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ABSTRACT 

B-cell malignancies are a heterogeneous group of clinical conditions including 

indolent diseases such as Chronic Lymphocytic Leukemia (CLL) and highly 

aggressive lymphoproliferative disorders such as Burkitt’s lymphoma. 

B-cell malignancies treatments take advantage of dose-intensive chemotherapeutic 

regimens and immunotherapy via monoclonal antibodies. Unfortunately, they may 

lead to insufficient tumor distribution of therapeutic agents and cause several 

adverse effects. Thus, we propose a novel therapeutic approach for the treatment of 

CLL and Burkitt’s lymphoma in which high-doses of the association of 

hydroxychloroquine and chlorambucil (HCQ/CLB) or fludarabine were loaded inside 

biodegradable nanoparticles (BNPs) coated with an anti-CD20 antibody.  

First of all, a Burkitt’s lymphoma cell line (BJAB), two CLL cell lines (MEC1 and 

EHEB) and cells purified from patients’ blood samples were used to confirm CD20 

expression and to assess BNPs binding and internalization. These studies 

demonstrated BNPs ability to bind malignant B cells and to enter inside cells in a 

process different from endocytosis. Then, BNPs therapeutic effect was evaluated by 

MTT test, AnnV/PI assay and western blot to put in evidence apoptosis induction and 

autophagy inhibition. These experiments demonstrated drugs-loaded BNPs ability to 

kill malignant B cells with comparable effects than those obtained with free drugs 

whereas empty BNPs were practically ineffective.  

In vivo BNPs characterization included the evaluation of their toxicity, biodistribution 

and therapeutic effect. C57/BL mice were used to evaluate BNPs toxicity which was 

studied considering survival, loss of body weight and several tissue markers in the 

blood. Mice receiving 8 injections of free HCQ+CLB died in this experiment whereas 

animals challenged with the same amount of drugs encapsulated inside BNPs did not 

show toxic effects suggesting BNPs safety.  

The importance of antiCD20 antibody in the homing of BNPs was confirmed by in 

vivo Time-Domain Optical Imaging performed in localized B-cell malignancy-bearing 

mice. This analysis suggested the ability of antiCD20-conjugated BNPs to specifically 

target tumor B-cells, with a pick after 24-48 hours. On the contrary, untargeted BNPs 

localization inside tumor was significantly decreased. In this analysis it was also 

evident that the liver is the main site of BNPs’ elimination while in the other organs 

the presence of fluorescent BNPs was very low.  



 

Finally, BNPs ability to treat a new xenograft human/SCID leukemia and Burkitt’s 

lymphoma mouse model was studied. Drugs-loaded BNPs were able to improve 

HCQ/CLB efficacy in vivo allowing the cure of treated all Burkitt’s lymphoma-bearing 

mice and 3 out of 7 leukemia-bearing animals.  

All these data together put the basis for the potential use of BNPs in the treatment of 

B-cell malignancies. 
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1. INTRODUCTION 

1.1 B-CELL MALIGNANCIES 

1.1.1 B CELLS DEVELOPMENT  

B cells are a type of lymphocyte of the adaptive immune system and, through the 

production of antibodies, they protect the organism against almost an unlimited 

variety of pathogens. B lymphocytes develop in the bone marrow starting from the 

functional rearrangement of the immunoglobulin gene segments of both the heavy 

and the light chains of hematopoietic precursor cells (pro-B cells). This process 

allows the generation of a B-cell repertoire expressing antibodies able to recognize 

more than 5x1013 different antigens. Then, B lymphocytes in the pre-B stage express 

on their surface a class of immunoglobulins known as IgM with two surrogate light 

chains together with signal-transducing components (Ig-α or CD79a and Ig-β or 

CD79b) which form the pre-B-cell receptor (pre-BCR). Once the pre-BCR is 

expressed on the surface of pre-B cells, it induces their proliferation with the aim to 

increase the number of cells that have successfully recombined heavy chain genes. 

Subsequently, signaling from the pre-BCR is downregulated by a feedback loop 

which also induces the recombination of the light chain genes to continue the B cells 

differentiation. At the end of this process, BCR composed on two Immunoglobulin 

kappa (Igk) or lamba (Igλ) chains linked to IgM heavy chains on the surface of 

immature B cells.  

Immature B cells then leave the bone marrow and migrate to secondary lymphoid 

tissues such as spleen and lymph nodes where they differentiate into marginal zone 

or follicular B cells. Marginal zone B-cells are located in the region of the spleen 

positioned at the interface between the circulation and the immune system providing 

the efficient immune surveillance of the circulatory system. Marginal zone B-cells 

express a poly-reactive BCR able to bind multiple microbial molecular patterns and 

constitute the first line of defense against pathogens. In fact, after antigenic 

presentation mediated by macrophages, dendritic cells and neutrophils, marginal 

zone B-cells initiate the immune response during the first 3 days of an infection 

rapidly developing into extrafollicular plasma cells and secreting low-affinity IgM 

(short-lived plasma cells). On the other hand, stimulated follicular B-cells produced 

high-affinity mono-reactive antibodies after the interaction with T lymphocytes 
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presenting the antigen. This process also triggers proliferation and differentiation of B 

cells which mutate their antibody genes through somatic hypermutation and switch 

the class of their antibody (from IgM to IgG, IgA or IgE) in sites known as germinal 

centers. A germinal center is divided into two compartments termed the dark and the 

light zone. The dark zone is localized proximal to T-cell areas and contains 

proliferating B cells which undergo isotype switching and, after several rounds of 

cellular division, acquire high rates of mutation in their immunoglobulin variable 

region genes. This last process known as somatic hypermutation consists in the 

insertion of random mutations in the sequence with the aim to increase BCR affinity 

and specificity. B-cell clones expressing variants with higher binding to the antigen 

are selectively expanded whereas changes that result in impaired antigen binding 

induce cell death. Once these B cells have stopped proliferating, they migrate in the 

light zone where they are subjected to selection by lymphocytes T.  

After selection, B lymphocytes differentiate in plasmacells secreting antibodies or 

memory B cells that can be reactivated in subsequent contacts with the same antigen 

(Herzog et al. 2009; Gatto & Brink 2010; Pieper et al. 2013).  

Defects in B cells development, selection, and function lead to autoimmunity, 

malignancy, immunodeficiencies and allergy.  

 

1.1.2 B CELLS INVOLVEMENT IN B-CELL MALIGNANCIES 

Historically, the role of B lymphocytes in the pathogenesis of immune diseases has 

been mainly associated with their ability to produce harmful antibodies after 

differentiation into plasma cells. However, B cells have also a pathogenic role, which 

is independent from the production of antibodies and it is strictly related to the ability 

of B lymphocytes to produce a wide range of molecules such as cytokines and 

chemokines; these molecules modulate the maturation, the migration and the 

function of other immune cells. Moreover, during normal B cells development, when 

the assembly of immunoglobulin light and heavy chains occurs, the formation of DNA 

breaks can contribute to chromosome translocations resulting in proto-oncogene 

activation. Also the germinal center is thought to be the source of many types of 

tumor B-cells through class-switch recombination and somatic hypermutation 

mechanisms by which DNA is damaged. The deficiency of these processes allows to 

the division of B-cells malignancies into those with or without mutations in the 
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immunoglobulin genes. Given the multiple pathogenic roles attributed to B 

lymphocytes, therapeutic strategies such as immune-interventions, that aim at 

depleting specifically this cell population were expected to be beneficial in a wide 

range of immune diseases (Thaunat et al. 2010; Shankland et al. 2012).  

 

1.1.2.1 TUMOR B-CELLS ASSOCIATED ANTIGENS  

For what concerns B-cell malignancies, surface antigens including CD19, CD20, 

CD22, CD30 and CD52 are currently the main targets for immunotherapy. In details, 

CD19, CD20 and CD22 are markers specific for B cells; whereas CD30 and CD52 

are generally expressed on healthy and malignant T lymphocytes and their 

expression was also detected on some malignant B-cells. Among these surface 

molecules, CD20 was the first antigen against whom specific antibodies able to kill 

tumor B-cells were produced. 

CD20 is a trans-membrane molecule of 297 amino acids and with 4 predicted 

hydrophobic motifs that cross the cell membrane and two extracellular loops (Figure 

1.1), the larger of which provides most of the epitopes recognized by anti-CD20 

antibodies (Maloney 2012).  

The physiological function of CD20 remains unclear, although evidences suggested 

that this trans-membrane protein is involved in calcium signaling downstream of BCR 

activation. When BCR is stimulated, it induces the depletion of intracellular calcium 

stores resulting in the activation of store-operated calcium channels such as CD20 at 

the plasma membrane thus allowing a sustained influx of extracellular calcium. This 

process ensures the progression of calcium-dependent signaling resulting in 

transcriptional control, cell cycle progression or apoptosis. Binding of anti-CD20 

antibodies induce an increase in calcium conductivity without preceding depletion of 

intracellular calcium stores, uncoupling the store-operated channel activity from 

 

Figure 1.1: CD20 conformation 
and anti-CD20 epitopes. CD20 is a 
transmembrane molecule which 
crosses the membrane 4 times. It is 
composed on two extracellular loops 
of which the larger is bound by the 
most part of anti-CD20 antibodies 
(Maloney 2012, modified). 
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regulation via intracellular calcium levels. Moreover, binding of some antibodies 

causes a rapid CD20 redistribution to lipid rafts increasing CD20 local concentration 

in a restricted area of the plasma membrane, facilitating oligomerization of CD20 to 

form a functional channel complex (Janas et al. 2005). 

CD20 is appealing for a selective immunotherapy because it does not circulate in the 

plasma, it is not shed from the surface of CD20-expressing cells after antibody 

binding and it is not internalized or down-regulated (Klein et al. 2013). Moreover, 

CD20 is expressed on 95% of B-cell lymphoma cells and on normal B cells from the 

pre-B-cell to the immunoblast stage and absent on hematopoietic stem cells.  

In 1975, the description of the hybridoma technology revolutionized the therapy of 

several diseases, including autoimmune disorders and cancer, and leading to the 

approval of dozens of monoclonal antibodies against multiple diseases by the Food 

and Drug Administration (FDA) and the European Medicine Agency (EMA).  

Monoclonal antibody therapy with the anti-CD20 antibody known as Rituximab 

represents one of the most important advances in the treatment of 

lymphoproliferative disorders in the last 30 years. Rituximab was firstly approved for 

the treatment of relapsed or refractory indolent CD20+ B-cell NHL by the FDA in 

1997. The clinical activity of rituximab against lymphoma cells is represented by the 

induction of both the antibody-dependent cellular toxicity (ADCC) and the 

complement-dependent cytotoxicity (CDC) being this last process the primary 

mechanism of action. Additionally, rituximab was reported to directly inhibit cell 

growth leading to apoptosis (Vacchelli et al. 2013). CDC is triggered upon rituximab 

binding to B cells with the consequent initiation of the complement cascade through 

C1q and then the deposition of complement proteins on the cell surface. This 

process induces osmotic lysis of neoplastic B cells. ADCC is mediated by the 

interaction of the constant portion of rituximab by immune cells such as natural killer 

which express specific receptor. Once activated, natural killer cells release small 

proteins including perforin and granzymes which form pores in the malignant B cells 

inducing apoptosis or osmotic cell lysis. Finally, rituximab was shown to inhibit anti-

apoptotic survival pathways such as those mediated by p38 mitogen-activated 

protein kinase, Nuclear Factor-κB (NF-kB), extracellular signal-regulated kinase 1/2 

(ERK 1/2) and Akt, which are molecules involved in the pro-survival BCR signaling 

(Figure 1.2, Motta et al. 2010).  
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Figure 1.2: Schematic representation of rituximab-mediated mechanisms 
for anticancer activity in malignant B cells. The anti-CD20 monoclonal 
antibody rituximab has several mechanisms of action, including antibody-
dependent cellular cytotoxicity (ADCC), which involves the recruitment of 
effector cells such as natural killer cells which express specific receptors for the 
recognition of the constant portion of antibodies; complement-dependent 
cytotoxicity (CDC) which induces the activation of the complement cascade and 
apoptosis induction (Motta et al. 2010). 

 

The success of rituximab (1st generation of anti-CD20 antibodies) has stimulated 

considerable efforts to develop improved reagents and now there are at least 7 anti-

CD20 monoclonal antibodies in pre-clinical evaluation and clinical development.  

Chimeric antibodies such as rituximab are composed on the constant domains of a 

human antibody onto which murine variable regions were grafting (Figure 1.3) using 

engineering techniques and resulting in molecules that are approximately 65% 

human. Despite their anti-tumor effects, chimeric antibodies are immunogenic 

because of the presence of mouse-origin portions which often lead to allergic 

reactions and the induction of anti-drug antibodies.  

Thus, 2nd generation of anti-CD20 antibodies was produced to reduce 

immunogenicity of chimeric molecules. To do that, firstly just the murine 

hypervariable regions were grafted onto a human antibody generating humanized 

antibodies (95% human, Figure 1.3). Despite the ability of these molecules to 

overcome the inherent immunogenic problems of chimeric antibodies, humanization 

does have limitations and can be a laborious process. Thus, the advent of phage 

display technology and the generation of various transgenic mouse strains 
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expressing human variable domains enable the generation of fully human antibodies 

(Figure 1.3; Maloney 2012; Buss et al. 2012).   

 
Figure 1.3: Chimeric, humanized and human anti-CD20 antibodies. 
Chimeric antibodies (rituximab) are composed on human constant portion 
and murine variable chain genes; humanized antibodies are made grafting 
murine hypervariable regions onto a human antibody; human antibodies 
(ofatumumab) are composed on both human constant and variable regions 
(Buss et al. 2012, modified).  

 

Among 2nd generation anti-CD20 antibodies, ofatumumab is the most advanced 

reagent that will be the first to seek FDA and EMEA approval for the treatment of 

chronic lymphocytic leukemia. Ofatumumab is more effective than rituximab being 

active also against rituximab-resistant cells through the induction of CDC which is 

believed to be due to the closer localization of ofatumumab on the surface of CD20-

expressing cells facilitating the deposition of activated complement on the cell 

surface (Lim et al. 2010; Buss et al. 2012; Cang et al. 2012). 

Finally, the constant region of antibodies was engineered to improve effector 

functions increasing their binding affinity for the FcγRIIIa able to mediate the 

interaction with other immune cells and induce the death of tumor cells through 

ADCC (3rd generation) (Cang et al. 2012; Lim et al. 2010).  

In addition to their anti-tumor activity, one of the major benefits of most monoclonal 

antibodies is their lack of long-term toxicity and the fact that any short-term adverse 

effects associated with infusion do not overlap with those from chemotherapy 

(Glennie et al. 2007). 

 

1.1.2.2 NON-HODGKIN LYMPHOMAS 

Non-Hodgkin Lymphomas (NHL) encompass a heterogeneous group of cancers, 85-

90% of which arise from B lymphocytes and the remainder derives from T 

lymphocytes or natural killer cells. NHL usually develop in lymph nodes but can occur 

in almost any tissue and range from indolent to more aggressive lymphomas.  
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The most recent classification system of NHL is the fourth edition of the World Health 

Organization (WHO) classification published in 2008 which takes in consideration the 

previous edition adding new findings from clinical and laboratory research (Table 1.1, 

Shankland et al. 2012). 

 

Table 1.1: subtypes of NHL. Classification of the different subtypes of NHL in accordance to the 
WHO classification published in 2008 (Shankland et al. 2012). 
 

NHL include both indolent diseases such as chronic lymphocytic leukemia and highly 

aggressive lymphoproliferative disorders. Most of the so called “indolent” B-cell 

lymphomas/leukemias take origin from resting lymphocytes such as naïve circulating 

B cells, whereas aggressive lymphomas such as Burkitt’s lymphoma, involve actively 

proliferating cells such as those localized in the dark zone of germinal centers.  

 

1.2 BURKITT’S LYMPHOMA 

Burkitt’s lymphoma is an aggressive B cell malignancy that accounts for 30-50% of 

lymphomas in children and 1-2% in adults.  

The WHO classification describes three clinical variants of Burkitt’s lymphoma: 

endemic, sporadic and immunodeficiency or immunosuppression-related (Molyneux 

et al. 2012; Hummel et al. 2006). These variants are indistinguishable at a 

histological level but they differ in terms of geographical distribution and prevalence. 

In fact, the endemic variant accounts for 30-50% of all childhood cancers in 

equatorial Africa and it most frequently affects the jaws, the abdomen and endocrine 

organs with 15% of patients with sudden paraplegia and incontinence. On the other 

hand, the sporadic type of Burkitt’s lymphoma occurs predominantly in North America 

and Europe and its common site of presentation is the abdomen (60-80% of patients) 

with symptoms including abdominal pain, distension, nausea and vomiting, and 
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gastrointestinal bleeding. The second common site is head and neck including 

lymphadenopathy and involvement of the nasal or oropharynx, tonsils or sinuses. 

Moreover, bone marrow is infiltrated in roughly 20% of patients. Finally, the 

immunodeficiency-related type is seen most often in patients with Human 

Immunodeficiency Virus (HIV) infection and high CD4 T-cell numbers. Chronic 

antigenic stimulation of B cells, as happens in chronic HIV infection, might be a 

common pathogenetic mechanism of endemic and HIV-associated Burkitt’s 

lymphoma inducing chronic B-cell activation (Schmitz et al. 2014; Molyneux et al. 

2012).  

 

1.2.1 BURKITT’S LYMPHOMA CAUSES 

Studies made on the geographical distribution of endemic variant of Burkitt’s 

lymphoma indicated a correspondence to the distribution of malaria. The role of 

malaria in Burkitt’s lymphoma pathogenesis is still unclear. However, there are two 

potential mechanisms which were suggested: malaria could have the ability to induce 

chronic B cells activation predisposing B cells to acquire genetic aberrations through 

the interaction with receptors expressed on their surface; or malarial infection could 

activate Epstein-Barr Virus (EBV) from resting memory B cells where it persists in a 

latent state (Schmitz et al. 2014; Molyneux et al. 2012). The association of Burkitt’s 

lymphoma with EBV characterized the different variants of the disorder, in addition to 

geographical distribution and prevalence. EBV is detected in almost 100% of cases 

of endemic Burkitt’s lymphoma whereas only 20-30% of patients affected by the 

sporadic form are positive for EBV infection. The real mechanism linking Burkitt’s 

lymphoma and EBV infection still remains undiscovered however several observation 

suggested that EBV induces immortalization of B cells in culture preceding 

tumorigenesis, and high EBV antibody titres were recorded in children before the 

development of the disease (Grömminger et al. 2012; Schmitz et al. 2014).  

EBV infection is not the only epidemiologic factor in Burkitt’s lymphoma but there is 

also a genetic etiology. In fact, the hallmark of Burkitt’s lymphoma is the translocation 

of Myc, a regulator gene localized in the human chromosome 8. Three main Myc 

translocations were reported: t(8;14), t(2;8) and t(8;22). In details, t(8;14) juxtaposes 

Myc to the enhancer elements of the immunoglobulin heavy chain localized in 

chromosome 14 and occurs in 70–80% of patients; t(2;8) and t(8;22) occur in 10–
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15% of patients and juxtaposes Myc to the Igκ or  Igλ light chain, respectively. The 

different types of Burkitt’s lymphoma show different breakpoints. In fact, the endemic 

form originates from aberrant somatic hypermutation within the immunoglobulin gene 

loci and has breakpoints upstream of Myc; whereas the sporadic type breakpoints 

are closer to Myc and involve mostly the switch regions of the loci. These differences 

are probably linked to the EBV positivity thus differentiating the endemic from the 

sporadic form. The juxtaposition of Myc to enhancer elements of immunoglobulin 

elicits a range of cancer-causing effects such as aberrant cell proliferation, metabolic 

reprogramming and genomic instability (Smith et al. 2010). Despite Myc deregulation 

is a marker of Burkitt’s lymphoma, numerous studies demonstrated that this is not 

sufficient for malignant transformation but additional lesions are required such as 

translocations or breakpoint of Bcl-6 and abnormal TP53 expression (Linch 2012). 

 

1.2.2 BURKITT’S LYMPHOMA DIAGNOSIS 

The diagnosis of Burkitt’s lymphoma is based on morphologic and 

immunophenotyping characterization together with genetic analysis to assess Myc 

translocation. For what concerns morphology, Burkitt’s lymphoma cells are 

characterized by a medium size, round nuclei, moderately clumped chromatin and 2-

5 basophilic nuclei. Moreover, cells contain a lot of lipid vacuoles which are probably 

manifestation of the high proliferation rate and of spontaneous cell death. Burkitt’s 

lymphoma has also a “starry sky” pattern which is a manifestation of the numerous 

macrophages that have ingested apoptotic tumor cells.  

For what concerns immunophenotyping, lymphoma cells have a mature B-cell 

phenotype with surface Ig, expression of CD10 and Bcl-6, high proliferation fraction 

with almost 100% of Ki67-positive tumor cells and the absence of Bcl-2 (Molyneux et 

al. 2012; Jaffe & Pittaluga 2011), as shown in Figure 1.4. 
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Figure 1.4: Burkitt’s lymphoma morphology and immunophenotyping. Haematocylin and eosin 
staining of a Burkitt’s lymphoma specimen, starry sky pattern (Figure on the left). 
Immunocytochemistry showing Ki67, Bcl-6 and CD20 positivity and Bcl-2 negativity (Figures on the 
right) (Molyneux et al. 2012, modified). 

 

Moreover, Burkitt’s lymphoma cells also express surface immunoglobulin IgM, CD19, 

CD22, CD79a, B220 and are negative for CD5, CD23 and CD34.  

The positivity for CD10 and Bcl-6 together with immunophenotype and the 

expression of the cytidine deaminase (AID) which mediates somatic hypermutation 

and Ig class switch recombination serve as markers of germinal center transit 

suggesting that Burkitt’s lymphoma originates in this site. In particular, Burkitt’s 

lymphoma cells share gene expression program with normal cells localized in the 

dark zone of germinal center where centroblasts strong proliferate (Schmitz et al. 

2014). 

Several essential investigations such as full blood count, electrolyte measurements, 

liver function tests and a clotting screen to evaluate renal and hepatic involvement or 

dysfunction should also be done in patients with suspected Burkitt’s lymphoma. 

 

1.2.3 BURKITT’S LYMPHOMA STAGING 

The Murphy/St. Jude staging system is most often used in children whereas the Ann 

Arbor system is used in adults. In details, the Murphy/St. Jude staging system takes 

account of the frequent extra-nodal disease that occurs in Burkitt’s lymphoma and 

the poor prognosis of patients with an intra-thoracic and intra-abdominal disorder. 

Moreover, it distinguishes central nervous system disease and bone marrow disease. 

On the other hand, Ann Arbor system takes account of significant B symptoms. Both 

systems divide patients into 4 stages, as shown in Table 1.2 (Linch 2012). 
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Table 1.2: Murphy and Ann Arbor staging systems. Schematic subdivision of Burkitt’s lymphoma-
affected patients made on the basis of the Murphy or Ann Arbor staging system (Linch 2012). 
 

1.2.4 BURKITT’S LYMPHOMA PROGNOSIS 

Several studies have identified advanced age (≤60 years vs >60 years), poor 

performance status, involvement of central nervous system or bone marrow, the 

presence of circulating blasts and elevated levels of lactate dehydrogenase (LDH) as 

indicative of a poor outcome (Linch 2012).  

 

1.2.5 BURKITT’S LYMPHOMA THERAPY 

The first treatment used for the cure of Burkitt’s lymphoma was based on the CHOP 

(cyclophosphamide, doxorubicin, vincristine and prednisone) protocol which induced 

high complete response (CR) rates but in the same time high and rapid relapse rate. 

Burkitt’s lymphoma carried a poor prognosis before the introduction of dose-intense, 

rapid-cycling chemotherapy combinations such as the Magrath protocol which is 

composed on the CODOX-M (cyclophosphamide, vincristine, doxorubicin and 

methotrexate) regimen alternating with IVAC protocol (ifosfamide, etoposide, 

cytarabine) for the treatment of both adults and children. This is one of the most 

common treatment regimens which have undergone several modifications to limit the 

toxicity profile and at same time preserve efficacy in adults who showed a CR rate of 

75-85% including almost 65% of cured patients, a 3-year progression-free survival 

(PFS) of 61% and overall survival (OS) of 66%. However, the first successful regimen 
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is known as Hyper-CVAD (hyperfractionated cyclophosphamide, vincristine, 

doxorubicin, dexamethasone), which induced a CR rate of 85%, OS of 89% of 

patients and a 3-year event-free survival (EFS) of 52%. Despite these intensive 

chemotherapy regimens cure a high percentage of Burkitt’s lymphoma-affected 

patients, they induce bone marrow suppression leading to infections. 

With the advent of monoclonal antibodies and the high CD20 expression on the 

surface of Burkitt’s lymphoma cells, rituximab has been combined in patients treated 

with CODOX-M/IVAC or hyper-CVAD regimens. For what concerns CODOX-M/IVAC 

treatment, the addition of rituximab (one infusion per cycle at 375 mg/m2) induced an 

increase in the CR (90%), PFS (74%) and OS (77%). On the other hand, rituximab 

added to hyper-CVAD protocol induced higher CR (88%) and 3-years OS (89%). 

In addition to improve patients’ outcome, rituximab does not induce overall rate of 

infections (Barnes et al. 2011; Linch 2012).  

Despite the presence of a lot of treatments which can induce high rate of remission, 

significant proportions of patients relapse with incurable disease. 

 

1.2.6 IN VITRO AND IN VIVO BURKITT’S LYMPHOMA MODELS 

1.2.6.1 IN VITRO BURKITT’S LYMPHOMA MODELS 

Lymphomas represent the most complex and heterogeneous set of malignancies and 

human cell lines were produced for the in vitro characterization. Among them, the cell 

line known as BJAB was established in 1973 from the inguinal tumor of an EBV-

negative girl with Burkitt’s lymphoma. BJAB cells are also characterized by the 

expression of CD10, CD19 and CD20 on the surface whereas Myc translocation was 

not detected. Another Burkitt’s lymphoma cell line known as Ramos was established 

from a 3-year-old Caucasian male. Ramos cells express CD23 and immunoglobulins 

on their surface; however, they are negative for EBV. 

EBV is detected in almost 100% of endemic Burkitt’s lymphoma cases, thus neither 

BJAB nor Ramos cells represented this variant of the malignancy. Thus, EBV positive 

cell lines such as Raji and Daudi were established. Raji cells derived from a Burkitt’s 

lymphoma of the left maxilla of an 11-year-old Black male and carry a translocation of 

the Myc gene to the enhancer elements of the immunoglobulin heavy chain localized 

in chromosome 14. On the other hand, Daudi cells were established from a 16-year-

old Black male with Burkitt’s lymphoma in 1967. 
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1.2.6.2 IN VIVO BURKITT’S LYMPHOMA MODELS 

Burkitt’s lymphoma does not occur spontaneously in mice, thus transgenic mouse 

models were induced. 

B-cell malignancies often involve translocation of an oncogene like Myc to an 

immunoglobulin locus resulting in its deregulated expression. Thus, to study the 

effect of such translocation, transgenic mouse models based on oncogenes under 

the control of enhancer from IgG or the IgM locus were induced. Eμ is the first 

enhancer discovered in the immunoglobulin heavy (IgH) locus which drives 

transgene expression throughout the B-lymphoid lineage from early stage. Therefore, 

in Eμ-Myc mice Myc was put under the control of the Eμ enhancer inducing the 

development of B-cell lymphoma with a latency of 4-6 months. Eμ-Myc mice, 

however, do not provide accurate model of Burkitt’s lymphoma because just one 

aspect of the Myc translocation is reproduced and a precursors-B cells malignancy 

was induced whereas Burkitt’s lymphoma is a post-germinal center disease. Thus, to 

better represent endemic Burkitt’s lymphoma, a Histidine6-tagged mouse Myc was 

juxtaposed with Eμ enhancer inserted in a region of mouse Ig known as JH-Eμ 

developing a mouse strain designated as iMycEμ. Between the age of 6 and 21 

months, nearly 70% of mice developed three major tumor types which involved 

mature B cells such as B-cell lymphoma with a Burkitt’s lymphoma-like morphology, 

diffuse large B-cell lymphomas and plasmacytomas. This result clearly indicated that 

Myc induced a spectrum of B-cell tumors (Sung et al. 2005). These two mouse 

models represented Myc activation mediated by intron enhancer Eμ, however some 

studies suggested also the involvement of downstream elements at the 3’ end of the 

IgH locus. Thus, a mouse model (IgH-3’ E-Myc) in which the IgH3’-enhancers were 

integrated into the Myc locus was developed. In this model, a higher percentage of B 

cells displaying a phenotype of mature B lymphocytes (CD19+, B220+, CD22+, 

CD79a+, IgM+, IgDlow) was detected in spleen and lymph nodes in respect to wild 

type mice. Moreover, histological analysis demonstrated the infiltration of also other 

organs such as lungs, kidneys and intestine. Finally, infiltrated cells showed a starry 

sky appearance suggesting how IgH-3’ E-Myc model provides a preclinical model for 

testing therapeutics (Wang & Boxer 2005).  

Another approach used mice that carry a yeast artificial chromosome (YAC) 

containing Myc gene linked to the core region of the human IgH locus from the cell 

line Raji (Myc-YAC mice). Mice developed B-cell lymphomas at 8-16 weeks of age 
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with tumors located inside the skull, in the abdomen and/or the chest without 

involving lymph nodes. Cytometric analysis of masses showed the presence of cells 

which progress from the immature to mature differentiation stage and express B220, 

CD19 and IgM. Despite these features resembling to human Burkitt’s lymphoma, the 

pathology of Myc-YAC mice is similar to that observed in mature B-cell acute 

lymphoblastic leukemia (Bützler et al. 1997; Palomo et al. 1999). 

For what concerns xenograft models of Burkitt’s lymphoma, no mouse models are 

reported in literature. 

 

1.3 CHRONIC LYMPHOCYTIC LEUKEMIA (CLL) 

1.3.1 GENERAL FEATURES 

Chronic Lymphocytic Leukemia (CLL) is a lymphoproliferative disorder which 

accounts for 30% of adult leukemia and 25% of non-Hodgkin lymphoma (Hallek & 

Pflug 2010). It is the most common leukemia in adults in western world (Van 

Bockstaele et al. 2009) being less common among people of African or Asian origin. 

In addition to geographic variation, advanced age and family history are other risk 

factors (Zenz et al. 2010). In fact, CLL is considered a disorder of the elderly since 

more than 43% of diagnoses occur in patients who are older than 75 years while only 

11% of them are less than 55 years old (Oscier et al. 2012; Gribben 2010). For what 

concerns family history, approximately 5% of CLL-affected patients reported a family 

history of leukemia with some cases characterized by the presence of genetic 

anticipation which is the process whereby the median age at onset in a child of a 

multi-generational family with malignancy is younger than that of parent generations 

(Goldin et al. 2010). The natural history of CLL involves progression towards a more 

malignant disease starting from a very indolent cell expansion known as monoclonal 

B cell lymphocytosis (MBL) which is detectable in 5% of the elderly population and 

with a risk of 1% per year to evolve into CLL (Gaidano et al. 2012). 

For what concerns clinical course, CLL is extremely heterogeneous including patients 

who live for decades and 2-8% of cases which will transform into a more aggressive 

disorder known as Richter syndrome, associated with a median survival of 5 to 9 

months because of resistance to intensive chemoimmunotherapy regimens. The 

pathogenesis of Richter‘s transformation is not known, however rapid clinical 

deterioration, fever in the absence of infection and rapid enlarged adenopathy may 
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define this process (Bockorny et al. 2012). Despite specific clinical features typify 

Richter syndrome-affected patients, CLL is usually asymptomatic. However, less 

commonly CLL is characterized by lymph node enlargement and systemic symptoms 

such as tiredness, night sweats, weight loss and bone marrow failure (Gribben 2010; 

Oscier et al. 2012) caused by the clonal accumulation of B cells in the peripheral 

blood, lymph nodes, spleen, liver and bone marrow (Wierda et al. 2010).  

The initial expansion of the malignant clones seems to be antigen-driven because of 

the expression of a restricted variable region gene repertoire and the identification of 

CLL subtypes with nearly identical BCR (“stereotyped” BCR) reactive toward 

common antigenic determinants. In addition, CLL cells display an immunophenotype 

and a gene expression profile similar to those observed for antigen-stimulated cells 

including the expression of high levels of genes induced in normal B cells after BCR 

engagement; the frequent presence in CLL-affected patients cells of phosphorylated 

kinase SYK which is activated immediately downstream of the BCR signaling and the 

down-regulation of IgM expression (Efremov & Laurenti 2011; Efremov et al. 2012).  

 

1.3.2 CLL DIAGNOSIS 

CLL is a disease of the elderly, with a median age at diagnosis of 72 years and a 

median age at death of 79 years (Gribben 2010). Despite the presence of symptoms, 

more than 80% of patients are now diagnosed as an incidental finding on a routine 

full blood count. In fact, the diagnosis of CLL requires the presence of at least 

5x109/L circulating B cells in the peripheral blood persisting for more than 3 months 

(Oscier et al. 2012). Moreover, the morphological examination of circulating blood 

lymphocytes and immunophenotyping are the two key initial laboratory tests 

establishing the diagnosis of CLL. The cell morphology is the first initial investigation 

and provides information to distinguish CLL from other lymphoid disorders. Among 

circulating lymphocytes, 90% of leukemic cells are small to medium size, mature 

lymphocytes with a narrow border of cytoplasm and a dense nucleus lacking 

discernible nucleoli and having partially aggregated chromatin (Hallek et al. 2008). 

Moreover, a typical feature of CLL is the presence of smudge cells on the blood 

smears, the so-called Gumprecht phenomenon (Figure 1.5, Nowakowski et al. 2009).  
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Figure 1.5: Gumprecht 
shadows. Smudge cells 
(arrows) on blood smear 
of a CLL-affected patient 
(Nowakowski et al. 2009). 

The appearance of smudge cells on peripheral-blood smear is a characteristic 

feature of CLL because virtually all patients demonstrated at least some degree of 

smudging. The formation of these cells is related to the content of vimentin, a 

cytoskeleton protein, which is critical for lymphocyte rigidity and integrity. CLL 

patients with high vimentin content have a low percentage of smudge cells 

(Nowakowski et al. 2009).  

For what concerns immunophenotyping, this is the most robust and reliable test for 

the diagnosis of CLL. Because there is no single marker expressed exclusively by 

CLL cells, a composite immunophenotyping which includes 5 or 6 markers into a 

scoring system helps to distinguish CLL form other B cell malignancies. The 

characteristic immunological repertoire of CLL includes the expression of CD5 and 

CD23, the absence of FMC7 and weak expression of surface immunoglobulins 

(Matutes et al. 2010).  

 

1.3.3 CLL STAGING 

Over 30 years ago, the classification of CLL into different prognostic groups based on 

clinical observations and standard laboratory tests was introduced by Rai et al. (Rai 

et al. 1975) and Binet et al. (Binet et al. 1976). These two systems define the clinical 

stage of CLL by the presence of anemia or thrombocytopenia together with the 

number of regions with enlarged lymph nodes, hepatomegaly and splenomegaly 

(Cramer & Hallek 2011). Both these two systems describe 3 major subgroups 

reflecting the overall tumor burden in patients and allowing the assessment of the 

prognosis at the time of diagnosis (Van Bockstaele et al. 2009). In details, Rai 

classification is based on the progressive accumulation of neoplastic cells manifested 

by increasing lymphocytosis, progressive lymphadenopathy, splenomegaly, and 
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hepatomegaly, followed by bone marrow replacement with development of anemia 

and thrombocytopenia (Table 1.3) (Gribben 2010).  

 

 

Table 1.3: Rai staging system. Schematic representation of Rai system of CLL-
affected patients’ diagnosis (Gribben 2010, modified). 

 

 

On the other hand, Binet staging system takes into consideration 5 potential sites of 

involvement such as cervical, axillary and inguinal lymph nodes, spleen, and liver. 

Moreover, it is based on the number of involved areas, as defined by the presence of 

enlarged lymph nodes of greater than 1 cm in diameter or organomegaly, and on 

whether there is anemia or thrombocytopenia as shown in Table 1.4, (Hallek et al. 

2008; Gribben 2010). 

 

 

Table 1.4: Binet staging system. Schematic representation of Binet system 
of CLL-affected patients’ diagnosis (Gribben 2010, modified). 

 

Summarizing, both Binet and Rai staging systems predict outcome in patients 

presenting with widespread and/or bulky lymphoadenopathy, hepatosplenomegaly or 

bone marrow failure but are insensitive to the clinical heterogeneity within early CLL. 

Thus, the addition of clinical parameters such as age, gender, lymphocyte count, 

lymphocyte doubling time (LDT) and serum β2-microglobulin (sβ2m) to clinical stage 
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improves the prediction of OS and time to first treatment in early stage CLL (Oscier et 

al. 2012).  

 

1.3.4 CLL PROGNOSIS 

1.3.4.1 SERUM MARKERS 

In CLL patients, LDT and three serum markers such as sβ2m, serum thymidine 

kinase (sTK) and soluble CD23 (sCD23) have a relevant prognostic value. In details, 

LDT is defined as the number of months it takes the absolute lymphocyte count to 

double in number reflecting the disease activity. In fact, patients with a LDT less than 

12 months had a significantly shorter OS and PFS than patients with a LDT of more 

than 12 months (Cramer & Hallek 2011; Van Bockstaele et al. 2009).  

sβ2m is an extracellular protein non-covalently associated with the α-chain of the 

class I major histocompatibility complex (MHC). Elevated serum levels of sβ2m 

correlates with an advanced clinical stage, bone marrow infiltration, the presence of 

bulky disease and shorter PFS and OS (Cramer & Hallek 2011; Van Bockstaele et al. 

2009).  

sTK is a marker of cell proliferation whose elevated levels are associated with 

advanced-stage disease, rapid CLL progression and lower OS (Van Bockstaele et al. 

2009; Konoplev et al. 2010).  

Finally, sCD23 is a low-affinity receptor for IgE which is expressed on mature B cells, 

antigen-presenting cells and platelets. It correlates with diffuse bone marrow 

infiltration and short LDT predicting disease progression. Moreover, high sCD23 

levels are associated with elevated sTK levels, high expression of both CD38 and 

Zeta-chain-associated protein kinase 70 (ZAP-70) in the bone marrow (Van 

Bockstaele et al. 2009; Cramer & Hallek 2011). 

The main advantage of serum markers is the simplicity of blood sampling and the 

reliability of their assessment. However, standardization needs to be improved. 

Recently, with the development of new molecular biology techniques, other 

prognostic markers such as the mutational status of the immunoglobulin heavy chain 

variable region genes, CD38 and ZAP-70 expression and cytogenetics are taken in 

consideration.  
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1.3.4.2 IgVH MUTATIONAL STATUS, CD38 AND ZAP-70 EXPRESSION 

The mutational status of the immunoglobulin heavy chain variable region genes 

(IgVH genes), CD38 and ZAP-70 expression together with cytogenetics have been 

shown to have a prognostic impact to the disease course and/or the response to the 

treatment in patients with a progressive disease (Martin et al. 2010).  

In details, approximately 50% of CLL cases carry somatic IgVH mutations. The 

generation of random somatic mutation in IgVH genes is a process which takes place 

in the germinal center of secondary lymphoid organs and results in changes of 

antibody’s affinity for the antigen. The presence of mutations on IgVH genes indicate 

that CLL cells undergone antigenic stimulation and are so derived from germinal 

center cells. On the contrary, CLL cells without mutation on IgVH genes are thus 

likely to be derived from naïve B cells (Crowther-Swanepoel & Houlston 2010). The 

outcome of patients characterized by cells with unmutated IgVH genes is inferior to 

patients with mutations in these genes. In fact, patients with unmutated IgVH genes 

had a significantly shorter median OS (~9 years) than patients with mutated IgVH 

genes (more than 24 years) (Van Bockstaele et al. 2009).  

For what concerns CD38, it is a “real-time” indicator of the level of leukemic 

proliferation and thereby actual or potential clonal evolution which determines clinical 

course and patients’ outcome. In the majority of studies, the threshold is considered 

as ≥30% CD38+ clonal members, dividing patients into two groups which differ 

clinically in OS, time to first treatment, number of leukemic cells with atypical 

morphology, absolute lymphocytes count and responsiveness to therapies. CD38 

levels can change over time thus indicating that an upward trend in CD38-expressing 

cells may signal clonal evolution to a more aggressive state (Malavasi et al. 2011). In 

fact, CD38 expression is associated with a higher need of chemotherapy and shorter 

OS (Van Bockstaele et al. 2009).  

Finally, ZAP-70 is a 70kDa protein normally expressed in lymphocytes T, NK cells 

and some B cells such as those localized in spleen and tonsils, pro-B cells in bone 

marrow and also in a range of tumor B cells including CLL (Van Bockstaele et al. 

2009). High ZAP-70 expression is correlated with more advanced Rai stages, large 

lymphadenopathies, splenomegaly and a shorted LDT thus being marks of an active 

and aggressive disease. All these factors are related to an unfavorable clinical 
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course in regard to both decreased PFS and OS on a large series of patients (Del 

Principe et al. 2006).  

 

1.3.4.3 MOLECULAR CYTOGENETICS 

Cytogenetic lesions can be identified in around 80% of CLL cases by fluorescence in 

situ hybridization (FISH). The most common abnormalities are deletion of 13q14 and 

trisomy of chromosome 12 (10-20% of cases). On the other hand, aberrations of 

chromosome 11 or chromosome 17 occur in less than 5% of cases (Crowther-

Swanepoel & Houlston 2010; Hallek et al. 2008).  

The deletion of 13q14 is associated with down-regulation of miR-15a and miR-16-1 

which normally act as tumor suppressor genes through the modulation of Bcl-2 and 

other target genes. The down-regulation of miR15a and miR-16-1 induced the 

accelerated proliferation of human B cells. 

For what concerns trisomy of chromosome 12, it has been associated with early 

progression (33 months) and a median OS of 114 months.  

The 11q deletion affects a region in which the tumor suppressor gene known as 

“Ataxia Telangiectasia Mutated” (ATM) gene is included being correlated with a more 

rapid progression of disease, shorter survival and extensive lymphoadenopathy 

(Zenz et al. 2011). Finally, the deletion of 17p13 always contains the TP53 locus but 

usually covers most of the short arm of chromosome 17. TP53 is a tumor suppressor 

gene which encodes a nuclear 53 kDa protein that plays a key role in response to 

cellular stress, inducing the transcription of genes, controlling cell cycle arrest and 

inducing apoptotic cell death. The loss of function on p53 protein lead cells to avoid 

apoptosis being linked to chemoresistance to a wide range of anticancer drugs, such 

as fludarabine, and poor prognosis (Zenz et al. 2010; Martin et al. 2010) with a 

median OS of 2-3 years (Eichhorst et al. 2011). 

Detection of cytogenetic abnormalities has apparent prognostic value and may 

influence therapy. 

 

1.3.5 CLL THERAPY 

The clinical heterogeneity of CLL and advanced age of many patients dictate that no 

single treatment approach is applicable to all patients. In fact, there are factors such 

as the assessment of fitness to tolerate chemotherapy, TP53 mutational status, 
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previous or current cytopenias and evidence of lymphomatous transformation, which 

influence the choice of treatment (Oscier et al. 2012). 

CLL is usually diagnosed on patients at an early stage like Binet stage A or B or Rai 

stage 0-II, who do not need treatment and many of them will have indolent CLL for 

years. On the contrary, about half of patients will progress rapidly and require 

therapy. Usually, treatment of CLL is indicated in the presence of bone marrow 

failure, severe B-symptoms, general fatigue, symptomatic lymphadenopathy, 

hepatomegaly or splenomegaly, short LDT or autoimmune disorders (Goede & 

Hallek 2011). Current B-cell treatments take advantage of both dose-intensive 

chemotherapy regimens, immunotherapy via monoclonal antibodies and 

hematopoietic stem cells transplantation.  

 

1.3.5.1 CHEMOTHERAPY 

Chemotherapy includes both alkylating agents such as chlorambucil and purine 

analogues such as fludarabine.  

Chlorambucil has long been considered as the “gold standard” in front-line therapy of 

CLL because of its low cost, low toxicity and convenient oral application (Hallek & 

Pflug 2010). Moreover, single treatment with chlorambucil yield overall response 

rates (ORR) of more than 70% (Goede & Hallek 2011). However, chlorambucil major 

disadvantages include its low CR rate and the induction of side effects such as 

cytopenia, myelodysplasia and secondary acute leukemia (Hallek & Pflug 2010). 

Despite its limited potential to induce CR, chlorambucil is administered as frontline 

therapy to elderly patients with CLL (Goede & Hallek 2011).  

The discovery of purine analogues such as fludarabine heralded a new era in the 

treatment of CLL. In fact, when patients require treatment, they are typically treated 

with fludarabine (standard infusion of 25 to 30 mg/m2 given over 30 minutes for 5 

days) which induced CR in 20% to 38% of previously untreated patients and 

prolonged median PFS to more than 2 years (Goede & Hallek 2011; Ricci et al. 2009; 

Tsimberidou & Keating 2009). In contrast to the encouraging clinical outcomes of 

patients with fludarabine-sensitive CLL, fludarabine-refractory patients have poor 

prognosis. Several factors, such as TP53 deletion, predict poor response to purine 

analogues. In fact, TP53 gene is the strongest independent adverse factor for 

survival being associated with the shortest median treatment-free interval and 

shortest OS compared with other cytogenetic groups (Tsimberidou & Keating 2009). 
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Moreover, frontline treatment with fludarabine is not beneficial across all age groups 

and it can cause substantial toxicity in the elderly. For instance, high rate of 

neutropenic fever and severe bacterial infections have been reported in a cohort of 

older patients after a treatment with fludarabine (Goede & Hallek 2011).  

 

1.3.5.2 IMMUNOTHERAPY 

Monoclonal antibodies have become a solid pillar of the treatment of CLL and include 

rituximab, ofatumumab and alemtuzumab.  

Despite specificity of rituximab in the recognition of CD20, singe-agent treatment has 

only limited activity in CLL because of the lower CD20 expression on the surface of 

leukemic lymphocytes. In fact, a standard dose of rituximab which is administered at 

375mg/m2/week for 4 or 8 weeks induced a CR of 4% or 19% of symptomatic or early 

stage patients, respectively (Tam & Keating 2007). Rituximab is well tolerated by 

patients, except for the recurrent mild-to-moderate infusion reactions and its rare 

association with serum sickness and fatal infections.  

Rituximab changed the treatment of CLL particularly in combination with other 

chemotherapeutic agents such as Fludarabine and Cyclophosphamide (FC protocol) 

increasing OS from 83% to 87% after the addition of rituximab (FCR protocol) 

(Goede & Hallek 2011). However, despite the promising improvements, FCR protocol 

is associated with hematologic toxicity such as myelosuppression and grade 3 or 4 

neutropenia and major infections (Strati et al. 2013). 

For what concerns ofatumumab, it is currently in phase III trials for the treatment of 

CLL and other malignancies because of its ability to induce B-cell depletion via 

mechanisms such as CDC and ADCC similar to those induced by rituximab. 

However, in vitro studied demonstrated higher efficacy of ofatumumab at lysing cells, 

especially at low drug concentrations and at low CD20 copy numbers such as those 

expressed by CLL cells (O’Brien & Osterborg 2010). Standard treatment of CLL-

affected patients includes 8 weekly intravenous infusions (300mg for dose 1, and 

2000 mg for doses 2 to 8) of ofatumumab followed by 4 monthly infusions (2000 mg)  

(O’Brien & Osterborg 2010). This treatment applied to fludarabine and alemtuzumab 

refractory patients induced a response rate of 58% (Cang et al. 2012). Ofatumumab 

has been well tolerated with infusion-related adverse events being the most 

commonly reported. Most side effects occur on the day of infusion and are of grades 

1 or 2. There are generally fevers, chills, shortness of breath, rash and urticaria. Only 
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12% of patients experienced grade 3 or worse infectious complications (Nabhan & 

Kay 2011).  

Alemtuzumab is a humanized antibody which recognizes CD52 which is a surface 

protein expressed on normal and malignant B and T lymphocytes, but not on 

hematopoietic stem cells. First-line CLL treatment (subcutaneous injection of 30mg of 

alemtuzumab) induced response in 87% of patients with CR of 19% and the 

remission duration of more than 18 months. Alemtuzumab was also approved for the 

treatment of relapsed CLL who failed fludarabine therapy. The standard treatment 

includes the intravenous administration of 30mg of Alemtuzumab for 12 weeks 

inducing a response in 33% of patients with CR of 2% (Tam & Keating 2007).  

Despite its activity, alemtuzumab results in myelosuppression, profound T-cell 

depletion and increased risk of opportunistic infections, particularly if combined with 

chemotherapy (Goede & Hallek 2011).  

 

1.3.5.3 HEMATOPOIETIC STEM CELLS TRANSPLANTATION 

Despite the development of a lot of treatment protocols, in some patients, the 

disease is either refractory to the standard therapy or progresses after a short period 

of time. In such patients, hematopoietic stem cells transplantation (HSCT) has been 

regarded as treatment of choice providing the best opportunity to achieve long-term 

disease-free survival for patients with high-risk CLL, including those with TP53 

abnormalities (Oscier et al. 2012). HSCT may be autologous when patients’ own 

stem cells are used or allogeneic when stem cells come from a donor.  

For what concerns autologous HSCT, it is increasingly being used to treat relapsed 

and refractory CLL even if it does not induce better results than chemotherapy and 

immunotherapy. Moreover, autologous HSCT is not a suitable option for most 

patients because many of them never require any treatment and most of them are 

too elderly to undergo this procedure (Gribben et al. 2011). 

On the other hand, the standard protocol for allogeneic HSCT has involved the use of 

conditioning regimen, comprising myeloablative doses of chemo-radiotherapy, to 

eliminate the host’s bone marrow before allogeneic graft rescues it. Allogeneic HSCT 

has been proved to be capable of completely eradicating CLL leading to long-term 

survival; in fact, patients up to age 70 years are now being offered allogeneic HSCT if 

there are no other good alternatives to control CLL. Despite these encouraging 

results, sever graft-versus-host disease and infections, resulting in a high transplant-
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related morality range from 46% to 57%, limit the use of this approach in the elderly 

(Jaglowski & Byrd 2012; Goede & Hallek 2011). Thus, a reduced intensity 

conditioning or a non-myeloablative regimens were introduced to allow engraftment 

of allogeneic stem cells and making transplant more available to patients with a 

median age of 72 years (Gribben et al. 2011; Jaglowski & Byrd 2012). Studies made 

on reduced-intensity conditioning HSCT showed event-free survival rates of 35% to 

45% and OS rates of 50% to 60% at 5 years suggesting how HSCT is capable of 

curing the disease (Dreger et al. 2014).   

 

1.3.6 CLL IN VITRO AND IN VIVO CLL MODELS 

In order to study pathological and biochemical processes and to comprehend all the 

characteristics of a complex disease such as CLL, in vitro and in vivo analysis 

performed on cell cultures and mouse models respectively are needed. 

 

1.3.6.1 IN VITRO CLL MODELS 

Cell lines have been invaluable tools for studying the biology of B cell malignancies. 

However, authentic CLL tumor cell lines were obtained after in vitro or in vivo 

infection by Epstein-Barr virus (EBV) whose receptor known as CD21 is expressed 

by CLL cells. By the way, the origin of two CLL cell lines known as MEC1 and MEC2 

were established spontaneously without experimental infections from cells explanted 

from a CLL-affected patient. MEC1 and MEC2 growth pattern differ a lot in liquid 

culture; in fact, MEC1 cells are mainly solitary forming few aggregates whereas 

MEC2 cells form very large clumps. Moreover, MEC1 grow slower than MEC2 with a 

doubling time of 40 hours and 31 hours, respectively (Rasul et al. 2014; Stacchini et 

al. 1999).  

A phenotypic analysis made by Stacchini et al. (1999) reveals that both cell lines 

have the same light (k) and heavy chains (IgM, IgD) expressed by fresh parental 

cells and with the same strong intensity. Moreover, MEC1 and MEC2 share the 

expression of mature B cell markers such as CD19, CD20, CD21, CD22 and  

adhesion molecules such as CD11a, CD18, CD44, CD49d, CD54 reflecting 

immunophenotype of CLL cells. However, they differ in the expression of CD23 

which is higher on MEC1 cells than MEC2 cells (89 vs 36%); FMC7 and CD28 which 

are expressed just by MEC2 cells. For what concerns CD5, a typical CLL marker, 

both cell lines do not express this antigen on their surface. Finally, MEC1 and MEC2 
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cells express at high levels both CD80 and CD86, while cells derived from CLL-

affected patients do not. The immunophenotype of both MEC1 and MEC2 cells is 

shown in Table 1.5 (Stacchini et al. 1999). 

 

Table 1.5: MEC1 and MEC2 characterization. Two 
CLL cell lines known as MEC1 and MEC2 were 
characterized for the expression of surface antigens 
suggesting their resemblances to cells derived to 
CLL-affected patients (Stacchini et al. 1999). 

For what concerns genetic features, MEC1 cells have deletion of chromosome 17 

and a mutation in p53 gene, representing the 5% of patients with these chromosomal 

aberrations. On the other hand, to represent patients without abnormalities of p53, a 

p53wild type cell lines known as EHEB is used for in vitro studies (Saltman et al. 

1990).  

Primary leukemic cells and cell lines are the cornerstones of the in vitro investigation 

of the biological and molecular features of CLL. Still, a number of major biological 

questions as well as the validation of new drugs can be only superficially approached 

by in vitro assays. Animal models are therefore essential. 

 

1.3.6.2 IN VIVO CLL MODELS 

Animal models of CLL have been remarkably difficult to establish. Recently, big 

efforts were made to develop a mouse model representing the human malignancy 

through both transgenic techniques and xenograft transplantation of leukemic cells. 

For what concerns transgenic mice, the most popular CLL model was obtained by 

inserting the human T cell leukemia-1 (TCL1) gene under the control of the 
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immunoglobulin heavy chain variable region promoter and immunoglobulin heavy 

chain enhancer. Transgenic mice showed an expansion of a population of 

CD220low/IgM+/CD5+ B cells starting at 6 months of age in the peripheral blood where 

these cells are normally infrequent, but in the absence of any sign of disease. 

Moreover, all mice around 13-18 months of age become ill and are characterized by 

enlarged spleen and liver and advanced lymphoadenopathy because of the 

infiltration of leukemic cells in these organs. Moreover, cytological examination of 

blood smears evidenced the presence of circulating lymphocytes with clumped 

nuclear chromatin (Bichi et al. 2002). More recent studies on this model suggested 

also that BCR of TCL1 mice resembles to human CLL-affected patients with the more 

aggressive form of the disease linked to the unmutational status of immunoglobulin 

light chain genes (Yan et al. 2006).  

All together, these features reflect the human malignancy being a good CLL model. 

However, this model has some limitations because it does not reflect the genetic 

complexity of human CLL and the delayed development of the malignancy which 

occurs at 13-18 months makes the valuation of drugs effect hard to study (Bertilaccio 

et al. 2012). 

The reproduction of the most frequent chromosomal aberration in CLL (deletion of 

chromosome 13) was made by Klein et al. (2010) who developed a transgenic 

mouse model lacking the region which includes the long noncoding RNA deleted in 

leukemia (DLEU)-2, the first exon of the DLEU-1 gene and miR-15a/16-1 cluster. The 

deletion of such region induced an increase in the number of CD5+CD220low B cells 

in the peritoneal cavity when mice were 9 months old and in the peripheral blood with 

increasing age (15-18 months), inducing the development of CLL in 27% of mice. All 

these data together confirmed DLEU genes and miR-15a/16-1 cluster involvement in 

the development of CLL and that this is a faithful model of human CLL (Klein et al. 

2010).  

In the past 10 years several xenograft models were reported. Human primary CLL 

cells were infused into Non-Obese Diabetic / Sever Combined ImmunoDeficient 

(NOD/SCID) mice resulting in highly localized splenic and peritoneal engraftment but 

the recovery of leukemic cells from bone marrow or peripheral blood has been 

substantially low. The engraftment of patients’ cells was strictly correlated with the 

stage of the disease and clinical and molecular features. In fact, stage 0 CLL cells 

poorly engrafted, stage I/II cells partially engrafted and cells from stage III/IV patients 
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markedly engrafted. Moreover, unmutation of IgVH genes, and the expression of 

both CD38 and ZAP-70 were associated with a higher leukemic cell engraftment than 

CLL cells isolated from patients with good prognosis (Bertilaccio et al. 2012; Dürig et 

al. 2007).  

For what concerns the use of CLL cell lines, such as MEC1 cells, Bertilaccio et al. 

(2010) reported the successful establishment of a novel xenograft model that closely 

resembles to aggressive disseminated human CLL. MEC1 cells were subcutaneously 

injected in the flank of Rag2-/-γc
-/- mice which lack of B and T lymphocytes and natural 

killer, allowing the formation of a subcutaneous mass and colonization of spleen, 

bone marrow, liver, lungs, kidneys peripheral blood and peritoneal exudates 

(Bertilaccio et al. 2010). Thus, this mouse model appears very useful to evaluate the 

biologic basis of CLL and the efficacy of new therapeutic agents targeting human 

proteins.  

 

1.4 NANOPARTICLES 

Frequent challenges encountered by current cancer therapies based on the use of 

chemotherapy, radiation and surgery include nonspecific systemic distribution of 

agents, inadequate drug concentrations reaching the tumor, intolerable toxicity and 

development of multiple drug resistance. Thus, greater targeting selectivity and better 

delivery efficacy are the two major goals in the development of both therapeutic 

agents and imaging contrast formulations.  

Nanotechnology has gained significant attention in recent years due to the advances 

in material science and nano-engineering. In fact, in the last decade, nanosystems 

have become very attractive for their applications in the field of biology and medicine 

including their use as carrier for drugs, labeling or tracking agents, vectors for gene 

therapy, hyperthermia treatments and magnetic resonance imaging contrast agents. 

Nanosystems have unique properties that distinguish them from other cancer 

therapeutics: in fact, (i) nanosystems can be designed to carry large therapeutic 

payload; (ii) they can be conjugated to targeting ligands to specifically bind cancer 

cells; (iii) they can be loaded with multiple drug molecules to enable combinatory 

cancer therapy and (iv) they can bypass drug resistance mechanisms (Thanh & 

Green 2010; Misra et al. 2010). 



INTRODUCTION 

28 
 

Nanosystems are defined as particulate dispersions or solid particles with a size in 

the range of 10-1000nm. This family includes lipid-based carriers such as liposomes 

and micelles, dendrimers (Figure 1.6), carbon nanotubes, polymeric nanoparticles 

(NPs) and biodegradable NPs (Hu & Zhang 2012). 

 

Figure 1.6: Types of nanosystems. Nanosystems include liposomes, polymeric 
micelles, dendrimers and other types of particles (Hu & Zhang 2012, modified). 

 

Liposomes represent the first generation of nanocarriers applied in medicine. In fact, 

Doxil (doxorubicin inside liposomes) was the first nanomedicine to obtain FDA 

approval. Liposomes are spherical vesicles with a single or multiple lipid bilayer 

membrane structure in which both hydrophobic and hydrophilic drugs can be 

encapsulated within the lamellae or in the aqueous core, respectively. Moreover, 

liposomes can also be functionalized to promote active targeting to specific cells and 

tissues. Despite progresses in the clinical development of liposome-based 

nanocarriers, there are several issues that limit their application as drug delivery 

platforms including the complex modulation of drug release profile in vivo, the limited 

amount of drug payloads, and the difficulty to maintain a stable shelf-life. Otherwise, 

polymeric nanocarriers show similar to superior stability than liposomes, higher drug-

loading capacity and enable a controlled and triggered release of drugs (Sanna & 

Sechi 2014; Wang et al. 2012).  

Polymeric micelles consists of amphiphilic molecules or surfactants whose 

monomers self-assembled in an aqueous medium forming structures with a 

hydrophobic core stabilized by hydrophilic shell (Oerlemans et al. 2010).  

Dendrimers are regularly branched macromolecules which are generally synthesized 

from synthetic or natural elements. They are characterized by a central inner core 

surrounded by layers of repeated units and an outermost layer of multivalent 
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functional groups. Dendrimers can be also modified, conjugated to therapeutics or 

drugs can be loaded inside the cavities in their cores through chemical linkages. 

Carbon nanotubes are carbon cylinders composed on benzene rings that have been 

used for a lot of biological applications as diagnostic devices for the discrimination of 

proteins in serum samples and as carriers to deliver therapeutics.  

Many of the NPs therapeutics in clinical and preclinical investigations are polymeric 

NPs which have been extensively studied as therapeutic carriers. Polymeric NPs are 

composed on block of copolymers with different hydrophilicity which spontaneously 

assembles into a core-shell structure in an aqueous environment. Hydrophobic 

blocks form the core in which high amounts of therapeutics are carried whereas 

hydrophilic blocks compose the shell to stabilize the core and provide a steric 

protection for the NP. In contrast to liposomes, polymeric NPs contain a solid, 

polymer-filled core that is better suitable for water-insoluble drug payloads also giving 

to NPs higher stability, more controllable drug release profile and more uniform size 

distribution.  

Biodegradable nanoparticles (BNPs) are highly preferred than polymeric NPs 

because they provide a controlled release property, subcellular size and 

biocompatibility. BNPs can be prepared from a variety of biodegradable materials 

such as proteins, polysaccharides or synthetic polymers (Wang et al. 2012; Misra et 

al. 2010; Hu & Zhang 2012). 

 

1.4.1 BIODEGRADABLE POLYMERS 

BNPs have been used for site-specific delivery of drugs, vaccines, and various other 

biomolecules. Biodegradable polymers most extensively used for the preparation of 

BNPs include poly-D-L-lactide-co-glycolide (PLGA), poly-lactic acid (PLA) and poly-

caprolactone (PCL).  

PLGA is one of the most successfully used biodegradable polymers because it 

undergoes hydrolysis in the body producing metabolite monomers of lactic acid and 

glycolic acid. These compounds participate normally in different physiological and 

biochemical pathways owing to PLGA minimal systemic toxicity. PLGA was approved 

by FDA for therapeutic use in humans because of PLGA-NPs ability to protect poorly 

soluble and unstable drugs from the biological milieu and at same time they are small 

enough for capillary penetrations, cellular internalization and endosomal escape. 
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For what concerns PLA, it is broken to monomeric units of lactic acid in the body 

which is a natural intermediate of anaerobic respiration being devoid of any major 

toxicity.  

Finally, PCL is a biodegradable polyester which is hydrolyzed under physiological 

conditions showing minimal or no toxicity thus being an ideal material for tissue 

engineering. PCL is compatible with a wide range of drugs enabling a uniform drug 

distribution in the formulation matrix and its long term degradation facilitates drug 

release up to several months (Kumari et al. 2010; Mahapatro & Singh 2011).  

 

1.4.2 SURFACE MODIFICATIONS 

To be effective in cancer treatment, drugs should be able to reach tumors through 

the penetration of barriers in the body with minimal loss of activity in the blood 

circulation and to specifically target cancer cells, after having reached the tumor, 

without affecting healthy tissues.  

 

1.4.2.1 LONG-CIRCULATING NPs  

The ideal circulation half-time is dependent on the application. In fact, for what 

concerns imaging, 2-6 hours is optimal for injection, accumulation at targeted site, 

clearance from non-targeted organs and detection of NPs. However, for therapeutic 

NPs the ideal circulation time is longer to allow repeated exposure to affected tissues 

(Jokerst et al. 2011).  

To reach tumor cells, NPs must remain in the circulation long enough for tumor 

accumulation. However, NPs are rapidly eliminated by phagocytic cells after 

adsorption by plasma proteins known as opsonins. This process starts immediately 

after NPs come in contact with plasma inducing their recognition by the mononuclear 

phagocyte system, an immune system component based on circulating macrophages 

and monocytes, liver Kuppfer cells, macrophages localized in the spleen and other 

lymphatic vessels with the aim to remove foreign materials. Since premature 

elimination of NPs from the bloodstream prevents accumulation into tumors, a lot of 

studies were made to create “stealth” NPs. The most used method of surface 

modification is the adsorption or grafting of PEG which results in a reduced 

immunogenicity, increased solubility, plasma stability and circulation half-life of NPs 

in the blood (Mahapatro & Singh 2011; Petros & DeSimone 2010). The exact 
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mechanism by which PEG prolongs circulation is not well understood however it is 

generally thought that PEG is able to prevent opsonization of NPs by serum or 

ospsonins preventing macrophages engulfment. As a consequence, NPs are not 

transported in the liver or spleen for degradation and excretion (Figure 1.7, Jokerst et 

al. 2011). 

 

 

Figure 1.7: PEG-functionalization of NPs prevents uptake by the RES. NPs (A) are coated with 
opsonins (A2) allowing macrophages engulfment (A3) and subsequent transport to the liver (A4). On 
the other hand, PEG coating of NPs (B1) prevents opsonization (B2) resulting in decreased liver 
accumulation (B3) (Jokerst et al. 2011). 

 

One of the major factors influencing time spent in the blood by NPs is the 

conformation and the length of PEG chains. In details, there are two main 

conformations that PEG chains can acquire depending on grafting density: if the 

surface density is low, a ‘mushroom’ conformation is acquired; on the contrary, the 

increase of grafting density induces the formation of a ‘brush’ conformation. 

Generally, NPs with a brush PEG conformation have longer circulation times 

because the denser coating better shield NPs from the mononuclear phagocyte 

system.  

For what concerns the length of PEG chains, in general smaller therapeutic agents 

are bound to larger PEG chains (20-50 kDa) to prevent renal excretion and maintain 

a high blood concentration. On the contrary, larger NPs (50-100nm) are frequently 

coated with smaller PEG chains because the increase in the hydrodynamic ratio 

could reduce circulation time in the blood (Jokerst et al. 2011). 
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1.4.2.2 TARGETED NPs 

A multitude of approaches were developed to target specific cellular population or to 

alter NPs biodistribution in vivo. Targeting has been achieved using 2 predominant 

strategies: passive or active targeting. The first method relies in the passive and non-

selective NPs accumulation in the tumor by the enhanced permeability and retention 

(EPR) effect. EPR effect is caused by the pathophysiologic features of tumor vessels 

coupled with poor lymphatic drainage. Blood vessels in tumors have larger gaps 

(ranging from 100nm to several hundred nanometers) between endothelial cells than 

those in normal tissues; this allows NPs to pass into tumor microenvironment. 

Moreover, the impaired lymphatic system modified by the compression of lymphatic 

vessels exerted by high proliferating tumor cells further increases NPs accumulation 

in tumor tissues. Another contributor to passive targeting is the unique 

microenvironment surrounding tumor cells. Fast-growing cancer cells in fact use 

glycolysis to obtain more energy resulting in the acidification of the environment. 

Thus, the use of pH-sensitive NPs allows them to be degraded and release their 

content in sites where the pH is lower than physiological values.  

Passive targeting strategies have shown several limitations including the variability 

from patient to patient and from tumor to tumor, so a considerable amount of work is 

now underway investigating active targeting nanoformulations to increase their 

accumulation at sites of interest (Sanna & Sechi 2014; Petros & DeSimone 2010; 

Wang et al. 2012). 

Active targeting takes advantage of the leaky vessels of tumors and of the 

attachment of specific molecules able to specifically bind receptors overexpressed on 

the surface of cancer cells (Figure 1.8, Misra et al. 2010).  

 

 
Figure 1.8: Active and passive targeting. 
Active targeting of NPs in tumors is mediated by 
the conjugation of homing moieties which 
specifically bind tumor cells (figure on the left). 
On the other hand, passive targeting is mediated 
by EPR effect which induces NPs accumulation 
in tumor tissues taking advantage of leaky 
vessels coupled to impaired lymphatic drainage 
(Misra et al. 2010). 
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To create a more efficient system, the antigen should have some features: it should 

be expressed just on the surface of cancer cells and not on healthy cells; it should be 

expressed homogeneously on all tumor cells and it should not be shed into the blood 

circulation. Using different approaches, NPs can be functionalized using a large 

variety of targeting ligands including monoclonal antibodies or their fragments, 

proteins or peptides, nucleic acids (aptamers) and small molecules.  

The first targeted systems centered mainly on the use of antibodies as targeting 

moieties because of their high specificity, wide availability and their ability to interfere 

with cellular processes. However, monoclonal antibodies have some limitations 

including their large size, the requirement of optimization through engineering 

technologies, the difficulty to manage NPs manufacturing and also their potential 

immunogenic features. Thus, there is increasing interest in engineering and using 

antibody fragments such as variable chains which are able to retain the specificity of 

the parent antibody but with less immunogenicity, and have a smaller size because 

of the absence of the constant portion. For what concerns proteins, there are several 

endogenous molecules such as transferrin able to selectively bind specific receptors 

expressed on cells surface being suitable for active targeting. However, their 

effectiveness can be limited by their immunogenicity and susceptibility to early 

clearance. Recently, peptide-based ligands are emerging as attractive alternative 

targeting molecules because of their small size, high stability, relatively low 

immunogenicity and high degree of specificity and affinity for the target molecule.  

Aptamers are small molecules of single-stranded DNA or RNA sequences which can 

be designed to bind targets with high specificity and sensitivity. Such molecules fold 

into unique three-dimensional conformations having the ligand-binding features 

needed for the efficient target affinity. Finally, small molecules are low molecular 

weight (< 500 Da) molecules with high stability and low production cost. Some other 

advantages include the possibility to modulate their density and charge on NPs 

surface affecting stability, size, morphology and targeting efficiency; fewer 

immunogenicity in vivo and reproducible manufacturing.   

Conventional methods of preparing targeted-NPs include two options: the post-

coupling and the pre-coupling approach. The post-coupling technique involves the 

bioconjugation with targeting ligand on the surface of the preformed NP. Conversely, 

the pre-coupling approach includes pre-conjugation of the ligand after NP formation 
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(e.g. pre-functionalized triblock polymers) followed by nanoformulation (Misra et al. 

2010; Sanna & Sechi 2014). 

 

1.4.3 NANOPARTICLES PRODUCTION 

NPs can be composed on different materials such as proteins, polysaccharides and 

synthetic polymers. The selection of materials used for matrix is dependent on the 

size of NPs, properties of the drug such as aqueous solubility and stability to be 

encapsulated inside NPs; the dimension of needed NPs; surface features such as 

charge and functionality; degree of biodegradability; toxicity and drug release profile.  

NPs are prepared by 3 methods: dispersion of preformed polymers; polymerization of 

monomers and ionic gelation.  

Dispersion of preformed polymers is a technique commonly used to produce 

biodegradable NPs from PLA, poly-D-L-glycole (PLG) and PLGA and it includes 

different methods such as the solvent evaporation method, solvent diffusion method, 

the nanoprecipitation method and salting out method. In the solvent evaporation 

method, the polymer is dissolved in an organic solvent together with the hydrophobic 

drug. This mixture is then emulsified in an aqueous solution containing emulsifying 

agents and the organic solvent is evaporated by increasing the pressure along with 

continuous stirring. Stabilizer, polymer concentration and stirring speed have a great 

influence on NPs size. 

On the other hand, in the solvent diffusion method a water-miscible solvent with a 

small amount of water-insoluble solvent are used as an oil phase. The formation of 

small particles is allowed by the creation of an interfacial turbulence between the two 

phases mediated by the spontaneous diffusion of solvents. For what concerns 

nanoprecipitation, it is used for hydrophobic and hydrophilic drugs. Polymers and 

drugs are dissolved in a water-miscible solvent and then poured into an aqueous 

solution with surfactant. Finally, by a rapid solvent diffusion, NPs are formed and 

solvent is removed. In the salting out method, polymers are dissolved in an organic 

phase which is then emulsified in an aqueous phase containing the emulsifier and a 

high concentration of salts which are not soluble in the organic phase preventing its 

diffusion. Then, pure water is added to the emulsion under mild stirring leading to the 

formation of nanospheres which are finally purified.  
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In the polymerization method, monomers are polymerized to form NPs in an aqueous 

solution. To be incorporated inside particles, the drug is dissolved in the 

polymerization medium or adsorbed onto fully formed NPs. The NPs suspension is 

then purified to eliminate stabilizers and surfactants used for polymerization. 

Finally, ionic gelation method is used for hydrophilic polymers such as chitosan. This 

method involves the mixture of 2 aqueous phases, one composed on the polymer 

chitosan and a di-block copolymer ethylene oxide or propylene oxide and the other is 

a polyanion sodium tripolyphosphate. Positively-charged amino groups of chitosan 

interact with negative-charged tripolyphosphate inducing the formation of NPs 

(Mohanraj & Chen 2007; Mahapatro & Singh 2011). 

 

1.4.4 NANOPARTICLES APPLICATION  

The introduction of nanotechnology has brought new materials and pathways for the 

targeted treatment of cancer. Due to their large surface area, structural properties 

and long circulation time in the blood, NPs have emerged as attractive candidates for 

optimized therapy including gene therapy, photodynamic therapy, radiotherapy and 

radiofrequency therapy. Moreover, NPs have been used for diagnosis and 

theranostics which combines diagnosis and therapy in one process. 

 

1.4.4.1 NANOPARTICLES APPLICATION IN THE TREATMENT OF CLL  

Despite many advantages and new discoveries in the field of leukemia, CLL is still an 

incurable malignancy. Thus, recently nanotechnology has been studied as 

therapeutic option for CLL-affected patients. 

One evident example of integration of nanoscience in CLL therapy is the work made 

by Mukherjee et al. (2007) in which gold NPs were coated with antibodies 

recognizing the Vascular Endothelial Growth Factor (VEGF) whose pathway appears 

to be important in the apoptosis resistance of CLL cells. In vitro tests suggested gold 

NPs ability to induce apoptosis of purified CLL-affected patients cells demonstrating 

their efficacy (Mukherjee et al. 2007).  

Also Mansilla et al. (2010) proposed the use of nanocarriers in the treatment of CLL. 

Hydroxychloroquine was demonstrated to induce apoptosis on malignant B cells 

however one of the major limitations to its application in the treatment of CLL is the 

impossibility to reach therapeutic doses in vivo because of high toxicity. To overcome 
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these problems, hydroxychloroquine was encapsulated inside PEG-PGLA NPs 

demonstrating their efficacy in vitro and suggesting their potential application in the 

treatment of CLL (Mansilla et al. 2010). 

A more recent study published by Yu et al. (2013) evaluated the potential application 

of targeted-liposomal NPs loaded with the antisense oligodeoxyribonucleotide 

G3139. This molecule is able to down-regulate Bcl-2 which is known to promote 

resistance to spontaneous and drug-induced apoptosis; however, studies in vivo 

demonstrated that G3139 is low tolerated because of its immunostimulatory 

properties and it induces inadequate down-regulation of Bcl-2 in CLL patients. Thus, 

a strategy based on the use of rituximab-conjugated NPs was studied to overcome 

adverse stimulatory effects and to mediate B-cell preferential uptake. In vivo studies 

demonstrated the ability of NPs to decrease Bcl-2 effect in respect to the same 

amount of free G3139 thus leading to higher apoptosis values and significant 

therapeutic effect in a xenograft Raji model (Yu et al. 2013). 

 

1.4.4.2 NANOPARTICLES APPLICATION IN THE TREATMENT OF BURKITT’S 

LYMPHOMA  

Basing on the work published by Mansilla et al. (2010), PEG-PLGA NPs application 

in the treatment of Burkitt’s lymphoma was evaluated combining hydroxychloroquine 

with chlorambucil to potentiate its effects, and to anti-CD20 antibody to specifically 

recognize lymphoma cells. Preliminary results obtained from in vitro tests by our 

group demonstrated that drugs-loaded NPs kill more than 90% of cells whereas 

empty NPs had almost no impact on cell viability. Also in vivo studies confirmed 

drugs-loaded NPs ability to increase overall survival or to cure some of the treated 

mice. Finally, NPs injection into healthy mice demonstrated NPs safety suggesting 

their potential application in the treatment of Burkitt’s lymphoma (Marín et al. 2010). 
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2. AIM OF THE RESEARCH 

Burkitt’s lymphoma and CLL are hematological malignancies with opposite features 

representing the high variability of NHL. B-cell malignancies treatments take 

advantage of both dose-intensive chemotherapeutic regimens and immunotherapy. 

Unfortunately, despite the availability of a lot of therapeutic protocols, both 

malignancies are characterized by a high number of patients who relapse or are 

refractory to these therapies. Moreover, drugs are associated with high toxicity 

because of the absence of specificity for tumor cells which also lead to insufficient 

therapeutics’ tumor distribution, reducing their efficacy. For these reasons, it is 

necessary to develop new therapeutic systems able to increase drugs specificity and 

efficacy, thus reducing side effects. Recently, the attention of our and other groups 

was focused on the study of chemotherapeutic-loaded BNPs because of their ability 

to increase drugs’ bioavailability, half-life, specificity for malignant cells and 

concentration inside tumors, in order to enhance therapeutic effect and reduce 

toxicity.  

Therefore, in this study a novel therapeutic approach based on the use of BNPs 

loaded with high dosed of chemotherapeutics (hydroxychloroquine and chlorambucil 

or fludarabine) and coated with an antiCD20 antibody was proposed. BNPs were 

produced in an under class 100 clean room conditions by implementing Bio-Target’s 

technology at LNK Chemsolutions, LLC laboratories, within a collaboration with Prof. 

Luis Núñez. This procedure allows the production of BNPs with reproducible and 

controlled size and features also leading to their use in clinical experimentations. 

Because of the conjugation of BNPs with an antiCD20 antibody, first of all, in vitro 

CD20 expression on Burkitt’s lymphoma (BJAB cells) and CLL cell lines (MEC1 and 

EHEB cells) will be confirmed. Then, BNPs ability to bind CD20-expressing cells will 

be performed to evaluate the in vitro specificity of the antiCD20 antibody. The same 

experimental settings will be also used to evaluate BNPs internalization to assess the 

mechanism by which BNPs enter inside cells and where they localize.  

Then, BNPs ability to kill cells will be assessed in vitro and compared to the same 

amount of free drugs to evaluate if encapsulated therapeutics maintain their killing 

properties. These experiments will also highlight the potential use of 

hydroxychloroquine, in association with chlorambucil, in the treatment of B-cell 

disorders because of its known ability to potentiate chemotherapeutic agents’ effect. 
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The same set of experiments will be made using CLL cells purified from patients’ 

blood samples because they better represent leukemia in vitro in respect to cell lines 

and allow also the evaluation of BNPs effect on a cells which reflect the genetic 

variability of CLL. 

After having confirmed BNPs ability to kill malignant B cells in vitro and before BNPs 

in vivo characterization, toxicity studies will be performed. Different amounts of BNPs 

and free chemotherapeutic agents will be injected into healthy mice and their effect 

will be evaluated by the examination of mice survival, loss of body weight, complete 

blood count and several tissue markers in the blood.   

Due to the fact that in vitro studied did not completely represent the complexity of an 

organism, in vivo xenograft mouse model will be induced to study first of all the 

specificity of the antiCD20 antibody and then BNPs treatment ability. 

The importance of the antiCD20 antibody conjugated on BNPs will be evaluated by in 

vivo Time-Domain Optical Imaging after the development of a localized model of B 

cell malignancy into SCID mice. Both antiCD20-conjugated and untargeted BNPs will 

be injected into tumor-bearing animals and their biodistribution will be followed for 7 

days. At the end of these experiments, mice will be sacrificed and ex vivo analysis 

will be performed to further characterize BNPs distribution.  

Finally, xenograft human/mouse models of Burkitt’s lymphoma and CLL will be 

induced in SCID mice and characterized with the aim to evaluate the therapeutic 

effect of BNPs.  
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3. MATERIALS AND METHODS 

3.1 CELLS, ANTIBODIES AND SERA 

A Burkitt’s lymphoma cell line (BJAB) and a CLL cell line (MEC1, kindly provided by 

prof. Josee Golay) were cultures in RPMI-1640 medium (Sigma-Aldrich, Milan, Italy) 

supplemented with 10% of fetal bovine serum (FBS, Gibco, Invitrogen, Milan, Italy). 

The other CLL cell line (EHEB) was cultured in RPMI-1640 medium (Sigma-Aldrich, 

Milan, Italy) supplemented with 20% of fetal bovine serum (FBS, Gibco, Invitrogen, 

Milan, Italy). 

Heparinized peripheral blood samples were obtained after written informed consent 

from untreated B-CLL patients at the Maggiore Hospital in Trieste. Patients provided 

informed consent in accordance with IRB requirements and The Declaration of 

Helsinki. The study was approved by the IRB of the CRO (IRCCS) of Aviano (IRB-

06–2010). The mononuclear cell fractions were isolated by centrifugation on Ficoll-

Hypaque (GE Healthcare, Milan, Italy) density gradients. Patients’ cells were cultured 

in RPMI-1640 medium (Sigma-Aldrich, Milan, Italy) supplemented with 10% of fetal 

bovine serum (FBS, Gibco, Invitrogen, Milan, Italy). 

BJAB, MEC1, EHEB cell lines and CLL cells purified from patients were suspended 

in serum-free RPMI-1640 medium were stained with VybrantTM DiI or VybrantTM DiD 

cell-labeling solution (GE Healthcare) following the protocol given by the producer. 

To label nuclei, cell lines were stained with DAPI (Sigma-Aldrich, Milan, Italy) for 5 

minutes.  

For the evaluation of CD49d and CD38 expression on patients’ cells, the anti-CD49d 

PE and the anti-CD38 APC monoclonal antibodies (Beckton Dickinson, San Jose, 

CA, USA) were used.  

IgVH mutational statatus, ZAP-70 expression and cytogenetic aberrations (deletion of 

chromosome 17, deletion of chromosome 13 and trisomy of chromosome 12) were 

evaluated as previously reported by Gattei et al. (2008).  

Immunophenotypical characterization of leukemia cells was made using the anti-

CD20 chimeric mAb Rituximab (Roche, Milan, Italy) which was obtained from the 

clinical facilities (University of Trieste, Italy); the mAb CD20 was secured from 

BioLegend (San Diego, CA); anti-CD5 PE, anti-CD19 PE and anti-CD45 FITC were 

purchased from Immunotools (Germany); anti-CD79a PE was obtained from Becton 
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Dickinson (Milan, Italy). For western blot analyses, anti-PARP-1 antibody was 

obtained from Bethyl Laboratories. The anti-LC3 and anti-αtubulin mAb were 

purchased from Sigma-Aldrich, and anti-p62 mAb was obtained from Becton 

Dickinson (Milan, Italy).  

For the evaluation of MEC1 localization in mouse blood samples, anti-CD45 APC 

(Invitrogen, Mialn, Italy) and anti-CD19 TC (Ge Healthcare) antibodies were used. 

For the immunophenotypical characterization of BJAB tumor mass, anti-human CD20 

(clone L26, Novacastra), anti-human-Bcl-6 (clone P1F1, Novacastra) and anti-human 

Ki-67 (clone Mib-1, Dako, Denmark) mAbs were used.  

For the immunophenotypical characterization of MEC1 tumor mass, anti-human CD5, 

anti-human CD20, anti-human CD45 and anti-human CD79a antibodies and 3,3’-

diaminobenzidine chromogen were used.  

Human sera from AB Rh+ blood donors were kindly provided by the Blood 

Transfusion Center (Trieste, Italy) as a source of complement (NHS – normal human 

serum).  

 

3.2 BIODEGRADABLE NANOPARTICLES (BNPs) 

3.2.1 BNPs PREPARATION 

Chemicals used for BNPs preparation were reagent grade or better. Some of the 

purchased chemicals included polyethylene glycol (PEG, Nektar, San Carlos, CA), 

hydroxychloroquine sulfate (HCQ) from ACROS (Gel Belgium); chlorambucil (CLB) 

from Sigma Aldrich (St Louis, MO). BNPs based on carboxylic acid terminated 

biodegradable polymers (PLA-b-PEG-COOH and PCL-COOH) were produced by a 

non-emulsion-polymerization proprietary method in an under class 100 clean room 

conditions by implementing Bio-Target’s technology at LNK Chemsolutions, LLC 

laboratories. BNPs have an expected average diameter of 250 nm measured by 

dynamic light scattering.  

BNPs used for in vitro studies were resuspended at time of use in PBS buffer 

(pH=7.4) with 10% BSA at a final total concentration of 900µg/ml. 

BNPs were suspended in 0.1M sodium carbonate buffer (pH=9.3) and stained with 

FluoroLinkTM Cy5.5 Monofunctional Dye (GE Healthcare) for 30 minutes. To eliminate 

the excess of dye, NPs were dialyzed. The amount of Cy5.5 associated with the 
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BNPs surface was quantified by spectrophotometric methods. Molar extinction 

coefficients of 250,000 M–1 cm–1 at 678 nm for the Cy5.5 dye was used.  

 

3.2.2 BNPs BINDING 

BNPs’ binding was evaluated by both fluorescence microscopy and transmission 

electron microscopy (TEM). BJAB, MEC1, EHEB cells lines and CLL patients’ cells 

were incubated with different amounts of BNP2 for 1 hour at 37°C. 

Fluorescence microscopy analysis was made after cells’ membrane and nucleus 

labeling with VybrantTM DiI and DAPI, respectively. Samples were finally 

cytocentrifuged on positive-charged glasses (Bio-Optica, Milan, Italy) and analyzed 

using fluorescence microscope Leica DM2000 (Leica, Milan, Italy). 

For what concerns TEM analysis, samples were prepared incubating the saturating 

concentration of BNPs with MEC1 and BJAB cells for 1 hour at 37°C. Samples were 

fixed for 1h in a solution of 2% glutaraldehyde (Serva, Heidelberg, Germany) in 0.1M 

cacodylate buffer (pH 7.3) containing 0.03M CaCl2, rinsed three times (10 minutes 

each wash) in the same buffer and post-fixed in 1% osmium tetroxide for 1 hour at 

4°C. The samples were then dehydrated in ascending ethanols to 100 % ethanol and 

then embedded in Dow Epoxy Resin (DER 332; Unione Chimica Europea, Milan, 

Italy) and DER732 (Serva). Ultrathin sections were cut by an ultratome Leica Ultracut 

UCT8 (Leica, Wirn, Austria) and observed in a transmission electron microscope (EM 

208, Philips, Eindhoven, The Netherlands). Micrographs were taken with a Morada 

Camera (Olympus, Munster, Germany). 

 

3.3 CYTOFLUORIMETRIC ANALYSIS 

3.3.1 ANTIGENS’ EXPRESSION  

CD20 expression on the surface of BJAB, MEC1, EHEB cell lines and CLL cells 

obtained from patients’ blood samples was evaluated incubating 5x105 cells with anti-

CD20 antibody (Roche, Milan, Italy; 5μg/ml) for 1 hour at 37°C. Then, cells were 

washed twice and incubated with the anti-human IgG1 FITC (Sigma Aldrich, Milan, 

Italy) for 1 hour at 37°C. CD5, CD19, CD45 and CD79a expression on MEC1 and 

EHEB cells was evaluated incubating 5x105 cells with anti-CD5, anti-CD19, anti-

CD45 or anti-CD79a antibodies. 
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To evaluate CD49d and CD38 expression on patients’ cells, 5x105 cells were 

incubated for 1 hour at 37°C with the anti-CD49d PE and the anti-CD38 APC 

monoclonal antibodies (Beckton Dickinson, San Jose, CA, USA). 

For these measurements, 10,000 events were acquired using FACSCalibur (Becton 

Dickinson, San Jose, CA) flow cytometer and data were analyzed by CELLQuest 

software (Becton Dickinson). 

 

3.3.2 MEC1 LOCALIZATION IN MOUSE BLOOD 

Samples from leukemia-bearing mice were obtained 20 days after MEC1 injection. 

Blood samples were incubated with anti-CD45 APC (Invitrogen, Milan, Italy) and anti-

CD19 TC (Ge Healthcare) antibodies. For these measurements, 30,000 events were 

acquired using FACSCalibur (Becton Dickinson, San Jose, CA) flow cytometer and 

data were analyzed by CELLQuest software (Becton Dickinson). 

  

3.4 CELL VIABILITY, APOPTOSIS AND AUTOPHAGY 

3.4.1 MTT TEST 

To investigate the ability of BNPs to affect cell viability, MEC1, BJAB, EHEB and CLL 

patients’ cells (2x105) were incubated with increased amounts of BNPs for 48 hours 

at 37°C under shacking. The number of residual viable cells was determined via the 

MTT assay, and the percentage of dead cells was calculated according to the 

formula, %D= [(test release – spontaneous release) / (total release – spontaneous 

release)] x 100. 

 

3.4.2 APOPTOSIS AND AUTOPHAGY EVALUATION 

Apoptosis was measured using FITC-labeled recombinant human Annexin V assay 

(Apoptosis detection kit, Immunostep, Spain) following the manufacturer’s 

instructions.  

For each measurement 30,000 events were acquired with a standard FACSCalibur 

(Becton Dickinson, San Jose, CA) flow cytometer and analysis of data were 

performed with CellQuest (Becton Dickinson). 

PARP-1, LC-3 and p62 activation were evaluated via immunoblotting in order to 

show apoptosis induction and autophagy impairment.  
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3.4.3 COMPLEMENT-MEDIATED LYSIS  

Complement-mediated lysis was evaluated incubating 2x105 MEC1 or CLL patients’ 

cells with rituximab at saturating concentrations (5μg/ml) for 10 minutes at 37°C to 

allow antibody binding. Then, NHS (25%) was added to cells and incubated for 1 

hour at 37°C. The percentage of viable cells was evaluated by MTT assay. 

 

3.5 ANIMALS 

Female SCID mice (4-6 weeks old) were purchased from Harlan (Italy) and 

maintained under pathogen-free conditions with ad libitum food and water, in 

accordance with the guide for the care and use of laboratory animals. 

All the experimental procedures involving animals were done in compliance with the 

guidelines of the European and the Italian laws and were approved by the Italian 

Ministry of Health as well as by the Administration of the University Animal House 

(Prot. 42/2012). 

 

3.5.1 TOXICITY STUDIES 

Toxicity studies were made injecting 80μl of BNPs or the same amount of free 

HCQ/CLB (400μg each) for 4 times (day 1, 3, 5, 8) in 8 days or 8 times (1, 3, 5, 8, 12, 

15, 17) in 17 days in groups of 5 C57/BL mice, which were obtained from the Animal 

House of the University of Trieste. Mice were followed for 28 days after treatment and 

survival, body weight variations, total blood count and tissue markers were 

evaluated. 

 

3.5.2 LOCALIZED B-CELL DISORDER MOUSE MODEL 

Mice bearing the localized model of B cell disorder were established through 

subcutaneous (s.c.) injection of 107 MEC1 cells resuspended in 150µl of PBS on the 

left flank of animals, 24 hours after a pre-treatment with cyclophosphamide 

(200mg/kg). Tumor size was assessed three times per week by caliper 

measurements. Tumor volume was calculated as follow: volume = D x d2 x π/6, 

where D and d are the longer and the shorter diameters, respectively. 
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When the tumor mass reached a volume of 25mg, mice were analyzed by Time-

Domain Optical Imaging for 7 days. Then, mice were sacrificed and organs were 

analyzed by ex vivo analysis. 

 

3.5.3 BURKITT’S LYMPHOMA MOUSE MODEL 

Burkitt’s lymphoma-bearing mice were challenged by intra-peritoneal (i.p.) injection 

with 2x106 BJAB cells and examined twice weekly up to 120 days for signs of 

sickness. Mice receiving labeled BJAB cells were analyzed in vivo every day and ex 

vivo on days 4, 7, 21 and 25 following cells injection using the Time-Domain Optical-

Imaging. At the end of the in vivo evaluation, animals were sacrificed to perform ex 

vivo imaging analyses. The peritoneal mass and other organs such as liver, spleen, 

kidney, heart, lungs, lymph nodes and thigh bones were collected, washed in PBS 

and analyzed by the eXplore Optix preclinical imager (GE Healthcare). 

 

3.5.4 DIFFUSED HUMAN/SCID CLL MOUSE MODEL 

The disseminated model of CLL was made injecting intravenously (i.v.) 5x105 MEC1 

cells, 24 hours after a pre-treatment with cyclophosphamide (200mg/kg). Mice were 

examined twice weekly up to 125 days for sign of sickness. Blood samples were 

taken at different times after MEC1 injection and analyzed for the presence of 

circulating human B cells by cytometric analysis. 

Twenty-eight days after cells’ injection, mice were sacrificed and liver, bone marrow, 

spinal cord, brain, kidney and spleen were analyzed by immunohistochemical 

analysis to detect MEC1 cells colonization of these organs.  

 

3.6 HISTOPATHOLOGICAL AND IMMUNOHISTOCHEMICAL 

ANALYSIS 

MEC1 and BJAB tumor masses and organs (liver, spleen, kidney, brain, spinal cord, 

bone marrow) obtained from the disseminated human/SCID leukemia model either 

dead or sacrificed at day +120 were obtained at necropsy. For morphologic 

evaluation, the specimens were fixed in 10% buffered-formalin solution and 

embedded in paraffin. Four-micrometer-thick sections were stained with hematoxylin 

and eosine (H/E) to evaluate the tissue morphology. Four- to 6μm sections were 

fixed in cold 100% methanol for 15 minutes. Immunohistochemical analysis of MEC1 
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tumor mass was done using the avidin-biotin-peroxidase complex, to localize CD5, 

CD20, CD45 and CD79a antigens. Immunohistochemical analysis of MEC1 

dissemination in spleen, liver, spinal cord, bone marrow, brain and kidney was 

performed with and anti-CD45 antibody on organs obtained from leukemia-bearing 

mice. Immunohistochemical analysis of BJAB tumor mass was done using the avidin-

biotin-peroxidase complex, to localize CD20, Bcl-6 and Ki-67.  

Slides were examined under a Leica DM2000 optical microscope (Leica 

Microsystems Srl, Milan, Italy). 

All the immunohistochemical analyses were made in collaboration with Prof. Claudio 

Tripodo at University of Palermo (Palermo,Italy) 

 

3.7 BLOOD ANALYSIS 

Red blood cells, white blood cells and platelets in samples from treated and 

untreated mice were analyzed using ABX Micros E660 OT/CT (Horiba ABX 

Diagnostic, Montpellier, France). Other parameters in the animal plasma were 

analyzed using Integrated System Dx 880 (Beckman Coulter). 

Analysis of blood samples were made in collaboration with Prof. Gabriele Pozzato 

and Dr. Marilena Granzotto at Ospedale Maggiore (Trieste, Italy). 

 

3.8 BIODISTRIBUTION STUDIES 

3.8.1 IN VIVO TIME-DOMAIN OPTICAL IMAGING 

Biodistribution studies were used to evaluate BNPs biodistribution in a localized 

model of B-cell malignancy and cells’ localization in organs obtained from Burkitt’s 

lymphoma-bearing mice. 

All in vivo data was acquired by using the small-animal TD Optix MX2 preclinical near 

infrared (NIR) fluorescence-imager (Advanced Research Technologies, Montreal, 

CA), equipped with a pulsed laser diode and a time correlated single photon counting 

detector, as previously described (Biffi et al. 2013; Biffi et al. 2014). Briefly, mice were 

shaved prior to the scanning procedure in order to reduce scattering of the signal 

from hair. Throughout all imaging sessions, mice were anesthetized with vaporized 

isoflurane at 1.8-2.0 volume % (Biological Instruments, Italy). Two-dimensional 

regions of interest (ROIs) were selected, and laser power, integration time (repetition 

time of the excitation per raster point) and scan step size were optimized according 
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to the emitted signal. The data were recorded as temporal point-spread functions and 

the images were reconstructed as fluorescence intensity maps. Prior to injection of 

the BNPs, mice were scanned to obtain background images. The last in vivo whole-

body imaging session was followed by euthanasia of animals. 

 

3.8.2 EX VIVO ANALYSES 

At the end of in vivo biodistribution studies, mice were sacrificed and organs were 

analyzed by ex vivo optical imaging with the same Optix system as previously 

described.  

Snap-frozen samples (MEC1 tumor mass and liver, and BJAB tumor mass) 

embedded in OCT Compound Embedding Medium (Diagnostic Division, Miles, Inc.) 

were analyzed using fluorescence microscope Leica DM2000 (Leica, Milan, Italy). 

All biodistribution studies were made in collaboration with Dr. Stefania Biffi, Dr. 

Chiara Garrovo and Dr. Andrea Lorenzon at CBM (Centro di Biomedicina Molecolare, 

Trieste, Italy). 
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4 RESULTS AND DISCUSSION 

4.1 NANOPARTICLES 

4.1.1 NANOPARTICLES PRODUCTION 

Biodegradable nanoparticles (BNPs) were produced in collaboration with Prof. Luis 

Núñez founder of the Bio-Target’s Technology and consultant at LNK Chemsolution 

laboratories (Chicago, USA). BNPs have a diameter of 250nm measured by light 

scattering and are constituted by two main parts: the shell and the core. The shell is 

composed of biodegradable and biocompatible materials such as PEG, PLA and 

PCL. What renders these polymers biodegradable and biocompatible is their ability to 

be hydrolyzed by the body environment producing natural compounds (Wang et al. 

2012). Moreover, PEG is fundamental to increase circulation half-time of BNPs 

because it prevents opsonization and subsequent macrophages engulfment (Jokerst 

et al. 2011). BNPs were also conjugated with an anti-CD20 antibody (12μg/ml) to 

allow their active targeting on the surface of CD20-expressing cells such as B cells.  

For what concerns the core, BNPs were loaded with different drugs: the combination 

of hydroxychloroquine (HCQ) and chlorambucil (CLB) or fludarabine. 

HCQ has been used for years in antimalarial prevention and recently it is has gained 

popularity in the treatment of disorders in both rheumatology and dermatology. HCQ 

is not used for the treatment of leukemia and lymphoma; however, its ability to induce 

apoptosis of malignant B cells was demonstrated in vitro (Mansilla et al. 2010). 

Despite its efficacy, HCQ is known to induce retinal toxicity (Mititelu et al. 2013) and 

the high concentrations needed to kill B-CLL lymphocytes are impossible to reach in 

the in vivo setting by oral administration (Mansilla et al. 2010).  

On the other hand, CLB is an alkylating agent which has been used for decades in 

the treatment of hematological malignancies. However, CLB oral administration 

induces a lot of side effects and most B-cell malignancies will become resistant 

preventing its efficacy even at higher concentration or used within more aggressive 

regimens. In fact, in vitro incubation of p53 mutated cells (BJAB and Raji) with CLB 

(5.4μg in 2μl) induced the death of 38% of malignant B cells (data not shown). Due to 

the fact that recent studies demonstrated HCQ ability to enhance the cytotoxic effects 

of standard cancer therapy in vitro (Amaravadi et al. 2011), CLB was combined with 

HCQ to potentiate its action. Our data indicated that the combination of the two drugs 
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increased the efficacy of CLB causing 92% of killing of malignant B cells thus 

demonstrating the potential use of this combination in the treatment of B cell 

malignancies (data not shown). 

For what concerns fludarabine, it is the drug mainly used in the treatment of CLL 

nowadays. Despite its efficacy, it is associated with a lot of side effects such as 

infections, neutropenia and thrombocytopenia.  

Thus, to overcome the limitations of the actual therapies, the attention of our and 

other groups was focused on the study of chemotherapeutic-loaded BNPs because 

of their ability to increase drugs’ bioavailability, half-life, specificity for malignant cells 

and concentration inside tumors, in order to enhance therapeutic effect and reduce 

toxicity. Therefore, BNPs were used as carriers for drugs to increase their 

concentration inside tumors and decrease their side effects by the active targeting 

into cancer cells through the conjugation with an antiCD20 antibody.  

For this project, 8 different types of BNPs were produced (BNP0, BNP1, 2 types of 

BNP2 and BNP3, BNPa and BNPb). In details, BNP0 were composed on just 

polymers (PLA-b-PEG-COOH and PCL-COOH); BNP1 were prepared conjugating an 

anti-CD20 antibody (12μg/ml) on BNP0; BNP2 and BNP3 were produced loading 

chemotherapeutic drugs (HCQ/CLB, 5mg/ml each; or fludarabine, 2mg/ml) inside 

BNP1 or BNP0, respectively; BNPa and BNPb were made encapsulating 

gadopentate dimeglumine inside BNP0 or BNP1, respectively (Table 4.1).    

 

Table 4.1: BNPs used for in vitro and in vivo studies. BNP0 are composed on just polymers; BNP1 
were made conjugating anti-CD20 antibody (12μg/ml) on BNP0; BNP2 and BNP3 were produced 
loading HCQ/CLB (5mg/ml each) or fludarabine (2mg/ml) inside BNP1 or BNP0, respectively; BNPa 
and BNPb were made loading gadopentate dimeglumine inside BNP0 or BNP1, respectively. The 
concentration of polymers (1.66 mg/ml) was the same for all BNPs types.  
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4.2 CD20 EXPRESSION AND BNPs BINDING ON BURKITT’S 

LYMPHOMA AND CLL CELL LINES 

4.2.1 CD20 EXPRESSION ON B CELL LINES 

CD20 is an appealing antigen for a selective immunotherapy because it does not 

circulate in the plasma, it is not shed from the surface of CD20-expressing cells after 

antibody binding; moreover, it is not internalized or down-regulated and it is 

expressed on normal B cells on the most part of B-cell lymphomas but not on 

hematopoietic stem cells (Klein et al. 2013). Thus, big efforts were made in the past 

to select and improve anti-CD20 antibodies to be applied in clinic for the treatment of 

B-cell malignancies including Burkitt’s lymphoma and CLL. 

CD20 expression on the surface of a cell line representing Burkitt’s lymphoma known 

as BJAB cells and on two CLL cell lines known as MEC1 and EHEB cells was 

evaluated by cytofluorimetric analysis. The incubation with an anti-CD20 antibody 

demonstrated high CD20 expression on more than 95% of BJAB (Figure 4.1A), 

MEC1 (Figure 4.1B) and EHEB cells (Figure 4.1C). 

 

 

Figure 4.1: CD20 expression on BJAB, MEC1 
and EHEB cells. BJAB (A), MEC1 (B) and EHEB 
(C) cells (dot plots on the left, were SSC-H and 
FSC-H represented inner complexity and cells 
size, respectively) were incubated with an anti-
CD20 antibody (5μg/ml) for 1 hour at 37°C. Then, 
a secondary anti-human IgG1 Fc antibody 
conjugated with FITC (FL1-H) was used to detect 
anti-CD20 binding (black line, graph on the right). 
An isotype control was used (dashed line, graph 
on the right). 

 

4.2.2 BNPS BINDING AND INTERNALIZATION 

The demonstrated high CD20 expression on the surface of Burkitt’s lymphoma and 

CLL cell lines allow the study of antiCD20-conjugated BNPs binding and 

internalization inside malignant B cells before the evaluation of drugs-loaded BNPs 
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effect. To do that, BJAB, MEC1 and EHEB membranes and nuclei were labeled with 

a red or blue fluorescence, respectively. Then, cells were incubated with increasing 

amounts of FITC-labeled BNP1 to study their ability to bind CD20-expressing cells. 

Fluorescent microscopy analysis suggested that the maximal uptake of Burkitt’s 

lymphoma cells was obtained after 1 hour of incubation with 2μl of BNPs which were 

able to bind all BJAB cells (Figure 4.2, up left images). On the other hand, the 

maximal uptake of CLL cell lines was obtained incubating MEC1 (Figure 4.2, up right 

images) and EHEB cells (Figure 4.2, bottom images) with 30μl and 20μl of BNP1, 

respectively. The different amount of BNP1 needed to saturate CD20 is probably 

linked to the different level of CD20 expression on the surface of the studied cell 

lines. In fact, BJAB cells expressed lower CD20 (Mean Fluorescece Intensity MFI: 

316.8) in respect to MEC1 (MFI: 784) and EHEB cells (MFI: 413.5); as a 

consequence, a lower amount of BNPs is needed to saturate BJAB cells in respect to 

CLL cell lines. 

 
 

 

Figure 4.2: BNPs binding on 
malignant B cells. The 
membrane and nucleus of 
BJAB, MEC1 and EHEB cells 
were labeled with a red (Fast-
DiI) or blue (DAPI) fluorescent 
dye, respectively. BJAB, EHEB 
and MEC1 cells were then 
incubated for 1 hour at 37°C 
with 2μl, 20μl or 30μl of FITC-
labeled BNP1, respectively. 
Fluorescence microscopy 
analysis was performed to 
evaluate BNPs binding. BJAB: 
original magnification 200x. 
MEC1: original magnification 
400x. EHEB cells: original 
magnification 630x. 
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BNPs binding was confirmed by TEM analysis which also allowed the study of BNPs 

internalization inside cells. For this purpose, gadopentetate dimeglumine-loaded 

BNP0 and BNP1 (BNPa and BNPb, respectively) were used because of their ability 

to be visualized by TEM. Obtained images demonstrated antiCD20-conjugated BNPs 

(BNPb) accumulation in the cytoplasm of tumor cells and an internalization process 

different form endocytosis because of the absence of membranes surrounding BNPs. 

Moreover, after 1 hour of incubation some BNPs were in contact with both BJAB 

(Figure 4.3A, upper images) and MEC1 cells (Figure 4.3B, up left image) membranes 

while some others were already inside both cell types, starting their degradation 

(Figure 4.3A, 4.3B). On the contrary, in these experimental settings untargeted BNPs 

(BNPa) were not seen inside cells (data not shown). In both cases, BNPs were never 

documented in cells’ nucleus. 

 

  

Figure 4.3: BNPs internalization inside BJAB and MEC1 cells. BJAB (A) and MEC1 cells (B) were 
incubated with gadopentetate dimeglumine-loaded BNP1 (BNPb) for 1 hour to be visualized by TEM 
analysis.  

  

4.3 In vitro BNPs CYTOTOXICITY 

4.3.1 MTT TEST 

After having confirmed BNPs’ binding to and internalization inside malignant B cells 

with the consequent release of their content in the cytoplasm, their effect in vitro was 
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evaluated. HCQ, CLB and fludarabine were chosen because of their known ability to 

kill B cells in vitro and therapeutic effect in vivo.  

To test the ability of HCQ/CLB-loaded BNPs to kill malignant B cells, BJAB and 

MEC1 cells were incubated with different amounts (0.5, 1 or 2μl) of BNPs for 48 

hours and the percentage of living cells was evaluated by MTT test. This assay 

suggested both safety of polymers of which BNPs are composed and the maintained 

effect of drugs after encapsulation inside BNPs. In fact, empty BNPs (BNP1) killed 

less than 15% of both BJAB (Figure 4.4A) and MEC1 cells (Figure 4.4B) with 

comparable results than those obtained by BNP0 (data not shown) demonstrating 

polymers safety; on the contrary, drugs-loaded BNPs (BNP2 and BNP3; 2μl of BNPs 

contained 5.4μg HCQ/CLB) induced the death of 60% to 90% of cells in a dose-

dependent manner and with comparable effects to those induced by the same 

amount of free drugs (5.4μg each). This result demonstrated that chemotherapeutic 

agents maintain their killing properties even after encapsulation inside BNPs (Figure 

4.4). With these experimental settings, highest doses (1 and 2μl) of antiCD20-

conjugated HCQ/CLB-loaded BNPs (BNP2) and untargeted drugs-loaded BNPs 

(BNP3) induced the same amount of killing suggesting that in vitro the antiCD20 

antibody did not completely mediate the specific binding of BNP2 to CD20-

expressing cells. These results suggested that during an incubation of 48 hours there 

are non-specific interactions of highly concentrated BNPs with cells, leading to their 

death. However, when BJAB cells were incubated with 0.5μl of untargeted BNPs 

(BNP3), a significantly decreased percentage of killing was induced in comparison to 

the same amount of drugs-loaded antiCD20-conjugated BNPs (BNP2). On the 

contrary, the effect induced on MEC1 cells by BNP3 was not significantly different 

from the same amount of BNP2.  

The decreased ability of BJAB cells to be killed by BNP3 (0.5μl) can be related to the 

absence of antiCD20 antibody on the surface of BNP3 in respect to BNP2. 

However, in vitro experiments did not fully reflect in vivo conditions; thus, the ability of 

antiCD20 antibody to mediate active targeting of BNPs on CD20-expressing cells will 

be evaluated in vivo. 
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Figure 4.4: MTT test on BJAB 
and MEC1 cells incubated with 
HCQ/CLB-loaded BNPs. BJAB 
(A) and MEC1 cells (B) were 
incubated with increased 
amounts (0.5, 1 or 2μl) of empty 
BNPs (BNP1), HCQ/CLB-loaded 
BNPs (BNP2, BNP3) or the 
same amount of free drugs for 
48 hours. The percentage of 
living cells was evaluated by 
MTT test. 
Data are expressed as mean ± 
SD.  
*: p<0.01 vs BNP1 

 
 

For what concerns fludarabine, nowadays it is the most commonly drug used for the 

treatment of CLL. Because of the strict dependence of fludarabine action on the 

mutational status of p53, both a p53wild type (EHEB cells) and a p53deleted/mutated cell line 

(MEC1) were used.  

The concentration of fludarabine inside BNPs (2mg/ml) is 5 times lower than 

HCQ/CLB (5mg/ml each), thus higher amounts of fludarabine-loaded BNPs were 

used. In fact, CLL cell lines were incubated for 48 hours with 4, 8 or 16μl of BNPs 

corresponding to 4.4, 8.8 or 17.6μg of fludarabine, respectively. Residual viable cells 

were evaluated by MTT test, which showed again empty BNPs (BNP1) safety and 

the maintained killing properties of fludarabine after encapsulation inside BNPs. In 

fact, BNP1 induced killing of less than 20% of both MEC1 (Figure 4.5A) and EHEB 

cells (Figure 4.5B) with comparable results than those obtained by the same amount 

of BNP0 (data not shown) whereas fludarabine-loaded BNPs (BNP2 and BNP3) 

killed from 50% to 70% of cells. Also in these experimental settings, fludarabine-

loaded BNPs were able to induce the same amount of killing of CLL cell lines 

independently from the conjugation with the anti-CD20 antibody. Drug-loaded BNPs 
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were able to induce comparable effects on MEC1 cells than those obtained with the 

same amount of free drug (Figure 4.5A). On the contrary, free fludarabine induced 

less killing of EHEB cells than the same amount of drug loaded inside BNPs (Figure 

4.5B). Being fludarabine a hydrophilic compound that does not readily cross plasma 

membranes by diffusion, functional nucleosides transporters are required for cellular 

entry and the subsequent action (López-Guerra et al. 2008; Fernandez-Calotti et al. 

2011). Thus, the use of BNPs can represent one mechanism by which fludarabine 

entered inside cells independently from the presence of nucleosides transporters, 

which may be less efficient in EHEB than MEC1 cells. 

 

Figure 4.5: MTT test on MEC1 
and EHEB cells incubated 
with increased amounts of 
fludarabine-loaded BNPs. 
MEC1 (A) and EHEB cells (B) 
were incubated with increased 
amounts (4, 8 or 16μl) of empty 
BNPs (BNP1), fludarabine-
loaded BNPs (BNP2, BNP3) or 
the same amount of free 
fludarabine (4.4, 8.8, 17.6μg) for 
48 hours. The percentage of 
living cells was evaluated by 
MTT test. 

 

 

4.3.2 APOPTOSIS and AUTOPHAGY EVALUATION  

The MTT test was used to evaluate the percentage of killing induced by BNPs; 

however, with this assay it is not possible to study the percentage of apoptosis and/or 

autophagy induction. 

To this end, BJAB and MEC1 cells were incubated with only 1μl of HCQ/CLB-loaded 

BNPs (BNP2) for 16 hours because no molecular studies were possible after 48 
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hours with 2μl, when more than 90% of cells were completely destroyed. AnnV/PI 

assay was initially used to evaluate apoptosis and evidenced the BNP2 ability to 

induce higher percentage of apoptosis (BJAB and MEC1 cells positive for AnnV 

staining) than empty BNPs (BNP1). In fact, BNP1 induced apoptosis of 1.4% or 

17.2% of BJAB (Figure 4.6A) or MEC1 cells (Figure 4.6B), respectively; whereas 

BNP2 induced the death of 33.1% of BJAB cells and 23.2% of MEC1 cells. These 

data together confirmed again BNP1 safety and the ability of HCQ and CLB to induce 

apoptosis after encapsulation inside BNPs. Moreover, just a portion of MEC1 and 

BJAB cells underwent apoptosis, while remaining cells were probably killed by a 

different process such the inhibition of autophagy, the known HCQ mechanism of 

action. 

 

 
Figure 4.6: apoptosis 
evaluation on BJAB and 
MEC1 cells. 10

6
 BJAB (A) and 

MEC1 (B) cells were incubated 
with 10μl of BNP1 or BNP2 for 
16 hours at 37°C; the 
percentage of apoptotic cells 
was evaluated by AnnV (dot 
plot, x axis) and PI staining 
(dot plot, y axis).  
 

 

To further study apoptosis, the poly (ADP-ribose) polymerase (PARP-1) was 

evaluated by western blot analysis. PARP-1 is a 113 kDa nuclear enzyme which is 

cleaved in fragments of 89 kDa (p85) and 24 kDa during apoptosis being a hallmark 

of the process (Luo & Lee Kraus 2012). HCQ was also reported to block a process 

known as autophagy, which supports cells survival during metabolic stresses induced 

by starvation, hypoxia and factor deprivation. Autophagy starts with the engulfment of 
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parts of the cytoplasm and cellular organelles within double-membrane vesicles 

(autophagosomes), which then fuse with lysosomes (autophagolysosomes) resulting 

in the degradation of the sequestered materials by lysosomal hydrolytic enzymes. 

The degradation generates amino acids, sugars, fatty acids and nucleosides that are 

recycled by cells to synthesize macromolecules and to produce energy. HCQ blocks 

autophagy at the lysosomal degradation step by increasing the pH of lysosomes 

through the permeabilization of their membrane (White & DiPaola 2009; Kimura et al. 

2013). Thus, markers of the process such as LC3 conversion and p62 expression 

were evaluated by western blot analysis. LC3 protein is processed to a cytosolic 

version (LC3-I, 18 kDa) and then converted to a lipidized form (LC3-II, 16 kDa) which 

is associated with the membrane of autophagosomes or autophagolysosomes. The 

lipidized form is used as a marker for autophagosome accumulation, caused by the 

induction of their formation, or by inhibition of fusion with lysosomes. On the other 

hand, p62 is recruited to the autophagosomal membrane (Mizushima et al. 2010). An 

impaired authophagy can be detected analyzing the accumulation of these proteins 

in the cells. 

BJAB (Figure 4.7A) and MEC1 cells (Figure 4.7B) were treated with increased 

amounts (0.5, 1 or 2μl) of empty BNPs (BNP1) or HCQ/CLB-loaded BNPs (BNP2) for 

16 hours. Western blot analysis of cells’ lysates showed a dose-dependent 

accumulation of the cleaved form of PARP-1 (89kDa, p85) and LC3-II suggesting the 

HCQ/CLB-dependent induction of apoptosis and block of autophagy in both cell lines. 

Moreover, autophagy inhibition in BJAB cells was further confirmed by the 

accumulation of p62 (Figure 4.7A). MEC1 cells (Figure 4.7B) were also incubated 

with 2μl of empty BNPs (BNP1) demonstrating again their safety suggested by the 

absence of both apoptosis induction and autophagy inhibition.  

Moreover, untreated MEC1 cells showed basal higher accumulation of LC3-I and 

LC3-II in respect to the same amount of BJAB cells. This data was consistent with 

evidences already described in literature which suggested that MEC1 cells have high 

basal autophagy (Sharma et al. 2013).    
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Figure 4.7: apoptosis and autophagy 
evaluation on BJAB and MEC1 cells treated 
with BNP2. BJAB (A) and MEC1 (B) cells were 
incubated with 0, 0.5, 1 or 2μl of HCQ/CLB-
loaded BNPs (BNP2) or with 2μl of BNP1 for 16 
hours. Cell lysates were analyzed by western 
blot evaluating PARP-1 cleavage (p85, 89 kDa), 
LC3 cleavage into a cytosolic version (18kDa) 
then converted in a lipidized form (16kDa) and 
p62 recruitment. αtubulin was used as control. 

 

Fludarabine is essentially known to kill malignant B cells through apoptosis, thus 

empty BNPs (BNP1) or fludarabine-loaded BNPs (BNP2) were incubated with both 

MEC1 and EHEB cells for 48 hours and AnnV/PI assay was performed. The duration 

of the incubation was chosen because of the less effect induced by fludarabine in 

respect to HCQ/CLB combination and the subsequent presence of a higher 

percentage of living cells that can be analyzed. AnnV/PI assay showed again the 

safe profile of BNP1 which induced the killing of 1% of MEC1 cells (Figure 4.8A, dot 

plot on the left) and 5% of EHEB cells (Figure 4.8B dot plot on the left). For what 

concerns BNP2, they induce the killing of 7.5% of MEC1 cells (Figure 4.8A, dot plot 

on the right) and 54.7% of EHEB cells (Figure 4.8A, dot plot on the right) showing 

that fludarabine loaded inside BNPs induced apoptosis in almost all death EHEB 

cells (50-60% of killing measured by MTT test) whereas this mechanism is activated 

in just a small portion of death MEC1 cells (60-70% of killing measured by MTT test). 

These results confirmed first of all fludarabine-induced apoptosis dependence on p53 

mutational status and suggested the ability of fludarabine to activate other 

mechanisms different from apoptosis able to kill MEC1 cells.  
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Figure 4.8: apoptosis evaluation 
on MEC1 and EHEB cells. 10

6
 

MEC1 (A) and EHEB cells (B) 
were incubated with 10μL of 
fludarabine-loaded BNPs (BNP2) 
or empty BNPs (BNP1) for 48 
hours at 37°C; the percentage of 
apoptotic cells was evaluated by 
AnnV/PI assay considering cells 
positive for AnnV staining. 

 

4.4 In vitro BNPs BINDING ON PATIENTS’ CLL CELLS  

4.4.1 CD20 EXPRESSION ON PATIENTS’ CLL CELLS  

Despite cell lines represent leukemia in vitro, they do not reflect all features of CLL 

including antigens expression on the surface. Thus, to better reflect leukemia in vitro, 

fresh purified patients’ cells were isolated from blood samples by centrifugation on 

Ficoll-Hypaque density gradients. The expression of antigens including CD5, CD19, 

CD20, CD45 and CD79a, which are commonly used in the diagnosis of CLL, was 

evaluated by cytofluorimetric analysis on both CLL cell lines and patients’ cells. This 

analysis demonstrated that more than 80% of MEC1 and EHEB cells (Table 4.2; 

second and third row, respectively) expressed CD19, CD45 and CD79a at same 

levels as those detected on patients cells (Table 4.2, first row). On the contrary, CD5 

expression on CLL cell lines was not detected whereas 95% of CLL patients’ cells 

highly express CD5 on their surface. All these data together confirmed the expected 

immunophenotype of both patients and cell lines, as previously described.  
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Table 4.2: CLL patients’ cells and CLL cell lines’ characterization. 5x10

5
 cells were incubated with 

anti-CD5  PE, anti-CD79a PE, anti-CD19 FITC or anti-CD45 FITC antibodies. Samples were analyzed 
by FACSCalibur flow cytometer and data were analyzed by CELLQuest software. 

 

For what concerns CD20, CLL cells are known to express low levels of this antigen 

on their surface in respect to other malignant B cells (Prevodnik et al. 2011). Thus, 

CLL cells purified from 31 untreated patients’ blood samples were analyzed for the 

expression of CD20 by a cytofluorimetric test. This data showed that patients’ cells 

expressed lower CD20 levels on their surface in respect to MEC1 cells (median MFI: 

50.64 vs 784). Thus before the evaluation of cytotoxicity induced by BNPs, their 

binding on CLL cells was studied. CLL cells nuclei and membrane were labeled with 

a blue (DAPI) or red (FastDiI) fluorescent dye and cells were incubated with 

increasing amounts of antiCD20-conjugated BNPs (BNP1). The analysis made by 

fluorescence microscopy suggested that maximal uptake occurred incubating cells 

with 2μl (average value) of BNP1 for 1 hour. In these experimental settings, all CLL 

cells were labeled by BNP1 (Figure 4.9). These results confirmed data obtained 

studying cell lines, showing the possibility to use only 2μl of targeted BNP to saturate 

cell expressing low levels of CD20. 
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Figure 4.9: BNPs binding on 
CLL-affected patients’ cells. 
The membrane and nucleus of 
CLL cells were labeled with a red 
(Fast-DiI) or a blue (DAPI) 
fluorescent dye, respectively. 
CLL cells were incubated for 1 
hour at 37°C with 2μl of FITC-
labeled BNP1. Fluorescence 
microscopy analysis was 
performed to evaluate BNPs 
binding. Original magnification 
200x. 

 

4.4.2 HCQ/CLB-LOADED BNPs EFFECT ON CLL CELLS 

The 31 samples evaluated for CD20 expression and BNPs binding were also 

characterized for the main biological prognostic factors including IgVH mutational 

status, karyotype abnormalities (trisomy 12, deletion of chromosome 13 and/or 17) 

and the expression of CD49d, CD38 and ZAP-70 (Table 4.3). For what concerns the 

IgVH mutational status, patients with unmutated IgVH genes showed a bad 

prognosis in comparison to patients with mutated IgVH genes (Van Bockstaele et al. 

2009). In our experiments, unmutated IgVH genes (UM) were detected in 4 out of 31 

patients whereas mutated IgVH genes (M) were found in 15 out of 31 patients. In the 

remaining samples (12/31) the mutational status of IgVH genes was not detected 

(Table 4.3, second column).  

For what concerns FISH analysis, the deletion of chromosome 13 (13q14), trisomy of 

chromosome 12 and deletion of chromosome 17 (17p13) have been associated with 

early progression and poor prognosis (Martin et al. 2010; Zenz et al. 2010; Zenz et 

al. 2011). These aberrations were detected in 26 patients whereas only 5 patients 

had a normal karyotype (Table 4.3, third column). 

On the other hand, CD49d and CD38 (Table 4.3, fourth and fifth columns) are 

independent negative prognostic markers in CLL and their associated expression 

marks a disease subset with a highly aggressive clinical course (Zucchetto et al. 

2012). In the selected patients, 19/31 and 6/31 were concordantly negative and 

positive, respectively; whereas discordant CD38+CD49d- and CD38+CD49d- cases 

were documented in 5 out of 31 patients. Usually, CD38 is also associated with the 
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mutational status of IgVH genes and in particular with unmutated genes such as in 

patient 1, 7 and 10. However, this association is not absolute and CD38 expression 

varies during the course of the disease (Cramer & Hallek 2011), explaining why 1 out 

of 4 patients with unmutated IgVH did not express CD38. 

Finally, ZAP-70 is a marker of an active and aggressive disease and its expression 

was found on 12 out of 31 samples whereas 14 patients were negative (Table 4.3, 

sixth column). A concordance between ZAP-70 and the IgVH mutational status was 

observed (Cramer & Hallek 2011) and this correlation was also present in 3 out of 4 

patients with umutated IgVH genes. Moreover, if additional high-risk cytogenetic 

features including the deletion of chromosome 17 were present, a discordance 

between ZAP-70 expression and IgVH mutational status was considerably more 

frequent (Cramer & Hallek 2011). This situation was detected in patient number 10. 

 

Table 4.3: Biological features of 
CLL cases. M: mutated IGHV; UM: 
unmutated IGHV; normal FISH 
included cases with normal 
karyotypes, i.e. lacking 11q-, 13q-, 
17p- and chromosome +12; Pos: 
positive, neg: negative, for CD49d, 
CD38 and ZAP70 expression, 
according to Gattei et al. (2008); nd: 
not determined. 
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Rituximab is mainly able to induce CDC and ADCC (Vacchelli et al. 2013) but a very 

low killing effect is also due to its ability to activate apoptotis. For this reason, the 

killing of MEC1 and CLL patients’ cells induced by a saturating concentration of 

rituximab (5μg/ml) through CDC was evaluated and compared to the effect mediated 

by HCQ/CLB-loaded BNPs (BNP2) which affected apoptosis/autophagy, as 

previously described. In this setting, rituximab and BNP2 killed 22% and 86.4% of 

MEC1 cells, respectively. On the other hand, rituximab cytotoxic effect on purified 

CLL cells ranged between 0 and 38% with a median value of 4.2%; whereas BNP2 

killed from to 0% to 89% of CLL cells, with a median value of 55.1% (Table 4.4). 

Rituximab effect is strictly dependent on the expression of CD20; in fact, higher 

CD20 expression is correlated with an increased percentage of killing mediated by 

rituximab-dependent complement activation whereas a less CD20 expression 

prevented rituximab cytotoxicity. On the contrary, drugs-loaded BNPs were able to kill 

both cells with high and low CD20 expression and also patients with bad prognostic 

markers  such as CD49d, CD38, ZAP-70 expression, unmutated IgVH genes, trisomy 

of chromosome 12 and deletion of chromosome 17 or 13 (Table 4.3). These data 

suggested BNPs application in the treatment of CLL and in particular in those cases 

with poor prognosis. 

 
Table 4.4: comparison between HCQ/CLB-loaded BNPs and rituximab 
effects. MEC1 cells and CLL cells purified from untreated patients’ blood 
samples were firstly analyzed by cytofluorimetry for CD20 expression (MFI- 
mean fluorescence intensity). Then, both cell types were incubated for 48 
hours with 2μl of drugs-loaded BNPs (BNP2) or for 1 hour with a saturating 
concentration of rituximab (5μg/ml) and NHS as a source of complement to 
induce CDC. Residual viable cells were measured by MTT test.  

BNPs effect was also studied in whole peripheral blood samples, analyzing apoptosis 

(Annv/7AAD assay) after incubation of 16 hours with BNP2. In all samples, more 

than 98% of CD5/CD19 positive BNP2-treated cells resulted in an apoptotic state in 

comparison with only 11% of BNP1-treated cells. An additional piece of noteworthy 

information is the ability of BNP2 to induce apoptosis of cells deriving from TP53 

mutated/deleted or NOTCH1 mutated patients that usually have poor response to 

standard therapies (Table 4.5).  
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Table 4.5: effect of BNP2 on TP53 
mutated/deleted or NOTCH1 mutated CLL cells. 
CLL cells were purified and incubated for 48 hours 
with 2μl of BNP2; the percentage of viable cells and 
apoptosis were evaluated by MTT test (column on 
the left) and AnnV/7AAD assay (column on the right), 
respectively. AnnV/7AAD assay was performed on 
whole blood samples taking in consideration 
leukemic B cells (CD5

+
/CD19

+
). 

 

 

 

Preliminary results were also obtained incubating CLL cells purified from 4 untreated 

patients with increased amounts (4, 8 or 16μl) of empty BNPs (BNP1), fludarabine-

loaded antiCD20-conjugated BNPs (BNP2) or the same amount of free drug for 48 

hours. Residual viable cells were evaluated by MTT test. BNP1 induced the death of 

less than 20% of CLL cells whereas fludarabine-loaded BNPs killed 40% of CLL cells 

with comparable effect to that obtained with the same amount of free drug (Figure 

4.10). These results took in consideration a small cohort of patients (n=4) thus giving 

just an indication of the potential application of fludarabine-loaded BNPs in the 

treatment of CLL. 

 

Figure 4.10: MTT test on CLL  
cells incubated with 
fludarabine-loaded BNPs. CLL 
cells were incubated with 
increased amounts (4, 8 or 16μl) 
of empty BNPs (BNP1), 
fludarabine-loaded BNPs (BNP2) 
or the same amount of free 
fludarabine (4.4, 8.8, 17.6μg) for 
48 hours. The percentage of 
living cells was evaluated by 
MTT test. 

 

4.5 In vivo HCQ/CLB-LOADED BNPs TOXICITY 

Among fludarabine- and HCQ/CLB-loaded BNPs, the second type of nanocarriers 

showed better in vitro ability to kill malignant B cells. Thus, first in vivo studies were 

focused on the assessment of toxicological profile of these treatments in healthy 

mice. HCQ/CLB-loaded BNPs were injected intraperitoneally (i.p.) into healthy mice 
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(C57/BL) and toxic effects were evaluated analyzing total body weight, animal 

survival, total blood count and several tissue markers in the blood.  

Groups of 5 animals were followed for 28 days after 4 or 8 injections of 80μl of empty 

BNPs (BNP1), drugs-loaded antiCD20-conjugated BNPs (BNP2; 80μl of BNPs 

corresponding to 400μg of HCQ and 400μg CLB), untargeted HCQ/CLB-loaded 

BNPs (BNP3) or the same dose of free drugs (400μg each). BNP1, BNP2 and BNP3 

appear to have a safe toxicological profile without significant loss of body weight in all 

treated mice (Figure 4.11). On the contrary, mice receiving only 4 times free 

HCQ/CLB showed a significant body weight loss (Figure 4.11, dotted line) and mice 

in which free drugs were injected for 8 times died during this experiment (Figure 4.11, 

grey line) thus showing a significant toxicity.  

 

Figure 4.11: HCQ/CLB-loaded 
BNPs toxicological profile. 
C57/BL mice received 4 (days 1, 3, 
5, 8) or 8 (days 1, 3, 5, 8, 12, 15, 
17) i.p. injections of BNPs and the 
same amount of free HCQ/CLB. 
Survival and loss of body weight 
were measured for 28 days. PBS 
injections were used as control.  

To analyze circulating cells and tissue markers, blood samples were collected 3 days 

after the end of the treatments in order to evaluate complete blood count, 

hemoglobin, urea, aspartate aminotransferase (AST), alanine aminotransferase 

(ALT), alkaline phosphatase (ALP), lactate dehydrogenase (LDH), creatinine 

phosphokinase (CPK), creatinine and aldolase concentration.  

Any significant differences during all the experiment between controls and animals 

receiving 8 injections of BNP2 were evidenced; only platelets seem to be increased 

after the treatments, remaining anyway in a physiological range. On the contrary, 

animals receiving only 4 times free HCQ and CLB showed a reduction in white and 

red blood cells number; a decreased ALP, creatinine and LDH concentrations; and 

higher aldolase concentration. The reduction of white blood cells, which was mainly 

due to the lower number of circulating lymphocytes, together with the decreased 

number of erythrocytes correlated to a decreased hemoglobin concentration, 
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suggested bone marrow toxicity. Bone marrow is responsible for the differentiation of 

lymphocytes and also red blood cells, thus a decrease in their number suggested 

HCQ/CLB toxicity against this tissue. The induced toxicity against bone marrow is 

further confirmed by the reduction of ALP, which is a byproduct of osteoblasts 

activity. The injection of free drugs also induced a significant loss of body weight 

(20% of variation in respect to untreated mice). Being creatinine a breakdown 

product of creatinine phosphatase in muscles which is produced at a constant rate by 

the body; a decrease in its production can be related to loss of body weight and 

subsequent loss of muscle mass. Muscle damage can also be indicated by increased 

levels of aldolase, which is an enzyme mainly localized in muscle tissues at high 

levels where it helps to convert glucose into energy. Thus, when a muscle is 

damaged, higher amounts of aldolase are released in the blood. 

For what concerns the detection of lower LHD concentration after free HCQ/CLB 

injections, abnormally low levels of this marker are not usually harmful and rarely 

detected; in fact, tissue damage usually correlates with higher LDH concentration.  

Other studied parameters were not significantly modified (Table 4.6).  

Table 4.6: HCQ/CLB-loaded BNPs 
toxicological profile. C57/BL mice received 
4 or 8 i.p. injections of BNPs and the same 
amount of free HCQ/CLB. Survival and loss 
of body weight were measured for 28 days. 
PBS injections were used as control.  
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4.6 In vivo BNPs BIODISTRIBUTION STUDIES 

4.6.1 DEVELOPMENT OF A LOCALIZED MODEL OF B-CELL 

DISORDER 

Nanomedicine for cancer therapy is advantageous over conventional treatments 

because it has the potential to enable the preferential delivery of drugs to tumors 

owning to the enhanced EPR effect. The engineering of a targeting ligand onto BNPs 

surface can result into greater efficacy and reduced drug side effects. Although there 

are expectations of improved efficacy of targeted nanocarriers derived from specific 

cellular level interactions, there are conflicting literature reports on tumor 

accumulation of targeted BNPs. Thus, BNPs biodistribution studied were made by 

Time-Domain Optical Imaging. To do that, a xenograft model of CLL was developed 

taking in consideration the model described by Bertilaccio et al. (2010) who 

challenged i.v. or s.c. Rag-/-γc-/- mice with 107 MEC1 cells (Bertilaccio et al. 2010). 

Unfortunately, we were unable to repeat these results in SCID mice; in fact, i.v. 

injection of this number of cells caused the death of all the animals for respiratory 

problems while the s.c. injection of MEC1 cells induced only the formation of a 

localized tumor mass, without colonization of other organs. This model did not 

represent human CLL because of the absence of CLL cells dissemination in organs 

and peripheral blood; however, this model was characterized and used to study 

BNPs’ biodistribution pattern.  

Three/four weeks after s.c. injection of MEC1 cells, a tumor mass was visible and it 

was measured 3 times per week demonstrating its exponential growth (Figure 4.12).  

 

 

Figure 4.12: development of a localized B-cell 
mass. Twenty-four hours after a pre-treatment 
with cyclophosphamide (200mg/kg), 10

7
 MEC1 

cells were injected in the flank of SCID mice. 
Tumor size was assessed three times per week 
by caliper measurements. 
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To confirm the known immunophenotype pattern of MEC1 cells, explanted tumor 

mass was analyzed by hematoxylin/eosin staining and for the expression of CD5, 

CD20, CD45 and CD79a by immunohistochemistry. This analysis demonstrated 

tumor cells’ expression of CD20, CD45 and CD79a. On the contrary, CD5 was not 

detected confirming MEC1 immunophenotype (Figure 4.13). Moreover, CD79a 

expression was evaluated with an anti-CD79a antibody that recognized the 

cytoplasmatic portion of the molecule thus showing a different pattern of expression 

than CD20 and CD45, which are expressed on the surface of MEC1 cells.  

 

Figure 4.13: characterization of a localized model of B cell disorder. At 25 days 
after mass formation, mice were sacrificed and the obtained tumor mass was 
analyzed by immunohistochemistry. Representative sections from subcutaneous 
masses stained with H/E, anti-CD5, anti-CD20, anti-CD45 and anti-CD79a mAbs and 
3,3’-diaminobenzidine chromogen. Original Magnification 200X.    

 

In addition, immunohistochemical analysis on organs such as liver, kidneys, spleen, 

heart, brain, spinal cord and bone marrow showed that MEC1 cells injection led to 

the formation of just a localized tumor mass, without colonizing other organs. 

Moreover, no circulating cells were detected in the peripheral blood of mice (data not 

shown). For these reasons, the localized model of B cell malignancy obtained by the 

s.c. injection of MEC1 cells did not reflect human CLL.  

 

4.6.2 BIODISTRIBUTION STUDIES  

Despite the localized model of B cell malignancy did not reflect human leukemia, the 

presence of a localized tumor mass is useful for biodistribution studies and allow 

easy detection of BNPs by Time-Domain Optical Imaging.  
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Thus, the localized model of human B cell malignancy was induced into SCID mice. 

When tumor mass reached a volume of ~25mg, a pre-scan analysis was performed 

by Time-Domain Optical-Imaging to evaluate the background signal given by 

autofluorescence of tissues; then, Cy5.5-labeled untargeted BNPs (BNP0) or 

antiCD20-conjugated BNPs (BNP1) were i.v. injected into SCID mice and their 

biodistribution was evaluated after 10 minutes and 24, 48, 96 and 168 hours. 

Immediately after the injection of BNPs, both BNP0 (data not shown) and BNP1 

(Figure 4.14) were localized in a non specific way in the whole body of mice with 

higher concentration in the liver. BNPs localization in this organ was maintained until 

the end of the experiment but with decreased levels. Moreover, also in the bladder 

high fluorescence values were detected. Being 70 kDa the considered cutoff of renal 

filtration and protein elimination, the positivity of bladder suggested that in the 

injected samples unbound Cy5.5 and/or degraded Cy5.5-labeled BNPs were present. 

Thus, fluorescent debris was rapidly eliminated by urine due to their small size.  

The contrast between tumor (Figure 4.14, encircled area) and surrounding tissue 

increased slowly and was significantly higher than pre-contrast within the first 24 

hours after injection and decreased over time.    

 

 

Figure 4.14: in vivo BNP1 biodistribution. Biodistribution of Cy5.5-antiCD20-BNPs 
(0.3 nmol Cy5.5, 125 mg BNP1) injected i.v. in a mouse model subcutaneously 
transplanted with MEC1 cells. Whole-body scan of a representative mouse in supine 
position is shown; fluorescence intensity images were acquired at the indicated time 
post-injection and are displayed in normalized counts (NC). The circles enclose the 
tumor mass.  

 

At 24 hours after injection, Cy5.5-BNP1 allowed to clearly delineate the 

subcutaneous tumor tissue from the surrounding background tissue, leading to 

signal-to-background ratio of about 7:1. On the other hand, the injection of Cy5.5-

BNP0 leaded to a signal-to-background ratio of 3:1 suggesting that antiCD20 
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antibody mediated binding of BNP1 to CD20-expressing cells such as MEC1 cells 

whereas BNP0 accumulation in the tumor was significantly lower (Figure 4.15).        

 

 

Figure 4.15: BNP0 and BNP1 
biodistribution at 24 hours. Whole 
body fluorescence intensity distribution 
in a representative leukemic mouse 24 
hours post-injection of Cy5.5-antiCD20-
NPs and Cy5.5-untargeted-NPs 
displayed in NC. The circle enclosed the 
tumor mass. 

 

Moreover, in vivo comparison of BNP0 and BNP1 biodistribution showed a significant 

difference between the fluorescence intensity within the tumor site from 24 hours until 

96 hours after injection (Figure 4.16, graph on the right), demonstrating the 

importance of antiCD20-anitbody in BNPs homing. On the contrary, the intensity in 

the liver appeared to be almost the same and with no obvious overall difference in 

BNPs uptake (Figure 4.16, graph on the left), suggesting that the conjugation with an 

antiCD20 antibody did not affect liver uptake. 

  

 

Figure 4.16: BNP0 and BNP1 
localization in liver and tumor 
mass over time. The signal 
level profile describing the wash 
in/wash out of Cy5.5-BNP1 and 
Cy5.5-BNP0 from liver (graph on 
the left) and tumor (graph on the 
right) is reported. Data are 
expressed as means±SD of 
three independent experiments.  

 

The higher tumor targeting efficiency of BNP1 was further demonstrated by ex vivo 

analysis. The average fluorescence intensity over tumor tissues explanted at 168 

hours after BNPs administration showed a much higher accumulation of BNP1 

(Figure 4.17, figure on the right) than BNP0 (Figure 4.17, figure on the left) in the 

tumor tissue (Figure 4.17, organ number 1) confirming again antiCD20 antibody-

mediated active targeting. Moreover, fluorescence was also detected in liver (Figure 
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4.17, organ number 3) and intestine (data not shown) suggesting BNPs elimination 

through the bile. This hypothesis was further confirmed by the evident absence of 

fluorescence inside spleen (Figure 4.17, organ number 5), one of the organs 

belonging to the mononuclear-phagocyte system.  

 

Figure 4.17: ex vivo analysis 
of BNP0 and BNP1 
biodistribution. Ex vivo optical 
imaging of organs explanted at 
168 hours after Cy5.5-BNP0 
(figure on the left) or Cy5.5-
BNP1 (figure on the right) 
administration are shown: 1. 
Tumor mass; 2. Kidney; 3. Liver; 
4. Lung; 5. Spleen. 

 

The selective localization of BNPs within liver and tumor masses at the microscopic 

level was evaluated by confocal microscopy. The analysis of tissue cryosections 

obtained from mice sacrificed at 168 hours after administration confirmed higher ex 

vivo specific fluorescence signal. Tumor masses of mice injected with BNP1 showed 

fluorescence spots, consistent with clusters of BNPs while eligible fluorescence was 

observed from the tumor mass sections of mice injected with BNP0. Fluorescence 

microscopy of liver sections confirmed a non-homogenously distributed fluorescence 

signal, consistent with the presence of BNPs (Figure 4.18).  

All the microscopic observations support the in vivo and ex vivo fluorescence 

measurements.   

  

Figure 4.18: BNPs localization at microscopic 
level. Confocal microscopy images of explanted 
tumor mass and liver cryosections obtained from 
Cy5.5-untargeted-NPs (BNP0) and Cy5.5-
antiCD20-NPs (BNP1) injection into mice. Tissue 
sections were also photographed through a 
green filter (FITC) to visualize background 
autofluorescence. Original Magnification 600X. 
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4.7 In vivo BNPs THERAPEUTIC EFFECT 

4.7.1 DEVELOPMENT OF DISSEMINATED BURKITT’S LYMPHOMA 

AND CLL MOUSE MODELS 

Despite the confirmed ability of BNPs to kill malignant B cells in vitro, their potential 

application in the treatment of Burkitt’s lymphoma and CLL must be evaluated in 

mouse models which reflect the human malignancies.  

Thus, a Burkitt’s lymphoma model was developed injecting i.p. BJAB cells into SCID 

mice. Cells biodistribution was evaluated by in vivo Time-Domain Optical Imaging 

after injection of DID-labeled (infrared dye) BJAB cells. This analysis showed the 

growth of a tumor mass at the site of injection in 20-25 days (Figure 4.19A), which 

was collected on day 25 and analyzed by immunohistochemistry (Figure 4.19B). H/E 

staining suggested the presence of a solid cohesive pattern of growth with round 

small/medium sized elements and high number of mitotic and apoptotic cells. BJAB 

tumor mass was also characterize by expression of CD20 and Bcl-6, Burkitt’s 

lymphoma markers. Moreover, tumor positivity for Ki-67 staining confirmed the high 

proliferation rate of cancer cells (Figure 4.19B). 

 
 

 

Figure 4.19: BJAB cells in vivo 
biodistribution after injection into SCID 
mice and tumor mass analysis. DID-
labeled BJAB cells were i.p. injected into 
SCID mice. Cells distribution was evaluated 
for 25 days by in vivo Time-Domain Optical 
Imaging (A). 25 days after BJAB injection, 
mice were sacrificed and tumor mass was 
analyzed by immunohistochemical analysis 
(B) by H/E staining (original magnification 
200X), anti-CD20 or anti-Bcl-6 antibody 
(Strept-ABC method, original magnification 
200X). The proliferation rates of neoplastic 
cells was evaluated with an anti-Ki-67 
antibody (Strept-ABC method, original 
magnification 100X). 
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Further studies demonstrated also BJAB cells’ fast distribution in different organs 

such as liver, spleen, bone marrow, kidney and lung from day 7 (Figure 4.20A). The 

same analysis was repeated also 25 days after BJAB cells’ injection when tumor 

mass was already developed showing that human tumor B cells were still localized in 

the same organs at higher levels (Figure 4.20B).  

All the animals died within 50-70 days after cells injection. 

 

 
Figure 4.20: dissemination of BJAB cells after injection. To evaluate the dissemination 
to multiple organs by ex vivo analysis, mice were injected with labeled cells and they were 
sacrificed 7 days (A) or 25 days (B) after BJAB cells’ injection. NC = Normalized Count 

 

4.7.1.1 BNPs THERAPEUTIC EFFECT IN A BURKITT’S LYMPHOMA MOUSE 

MODEL 

In vitro studies demonstrated HCQ/CLB-loaded BNPs ability to induce apoptosis and 

inhibit autophagy in BJAB cells which represented Burkitt’s lymphoma in vitro. 

Moreover, the safe toxicological profile shown by drugs-loaded BNPs in respect to 

the same amount of free drugs and the active targeting induced by the antiCD20 

antibody conjugated on the surface of BNPs allow the evaluation of their potential 

therapeutic effect in a human/mouse Burkitt’s lymphoma model. First of all, empty 

and drugs-loaded BNPs were injected i.p. to assess their localization inside tumor 

mass and the subsequent effects in terms of presence of necrotic/apoptotic areas.  

Then, BNPs efficacy was evaluated in a disseminate human/mouse model of 

Burkitt’s lymphoma. To do that, survival was considered. 

Biodistribution studies suggested BNPs localization inside tumor mass at 24-48 

hours after BNPs injection. Thus, 80μl of Cy5.5-labeled empty BNPs (BNP1) and 

antiCD20-conjugated HCQ/CLB-loaded BNPs (BNP2) were injected i.p. for 3 times in 



RESULTS AND DISCUSSION 

73 
 

5 days in 5 tumor-bearing mice with a visible peritoneal mass. Mice were then 

sacrificed 7 days after the end of the treatment to detect BNPs localization in the 

tumor mass and to evaluate BNPs effect. The localization of BNPs inside the tumor 

mass was demonstrated by confocal microscopy where the green and the red 

fluorescence represented the autofluorescence of tissue and BNPs localization there, 

respectively (Figure 4.21A). The cytotoxic effect of BNP2 was evaluated by 

immunohistochemistry after H/E staining. This analysis showed visible 

apoptotic/necrotic areas in all animals receiving BNP2 (Figure 4.21B, figure on the 

right) whereas no cytotoxic effect was evident after BNP1 injection (Figure 4.21B, 

figure on the left). This data suggested again the ability of antiCD20 antibody to 

induce the specific binding of BNPs on CD20-expressing cells in vivo.  

 

 

Figure 4.21: BNPs localization inside tumor and apoptosis/necrosis induction. Groups of 5 
tumor-bearing animals with a visible tumor mass were challenged with i.p. injections (40μl ofr 3 times 
in 5 days) of Cy5.5-labeled empy BNPs (BNP1) or antiCD20-conjugated HCQ/CLB-loaded BNPs 
(BNP2). At 7 days after the end of the treatment, mice were sacrificed and tumor masses were 
visualized by confocal microscopy (A) or H/E (B). Original magnification 200X. 

 

BNPs were then studied in the mouse model bearing the disseminated human/SCID 

of Burkitt’s lymphoma. To this purpose, SCID mice were divided into groups of 7-10 

animals and followed for 120 days. Group 1 represented untreated mice, which died 

within 50 to 70 days after BJAB cells injection (Figure 4.22, black line).  

Group 2 received 8 injections of 80μL of BNP1, which were not able to significantly 

increase mice survival (Figure 4.22, grey line). 

Group 3 and 4 were challenged with free HCQ/CLB (400μg each) for 4 times in 8 

days or 8 times in 17 days, respectively. Eight injections of free drugs induced the 

death of all animals (in this experiment only 3 animals were tested) during the 

treatment demonstrating previous results obtained by toxicity studies (Figure 4.22, 
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yellow line). On the other hand, 4 injections of free HCQ/CLB were tolerated by 

tumor-bearing mice as described for WT animals and induced the survival of 33% of 

mice (Figure 4.22, dotted yellow line).  

Group 5 received 80μl of antiCD20-conjugated HCQ/CLB-loaded BNPs (BNP2; 

corresponding to 400μg of each encapsulated HCQ and CLB) for 4 times in 8 days 

showing a survival curve similar to that obtained by animals of group 3 (4 injections 

of free drugs) with 50% of mice cured by this treatment (Figure 4.22, dotted blue 

line).  

Group 6 received 80μl of BNP2 for 8 times in 17 days being effective in all treated 

mice and inducing the survival of 100% of mice 90 days after tumor challenge. At the 

end of the experiment, only one mouse out of 10 died for the development of 

lymphoma whereas 90% of mice were cured (Figure 4.22, blue line).  

Group 7 and 8 received 80μl of BNP3 (untargeted HCQ/CLB-loaded BNPs) for 4 or 8 

times, respectively. In mice of both group 7 and 8, no significant therapeutic effects 

and no evident toxicity were observed (Figure 4.22, green lines). 

One group of mice received the therapeutic dose of rituximab reported in literature 

(12.5μg at days 4 and 11) resulting in the survival of 40% of mice (Figure 4.22, red 

line). All these results together suggested that drugs encapsulation inside BNPs 

induced a higher specificity for tumor cells thus decreasing side effects against 

healthy tissues and enhancing their anti-tumor effect. 

 

Figure 4.22: BNPs therapeutic effect in the human/SCID model of Burkitt’s 
lymphoma. Tumor-bearing mice received i.p. 400μg of both free HCQ and CLB for 4 
times in 8 days (yellow line) or 8 times in 17 days (dotted yellow line). The same 
amount of drugs loaded inside BNP2 (blue lines) and BNP3 (green lines) was 
injected into mice for 4 or 8 times (dotted blue or green lines, respectively). Empty 
BNPs (BNP1, grey line) were injected for 8 times in 17 days. Rituximab (12.5 μg at 
days 4 and 11; red line) and untreated mice (black line) were used as controls. 
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4.1.1  BNPs THERAPEUTIC EFFECT IN A DISSEMINATED LEUKEMIA 

MOUSE MODEL 

4.7.2.1 DISSEMINATED CLL MOUSE MODEL 

On the basis of the previous work published by Bertilaccio et al. (Bertilaccio et al. 

2010), 107 MEC1 cells were injected s.c. in the flank of SCID mice but, as previously 

shown, just a localized tumor mass formation was induced , while 107 MEC1 cells 

injected i.v. couse the death of all the animals. However, when only 5x105 MEC1 

cells were i.v. injected after a pretreatment with cyclophosphamide (200mg/kg; i.p.) to 

reduce immune effects, in particular via NK cells, cell colonization of liver, spleen, 

kidney, brain, spinal cord and bone marrow was evidenced. This distribution pattern 

was evaluated by immunohistochemical analysis staining tissues with H/E and 

detecting human B cells with an anti-human CD45 antibody 28 days after MEC1 

injection (Figure 4.23).  

 

Figure 4.23: Characterization 
of diffuse leukemia model in 
SCID mice. MEC1 (5x10

5 
cells) 

were injected i.v. in SCID mice 
and human tumor cell 
distribution was analyzed after 
28 days by H&E and by 
exploiting human CD45. 
Original magnification 200X. 

Moreover, the accumulation of MEC1 cells in mice bloodstream was confirmed by 

cytofluorimetric analysis using anti-human CD19 and anti-human CD45 antibodies. 

Circulating human B cells were detected starting from the 20th day after tumor cells 

injection (Figure 4.24). Studies of MEC1 cells biodistribution demonstrated that this 

model represented human leukemia features.  

All mice died between 30 and 37 days after tumor cells challenging, as the evidence 

of a very reproducible and very aggressive leukemia human/SCID model. 
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Figure 4.24: Characterization of diffuse leukemia model in SCID mice. Human tumor B-
cells was detected in the circulation by cytofluorimetric analysis using labeled anti-CD45 and 
anti-CD19 mAbs.  

 

4.7.2.2 BNPs THERAPEUTIC EFFECT IN A DISSEMINATED LEUKEMIA 

HUMAN/MOUSE MODEL 

HCQ/CLB-loaded BNPs showed in vitro ability to induce MEC1 cells apoptosis and 

inhibit autophagy leading to the death of more than 90% of malignant B cells. The 

treatment protocol (4 injections in 8 days or 8 injections in 17 days) evaluated for 

Burkitt’s lymphoma resulted in an improved anti-tumor effect leading to the survival of 

90% of treated animals, whereas the same amount of free drugs decreased overall 

survival of mice. Thus, this protocol was used in order to evaluate also BNPs ability 

to treat the human/mouse model of CLL. Moreover, an earlier treatment starting from 

day 4 was proposed, because of the higher aggressiveness of the malignancy 

developed by mice challenged i.v. with MEC1 cells. 

To study HCQ/CLB-loaded BNPs efficacy in the treatment of the human/SCID 

leukemia model, leukemia-bearing mice were divided into 8 groups of 6-8 animals 

and followed for 120 days.  

Group 1 did not receive any treatment and all mice died within 30-40 days after tumor 

cells injection with a median survival of 33.5 days (Figure 4.25, black line). Group 2 

and group 3 received 80μl of antiCD20-conjugated drugs-loaded BNPs (BNP2; 

corresponding to 400μg of each encapsulated chemotherapeutic agent) for 8 times in 

17 days from the 1st (Figure 4.25, dotted red line) or the 4th day (Figure 4.25, red line) 

after MEC1 cells injection, respectively. The overall survival of group 2 was 83 days 

and 3 mice out of 7 were cured at the end of the study. Group 3 received the same 

treatment starting from day 4 which resulted in an overall survival of 61 days and 1 

out of 7 cured mice. These results demonstrated BNP2 ability to treat this aggressive 
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human/mouse leukemia model with a better outcome when the treatment started at 

the early stage of the malignancy. Group 4 received only 4 injections of 80μl of BNP2 

in 8 days starting from the 4th day after cells injection. This treatment improved 

overall survival of about 13.5 days (Figure 4.25, green line). Group 5 and group 6 

received 8 injections of 80μl of empty BNPs (BNP1) (Figure 4.25, orange line) or 

untargeted drugs-loaded BNPs (Figure 4.25, blue line), respectively. Both these 

treatments did not significantly increased mice survival demonstrating both BNPs’ 

safety and the inability of BNP3 to bind cancer cells due to the absence of the anti-

CD20 antibody on the surface of these BNPs. Finally, group 7 received 8 injections of 

free HCQ and CLB (400μg each) in 17 days (Figure 4.25, pink line) starting from day 

1. This treatment improved survival of 2 days and showed that BNP2 (group 2) were 

more effective than free drugs in the treatment of this aggressive human/mouse 

leukemia model. In the group 8, 3 animals received 8 injections of free drugs but all 

mice died for the toxicity of the treatment in less than 20 days (Figure 4.25, light blue 

line), as already described in the toxicity studies. All these data together 

demonstrated the ability of drugs-loaded BNPs to improve survival of leukemia-

bearing mice inducing also the cure of 10% to 50% of treated animals. 

 

 

Figure 4.25: therapeutic 
effect of BNPs and 
HCQ/CLB. SCID mice (n = 
6-10 per group) received 
MEC1 cells i.v. and BNP1, 
BNP2, BNP3 or HCQ/CLB 
as described in the results; 
animal survival was 
represented as Kaplan 
Mayer curve.  
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5. CONCLUSIONS 

B-cell malignancies are a heterogeneous group of clinical conditions, spanning from 

indolent diseases such as CLL to highly aggressive lymphoproliferative disorders 

such as Burkitt’s lymphoma. Despite the availability of different therapeutic protocols, 

which take advantage of both chemotherapy and immunotherapy, a large number of 

patients relapse or are refractory to treatment. Moreover, these treatments may lead 

to insufficient tumor distribution and cause several adverse effects mainly caused by 

the lack of specificity and, as a consequence, the need of large amounts of drugs to 

reach a therapeutic effect. Thus, recently the attention of our and other groups was 

focused on the study of chemotherapeutic-loaded BNPs because of their ability to 

increase drugs’ bioavailability, half-life, specificity for malignant cells and 

concentration inside tumors.  

In this research project, BNPs were produced to combine the specificity of 

immunotherapy by the conjugation with an antiCD20 antibody, with the high anti-

tumor effect of cytotoxic agents such as hydroxychloroquine (HCQ) and chlorambucil 

(CLB) or fludarabine. AntiCD20 antibodies bind with high affinity CD20, a surface 

antigen expressed on normal B cells from the pre-B-cell to the immunoblast stage 

and on 95% of B-cell lymphoma cells. The therapy based on the use of antiCD20 

antibodies specifically targets lymphocytes B without affecting hematopoietic stem 

cells which do not express CD20 on their surface.  

Thus, first of all, CD20 expression on the surface of a Burkitt’s lymphoma cell line 

(BJAB) and CLL cell lines (MEC1 and EHEB) was confirmed. These cell lines were 

used as in vitro models, because more than 95% of cells highly expressed CD20 on 

their surface. BNPs binding onto tumor B-cells confirmed the ability of antiCD20-

conjugated BNPs to target CD20-expressing cells and suggested their internalization 

in a process different from endocytosis because of the absence of membranes 

surrounding BNPs, documented in the cytoplasm of the cells. Drugs-loaded BNPs 

effect was evaluated to put in evidence apoptosis induction and autophagy 

impairment. All these data together demonstrated HCQ/CLB ability to kill up to 90% 

of both BJAB and MEC1 cells through apoptosis induction and autophagy inhibition.  

On the other hand, fludarabine-loaded BNPs were able to induce the death of 60% to 

70% of MEC1 cells and 50% to 60% of EHEB cells. These data together suggested 

that fludarabine effect is dependent on the p53 mutational status of cells inducing 



CONCLUSIONS 

79 
 

apoptosis of p53wild type EHEB cells and the activation of p53-indipendent mechanisms 

of death on p53mutated/deleted cells (MEC1). 

Tumor B cell lines represent useful models but far from CLL patients’ cells. Due to 

the different expression of antigens on the surface of cell lines in respect to primary 

cells, circulating tumor B cells were purified from CLL patients’ blood samples and 

used to characterize BNPs effect. These experiments showed HCQ/CLB-loaded 

BNPs ability to induce apoptosis of CLL cells even in patients who usually have poor 

response to standard therapies such as those with P53 mutated/deleted or NOTCH1 

mutated cells. Also preliminary studies made with fludarabine-loaded BNPs 

suggested their potential application in the treatment of CLL. 

The comparison between these two therapeutic strategies evidenced the higher 

cytotoxic effect of HCQ/CLB approach. This result can be due to several reasons, 

including the nature of the molecules loaded in the particles. HCQ has been chosen 

because of its capacity to interfere with autophagy and to not induce apoptosis as 

usually performed by alkylating agents or purine analogues. This approach 

demonstrated the potential therapeutic effect also in cell isolated from patients with 

poor prognosis and it has been chosen for further in vivo studies in order to evaluate 

its toxicity in healthy animals and its therapeutic effect in animal models of B cell 

malignancies. 

BNPs toxicity profile was evaluated after their injection in healthy mice. These data 

suggested BNPs safety whereas the same amount of free drugs induced a significant 

loss of body weight or the death of treated animals, as well as bone marrow and 

muscle toxicity.  

After having confirmed BNPs safety, in vivo biodistribution profile was evaluated by 

Time-Domain Optical Imaging in mice bearing a localized model of B-cell disorder. 

This study demonstrated the importance of the antiCD20 antibody conjugated on the 

surface of BNPs (BNP1), which mediated BNPs binding on CD20-expressing cells. In 

fact, antiCD20-conjugated BNPs highly accumulated in the tumor mass whereas 

untargeted BNPs (BNP0) were less localized in this tissue. Moreover, this analysis 

showed that the liver is the main site of BNPs elimination while in the other organs 

the presence of BNPs was very low.  

Finally, therapeutic effect of BNPs was evaluated in new Burkitt’s lymphoma and 

disseminated CLL leukemia models both developed in our laboratory. HCQ/CLB-
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loaded BNPs were more effective than the same amount of free drugs while 

untargeted BNPs did not affect mice survival.  

In this three years project, we have collected evidences demonstrating BNPs ability 

to improve the efficacy of treatments and to prevent toxicity, which is one of the main 

limitations of actual therapies. It also provides a rationale for adopting this therapeutic 

approach for the treatment of other B-cell disorders with HCQ/CLB loaded antiCD20 

BNP or different types of tumors, using other monoclonal antibodies to specifically 

deliver cytotoxic agent-loaded nanoparticles in cancer cells. 

 

For what concerns future perspectives, further in vitro and in vivo studies will be 

made in order to further analyze:  

- BNPs internalization, incubating cells with drugs able to inhibit specific 

internalization pathways including endocytosis, clathrin-dependent internalization, 

uptake through caveolae or lipid-rafts and phagocytosis;  

- fludarabine-laoded BNPs effect, in particular trying to increase the amount of drug 

loaded in the particles and increase its therapeutic effect; 

- targeted BNPs application in the specific delivery of siRNA, miRNA, aptamers, 

vectors or other nucleic acids inside tumor B cells. 

 

   



REFERENCES 

81 
 

6. REFERENCES 

Amaravadi, R.K. et al., 2011. Principles and current strategies for targeting autophagy for 
cancer treatment. Clinical Cancer Research, 17, pp.654–666. 

Barnes, J.A. et al., 2011. Evaluation of the addition of rituximab to CODOX-M/IVAC for 
Burkitt’s lymphoma: A retrospective analysis. Annals of Oncology, 22, pp.1859–1864. 

Bertilaccio, M.T.S. et al., 2010. A novel Rag2-/-gammac-/--xenograft model of human CLL. 
Blood, 115, pp.1605–1609. 

Bertilaccio, M.T.S. et al., 2012. Xenograft models of chronic lymphocytic leukemia: problems, 
pitfalls and future directions. Leukemia. 

Bichi, R. et al., 2002. Human chronic lymphocytic leukemia modeled in mouse by targeted 
TCL1 expression. Proceedings of the National Academy of Sciences of the United 
States of America, 99, pp.6955–6960. 

Biffi, S. et al., 2013. Dendritic Polyglycerolsulfate Near Infrared Fluorescent (NIRF) Dye 
Conjugate for Non-Invasively Monitoring of Inflammation in an Allergic Asthma Mouse 
Model. PLoS ONE, 8. 

Biffi, S. et al., 2014. Multiple dye-doped NIR-emitting silica nanoparticles for both flow 
cytometry and in vivo imaging. RSC Advances, 4, p.18278. Available at: 
http://pubs.rsc.org/en/content/articlehtml/2014/ra/c4ra01535e. 

Binet, J.L. et al., 1976. Clinical staging system for chronic lymphocytic leukemia. Cancer, 40, 
pp.855–864. 

Bockorny, B., Codreanu, I. & Dasanu, C.A., 2012. Hodgkin lymphoma as Richter 
transformation in chronic lymphocytic leukaemia: A retrospective analysis of world 
literature. British Journal of Haematology, 156, pp.50–66. 

Van Bockstaele, F., Verhasselt, B. & Philippé, J., 2009. Prognostic markers in chronic 
lymphocytic leukemia: A comprehensive review. Blood Reviews, 23, pp.25–47. 

Bützler, C. et al., 1997. Rapid induction of B-cell lymphomas in mice carrying a human IgH/c-
mycYAC. Oncogene, 14, pp.1383–1388. 

Buss, N.A.P.S. et al., 2012. Monoclonal antibody therapeutics: History and future. Current 
Opinion in Pharmacology, 12, pp.615–622. 

Cang, S. et al., 2012. Novel CD20 monoclonal antibodies for lymphoma therapy. Journal of 
Hematology & Oncology, 5, p.64. 

Cramer, P. & Hallek, M., 2011. Prognostic factors in chronic lymphocytic leukemia-what do 
we need to know? Nature reviews. Clinical oncology, 8, pp.38–47. 

Crowther-Swanepoel, D. & Houlston, R.S., 2010. Genetic variation and risk of chronic 
lymphocytic leukaemia. Seminars in Cancer Biology, 20, pp.363–369. 



REFERENCES 

82 
 

Dreger, P. et al., 2014. Perspectives Managing high-risk CLL during transition to a new 
treatment era : stem cell transplantation or novel agents ? , 124(26). 

Dürig, J. et al., 2007. A novel nonobese diabetic/severe combined immunodeficient xenograft 
model for chronic lymphocytic leukemia reflects important clinical characteristics of the 
disease. Cancer Research, 67, pp.8653–8661. 

Efremov, D.G. & Laurenti, L., 2011. The Syk kinase as a therapeutic target in leukemia and 
lymphoma. Expert opinion on investigational drugs, 20, pp.623–636. 

Efremov, D.G., Wiestner, A. & Laurenti, L., 2012. Novel agents and emerging strategies for 
targeting the B-cell receptor pathway in CLL. Mediterranean Journal of Hematology and 
Infectious Diseases, 4. 

Eichhorst, B. et al., 2011. Chronic lymphocytic leukemia: ESMO Clinical Practice Guidelines 
for diagnosis, treatment and follow-up. Annals of oncology : official journal of the 
European Society for Medical Oncology / ESMO, 22 Suppl 6(Supplement 6), pp.vi50–4. 

Fernandez-Calotti, P. et al., 2011. Enhancement of fludarabine sensitivity by all-trans retinoic 
acid in chronic lymphocytic leukemia cells. Haematologica, p.-. 

Gaidano, G., Foa, R. & Dalla-Favera, R., 2012. Molecular pathogenesis of chronic 
lymphocytic leukemia. The Journal of clinical investigation, 122, pp.3432–3438. 

Gattei, V. et al., 2008. Relevance of CD49d protein expression as overall survival and 
progressive disease prognosticator in chronic lymphocytic leukemia. Blood, 111, 
pp.865–873. 

Gatto, D. & Brink, R., 2010. The germinal center reaction. Journal of Allergy and Clinical 
Immunology, 126, pp.898–907. 

Glennie, M.J. et al., 2007. Mechanisms of killing by anti-CD20 monoclonal antibodies. 
Molecular Immunology, 44, pp.3823–3837. 

Goede, V. & Hallek, M., 2011. Optimal pharmacotherapeutic management of chronic 
lymphocytic leukaemia: Considerations in the elderly. Drugs and Aging, 28, pp.163–176. 

Goldin, L.R., Slager, S.L. & Caporaso, N.E., 2010. Familial chronic lymphocytic leukemia. 
Current opinion in hematology, 17, pp.350–355. 

Gribben, J.G., 2010. How I treat CLL up front. Blood, 115, pp.187–197. 

Gribben, J.G., Hosing, C. & Maloney, D.G., 2011. Stem cell transplantation for indolent 
lymphoma and chronic lymphocytic leukemia. Biology of blood and marrow 
transplantation : journal of the American Society for Blood and Marrow Transplantation, 
17, pp.S63–S70. 

Grömminger, S., Mautner, J. & Bornkamm, G.W., 2012. Burkitt lymphoma: The role of 
Epstein-Barr virus revisited. British Journal of Haematology, 156, pp.719–729. 

Hallek, M. et al., 2008. Guidelines for the diagnosis and treatment of chronic lymphocytic 
leukemia: A report from the International Workshop on Chronic Lymphocytic Leukemia 



REFERENCES 

83 
 

updating the National Cancer Institute-Working Group 1996 guidelines. Blood, 111, 
pp.5446–5456. 

Hallek, M. & Pflug, N., 2010. Chronic lymphocytic leukemia. Annals of oncology : official 
journal of the European Society for Medical Oncology / ESMO, 21 Suppl 7, pp.vii154–
i164. 

Herzog, S., Reth, M. & Jumaa, H., 2009. Regulation of B-cell proliferation and differentiation 
by pre-B-cell receptor signalling. Nature reviews. Immunology, 9, pp.195–205. 

Hu, C.M.J. & Zhang, L., 2012. Nanoparticle-based combination therapy toward overcoming 
drug resistance in cancer. Biochemical Pharmacology, 83, pp.1104–1111. 

Hummel, M. et al., 2006. A biologic definition of Burkitt’s lymphoma from transcriptional and 
genomic profiling. The New England journal of medicine, 354, pp.2419–2430. 

Jaffe, E.S. & Pittaluga, S., 2011. Aggressive B-Cell Lymphomas: A Review of New and Old 
Entities in the WHO Classification. Hematology, 2011, pp.506–514. 

Jaglowski, S.M. & Byrd, J.C., 2012. Novel Therapies and Their Integration into Allogeneic 
Stem Cell Transplant for Chronic Lymphocytic Leukemia. Biology of Blood and Marrow 
Transplantation, 18. 

Janas, E. et al., 2005. Rituxan (anti-CD20 antibody)-induced translocation of CD20 into lipid 
rafts is crucial for calcium influx and apoptosis. Clinical and Experimental Immunology, 
139, pp.439–446. 

Jokerst, J. V et al., 2011. Nanoparticle PEGylation for imaging and therapy. Nanomedicine 
(London, England), 6, pp.715–728. 

Kimura, T. et al., 2013. Chloroquine in cancer therapy: A double-edged sword of autophagy. 
Cancer Research, 73, pp.3–7. 

Klein, C. et al., 2013. Epitope interactions of monoclonal antibodies targeting CD20 and their 
relationship to functional properties. mAbs, 5, pp.22–33. 

Klein, U. et al., 2010. The DLEU2/miR-15a/16-1 Cluster Controls B Cell Proliferation and Its 
Deletion Leads to Chronic Lymphocytic Leukemia. Cancer Cell, 17, pp.28–40. 

Konoplev, S.N. et al., 2010. High serum thymidine kinase 1 level predicts poorer survival in 
patients with chronic lymphocytic leukemia. American Journal of Clinical Pathology, 134, 
pp.472–477. 

Kumari, A., Yadav, S.K. & Yadav, S.C., 2010. Biodegradable polymeric nanoparticles based 
drug delivery systems. Colloids and Surfaces B: Biointerfaces, 75, pp.1–18. 

Lim, S.H. et al., 2010. Anti-CD20 monoclonal antibodies: Historical and future perspectives. 
Haematologica, 95, pp.135–143. 

Linch, D.C., 2012. Burkitt lymphoma in adults. British Journal of Haematology, 156, pp.693–
703. 



REFERENCES 

84 
 

López-Guerra, M. et al., 2008. Identification of TIGAR in the equilibrative nucleoside 
transporter 2-mediated response to fludarabine in chronic lymphocytic leukemia cells. 
Haematologica, 93, pp.1843–1851. 

Luo, X. & Lee Kraus, W., 2012. On par with PARP: Cellular stress signaling through 
poly(ADP-ribose) and PARP-1. Genes and Development, 26, pp.417–432. 

Mahapatro, A. & Singh, D.K., 2011. Biodegradable nanoparticles are excellent vehicle for site 
directed in-vivo delivery of drugs and vaccines. Journal of Nanobiotechnology, 9, p.55. 

Malavasi, F. et al., 2011. CD38 and chronic lymphocytic leukemia: A decade later. Blood, 
118, pp.3470–3478. 

Maloney, D.G., 2012. Anti-CD20 Antibody Therapy for B-Cell Lymphomas. New England 
Journal of Medicine, 366, pp.2008–2016. 

Mansilla, E. et al., 2010. The lysosomotropic agent, hydroxychloroquine, delivered in a 
biodegradable nanoparticle system, overcomes drug resistance of B-chronic 
lymphocytic leukemia cells in vitro. Cancer biotherapy & radiopharmaceuticals, 25, 
pp.97–103. 

Marín, G.H. et al., 2010. Exploratory study on the effects of biodegradable nanoparticles with 
drugs on malignant B cells and on a human/mouse model of Burkitt lymphoma. Current 
clinical pharmacology, 5, pp.246–250. 

Martin, P. et al., 2010. p53 protein overexpression in bone marrow biopsies from chronic 
lymphocytic leukaemia is associated with TP53 deletion and resistance to fludarabine. 
Journal of Hematopathology, 3(2-3), pp.61–68. 

Matutes, E. et al., 2010. Diagnostic issues in chronic lymphocytic leukaemia (CLL). Best 
Practice and Research: Clinical Haematology, 23, pp.3–20. 

Misra, R., Acharya, S. & Sahoo, S.K., 2010. Cancer nanotechnology: Application of 
nanotechnology in cancer therapy. Drug Discovery Today, 15, pp.842–850. 

Mititelu, M. et al., 2013. Progression of hydroxychloroquine toxic effects after drug therapy 
cessation: new evidence from multimodal imaging. JAMA ophthalmology, 131, pp.1187–
97. Available at: http://www.ncbi.nlm.nih.gov/pubmed/23887202. 

Mizushima, N., Yoshimori, T. & Levine, B., 2010. Methods in Mammalian Autophagy 
Research. Cell, 140, pp.313–326. 

Mohanraj, V.J. & Chen, Y., 2007. Nanoparticles - A review. Tropical Journal of 
Pharmaceutical Research, 5. 

Molyneux, E.M. et al., 2012. Burkitt’s lymphoma. Lancet, 379, pp.1234–1244. 

Motta, G. et al., 2010. Monoclonal antibodies for non-Hodgkin’s lymphoma: state of the art 
and perspectives. Clinical & developmental immunology, 2010, p.428253. 

Mukherjee, P. et al., 2007. Potential therapeutic application of gold nanoparticles in B-chronic 
lymphocytic leukemia (BCLL): enhancing apoptosis. Journal of nanobiotechnology, 5, 
p.4. 



REFERENCES 

85 
 

Nabhan, C. & Kay, N.E., 2011. The emerging role of ofatumumab in the treatment of chronic 
lymphocytic leukemia. Clinical Medicine Insights: Oncology, 5, pp.45–53. 

Nowakowski, G.S. et al., 2009. Percentage of smudge cells on routine blood smear predicts 
survival in chronic lymphocytic leukemia. Journal of Clinical Oncology, 27, pp.1844–
1849. 

O’Brien, S. & Osterborg, A., 2010. Ofatumumab: a new CD20 monoclonal antibody therapy 
for B-cell chronic lymphocytic leukemia. Clinical lymphoma, myeloma & leukemia, 10, 
pp.361–368. 

Oerlemans, C. et al., 2010. Polymeric micelles in anticancer therapy: Targeting, imaging and 
triggered release. Pharmaceutical Research, 27, pp.2569–2589. 

Oscier, D. et al., 2012. Guidelines on the diagnosis, investigation and management of 
chronic lymphocytic leukaemia. Br J Haematol., 159, pp.541–564. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/23057493. 

Palomo, C. et al., 1999. B-cell tumorigenesis in mice carrying a yeast artificial chromosome- 
based immunoglobulin heavy/c-myc translocus is independent of the heavy chain intron 
enhancer (Eμ). Cancer Research, 59, pp.5625–5628. 

Petros, R.A. & DeSimone, J.M., 2010. Strategies in the design of nanoparticles for 
therapeutic applications. Nature reviews. Drug discovery, 9, pp.615–627. 

Pieper, K., Grimbacher, B. & Eibel, H., 2013. B-cell biology and development. Journal of 
Allergy and Clinical Immunology, 131, pp.959–971. 

Prevodnik, V.K. et al., 2011. The predictive significance of CD20 expression in B-cell 
lymphomas. Diagnostic pathology, 6, p.33. 

Del Principe, M.I.I. et al., 2006. Clinical significance of ZAP-70 protein expression in B-cell 
chronic lymphocytic leukemia. Blood, 108, pp.853–861. 

Rai, K.R. et al., 1975. Clinical staging of chronic lymphocytic leukemia. Blood, 46, pp.219–
234. 

Rasul, E. et al., 2014. The MEC1 and MEC2 lines represent two CLL subclones in different 
stages of progression towards prolymphocytic leukemia. PloS one, 9(8), p.e106008. 

Ricci, F. et al., 2009. Fludarabine in the treatment of chronic lymphocytic leukemia: A review. 
Therapeutics and Clinical Risk Management, 5, pp.187–207. 

Saltman, D. et al., 1990. Establishment of a karyotypically normal B-chronic lymphocytic 
leukemia cell line; evidence of leukemic origin by immunoglobulin gene rearrangement. 
Leukemia Research, 14, pp.381–387. 

Sanna, V. & Sechi, M., 2014. Targeted therapy using nanotechnology : focus on cancer. , 
pp.467–483. 

Schmitz, R. et al., 2014. Oncogenic mechanisms in Burkitt lymphoma. Cold Spring Harbor 
Perspectives in Biology, 6. 



REFERENCES 

86 
 

Shankland, K.R., Armitage, J.O. & Hancock, B.W., 2012. Non-Hodgkin lymphoma. Lancet, 
380, pp.848–857. 

Sharma, a et al., 2013. BECN1 and BIM interactions with MCL-1 determine fludarabine 
resistance in leukemic B cells. Cell death & disease, 4, p.e628. Available at: 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3674362&tool=pmcentrez&re
ndertype=abstract. 

Smith, S.M. et al., 2010. The impact of MYC expression in lymphoma biology: Beyond Burkitt 
lymphoma. Blood Cells, Molecules, and Diseases, 45, pp.317–323. 

Stacchini, A. et al., 1999. MEC1 and MEC2: Two new cell lines derived from B-chronic 
lymphocytic leukaemia in prolymphocytoid transformation. Leukemia Research, 23, 
pp.127–136. 

Strati, P. et al., 2013. Myelosuppression after frontline fludarabine, cyclophosphamide, and 
rituximab in patients with chronic lymphocytic leukemia: Analysis of persistent and new-
onset cytopenia. Cancer, 119, pp.3805–3811. 

Sung, S.P. et al., 2005. Insertion of c-Myc into Igh induces B-cell and plasma-cell neoplasms 
in mice. Cancer Research, 65, pp.1306–1315. 

Tam, C.S. & Keating, M.J., 2007. Chemoimmunotherapy of chronic lymphocytic leukemia. 
Best practice & research. Clinical haematology, 20, pp.479–498. 

Thanh, N.T.K. & Green, L.A.W., 2010. Functionalisation of nanoparticles for biomedical 
applications. Nano Today, 5, pp.213–230. 

Thaunat, O., Morelon, E. & Defrance, T., 2010. Am“B”valent: Anti-CD20 antibodies unravel 
the dual role of B cells in immunopathogenesis. Blood, 116, pp.515–521. 

Tsimberidou, A.M. & Keating, M.J., 2009. Treatment of fludarabine-refractory chronic 
lymphocytic leukemia. Cancer, 115, pp.2824–2826. 

Vacchelli, E. et al., 2013. Monoclonal antibodies in cancer therapy Trial watch. , (January), 
pp.1–12. 

Wang, A.Z., Langer, R. & Farokhzad, O.C., 2012. Nanoparticle Delivery of Cancer Drugs. 
Annual Review of Medicine, 63, pp.185–198. 

Wang, J. & Boxer, L.M., 2005. Regulatory elements in the immunoglobulin heavy chain gene 
3’-enhancers induce c-myc deregulation and lymphomagenesis in murine B cells. 
Journal of Biological Chemistry, 280, pp.12766–12773. 

White, E. & DiPaola, R.S., 2009. The double-edged sword of autophagy modulation in 
cancer. Clinical Cancer Research, 15, pp.5308–5316. 

Wierda, W.G. et al., 2010. Ofatumumab as single-agent CD20 immunotherapy in 
fludarabine-refractory chronic lymphocytic leukemia. Journal of Clinical Oncology, 28, 
pp.1749–1755. 



REFERENCES 

87 
 

Yan, X. et al., 2006. B cell receptors in TCL1 transgenic mice resemble those of aggressive, 
treatment-resistant human chronic lymphocytic leukemia. Proceedings of the National 
Academy of Sciences of the United States of America, 103, pp.11713–11718. 

Yu, B. et al., 2013. Targeted nanoparticle delivery overcomes off-target immunostimulatory 
effects of oligonucleotides and improves therapeutic efficacy in chronic lymphocytic 
leukemia. Blood, 121, pp.136–147. 

Zenz, T. et al., 2010. From pathogenesis to treatment of chronic lymphocytic leukaemia. 
Nature reviews. Cancer, 10, pp.37–50. 

Zenz, T. et al., 2011. Importance of genetics in chronic lymphocytic leukemia. Blood 
Reviews, 25, pp.131–137. 

Zucchetto, A. et al., 2012. The CD49d/CD29 complex is physically and functionally 
associated with CD38 in B-cell chronic lymphocytic leukemia cells. Leukemia, 26, 
pp.1301–1312. 

 

 



 

88 
 

ACKNOWLEDGMENTS 

First of all, I would like to thank all my lab-mates and my boss Paolo for all the 

suggestions and the help they gave me during these three years of PhD.  

Then, I would like to thank all the people involved in the project: Prof. Luis Nunez and 

Dr. Ruben Spretz for BNPs production; Prof. Sonia Zorzet for in vivo experiments, 

mouse models development and toxicities studies; Dr. Stefania Biffi, Dr. Chiara 

Garrovo and Dr. Andrea Lorenzon for biodistribution evaluations made by Optical 

Imaging; Dr. Gabriele Baj for ex vivo confocal microscopy studies; Dr. Claudio 

Tripodo for the immunohistochemical analyses; Dr. Ramiro Mendoza-Maldonado for 

western blot analyses; Prof. Gabriele Pozzato and Dr. Marilena Granzotto for blood 

samples analysis; and the group of Prof. Valter Gattei for the genetic analyses of 

patients cells. 

Last but not least, I would like to thank my family and all my friends for the support, 

all the laughs and suggestions.  

 


