, since these enzymes are more highly represented
in the cancer microenvironment. Jallouk and collaborators [94]
have designed a new perfluorocarbon NP delivery system activated
by MMP-9 cleavage, able to carry mellitin derivatives (cytolytic
peptides derived from bee venom) and obtaining enhanced tumour
growth suppression in a mouse model of melanoma. Similar results
were obtained with a novel gelatinase-stimuli nanoparticle, loaded
with pemetrexed, a new antifolate medicine with antitumoural and
antimetastatic activity [95].

Finally, a combination of the two types of active targeting
treatments was presented by You and collaborators [96], which
designed a complex nanocarrier with three layer: the innermost core
of PCL loaded with the anti-cancer drug camptothecin (CPT), the
medium layer containing the folate receptor, for the active targeting
via functionalization, and the outer part consisting of a PEG layer
sensitive to MMP2 and MMP9. In presence of the tumour cells, the
PEG layer would detach from the NPs, due to the higher level of
MMP2 and MMP?9 in the cancer microenvironment, resulting in the
exposure of folate to enhance the cellular internalization via folate
receptor-mediated endocytosis, which accelerated the release rate
of CPT in vivo. These nanovectors showed an enhanced anti-cancer
activity on melanoma B16 bearing mice.

The Use of Nanotechnology for Imaging and Diagnosis

The presence of Lymph Node (LNs) metastasis is an important
prognostic factor in melanoma. Nanotechnology can help in
noninvasive, specific and sensitive detection of LN metastasis. Ultra
small tumour-targeting inorganic (Silica) nanoparticles have been
recently proposed as an intraoperative tool for guiding resection of
sentinel lymph node metastases [97]. The specificity and sensitivity of
contrast-enhanced MRI lymphography can be improved with the use
of Gadolinium (Gd)-loaded NPs, as demonstrated by Partridge and
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collaborators [98] in mice bearing B16-F10 melanoma. Interestingly,
Zhou and collaborators [99] have demonstrated that Gd-embedded
Iron oxide nanoplates (GAIOP), functionalized with Zwitterionic
Dopamine Sulfonate (ZDS) molecules, were uptaken differently by
B16 melanoma cells and by immune cells, such as macrophages and
dendritic cells in B16 melanoma-bearing mice. After the addition of
GdIOP NPs, they demonstrated that they were efficiently uptaken by
immune cells, whereas melanoma B16 tumour cells showed a lower
intake. Under T1-T2 dual-modal MRI, this difference generated
pseudo contrast images, with potential use for the detection of
tumour metastasis in LNs.

A possible application of nanotechnology is to detect angiogenesis
in vivo. Melemenidis and collaborators [100] have developed RGD-
targeted NPs of Iron Oxide (NPIO) for MRI of tumour angiogenesis,
after injection, mice bearing subcutaneous melanoma (B16-F10)
tumours underwent in vivo MRI. The authors demonstrated the
specific binding of RGD-targeted NPs loaded with NPIO with the
avf33 expressing neo-vessels of the tumours.

Meir and collaborators [101] have found an interesting method
to trace immune cells, with the aim to study their fate in cancer
immunotherapy. T-cells were transduced to express a melanoma-
specific T-cell receptor and then labeled with gold NPs (GNPs) as an
X-ray Computed Tomography (CT) contrast agent. After injection, in
mice bearing human melanoma xenografts, whole-body CT imaging
allowed examination of the distribution, migration, and kinetics of
T-cells.

Another interesting application of nanotechnology is the
possibility of detecting and quantifying Circulating Tumour Cells
(CTCs), since their presence at an early stage of cancer progression
is of significant prognostic value, even in melanoma cancer [102].
However, most of the common methods to detect melanoma
markers often lack sensitivity or selectivity and often produce false-
positive results. Seenivasan and collaborators [103] proposed an
electrochemical immunosensing method to detect melanoma cells,
based on the affinity between cell surface MelanoCortin 1 Receptor
(MCIR) antigen and anti-MCI1R Antibody (MC1R-Ab). The MCI1R-
Abs were immobilized in amino-functionalized silica NPs and they
achieved the very low detection limit of 20 cells/ml for melanoma
cells.

Theranostic Applications on Melanoma

The possibility to load more than one molecule into a single
nanocarrier opens the way to theranostic applications, since it allows
the co-delivery of an anti-tumour agent and a tracer for imaging,
useful for diagnosis. Bazylinska and collaborators [104] succeeded in
developing a new nanoemulsion able to carry both DNA, useful for the
gene transfer strategy in cancer treatment, and IR-780 indocyanine,
a fluorescent marker for bioimaging analysis. They obtained good
bioimaging of intracellular localization by Confocal Laser Scanning
Microscopy (CLSM) and Total Internal Reflection Fluorescence
Microscopy (TIRFM) in a melanoma MEWO cell line. Later, the
same group developed new theranostic nanocarriers loaded with both
colchicine, a cytostatic drug, and coumarin-6, as fluorescent tracer.
These labeled nanovehicles were efficiently up-taken by several cell
lines of different origins, including melanoma MEWO cells. The good
fluorescent signal, as well as the biocompatibility, and the enhanced

antitumoural activity of colchicines of this nanoformulation suggest
the potential use as nanotheranostic agents [105].

Vannucci and collaborators [106] developed PEG-based NPs
functionalized with both the Human protein Ferritin (HFt), and the
a-Melanocyte-Stimulating Hormone (a-MSH) and also contained
fluorophore and magnetic resonance imaging tracers to detect
“in vivo” localization of NP. After the treatment in a spontaneous
metastatic mouse melanoma model, targeted HFt-MSH-PEG NPs
accumulated mostly in the primary melanoma lesions, as well as at
the metastasis level, with high selectivity with respect to other organs.

Interestingly, some metals, such as Au and Gd, can have both
functions, thus they can have an anti-cancer activity and can be used
as tracer for imaging. Gd is a paramagnetic metal, normally used in
contrast agents for MRI. Moreover, it can enhance the efficacy of
radiation therapy. Thus, the incorporation of Gd into nanoparticle
allows for the simultaneous use of imaging to guide the radiation
beams and to locate the tumour, as well as to enhance the toxic
effect of radiation. Kobt and collaborator [107] have successfully
treated animals bearing B16-F10 tumours with Gd-based NPs,
AGuIX'. After radiation therapy, in the AGulX' treated animals they
observed an increase of tumour cell death, and improvement of the
life spans of animals bearing multiple brain melanoma metastases.
Kang and collaborators [108] have incorporated thermosensitive
phospholipids, loaded with the drug docetaxel, onto the surface of
gold NPs (AuNPs) or gold NanoRod (AuNR). Both nanovehicles
showed enhanced tumour-cell suppression properties towards the
melanoma B10-F10 cell line. A potential theranostic use is suggested
by the authors. Indeed, two synergistic anticancer actions can be
achieved after infrared photo thermal treatment and, thanks to the
Au particles, they can have bioimaging applications.

An enhanced theranostic activity was achieved by conjugating
functionalized gold NPs with Single-Wall Carbon NanoTubes
(SWCNT) [109]. The authors demonstrated a selective imaging and
efficient photo thermal therapy on UACC903 human melanoma
cancer cells.

Wang and collaborators [110] have developed very complex
multifunctional hybrid NPs, composed of gold nanocrystals coated
on a magnetite-fluorescent porous carbon core-shell. The biomedical
application of this theranostic nanocarrier includes the possibility of
bioimaging in multicolor mode, the magnetic/NIR-responsive drug
release, and the enhanced photo thermal therapy. Mouse melanoma
B16-F10 cells have been used for this study, thus suggesting their
potential use in melanoma treatment.

Conclusion

There is no doubt that nanotechnology may offer new therapeutic
opportunities for the treatment of metastatic melanoma. Given
the clinical success of immunomodulatory drugs, it is likely we
will observe more and more pre-clinical studies on strengthening
their effectiveness, thanks to nanotechnology platforms. Moreover,
considering the currently on-going clinical trials, the combined
therapy also seems promising in therapeutic advantages. However,
it’s difficult to identify the most promising nanomedicine to treat
melanoma, relying on pre-clinical studies, since these studies
present several concerns and limitations. The physico-chemical
properties of delivery systems can modify pharmacokinetics, tumor
accumulation, and biodistribution. Xenografts represent a useful
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model to study these parameters for nanoformulations, however,
tumor characteristics can vary with cell line and size, as well as the
density and vascularization. Therefore, tumor uptake by the EPR
effect is expected to be strongly dependent on the cell line used. On
the other hand, the studies running on the murine melanoma model
do not completely reflect the complexity of the human melanoma
cell population. From this point of view, besides the implementation
of nanotechnological therapies, it could be important to develop
immunocompetent human models for melanoma research, such
as three-dimensional human skin reconstruct models containing
human melanoma cells, with the addition of the immune system cells.

Another concern regards the toxicity studies of NPs with
clinical potential. Current research lacks a unifying protocol for the
toxicological profiling of NPs, and studies on the long-term effects on
human health are also needed [111]. As previously reported, in these
years the majority of studies on melanoma therapy was regarding new
platforms for immunotherapy. In melanoma treatments targeting
the immune response of patients, it is necessary to pay particular
attention to a possible interaction between nanoparticles and the
immune system. Although it has been said that nanoparticles are
unlikely to act as a hapten, inducing a specific IgE production, they
can induce allergic sensitization (contact dermatitis) and they are
likely to act as an adjuvant in inducing a specific pattern of cytokines,
antibodies and cells that favor allergic sensitization to environmental
allergens [112]. Moreover, the stimulation of inflammatory cytokines
has been demonstrated to be a key point in nanoparticle-induced
immunostimulatory reactions [113]. Since an adverse effect of
immunostimulatory drugs is the risk of developing autoimmune
disease, these aspects are very important considerations for the choice
of a drug delivery platform. Therefore, further studies are needed in
nanotoxicology, to provide safer nanoformulation for the melanoma
treatment.
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Abstract

Intrinsic or acquired chemoresistance represents the main obstacle to the successful treatment of
cancer patients. Several mechanisms are involved in multidrug resistance: decreased uptake of
hydrophilic drugs, increase of energy dependent efflux, alteration of the redox state, alteration of
apoptotic pathways, and modification of the tumor microenvironment. In recent years, several types
of nanoparticles have been developed to overcome these obstacles and improve the accumulation
and release of drugs at the pathological site. In this review we describe the main mechanisms
involved in multidrug resistance and the nanovehicles which have been proposed to target specific
aspects of this phenomenon.
1. Introduction

Drug resistance, which occurs in nearly all types of cancer, is a major problem in the treatment of
cancer patients. Drug resistance can be classified in two ways: the intrinsic resistance, when tumors
are resistant prior to treatment, therefore the drugs are not effective even with initial early diagnosis
and treatment, and the acquired resistance which occurs after prolonged cycles of chemotherapy,
despite an initial positive response [1]. Unfortunately, resistance appears not only to conventional
chemotherapy but also to targeted therapies, the so-called [$mart drugs(] such as kinase inhibitors
and tamoxifen that binds to the estrogen receptor [2].

Various mechanisms have been proposed to elucidate pathways and targets of multidrug resistance
(MDR) [1]. They can be summarized by three major mechanisms: 1) decreased uptake of
hydrophilic drugs, such as folate antagonists, nucleoside analogues and cisplatin, which require
transporters to enter cells; 2) various molecular changes in cells, that affect the capacity of cytotoxic
drugs to kill cells, including alterations in redox status, increased repair of DNA damage, alteration
of apoptotic machinery etc., and 3) increased energy-dependent efflux of hydrophobic drugs, that

can easily enter the cells by diffusion through the plasma membrane. This phenomenon occurs



predominantly via ABC superfamily transporters and elevated expression levels of these drug efflux
pumps [3].

1.1 ABC Transporter family

The first mechanism found to explain MDR is the increased efflux of hydrophobic cytotoxic drugs,
mediated by members of energy-dependent transporters, the ABC transporter family [4]. The
human ATP-binding cassette (ABC) transporters are a large group of membrane protein complexes
which consist of 48 members, classified into seven subfamilies from ABC-A through to ABC-G
based on their sequence similarities [5]. Among the 48 ABC transporters, the protein complexes
located on the plasma membrane significantly affect the intracellular concentration of diverse drugs,
drug conjugates and metabolites by export. Several ABC proteins have been characterized to confer
resistance to anticancer drugs. Among them, P-glycoprotein (MDR, Pgp or ABCB1), multidrug
resistance protein 1 (MRP1 or ABCC1) and ABCG2 (also known as Breast Cancer Resistance
Protein: BCRP) are the most frequently associated with MDR [6]. Increased expression of Pgp, as
well as of other ABC proteins, can be induced by exposure of the cells to the drugs, due to genomic
mutations or epigenetic modifications of its promoter [7]. The overexpression of these pumps
obviously reduce the intracellular concentration of numerous endo- and exo-toxins which are
structurally and biochemically distinct, resulting in MDR. To overcome ABC transporter-mediated
MDR and sensitize cancer cells to chemotherapeutic agents, some inhibitors of ABC superfamily
transporter have been used in association with chemotherapeutic drugs. Although the combined
therapies displayed some encouraging clinical results, there is no effective MDR reversing agent
approved for an appreciable sensitization of malignant tumors to chemotherapeutic drugs without
toxic effects to date. Combined treatment with the first-generation MDR inhibitors such as
verapamil and cyclosporine A and anticancer drugs (e.g., mitoxantrone and daunorubicin) led to
toxic side effects showing only limited function or no benefits [8; 9].

1.2 Alteration of signaling pathways

Several signaling pathways have been found to be involved in chemoresistance of cancer cells. A
pathway frequently activated, during life of the cancer cells, is the Hedgehog (Hh) pathway [10].
The Hh signaling pathway is one of the important signaling pathways that play key roles in the
processes of embryonic development, carcinogenesis, maintenance of cancer stem cells (CSCs), and
the acquisition of epithelial-to-mesenchymal transition (EMT) leading to metastasis [10]. The
functional transcription activators of the Hh pathway include the GLI proteins. Inhibition of the
activity of GLI can interfere with almost all DNA repair types in human cancer and can render
tumor cells more vulnerable to lethal DNA damages induced by chemotherapy and radiotherapy

[10]. Moreover, the activation of GLI-mediated transcription (through ligand-dependent or ligand-



independent modes), also induces chemo-resistance also by increasing drug efflux in an ABC
transporter-dependent manner [11]. Thus, Hh signaling is an important therapeutic target to
overcome MDR and consequently increases the chemotherapeutic response in the treatment of
cancer.

Another signaling pathway which has been found to be involved in chemoresistance is the
Keap1/Nrf2 pathway [12]. Nrf2 (NF-E2-related factor 2) transcription factor is the master regulator
of the antioxidant response of the cells to oxidative stress stimuli through the activation of the
synthesis of cytoprotective genes. Under physiological conditions, Nrf2 is present in the cytoplasm
where it is bound by Keapl (Kelch-like ECH-associated protein 1). Keapl forms a complex with
Cul3 and Rbx1, and this E3 ubiquitin ligase complex is able to bind and ubiquitinate Nrf2, resulting
in Nrf2 proteasomal degradation [13]. When oxidative stress is present within the cell, the cysteine
residues of Keapl become oxidized, resulting in a conformational change of the Keapl[Nrf2
complex which prevents Nrf2 ubiquitination. The stabilized Nrf2 accumulates in nuclei,
heterodimerizes with small Maf proteins and activates target genes for cytoprotection through the
antioxidant response element (ARE)/electrophile response element (EpRE) [14]. Nrf2 has a dual
role in cancer: the canonical protective role in carcinogenesis, and the non-canonical 'dark-side' of
Nrf2 in promoting chemoresistance [15]. A Nrf2 role in cisplatin resistance of bladder cancer cells
has been indicated by Hayden et al. (2014), which demonstrated that Nrf2 overexpression is
associated with clinically relevant cisplatin resistance, that becomes reversible after Nrf2 silencing
in experimental models [16]. In ovarian cancer, an aberrant activation of Nrf2 is observed, which
confers resistance to cisplatin-induced apoptosis [17].

Increasing evidence has demonstrated the involvement of Yes-associated protein (YAP) with
chemoresistance in diverse types of cancers. YAP, a transcriptional co-activator, is a key
component of the Hippo tumor-suppressor pathway [18]. Hippo pathway-mediated YAP
phosphorylation on Ser127 mainly leads to its cytoplasm sequestration or ubiquitination and
degradation [19]. Conversely, unphosphorylated YAP translocates into the nucleus where it binds to
the TEAD transcription factor, triggering the expression of several genes involved in organ size
control, cell proliferation and survival (i.e. CTGF and survivin) [20]. Indeed, YAP expression
inhibition results in reduced cell proliferation and enhanced cell death through modulation of
downstream transcriptional targets [21]. Moreover, YAP expression and nuclear localization
strongly correlate with poor patient outcome and the progression of several tumors, including
bladder and ovarian cancer [22]. In particular, for these two types of tumors, YAP protein has been
demonstrated to play a role in cisplatin resistance of cancer cells. Overexpression of Yap2 in

immortalized ovarian surface epithelium cells resulted in increased cell proliferation, resistance to



cisplatin-induced apoptosis, faster cell migration, and anchorage independent growth, while YAP
knockdown resulted in increased sensitivity to cisplatin-induced death [23]. Recently it has been
demonstrated that constitutive expression and activation of YAP is inversely correlated with [in
vitro[land [in vivollcisplatin sensitivity of urothelial cell carcinoma cells [24]. YAP overexpression
protects, while YAP knockdown sensitizes cancer cells to chemotherapy and radiation effects via
increased accumulation of DNA damage and apoptosis [24].

Through a screening approach, Matz et al (2014 ) created a library of barcoded pathway-activating
mutant complementary DNAs to identify those that enhanced the survival of cancer cells in the
presence of 13 clinically relevant, targeted therapies. The Authors found that RAS-MAPK
(mitogen-activated protein kinase), Notchl, PI3K (phosphoinositide 3-kinase)-mTOR (mechanistic
target of rapamycin), and ER (estrogen receptor) signaling pathways often conferred resistance to
specific drugs. In particular, they demonstrated that the activation of the Notchl pathway promoted
acquired resistance to tamoxifen (an ER-targeted therapy) in breast cancer cells and that the
inhibition of Notch signaling restored tamoxifen sensitivity. Moreover, Notchl knockdown fully
sensitized drug-resistant melanoma cells to MAPK inhibitors, indicating that, Notchl signaling may
be a therapeutic target in some drug-resistant breast cancers and melanomas [25].

1.3 Control of redox state.

The redox status regulation plays an important role in cancer cell survival to the therapy. Many
types of cancer cells display a large amount of reactive oxygen species (ROS), due to an aberrant
metabolism, mitochondrial dysfunction or activation of oncogenes. This characteristic makes cancer
cells more vulnerable to damage by further ROS production induced by exogenous agents [26]. In
this context, ROS may exert a cytotoxic effect, leading to the death of malignant cells and thus
limiting cancer progression [27]. On the basis of these observations, several ROS-generating agents
are currently in clinical trials as single agents or in combination therapy [28]. Alteration of redox
status, namely the increase of antioxidant defenses in cancer cells, has been indicated as
responsible for radio- and chemoresistance. Indeed, some cancer cells, in particular those in
advanced stages of disease, have become highly adapted to intrinsic oxidative stress by up-
regulating their antioxidant systems [29]. This redox adaptation provides a mechanism of resistance
to many anticancer agents, due to increased tolerance of exogenous stress and increased capacity for
drug inactivation, mainly linked to the GSH increase [30].

1.4 miRNA and chemoresistance.

Several reports have recently highlighted the involvement of endogenous non-coding RNAs, known
as microRNAs (miRNAs), in the evolution of drug resistance in cancer cells. MiRNAs are small

non-coding RNAs 19125 nucleotides in size involved in many biological processes such as



survival, apoptosis, cell cycle and gene expression regulation [31]. MiRNAs are evolutionarily
conserved and work by silencing gene expression. They are involved in many different cancer
types and can act as both tumor suppressors and oncogenes [32]. Accumulating evidence is
revealing an important role of miRNAs in anticancer drug resistance and their expression profiling
can be correlated with the development of resistance [33]. Some miRNAs, such as miRNA 21, have
been involved in the resistance toward doxacetal in prostate cancer cells [34] and it[s aberrant
expression is critically correlated with the disease stage, drug resistance, and survival of pancreatic
cancer patients [35]. The miR-21 is one of the most commonly implicated miRNAs in cancer as its
expression is highly up-regulated in a variety of solid tumors, including breast, gastric, colon, lung,
pancreatic and ovarian cancers [36]. Several downstream pathways of miR-21 have been identified
including phosphatase and tensin homolog (PTEN)/phosphoinositide 3-kinase/protein kinase B
(PI3K/Akt), programmed cell death protein 4 (PDCD4, neoplastic transformation inhibitor protein),
NF-UB pathways and the HIF-1uspathway, a key downstream target of miR-21 in regulating tumor
angiogenesis [37]. Inhibition of miR-21 by curcumin increased pancreatic cancer cell sensitivity to
gemcitabine [38]. Roy et al. showed that difluorinated-curcumin decreased miR-21 in 5-FU and
oxaliplatin resistant colon cancer cell lines through upregulation of phosphatase and tensin homolog
(PTEN) and thus reduced the activity status of the PI3K/Akt pathway [39] which is involved, when
activated, in the drug resistance of colon cancer cells [40]. In addition to miRNA 21, other
miRNAs, such as, Let 7, miRNA 15, miRNA 16 and miRNA 34, have been found to be involved in
chemoresistance [41]. This indicates that miRNA-based therapy may provide a new strategy to
overcome drug resistance in future.

1.5 Tumor microenvironment

Another aspect involved in chemoresistance is the abnormal tumor microenvironment which
induces a collection of cellular stress responses and plays a major role in determining the metabolic
status and chemosensitivity in cancer cells [42]. Tumor vasculature is structurally and functionally
abnormal, and combined with intrinsically altered tumor cell metabolism, produces heterogeneity in
oxygenation, pH, exposure to increased interstitial fluid pressure and the concentrations of glucose
and many other metabolites that promote tumor progression and metastatization [43]. For example,
in certain microenvironmental contexts, extreme hypoxia causes endoplasmic reticulum stress and
activates the unfolded protein response, which provides a further adaptive mechanism that allows
tumor cells to survive under adverse metabolic conditions [44]. Moreover, since oxygen is a potent
radiosensitizer, hypoxia inhibits effective radiation killing in vitro [45]. and has a direct effect on
the effectiveness of drugs, such as mephalan, bleomycin, and etoposide, which require molecular

oxygen for maximal efficiency [46].



The impairment of the ability of the tumor vasculature to deliver nutrients and remove waste
products leads to the increase of environmental acidosis [47], which is involved in chemoresistance
too. Indeed, in an acidic extracellular environment, the cellular uptake of some chemotherapeutic
drugs , such as doxorubicin, mitoxantrone, or vinblastine, is significantly reduced [48].
In recent years, several types of nanoparticles have been produced in order to overcome the
alterations above described which make cancer cells highly resistant to cancer therapy.

2. Nanoparticles in chemoresistant cells.
As described above, several mechanisms are involved in induced or intrinsic resistance. Therefore
nanomedicine developed drug-loaded nanocarriers able to target specific aspects of chemoresistant
cancer cells. In this section we report the more recent issues describing the nanoparticles employed
in overcoming the diverse behaviors of chemoresistant tumors.
2.1 Targeting ABC transporters
As previously illustrated, the overexpression of ABCs is a well-known mechanism of MDR in
cancer and is associated with therapeutic failure. Since their discovery, ABCs have emerged as
attractive therapeutic targets and the search for compounds that inhibit their expression and/or their
functional activity has gained growing interest [49]. However, the pharmacological ABC inhibitors
present high toxicity and the clinical results have been somewhat disappointing.
Some attempts have been performed to conjugate nontoxic compounds, or lowest doses of toxic
compounds, which have been demonstrated an inhibitory activity on some member of ABC
transporters, with antineoplatic drugs (Fig.1). In example, Khdair et al. (2009) utilized aerosol OT
(AOT)-alginate nanoparticles as a carrier for the simultaneous cellular delivery of methylene blue,
an inhibitor of P-gp, and doxorubicin. After photoactivation, nanoparticle-mediated combination
therapy resulted in a significant induction of both apoptosis and necrosis in adriamicin-resistant
cancer cells compared to single drug treatment [50]. Song et al. (2000) loaded poly(d,l-lactide-co-
glycolide acid) (PLGA) nanoparticles with vincristine and verapamil hydrochloride (VRP), a
calcium channel blocker, able to reverse completely the resistance caused by Pgp in vitro (Huang et
al., 1999). Results demonstrated that the co-encapsulation of an anticancer drug and
chemosensitizer had high therapeutic effectiveness on MCF-7/ADR breast cancer cells and suggest
that this strategy might cause lower normal tissue drug toxicity and fewer drugldrug interactions
[51]. Transferrin coated liposomes co-encapsulating verapamil and doxorubicin have been tested by
Wu et al (2009), which demonstrated that this association exhibited 5 and 3-fold higher cytotoxicity
in doxorubicin-resistant human erythroleukemia K562 cells, compared to non-targeted liposomes
and transferrin targeted liposomes with doxorubicin alone, respectively [52]. Other studies have

been performed to reduce drug efflux from cancer cells, by utilizing specific platforms for the drug



delivery. Nanodiamonds (NDs) are promising candidates in this field, demonstrating significant
potential as gene/drug delivery platform for cancer therapy. The effectiveness of the ND platform
has been demonstrated in daunorubicin delivery in K562 resistant cells [53] and in mitoxantrone
delivery in the MDA-MB-231 triple negative breast cancer cell line that was lentivirally transduced
for resistance against mitoxantrone [54]. In addition, NDs have been utilized to deliver epirubicin
in hepatic cancer stem cells, demonstrating a high effectiveness in overcoming chemoresistance by
promoting endocytic uptake and enhancing tumor cell retention [55]. These works demonstrated
that ND-drug complexes have favorable drug delivery properties and are capable of improving drug
retention and efficacy. Recently, Kovacs D. et al. (2015) demonstrated that silver nanoparticles
(AgNPs) display an anti-proliferative effect and induce apoptosis mediated cell death both in drug
sensitive and in MDR cancer cells and that this action is due to the inhibition of the efflux activity
of MDR cancer cells which enhance drug accumulation. Furthermore, AgNPs synergistically
potentiate six different antineoplastic agents on drug resistant cells [56].

2.2 Targeting signal transduction pathways

Since several signal transduction pathways are activated in cancer cells, some studies have been
devoted to investigating whether the delivery of specific inhibitors of a signaling pathway could
overcome the MDR. Fan et al. (2010) utilized micellar nanoparticles self-assembled from
copolymer folatel chitosan (FA[LCS) as carriers to co-deliver doxorubicin and pyrrolidinedithio
carbamate (PDTC), an antioxidant and chelator of heavy metals that blocks NF-UB activity by
suppressing the release of IuBusfrom NF-UB [57]. These NPs were designed to achieve targeted
doxorubicin delivery via endocytosis, with a low pH responsive endosomal or extracellular drug
release, and to overcome resistance via inhibition of NF-0B by PDTC. Results confirmed that the
co-delivery of the NF-UB inhibitor PDTC and doxorubicin, effectively overcame drug resistance.
Another approach was the use of metallic nanoparticles to increase the cytotoxic effect of
chemotherapeutic drugs. Xiong et al. (2014) have demonstrated that 20 nm gold nanoparticles
(AuNPs) carrying cisplatin prevent cisplatin-induced activation of Akt and NF-kB signaling axis in
ovarian cancer cells that are critical for epithelial-mesenchimal transition, stem cell maintenance
and drug resistance. In vivo, AuNPs sensitize orthotopically implanted ovarian tumor to a low dose
of cisplatin and significantly inhibit tumor growth [58]. Other effects displayed by AuNPs is related
to the modification of gene expression as detected in CaCo2 colon cancer cells by Bajak et al.
(2015). The modifications affected some Nrf2 responsive genes (several metallothioneins, HMOX,
G6PD, OSGINT1 and GPX2) that were highly up regulated and members of the selenoproteins that

were also differentially expressed. These findings indicate that exposure to AuNPs induces



oxidative stress signaling pathways, and might enhance the anti-cancer properties of
chemotherapeutic drugs [59].

The inhibition of the Nrf2 pathway could represent a way to sensitize cancer cells to anticancer
drugs by increasing intracellular oxidative stress. Luteolin, as a flavonoid compound, can inhibit
Nrf2 and sensitize cancer cells to chemotherapeutic agents. Sabzichi et al. (2014) demonstrated that
luteolin loaded in phytosomes, as an advanced nanoparticle carrier, sensitized MDA-MB 231 cells
to doxorubicin [60].

2.3 Targeting redox state

The extent of antioxidant capacity is actually reported to correlate with the aggressiveness of
tumors and it can go beyond the antioxidant capacity of normal cells [61]. In normal cells the
glutathione (GSH) concentration is 100 to 1000 times higher than that in the extracellular fluids and
circulation and it is further increased in chemoresistant tumor cells. GSH has been recognized as an
ideal and ubiquitous internal stimulus for rapid destabilization of nano-carriers inside cells to
accomplish efficient intracellular drug release. For this reason GSH-responsive nanoparticles (GSH-
NPs), which respond to the intracellular concentration of GSH, have been developed [62]. Since in
most chemo-resistant and radio-resistant cancer cells the level of intracellular GSH was higher than
in the chemo-sensitive or radio-sensitive cancer cells, it has been speculated that GSH-NPs could
preferentially drive the drugs in the resistant cancer cells. To pursue this purpose, a new class of o=
cyclodextrin GSH-responsive nanosponges (GSH-NSs) that are able to host and to release
anticancer drugs in the presence of GSH, at concentrations similar to those found in chemoresistant
cancer cells, have been synthesized (Fig.2) [63].

However, even if the antioxidant capacity of chemoresistant cancer cells could constitute a cue for
the choice of particles sensitive to the high GSH concentrations, on the other hand, the increase of
oxidative stress in this type of cancer cells can contribute to their killing. There is rapidly
accumulating evidence sustaining the fact that some types of nanoparticles induce oxidative stress
that consequently results in signaling pathway stimulation and apoptotic cell death of cancer cells.
Cadmium telluride quantum dots (CdTe-QDs) have recently been shown to effectively induce
apoptosis in hepatocellular carcinoma HepG2 cells by activating MAPKSs, including JNK, Erk1/2
and p38, as a result of oxidative stress induced in HepG2 cells [64]. Analogously, cadmium sulfide
quantum dots (bsCdSQDs) stabilized with a biosurfactant induces ROS-mediated apoptotic cell
death in human prostate cancer LNCaP cells [65]. The ROS mediated activation of ERK1/2, JNK
and p38 MAPK and apoptosis induction was also observed by treating hepatoma SMMC-7721 cells

with cerium oxide nanoparticles. The use of



ROS scavangers dramatically reduced activated kinases and simultaneously there was a decrease in
the apoptotic rate [66]. It has been found that the metal based nanoparticles, such as tungsten
carbide-cobalt (WC-Co) nanoparticles, zinc oxide (ZnO) nanoparticles, cobalt nanoparticles,
titanium dioxide (Ti02) nanoparticles, nickel oxide nanoparticles, cuprous oxide nanoparticles,
silver nanoparticles and zinc nanoparticles can induce oxidative stress and increase the ROS level in
a number of different tumor cells [67]. This effect could increase the cytotoxicity of prooxidant
cytotoxic drugs.

2.4 Targeting microenvironmental stressors

Due to the specific micro environment of the tumor, some of the unique factors such as low pH and
hypoxia can be used as a trigger to overcome MDR. The acidosis in tumor cells, due to the high
production of lactate by Warburg effect, and the related acidosis of the environmental tissue due to
the impairment of the ability of the tumor vasculature to remove waste products, have been
considered for developing of nanoparticles able to release the drug in an acidic environment. Aryal
et al. synthetized a Bi(PEG-PLA)-Pt(IV) polymer-cisplatin prodrug conjugate which had a well
controlled cisplatin loading yield and showed excellent acid-responsive drug release kinetics,
leading to enhanced in vitro cytotoxicity against tumor cells as compared to free cisplatin [68].
Long-circulating and pH-sensitive liposomes containing cisplatin (SpHL-CDDP) have been
developed by Leite et al. (2012), which demonstrated that the intravenous administration of SpHL-
CDDP in solid Ehrlich tumor-bearing mice caused a significant reduction in the tumor volume and
a higher tumor growth inhibition ratio with respect to the administration of CDDP alone [69]. Wu et
al. (2012) have synthesized mixed micelles of polyethylene glycol based on DSPE-PEG2000,
DSPE-PEG3400 and a pH-sensitive polymer PHIS-PEG2000. This mixed micelles showed a pH-
dependent drug release property with much faster release at around pH 5.5 compared to micelles
without PHIS-PEG2000 [70]. Other core-crosslinked pH-sensitive degradable micelles were
synthesized based on poly(ethylene glycol)-b-poly(mono-2,4,6-trimethoxy benzylidene-
pentaerythritol carbonate-co-acryloyl carbonate) (PEG-b-P(TMBPEC-co-AC) copolymer that
contains acid-labile acetal and photo-cross-linkable acryloyl groups in the hydrophobic
polycarbonate block for intracellular paclitaxel (PTX) release. The in vitro release studies showed
that rapid drug release was obtained under mildly acidic conditions, whereas PTX release at pH 7.4
was greatly inhibited [71]. A pH-sensitive mixed copolymer micelles system, composed of
hyaluronic acid-g-poly(l-histidine) (HA-PHis) and d-ustocopheryl polyethylene glycol 2000
(TPGS2k), an inhibitor of the efflux pumps, was developed to co-deliver doxorubicin and TPGS2k
into drug-resistant breast cancer MCF-7 cells. The pH dependent drug release profile due to the

protonation of poly(l-histidine) and the higher cellular uptake conferred to these micelles an



enhanced MDR reversal effect [72]. Another system to release drug in an acidic environment has
been recently proposed by Nogueira et al. (2016), which prepared chitosan-based nanoparticles
encapsulating methotrexate modified with the pH-sensitive surfactant 77KS [73]. The presence of
77KS gives a pH-sensitive behavior to nanoparticles, which allowed accelerated release of
methotrexate with decreasing pH as well as pH-dependent membrane-lytic activity.

As previously described, hypoxia is a characteristic of tumor tissues, which can confer, through
hypoxia-inducible factors (HIFs), pro-survival and pro-angiogenetic stimuli. Moreover hypoxia
induces macrophage recruitment and transforms them in tumor-associated macrophages (TAMs)
which, in turn, promote wound healing, tissue repair and production of anti-inflammatory cytokines
like IL-10 [74]. To overcome the hypoxia in the cancer tissue [75] Song et al. (2016) synthesized
MnO; nanoparticles by reducing manganese permanganate (KMnO.) to MnO, with cationic
polyelectrolyte poly-(allylamine hydrochloride) (PAH) [76]. The high reactivity of manganese
dioxide nanoparticles (MnO; NPs) toward hydrogen peroxide (H,O;), for the simultaneous
production of O, and regulation of pH, alleviates tumor hypoxia. Moreover, the Authors conjugated
to MnO; NPs, hyaluronic acid (HA-MnO2 NPs) which has an immune toxicological effect on
macrophages and induces their activation and the production of endogenous ROS, and coated HA-
MnO, NPs with mannan that targets the mannose receptor on the surface of TAMs. These
modifications further enhanced the ability of MnO, NPs to lessen tumor hypoxia and modulate
chemoresistance. Indeed, combination treatment of breast tumors with Man-HA-MnO, NPs and
doxorubicin significantly inhibited tumor growth and tumor cell proliferation as compared with
chemotherapy alone.

2.5 Delivery of RNA molecules

The use of RNA molecules to counteract chemoresistance involves both miRNAs, and small
interfering RNA (siRNA). SiRNA are target-specific double-strand RNA molecules synthesized to
suppress gene expression through the process of RNA interfering [77]. As previously illustrated,
miRNAs are small non-coding RNA molecules (containing about 22 nucleotides) found in plants,
animals and some viruses, that functions in RNA silencing and post-transcriptional regulation of
gene expression [78]. MiRNAs in cancer can function as oncogenes or tumor suppressors. In
cancer, overexpression of some miRNAs, such as miR-21, may promote cancer development by
negatively regulating tumor suppressor genes and/or genes that control cell differentiation or
apoptosis. On the contrary, underexpression of other miRNAs, such as let-7, function as tumor
suppressor genes and may inhibit cancers by regulating oncogenes and/or genes that control cell

differentiation or apoptosis [79].



The use of miRNA and siRNA in cancer therapy or to counteract chemoresistance is hindered by
two main factors: 1) they are unstable in blood since they are substrates of blood nucleases; 2) they
have large molecular weights and are hydrophilic, thus they have very poor ability to cross the
lipophilic phospholipids bilayers of cell membranes.
To overcome these obstacles, various nanoparticle types have been developed for the delivery
miRNA or siRNA into the tumor mass. In the chemoresistance context, sSiRNA have been utilized to
silence genes involved in chemoresistance, whereas the miRNA or anti-miRNAs were utilized to
block the action of cellular oncogenes or oncogenic miRNAs, respectively.
2.5.1 Small interfering RNA delivery

Although the use of siRNA is an attractive option for post-transcriptional silencing of a target
genes, some limitations to clinical application of siRNA drugs in oncology depend on their
physicochemical properties, the large molecular weight and polyanionic nature of siRNA which
limits its' passive uptake by cells [80]. In addition extracellular barriers exist that prevent an
efficient delivery of siRNA and transfection in solid tumors [81]. Moreover, because of plasmatic
nucleases, siRNA cannot be directly injected into systemic circulation. Consequently, the
encapsulation of siRNA with nanoparticles can shield the siRNA from plasmatic nucleases and
immune responses, thus assisting in successful siRNA delivery (Fig. 3).
Lipid-based particles (or liposomes) have been used for decades for the delivery of gene medicines
including plasmids, antisense oligonucleotides, and siRNAs. A number of lipid-based particle
systems have been developed for delivery of siRNAs or miRNA mimics and used in clinical trials
[82]. Wang et al. (2011) demonstrated an increase of siRNA delivery, using lipoplex of siRNA with
pegylated cationic liposomes (PCat) [83]. In particular, by targeting survivin, an inducible
chemoresistance gene, in combination with paclitaxel treatment, the Authors demonstrated that the
silencing of survivin enhanced paclitaxel anticancer activity in a human pancreatic Hs766T
xenograft model [84]. However, there are many problems with lipid-based delivery systems in vivo,
such as rapid clearance by the liver, lack of target tissue specificity and a low entrapment efficiency
[85]. To increase entrapment efficiency, Landen Jr. et al. developed a method of formulating 1,2-
dioleoyl-sn-glycero-3-phosphatidylcholine-(DOPC-) encapsulated siRNA liposomes [86]. DOPC-
encapsulated siRNA targeted the oncoprotein EphA2, a tyrosine kinase receptor in the ephrin
family, which is highly overexpressed in ovarian cancer and correlates with low response to therapy
[87]. This system was highly effective in reducing EphA2 expression 48 after administration of a
single dose in an orthotopic model of ovarian carcinoma [86].
PLGA is a copolymer which is used in a host of Food and Drug Administration (FDA) approved
therapeutic devices, owing to its biodegradability and biocompatibility. Recently PLGA is being



used as a nanocarrier for plasmid DNA and siRNA delivery. The advantages conferred by PLGA-
based siRNA delivery include high plasma stability and endocytic uptake [88]. Modification of
PLGA leading to the targeting of specific aspects of resistant tumors can increase the accumulation
of these particles in tumor sites. For example pH-labile linkage-bridged block copolymer of
poly(ethylene glycol) with poly(lacide-co-glycolide) (PEG-Dlinkm-PLGA) was used for siRNA
delivery. The obtained siRNA-encapsulating PEG-Dlinkm-PLGA nanoparticle gained efficiently
prolonged circulation in the blood and preferential accumulation in tumor sites via the PEGylation
[89]. Recent studies have shown that the suppression of gene products involved in the DNA repair
pathway, such as REVI/REV3I can sensitize intrinsically resistant tumors to chemotherapy and
reduce the frequency of acquired drug resistance of relapsed tumors. Thus, a combination of
conventional DNA-damaging chemotherapy with siRNA-based therapeutics has been proposed by
Xu et al,, (2013). The Authors found that nanoparticles (NPs) self-assembled from biodegradable
PLGA-PEG block copolymers delivering a cisplatin prodrug in combination with REVI/REV3L-
specific siRNAs revealed a synergistic effect on tumor inhibition in a human lymph node carcinoma
of the xenograft mouse model and they were strikingly more effective than platinum monotherapy
[90].

Chitosan-encapsulated TWIST-siRNA nanoparticles were constructed and used to silence the
TWIST gene [91], which has been involved in chemoresistance and poor prognosis of
nasopharyngeal carcinoma [92]. It has been shown that nanoparticles successfully knock-down
TWIST expression in a human nasopharyngeal cell line (CNE2) , and significantly sensitized CNE2
cells to irradiation.

2.5.2 miRNA delivery

MiRNAs play critical roles in modulating the oncogenic driver pathways involved in the acquisition
of resistance to cancer treatments. Despite promising results in the development of miRNA
therapeutics and successes on in vitro studies, limited progress has been made with in vivo studies
or clinical trials. To increase the resistance to serum nuclease, avoid the activation of the innate
immune system, and reduce off-target effects, chemical modifications of miRNA molecules [93]
and different types of nano-vehicles have been proposed to treat different cancer types [94].

Triple negative breast cancers (TNBCs) are a specific subtype of epithelial breast tumours that are
immunohistochemically negative for the protein expression of the estrogen receptor (ER), the
progesterone receptor (PR) and lack overexpression/gene amplification of HER2 [95]. Treatment of
TNBC with chemotherapeutics such as taxanes is initially very effective in most patients. However,
the majority of these tumors develop resistance [96]. To treat and overcome resistance of TNBC

several nano-vehicles have been proposed. Wang et al. (2015) have loaded hyaluronic acid (HA)-



decorated polyethylenimine-poly(d,l-lactide-co-glycolide) (PEI-PLGA) nanoparticles with
doxorubicin and miR-542-3p, a potent tumor suppressor molecule, which targets tumor suppressor
pS3 and apoptosis inhibitor survival [97]. The co-delivery of doxorubicin and miR-542-3p
increased both drug uptake and cytotoxicity in triple negative breast cancer cells.

Recently an hydrophilic poly(ethylene glycol)-conjugated poly(lactic-co-glycolic acid) nanoparticle
(PLGA-PEG-NP) delivery system has been demonstrated the ability to successfully deliver
antisense-miR-21. miR-21 is an oncogenic miRNA involved in tumor initiation, progression, invasion and
metastasis in several cancers, including triple negative breast cancer (TNBC). Antisense-miR-21-loaded
nanoparticles (NPs) were able to increase the apoptoic effect of orlistat-loaded NPs in triple negative breast
cancer cells [98].

An important finding in systemic delivery of anti-miRNA has been reported by Shu D. et al. (2015) which
proposed an application of RNA nanotechnology for specific and efficient delivery of anti-miR-21 to block
the growth of triple negative breast cancer in orthotopic mouse models [99]. These therapeutic RNA
nanoparticles contain an 8-nt sequence complementary to the seed region of miR-21, and a 39-nt sequence
complementary to epidermal growth factor receptor (EGFR). They simultaneously target EGFR for
internalizing RNA nanoparticles into cancer cells via receptor mediated endocytosis and are able to inhibit
miR- 21 activity. In addition, these particles demonstrate a resistance toward RNase and are
thermodynamically stable, thus remaining intact after systemic injection into mice.

Another tumor which displays a great resistance to chemotherapic treatment is glioblastoma. Despite
important advances in cancer treatment, which resulted in significant improvement of clinical outcomes,
glioblastoma relapse is very frequent and patient survival is 12 to 15 months after diagnosis [100].
Successful in vivo delivery of anti-miRNA oligonucleotides to brain tumors requires the carriers not only
possessing bioavailability but also overcoming the blood[brain barrier and enhance target cell uptake, while
sparing the normal tissues. In this regard, Costa et al. (2015) proposed stable nucleic acid lipid particles
(SNALPs) coupled with chlorotoxin (CTX), a scorpion-derived peptide that was reported as a reliable and
specific marker for gliomas [101] to the surface of stabilized liposomes, for delivery of anti-miR-21
oligonucleotides to glioblastoma cells [102]. This delivery system enhanced uptake in brain tumors and
increased miR-21 silencing, while showing no signs of systemic immunogenicity. Moreover, the systemic
treatment with targeted nanoparticle-formulated anti-miR-21 oligonucleotides and sunitinib (a tyrosine
kinase inhibitor) decreased tumor cell proliferation and tumor size and enhanced apoptosis in glioblastoma-
bearing mice.

2.6 Co-delivery of chemotherapeutic drugs

Multi-targeted strategies are necessary to overcome multidrug resistance mechanisms and several
studies have investigated effective combinatorial approaches for cancer treatments. The use of
gemcitabine (202 =difluorodeoxycytidine; dFdC) in combination with carboplatin to treat patients

with advanced, refractory, or recurrent ovarian cancer as well as patients who showed initial



resistance to platin-based treatments has been recently approved by the U.S. Food and Drug
Administration (FDA) [103]. However, cancer cells often show a defective transport of
gemcitabine. To overcome the transporter defects in ovarian cancer cells, Hung et al. (2015)
constructed NPs from poly(d,l-lactic-co-glycolic acid)-block (PLGA-b)-poly(ethylene glycol)
(PEG) polymer (PLGA-b-PEG-OH) containing gemcitabine, cisplatin or both compounds [104].
and demonstrated that this construct highly increased the chemotherapeutic efficacy of gemcitabine.
Moreover, the delivery of a gemcitabine-cisplatin combination in such nanoparticle formulation
increased their synergistic interactions.

Magnetite doped mesoporous silica nanoparticles (MSNs), in which both internal porous and
external surface of MSN were respectively exploited to load two different kinds of cytotoxic
agents, camptothecin and arsenic trioxide, have been prepared by Muhammad Fet al. (2014) [105].
MSNs were used to inhibit proliferation of BXxPC-3 pancreatic cancer cells, which are associated
with a low responsiveness to conventional chemotherapies. Results obtained (da molti autori, ci
sono moltissimi lavori in letteratura) demonstrated that the cell inhibition performance of dual drug
nanoformulation was significantly higher than single drug formulation, possibly due to additional or
synergistic effects.

3. Conclusion and future prospective

Studies on the mechanisms involved in chemoresistance are progressing rapidly and new targets for
the nanomedicine application are continuously being found. In addition, advancement in the field of
nanomedicine has led to the development of several types of nanoparticles able to overcome
multidrug resistance mechanisms and re-sensitize cancer cells to the anticancer drug. Multivalent
constructs may include both drugs acting on cancer cells in combination with inhibitors of drug
efflux, or siRNA against genes involved in specific pathways, in combination with anticancer
drugs. Results obtained have demonstrated that nano-drug delivery systems are a versatile platform
for delivery of anticancer drugs and for overcoming cancer drug resistance mechanisms,
maximizing chemotherapeutic efficacy. However, many multifunctional nano-platforms are still in
the initial stage of development and a number of safety issues and therapeutic efficacy issues of the
nanomaterials should also be addressed before they enter into clinical trials. During the transition
[benchtop-to-clinic[lis also necessary to increase manufacturing reproducibility and overcome the

lack of collaboration in innovative research between academia and the pharmaceutical industry.
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