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“Nothing in life is to be feared, it is 
only to be understood. Now is the time 
to understand more, so that we may 
fear less.” 

~ Marie Curie ~  
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he importance of a stromal microenvironment has 
been recognized since the late 1800s. The interplay 
between tumor cells and their microenvironment was 

part of Stephen Paget’s 1889 “seed and soil” theory, in which 
he postulated that tumor cells of a particular type of cancer 
“the seed” often metastasize to certain organs “the soil” based 
on the similarity of the original and secondary tumor 
microenvironment. He concluded that metastases developed 
only when the seed and the soil were compatible, conferring to 
the tumor microenvironment a critical role in regulating the 
growth of metastases1. Indeed, many of first-line therapeutic 
regimens currently in use for the treatment of human cancer 
are designed to target cancer cells and also to modulate the 
tumor microenvironment. 
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1.  B-CELL LYMPHOID NEOPLASMS 
 

B-cell lymphoid neoplasms are a heterogeneous group of tumors characterized by the 
proliferation of mature lymphocytes B and their expansion in blood, secondary lymphoid 
organs (spleen, lymph nodes, and extranodal tissues). They can be classified in more than 20 
different diseases, among them we can find Follicular Lymphoma (FL) and Chronic Lymphocytic 
Leukemia (CLL)2. The diversity of lymphomas can often be traced to the development stage of 
a normal precursor B-cell, to the structure of the B-Cell Receptor (BCR), also called surface 
Immunoglobulin (sIg), and to the presence of specific chromosomal translocations. Because of 
this inherent heterogeneity of lymphomas, their clinical courses are highly variable and 
different therapeutic strategies should be used, which are more flexible and adapted to the 
characteristics of the diverse groups of patients2. 
 

1.1. B-CELL DIFFERENTIATION 

Precursor B-cells develop from hematopoietic stem cells in the bone marrow. Here is where 
they undergo a differentiation process by the recombination of the segments of the 
immunoglobulin (Ig) genes: the variable (V), diversity (D) and join (J), resulting in the 
generation of naïve mature B-lymphocytes that express a functional BCR. These naïve cells 
migrate from the bone marrow to the secondary lymphoid organs where they become 
activated and differentiate into different subgroups of B-cells depending on the zone where 
they are localized3. 
The secondary lymphoid organs are structured in 3 zones: 1) the outer marginal zone, 
constituted by macrophages, dendritic cells and memory B-lymphocytes; 2) the mantle zone, 
formed by naïve B-lymphocytes and memory B-cells, and 3) the germinal centre, the inner, 
comprised of a dark zone, which almost exclusively contains highly proliferating B-cells, and a 
light zone in which B-cells are intermingled with Follicular Dendritic Cells (FDCs), T-cells and 
macrophages. When a naïve B-cell arrives to 
these secondary lymphoid organs, it encounters 
an antigen presented by an Antigen-Presenting 
Cell (APC), it becomes activated and migrates to 
the germinal centre; it is here where B-cells are 
targeted by Immunoglobulin (Ig) gene 
remodeling processes (somatic hypermutation 
and class-switch recombination) in order to 
generate cells with the ability to produce high-
affinity antibodies; the outcome of the germinal 
centre reaction is the generation of both plasma 
cells and memory B-cells4. 

Naïve B-lymphocyte: B-lymphocyte that 
has not been exposed to an antigen. 
 
Somatic hypermutation: A programmed 
process of mutation affecting the V region 
of Ig genes that results in an increased 
affinity of the BCR against an antigen. 
 
Class-switch recombination: A mechanism 
that changes a B-cell production of Ig 
from one type to another. 
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1.2. ORIGIN OF B-CELL LYMPHOID NEOPLASMS  

Ig gene remodeling by V(D)J recombination plays a central role in the generation of normal B-
cells, being somatic hypermutation and class switching of Ig genes key processes during 
antigen-driven B-cell differentiation. However, errors of these processes are involved in the 
development of B-cell lymphomas. Ig locus-associated translocations of proto-oncogenes are a 
hallmark of many B-cell malignancies. Additional transforming events include inactivating 
mutations in various tumor suppressor genes, and also latent infection of B-cells with viruses, 
such as Epstein-Barr virus. When B-cells undergo malignant transformation, they usually retain 
key features of their cell of origin, including specific characteristics of the particular 
differentiation stage of the lymphoma precursor.  

 
Figure 1: Origin of B-cell lymphoid neoplasms. Naïve mature B-lymphocytes exit the bone marrow and are 
driven into a germinal centre reaction in secondary lymphoid organs when T-cell help is available. In the 
germinal centre, these B-cells undergo massive clonal expansion and activate the process of somatic 
hypermutation and class-switch recombination. Mutated B-cells are selected based on their ability to produce 
high-affinity antibodies. Positively selected cells will undergo multiple rounds of proliferation, mutation, and 
selection before they differentiate into memory B-cells or plasma cells and exit the germinal centre. Most 
lymphomas are derived from errors occurring during these differentiation stages of B-cells, and they are 
subsequently classified based on the differentiation stage at which they seem to be “frozen”. U-CLL, chronic 
lymphocytic leukemia without IGHV mutations; U-MCL, mantle cell lymphoma without IGHV mutations; FL, 
follicular lymphoma; DLBCL, diffuse large B-cell lymphoma; BL, burkitt lymphoma; SMZL, splenic marginal zone 
lymphoma; MALT, mucosa-associated lymphoid tissue; M-MCL, mantle cell lymphoma with IGHV mutations; M-
CLL, chronic lymphocytic leukemia with IGHV mutations; MM, multiple myeloma3.      
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Histological and immunohistochemical studies of lymphomas have been very important in 
classifying B-cell malignancies and determine the cellular derivation of these tumors. Splenic 
Marginal Zone Lymphoma (SMZL) and Mucosa-Associated Lymphoid Tissue (MALT) are 
indolent neoplasms derived from B-lymphocytes in the marginal zone. FL, Diffuse Large B-Cell 
Lymphoma (DLBCL) and Burkitt Lymphoma (BL) are derived from B-cells that have undergone 
the hypermutations in the heavy chain gene of the immunoglobulins (IGHV). Multiple 
Myeloma (MM) arises from plasma cells differentiated from B-cells of the germinal centre. CLL 
and Mantle Cell Lymphoma (MCL) may have a different origin. While CLLs with unmutated 
IGHV genes (U-CLL), derive from CD5+ B mature cells, mutated CLLs (M-CLL) (60% of the cases) 
are presumably derived from a small subset of CD5+ memory B-cells. Most MCL carry 
unmutated IGHV genes and are presumably derived from (CD5+) mantle zone B-cells, but some 
of them (15-40% of cases) present hypermutations of the IGHV, suggesting that have entered 
the germinal centre3 (Figure 1). 
 

1.3. FOLLICULAR LYMPHOMA 

FL is a type of B-cell lymphoid neoplasm characterized by an abnormal proliferation of mature 
B-cells in the germinal centre of lymphoid follicles. Tumoral cells are mainly localized in the 
lymph nodes, but in advanced stages can also affect other organs such as spleen, bone 
marrow, peripheral blood and Waldeyer ring. Some rare locations of extranodal involvement, 
such as the gastrointestinal tract or skin, were recently further refined2. 
FL is the second most common type of lymphoid neoplasms in Western countries, accounting 
for about 20% of these tumors in adults2, with a median age at diagnosis of around 55 years 
and an annual incidence of 5-7 new cases per 100,000 people5. The clinical behavior is usually 
indolent, but FL is still not curable in most cases; frequently, a good response to therapy is 
followed by serial relapses with shorter intervals of remission in between. The median survival 
for a patient with FL is 8-10 years, reduced to 4.5 years after the first relapse. Furthermore, in 
approximately 30-40% of patients, the disease transforms to a more aggressive B-cell 
lymphoma, such as DLBCL, resulting in shorter survival6. 
 

1.3.1. Diagnosis  

Patients with FL typically exhibit superficial lymph nodes of small to medium size, sometimes 
unnoticed or neglected by the patients for a prolonged period of time. Diagnosis of FL is 
primarily based on a combination of laboratory, radiologic and pathologic evaluations5: 
 
 Laboratory workup parameters include a complete blood count, serum Lactate 

DeHydrogenase (LDH) levels, and β2-microglobulin levels5. 
 Radiologic studies include PET-CT to determine the extent of disease7. 
 Pathology testing includes morphologic evaluation and immunophenotyping of the cells5. 
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For morphologic evaluations, lymph nodes biopsies are used. Most cases of FL have a 
predominantly follicular pattern with closely packed follicles that efface the nodal architecture. 
FL is typically composed of the two types of B-cells normally found in germinal centres, 
centrocytes and centroblasts, and meshworks of FDCs are present in follicular areas2. Based on 
the number of centroblasts, the World Health Organization (WHO) divides FL into grades 1, 2 
and 3 (0-5, 6-15, and ˃ 15 per high-power field, respectively), cases with more centroblasts 
behave more aggressively. It has been suggested that the number of grades could be reduced, 
since there are no important clinical differences between grades 1 and 2, and a grade of “1-2 
of 3” can be reported. Grade 3 was further subdivided for the purposes of clinical research into 
3A (centrocytes still present) and 3B (sheets of centroblasts)2,8; moreover, in the latter, 
demarcation of follicles is often poorly defined and areas resembling DLBCL frequently exist9. 
Staining of FDCs (CD21+) may be necessary to distinguish between large follicles and diffuse 
areas2 (Figure 2). 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: FL grading. A) Grade 1. There is a monotonous population of small cells with irregular nuclei 
(centrocytes) with only a few large cells (centroblasts) with 1 or more basophilic nucleoli and a moderate 
amount of cytoplasm (black arrow). Most of the large nuclei present are those of FDCs (red arrow). B) Grade 2. 
The majority of the cells are centrocytes, but more numerous centroblasts are present. C) Grade 3A. There are 
more than 15 centroblasts per high power field, but centrocytes are still present. D) Grade 3B. The majority of 
the cells are centroblasts. Adapted from Swerdlow et al., WHO classification of tumors of haematopoietic and 
lymphoid tissues, 20082. 
 
There has been controversy during the past and even nowadays about the distinction of grade 
3B. The WHO classification of 2008 explicitly states that only diffuse areas comprised entirely 
or predominantly of large blastic transformed cells in a FL is equivalent to DLBCL and a 
separate diagnosis has to be performed2. Generally, grade 3B with a purely follicular 
architecture is extremely rare and simultaneous areas of grade 3B FL and diffuse areas or 
DLBCL are quite frequent, thus leading to a low number of well characterized cases studied and 
probably a considerable number of cases assigned to different diagnoses9. Accordingly, a large 

A

C

B

D
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retrospective analysis of 500 FL cases confirmed that the clinical courses of grades 1-2 and 
grade 3A are similar, whereas grade 3B had a clinical course more similar to DLBCL, with no 
relapses beyond 5 years. Therefore, grades 1, 2 and 3A are commonly treated as indolent, 
whereas the rare grade 3B is mostly treated as an aggressive DLBCL10. 
The immunophenotypic analysis of the cells can be used to confirm the diagnosis of FL 
following the medical indications identified by the 2006 Bethesda group11. FL cells express on 
their surface markers of B-cells, such as CD20 (very bright), CD19, CD22, CD79a and CD79b, 
most cases are positive for the germinal centre antigen CD10, and are negative for CD5, 
characteristic of T-cells. FL cells show surface expression of membrane bound Ig, 
predominantely IgM and IgG, while IgA is rare2. In addition, evaluation for BCL2 gene 
rearrangement, due to the translocation t(14;18)(q32;q21), by molecular diagnostic or 
Fluorescence In Situ Hybridation (FISH) studies may assist in establishing a diagnosis of FL2. In 
contrast with this expression profile of typical FL, many grade 3B FL frequently lack 
t(14;18)(q32;q21) and CD10 expression, but present BCL6 translocation, and increased p53 and 
MUltiple Myeloma 1/Interferon Regulatory Factor 4 protein (MUM1/IRF4) expression, 
corresponding to a more aggressive phenotype9. 
 

1.3.2. Origin 

The cytogenetic hallmark of FL is the translocation t(14;18)(q32;q21), present in 85% of 
patients. It occurs as a consequence of an error in the recombination of the segments V(D)J of 
the variable region of the Ig, in an early stage of B-cell development that takes place in the 
bone marrow. As a result, the BCL2 gene is placed under control of the IGHV promoter and 
that leads to a deregulated expression of this proto-oncogene in the tumor cells12. 
Deregulation of B-Cell Lymphoma 2 (BCL2) expression provides these t(14;18) positive B-cells 
with a survival advantage13, but is not sufficient to induce lymphomagenesis, because B-cells 
bearing t(14;18) have been detected in blood of healthy individuals; suggesting that these cells 
may selectively accumulate additional damage14. For that reason and thanks to the 
development of Next Generation Sequencing (NGS) techniques, in the last several years the FL 
genome has been deeply studied. 
Another important feature that has been elucidated in the vast majority of FL cells, but not in 
normal cells, is that despite the loss of one Ig allele by the t(14;18) translocation, sIg is 
retained. The variable region genes of this sIg carry sequence motifs for N-glycan addition that 
are introduced during somatic hypermutation, at a frequency of 79-100% in IGHV and IGLV 
sequences15,16. These added glycans terminate at high mannose, suggesting a potentially 
important interaction of FL cells with mannose-binding lectins of the tumor microenvironment, 
such as the C-type lectins expressed by 
macrophages and dendritic cells17, allowing FL cells 
to receive a persistent antigen-independent 
stimulation through their BCR that activate survival 
and proliferation pathways15,16. 

N-glycans: Compounds consisting of a 
large number of monosaccharides 
linked glycosidically, which participate 
in different biological processes such 
as cell-cell interactions. 
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1.3.3. FL genome 

While normal B-cells exit the germinal centre as mature memory B-cells or plasma cells, those 
cells that exit the germinal centre carrying t(14;18) can traffic and acquire additional genetic 
and epigenetic changes necessary for the progression of the tumor (Table 1)18. 
 
 Cytogenetic alterations 
While the most frequent alteration in FL is translocation t(14;18)(q32;q21), other chromosomal 
aberrations have also been reported, including non-random losses of 6q11-27 (30% of cases) 
and 1p32-36 (20%), as well as gains of 7 (28%), X (24%), and 18 (13%) chromosomes. These 
aberrations may constitute the most common distinct events arising secondary to t(14;18) in 
the early development of FL19. Analysis of candidate genes within these regions has yielded 
insight into potential key players. High frequency rates of 6q11-27 deletions have been linked 
to patient survival in FL, indicating the presence of fundamentally important tumor suppressor 
genes in these regions, including EPHA7 lost in 70% of cases20, and TNFAIP3/A20, a negative 
regulator of Nuclear Factor к-light-chain-enhancer of activated B-cells (NF-κB) signaling, lost in 
26% of cases21. On the other hand, within the deleted 1p32-36 region, TNFRSF14 was shown to 
be the unique candidate gene frequently affected22. 
 
 Genomic alterations 
FL is characterized by frequent mutations of histone-modifying genes. In particular, recurrent 
mutations have been reported on the encoding histone methyltransferases MLL2 (89%) and 
EZH2 (27%), the encoding histone acetylases CREBBP (33%), EP300 (9%), and MEF2B (15%)18,23. 
Mixed Lineage Leukemia protein 2 (MLL2) is known to regulate the transcription of a diverse 
set of genes, and the reported mutations in this gene are inactivating, thus acting as a central 
tumor suppressor gene24. Enhancer of Zeste Homolog 2 (EZH2) is responsible for adding methyl 
groups to Lys-27 of histone 3 (H3K27), and thereby, associated with transcriptional repression 
of chromatin. Somatic gain-of-function mutations of EZH2 have been reported to lock FL in a 
transcriptional profile that favors proliferation and these mutations are maintained through 
transformation of the disease23. Somatic mutations that inactivate the histone 
acetyltransferase domain of CREBBP and EP300 genes in FL result in a reduction in the 
acetylation dosage that is important for lymphomagenesis. In this regard, constitutive 
activation of the BCL6 oncoprotein and decreased p53 tumor suppressor activity were 
reported as a consequence of the reduction in acetylation mediated by these proteins25. 
Myocyte Enhancer Factor 2B (MEF2B) is a transcription factor that tends to selectively acquire 
non-synonymous amino acid substitutions, leading to an enhancement in its transcriptional 
activity and thus promoting the malignant transformation of germinal centre B-cells to 
lymphoma24. Moreover, somatic mutations in other genes not related with histone 
modification have also been described, such as activating mutations in the mammalian Target 
Of Rapamycin (mTOR) regulator RRAGC, that have been recently reported in 10-17% of FL 
cases, conferring a subsequent activation of the mTOR pathway26,27. In addition, somatic 
disruption of FAS, a cell receptor involved in regulation of programmed cell death, has been 
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elucidated in 6% of FL resulting in a decrease in apoptosis28. Finally, inactivating mutations 
have been recurrently found in genes already associated to deleted regions, such as TNFRSF14 
(18-46% of cases)22. This gene encodes for the Herpes Virus Entry Mediator (HVEM), which 
limits T-cell activation via ligation of B- and T-lymphocyte attenuator. Mutations were 
predicted to result in a truncated protein, with decreased surface expression and in 
consequence, leading to an increased ability of FL cells to stimulate allogeneic T-cell 
responses29. 
 

Alteration Frequency (%) Biological effect 
Cytogenetic alterations 

t(14;18)(q32;q21) 85 Overexpression of BCL2 antiapoptotic protein12 

del6q11-27 30 Loss of tumor suppressors EPHA7 and 
TNFAIP3/A2020,21 

Trisomy 7 28 Unknown19 

Trisomy X 24 Unknown19 

del1p32-36 20 Loss of TNFRSF14 expression, involved in signaling 
transduction pathways to T-cells22,29 

Trisomy 18 13 Unknown19 
Genomic alterations   

MLL2 inactivation 89 Alterations in the regulation of gene transcription24 

CREBBP inactivation 33 Reduction in acetylation dosage25 

TNFRSF14 inactivation 18-46 Increased ability to stimulate allogeneic T-cell 
responses29 

EZH2 activation 27 Increased transcriptional repression23 

MEF2B mutation 15 Enhanced transcriptional activity24 

RRAGC activation 10-17 Activation of mTOR pathway26,27 

EP300 inactivation 9 Reduction in acetylation dosage25 

FAS mutation 6 Decreased apoptosis28 
 

Table 1: Frequent genetic alterations in FL 
 

 Epigenetic alterations 
As previously mentioned, in FL there are recurrent mutations found in chromatin modifiers, 
indicating that lymphoma pathogenesis involves alterations in physiological epigenetic 
modulation. A DNA methylome analysis demonstrated that FL shows average genome-wide 
CpG hypomethylation in comparison to non-neoplastic germinal centre B-cells. In addition to 
this global hypomethylation, considerable gains in DNA methylation were observed at CpGs 
with low-level methylation in germinal centre B-cells, affecting transcription factor activity and, 
thereby, specific gene expression patterns. In line with that, this reported strongly increased 
DNA methylation of CpGs was related to Polycomb-repressed regions and target genes, and 
decreased DNA methylation of CpGs was related to heterochromatin30. Evolution of FL also 
affects the level of DNA methylation, and relapsed FL have a higher degree of methylation than 
primary FL31. 
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1.3.4. Role of the microenvironment 

In addition to these intrinsic abnormalities, crosstalk between neoplastic B-cells and non-
neoplastic immune and stromal cells in the microenvironment plays an important role in 
disease severity, transformation, clinical outcome, and response to therapy in FL32,33. 
The microenvironment is the organization of the accompanying cells, molecules, and blood 
vessels that work within an organ as a team via cell-cell contacts, and activate molecular 
crosstalk to provide a functional structure to parenchymal cells34. 
In FL, the malignant cells maintain a strong dependence on the cells of the microenvironment 
especially during the early course of the disease, like the normal B-cells in the germinal centre, 
suggesting that these cells likely support FL survival and proliferation by secretion of growth 
factors and cytokines, or by expression of adhesion molecules and other stimulatory 
molecules. The composition and spatial distribution of the cells within the tumor mimics that 
of the germinal centre in normal lymphoid tissues, including normal B-cells, lymphoid stromal 
cells, macrophages, and T-cells35. In addition, bone marrow infiltration found in up to 70% of 
patients at diagnosis is characterized by an ectopic differentiation of lymphoid-like stromal 
cells and local enrichment in follicular T helper cells, suggesting a critical dependence of 
malignant B-cells to this specific supportive cell niche36. Different subclones can be detected 
within bone marrow and lymph nodes, and bone marrow FL cells are characterized by a lower 
cytological grade and proliferation, thereby supporting the hypothesis that trafficking in 
various specific microenvironments could contribute to FL clonal selection and molecular 
heterogeneity37. 
Taken together, the FL cell niche should be envisioned as a dynamic network of cell interactions 
where the different cell compartments contribute to activation, polarization, migration and 
expansion of each other35 (Figure 3). 
 
 Stromal cells 
Three main stromal cell subsets have been described within normal lymph nodes, these are: 
Fibroblastic Reticular Cells (FRCs), FDCs, and Marginal Reticular Cells (MRCs). Moreover, 
secondary lymphoid organs contain bona fide Mesenchymal Stromal Cells (MSCs), these are 
MSCs that have migrated from the bone marrow to secondary lymphoid organs35. 
 
FRCs

 

 are mainly found in the mesenchymal stromal network of the T-cell zone. Their major role 
is to recruit mature dendritic cells and naïve B- and T-lymphocytes through the production of 
the homeostatic chemokines: C-C motif Ligand 19 (CCL19), CCL21 and C-X-C motif Ligand 12 
(CXCL12). FRCs also release extracellular matrix components that promote cell-cell 
interactions, together with InterLeukin 7 (IL-7), the Vascular Endothelial Growth Factor (VEGF), 
and nitric oxide. Finally, they are also involved in T-cell self-tolerance and tissue tropism 
imprinting35. 

FDCs are large cells with nuclei that are located in the germinal centre. They bind both free 
antigen and antigen-antibody complexes, and are ideal APCs to B-cells, thereby contributing to 



                                                                                                                            Follicular lymphoma 

13 |  
 

In
tr

od
uc

tio
n 

GERMINAL CENTRE

FDC

FL cell

FL cell

FL cell

FL cell

FL cell

CTL

Treg

TFHCXCR5

CXCR4
CXCL13

CXCL12

8D6
IL-15
IL-6

TCR

FL cell

FRC
MHC

FDC

FASL
FAS

BCR
C-type
lectin

CCL2

CCL19
CCL21

CXCL12

MSC

BCR

IL-12
IL-23

IL-10
IL-15

VEGF
MMP-9

TCR
MHC

CD40L
CD40

TFH

CXCR5
CXCL13

IL-4

IL-4

IL-2
IL-2Rα

IL-21

TFN-α
IFN-γ

M2 TAM

M1 TAM

C-type
lectin

affinity maturation and BCR signaling38, which may also occur through the interaction of the 
added BCR N-glycan motifs15,16 and C-type lectins expressed by these dendritic cells, principally 
Mannose Receptors (MR) and Dendritic Cell-Specific Intercellular adhesion molecule-3 
Grabbing Non-integrin (DC-SIGN)17, as previously stated. Furthermore, in FL, FDCs (CD21+) 
present on their surface activated markers that enhance cell-cell contact, such as the 
InterCellular Adhesion Molecule-1 (ICAM-1), Vascular Cell Adhesion Molecule-1 (VCAM-1) and 
CD44; they also express the B-Cell Activating Factor (BAFF) of the tumor necrosis factor family 
that prevents apoptosis. Moreover, FDCs secrete a number of growth factors that enhance 
proliferation, such as 8D6, IL-15 and IL-6; and chemokines, mainly CXCL12 and CXCL13 that 
facilitate the chemoattraction of FL cells, as these express high levels of receptors CXCR4 and 
CXCR538,39. 

Figure 3: The microenvironment in FL. FL tumor is characterized by the maintenance of the follicular 
structure, mimicking that of the normal germinal centre. FL B-cells are nurtured by a variety of cells such as 
FDCs, FRCs, MSCs, T-cells and TAMs, which support tumor growth and survival through a complex set of factors 
including: cytokines (IL-4, IL-21, IL-10, IL-12, IL-15, IFN-γ, TNF-α), chemokines (CXCL12, CXCL13, CCL19, CCL21, 
CCL2) that favor recruitment of FL cells to tumor niches, adhesion molecules (ICAM-1, VCAM-1, CD44) that 
enhance cell-cell interaction, angiogenic factors (VEGF, MMP-9), and stimulating molecules (BAFF, CD40L) to 
prevent apoptosis. BCR signaling occurs through stimulation of the BCR by the innate immune system through 
the added N-glycan motifs or by specific antigen presentation through professional APCs such as FDCs18. 
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MRCs

 

 have an unknown origin and they deliver small antigens to cognate B-cells though 
specific follicular conduits35. 

MSCs

 

 present in lymph nodes can be triggered to FRC differentiation in response to a 
combination of Tumor Necrosis Factor-α (TNF-α) and LymphoToxin-α1β2 (LT-α1β2), the two 
main factors involved in the differentiation and maintenance of secondary lymphoid organs40. 
These FRC-like cells are more powerful than resting MSCs to support malignant B-cell survival, 
as they produce the immunosuppressive enzyme Indoleamine-2,3 DiOxygenase (IDO) in 
response to InterFeroN-γ (IFN-γ) signaling that it is upregulated within FL microenvironment41. 
These primed FRC could thereafter inhibit T-cell proliferation and contribute to tumor immune 
escape. In addition, MSCs are key organizers of FL cell niche, as these cells overexpress CCL2 
that favors the recruitment of monocytes and promotes their survival and differentiation into 
proangiogenic and anti-inflammatory M2 type macrophages42. 

 T-cells 
T-cells in the germinal centre appear as small, mature lymphocytes. FL is characterized by the 
presence of a large number of T-cells that can be divided into 2 populations: CD8+ and CD4+ T-
cells. CD8+ are Cytotoxic T-cells (CTLs) and have an important role in the immune response 
against virally infected and tumor cells. They are activated by the engagement with target cells 
and this induces an apoptotic cascade on these target cells leading to their annihilation43. CD4+ 
T-cells are more numerous in neoplastic follicles than CD8+; their role is to provide help to 
other immune cells, and they can be further divided into two subgroups: follicular T helper 
cells (TFH) and follicular regulatory T-cells (Treg). The majority of germinal centre T-cells are TFH 
cells, which have a crucial role in supporting FL survival. TFH specifically help germinal centre B-
cell maturation and differentiation by secreting IL-21, which is one of the most important 
stimulators of B-cell proliferation, isotype switching and differentiation44. However, compared 
with TFH cells in normal tonsils, FL-derived TFH present increased secretion of different 
cytokines, mainly IL-4, IL-2, TNF-α, and IFN-γ45. IL-4 is the main cytokine overexpressed within 
the FL microenvironment; it binds to the IL-4 receptor on lymphoma cells and induces 
phosphorylation of the Extracellular Regulated Kinase (ERK) and activation of the Signal 
Transducer and Activator of Transcription 6 (STAT6). Moreover, IL-4 drives macrophages 
towards an M2 phenotype endowed with immunoregulatory and proangiogenic properties46,47. 
Increased levels of the IL-2 Receptor α (IL-2Rα) have been involved in the inhibitory activity of 
Treg and predict reduced survival in FL48. Furthermore, high levels of TNF-α and IFN-γ may 
modulate the FL supportive niche by sustaining differentiation and maintenance of the stroma 
network40,41. On the other hand, TFH cells can interact with FL through their T-Cell Receptor 
(TCR) via Major Histocompatibility Complex (MHC) class II, as well as by expressing high levels 
of CD40 Ligand (CD40L) which can bind CD40 present on the surface of malignant B-cells and 
rescue them from apoptosis49. In addition, TFH also show high levels of CXCR5, which 
recognizes CXCL13 produced by FDCs39 thereby attracting B- and T-cells to the follicular areas 
of lymphoid tissues45. In contrast, Treg cells are a small subset of CD4+ T-cells expressing CD25 
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regulated by the transcription factor FOrkhead boX P3 (FOXP3) and have been found to 
efficiently suppress intratumoral CTLs and B-cells, resulting in suppressed antitumor 
immunity50. 
 
 Tumor-Associated Macrophages (TAMs) 
These cells derive from circulating monocytes or from macrophages resident in the tissue in 
close proximity to or within the tumor. Depending on stimulation, TAMs can be activated to M1 
or to M2, with different roles and specific profiles of cytokine secretion51. M1 macrophages are 
involved in inflammatory responses. In the early stages of tumor development, M1 are 
recruited by inflammatory signals coming from the tumor, where M1 release proinflammatory 
cytokines such as IL-12 and IL-23 to promote T- and Natural killer (NK)-cell development and 
differentiation in order to engage an antitumoral response. In the later stages of the tumor, 
TAMs differentiate to M2 that participate in immunoregulation, tissue remodeling, tumor 
progression and angiogenetic processes in the tumor microenvironment. The M2 cytokine 
profile includes IL-10, proangiogenic factors such as VEGF and Matrix MetalloProteinase-9 
(MMP-9), and growth factors such as the Epidermal Growth Factor (EGF) that supports tumor 
growth51. Interestingly, IFN-γ, which is upregulated in FL microenvironment41, was shown to 
increase the migration of macrophages in response to CCL2, favoring the recruitment and 
differentiation of M2 macrophages in the vicinity of FL cells42. In addition, the C-type lectins 
MR and DC-SIGN are expressed on macrophages17,  and DC-SIGN is induced on M2 
macrophages in response to the high IL-4 levels within the FL cell niche46, allowing a direct FL-
M2 crosstalk through DC-SIGN and BCR interaction52. On the other hand, TAMs in FL 
overexpress IL-15 compared to tonsil macrophages; this cytokine is a growth factor that 
cooperates with the TFH-derived CD40L signal to sustain survival and proliferation of FL cells53. 
Both subtypes of TAMs express on their surface CD68 marker but M2 also express CD163 as a 
typical M2 activation marker protein35,51. 
 

1.3.5. FL transformation 

FL undergoes histologic transformation to a more aggressive malignancy, typically DLBCL, in 
around 30-40% of cases6. The pathogenesis of this process has to be better clarified, but it has 
been suggested that transformation results from random genetic, epigenetic, and/or 
microenvironmental hits during the clinical course of FL. Accordingly, secondary alterations are 
evident in the great majority of FL cases at diagnosis and become more numerous and complex 
during disease progression54,55. Genetic aberrations that have been related to FL 
transformation and aggressiveness include: alterations in tumor suppressor genes such as 
deletions of CDKN2A/p16 (46%)54,56 or mutations of TP53 (18%)54,57; chromosomal 
translocation t(3q27) that leads to an overexpression of the proto-oncogene BCL6 (60%)54,58, 
and changes in MYC expression altering its control of cell-cycle progression (50%)54,59. 
Moreover, it has been recently demonstrated that NOTCH1/NOTCH2 mutations occurs in about 
6% of FL cases and is usually associated with transformation to DLBCL, suggesting that 
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activation of this pathway, which regulates proliferation genes and the NF-кB pathway, may 
also contribute to FL aggressiveness60. Together with this loss of genetic stability and 
deregulated proliferation that are critical steps in transformation of FL, an increase in DNA 
methylation and a number of tumor microenvironment changes contribute to this progression, 
including the disruption of FDCs meshworks61, increased intrafollicular CD4+ T-cells61, a 
follicular rather than a diffuse localization of Treg cells62, and an increased microvessel density63 
(Figure 4). Therefore, confirming the key role of the crosstalk between tumor cells and non-
neoplastic cells in the surrounding microenvironment in the progression and transformation of 
FL. 

 
Figure 4: Biological factors associated with FL transformation to DLBCL. It is a multifactorial process where 
both genetic alterations and tumor microenvironment changes contribute to FL transformation to DLBCL. A) A 
case of FL with high number of centrocytes and few centroblasts, H&E x400. B) A case of DLBCL with classic 
centroblastic morphology, H&E x400. C) A case of FL, H&E x100. Note the nodular pattern reminiscent of 
germinal centres. D) A case of DLBCL, H&E x100. Note the abscence of the nodular pattern observed in FL. H&E: 
Hematoxylin and Eosin stain. Adapted from Maeshima et al, Cancer Sci., 201364,65 

 

1.3.6. Prognosis  

FL is a biologically heterogeneous disease, and the prognosis varies widely among individuals. 
Consequently, it is particularly important to determine factors associated with response to 
treatment and survival in order to guide treatment selection66. 
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 Follicular Lymphoma International Prognostic Index (FLIPI) 
The FLIPI was derived from a database of over 4000 patients largely treated in the pre-
rituximab era. It is based on the five strongest prognostic factors in multivariate analysis and 
includes: age, number of nodal areas involved, tumor stage, serum LDH level and hemoglobin 
level; it classifies patients into three groups with 10-year overall survival rates of 71% (low 
risk), 51% (intermediate risk) , and 36% (high risk), respectively67. Recently, in the rituximab 
chemotherapy era, a new prognostic index was published, FLIPI-2, incorporating ages over 60, 
lymph node size larger than 6 cm, bone marrow involvement, elevated β2-microglobulin and 
anemia as independent risk factors for Progression Free Survival (PFS) thereby representing a 
tool for the identification of patients with different risks of disease progression based on 
clinical data68. 
These clinical indices are robust and easy to use in clinical practice. Nevertheless, they do not 
capture the complexity of the clinical behavior of tumors and marked variations in outcome 
remain within each risk group, demonstrating that new biomarkers more related to tumor 
biology should be included in future indices69. 
 
 Tumor microenvironment 
As previously stated, the clinical behavior of FL from a biological point of view is highly 
dependent on the microenvironment within the tumor due to the strong dependence that FL 
cells retain from their accompanying non-malignant cells. The first study that demonstrated 
the prognostic power of FL microenvironment was published in 2004 by Dave et al33. 
Microarray analysis of FL tumor biopsies demonstrated that the clinical behavior of FL may be 
associated with the gene-expression profiles of the tumors at diagnosis, where the genes that 
predicted survival derived from non-malignant cells in the tumors rather than from malignant 
B-cells. Two specific molecular signatures could be distinguished from this Gene Expression 
Profile (GEP) analysis: immune response type 1 and immune response type 2, and were named 
on the basis of the biological function of certain genes within each signature (Figure 5)33. The 
immune response 1 was associated with a favorable prognosis and included several T-cell 
restricted genes and also some genes highly expressed in macrophages. In contrast, the 
immune response 2 was associated with a poor outcome and included genes expressed in 
macrophages, dendritic cells, or both. The type 1 immune response was not just a surrogate of 
the number of T-cells in the tumor because many other characteristic T-cell genes were not 
related to survival; therefore, these signatures may also capture different degrees of activation 
of the cells and not only different subpopulations33,61,70.  
Subsequent immunohistochemical studies have tried to transfer these findings into the clinical 
laboratory by associating the cellular composition of the microenvironment and its spatial 
distribution with the progression of the disease62,71–77. In this regard, it has been suggested 
that high numbers of macrophages and dendritic cells correlate with an unfavorable 
prognostic, whereas a high content of CD8+ and CD4+ T-cells may indicate prolonged survival. 
However, the results still remain very contradictory, with macrophages, TFH and Treg correlating 
with poor prognosis in some studies62,69,74–76, while with a good prognosis or without any 
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significant impact in others71–75,77. Several explanations related to variations on study 
endpoints, patient selection, different treatment regimens and technical scoring may be given 
for these different results on the predictive value of microenvironment cell populations in 
FL78,79. In summary, two faces of FL microenvironment can be illustrated: on the one hand, its 
capacity to exert antitumor activity by itself or by potentiating the efficacy of FL-targeting 
drugs, and on the other hand, its capacity to favor directly and indirectly FL B-cell growth35. 
This could clarify the opposite predictive value of a high TAM content, which exhibits a dual 
role depending on treatment schedule. Along this line, high numbers of CD68+ or CD163+ TAMs 
are associated with adverse outcome in FL patients treated with conventional chemotherapy69; 
whereas elevated content of these cells predicts favorable outcome when rituximab is 
combined with chemotherapy due to Antibody-Dependent Cellular Phagocytosis (ADCP) 
induced by macrophages that promote rituximab-mediated tumor clearance73,74,77. 
Overall, understanding and translating the complex interaction between FL cells and their 
microenvironment in order to achieve actionable prognostic assays still remains an active area 
of investigation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Survival and genes associated with prognosis in FL. Hierarchical clustering of survival-associated 
genes according to their expression in a training set of 95 FL biopsy specimens. The data are represented in a 
grid format in which each column represents a single case of FL, and each row a single gene. The relative level 
of gene expression is depicted according to the color scale shown. The dendrogram shows the degree to which 
the expression pattern of each gene is correlated with that of the other genes; the colored bars represent sets 
of coordinately regulated genes, defined as gene-expression signatures. To the right of the dendrogram, the 
genes making up the immune response 1 and immune response 2 signatures that formed the survivor predictor 
model are listed. Adapted from Dave et al., N Engl J Med, 200433. 
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1.3.7. Current treatments 

Treatment for FL varies among individuals depending on the patient’s symptoms, the 
aggressiveness of the tumor, age, and general health, as well as each institution’s guidelines 
(Figure 6).  
 
 First-line therapy 
When FL is diagnosed at an early stage and the person has no symptoms, the “watch and wait” 
strategy is recommended, because early treatment does not improve overall survival. If it is 
localized to one area, it is important to distinguish between Follicular Lymphoma In Situ (FLIS) 
and Partial involvement by Follicular Lymphoma (PFL); this distinction should be made using 
histologic and immunophenotypic criteria, together with a careful clinical evaluation for other 
sites of disease. Patients presenting FLIS have a very low risk of progression to FL, and 
conservative management is advisable in cases where initial staging is negative for other sites 
of disease; whereas patients showing PFL are associated with low-stage disease and local 
radiotherapy may be given80. However, the majority of FL patients show advanced and 
symptomatic disease at diagnosis and, therefore, need therapy. The standard first-line 
treatment is immunotherapy or chemoimmunotherapy that include a combination of 
multiagent chemotherapy with the anti-CD20 monoclonal Antibody (mAb) rituximab (R). The 
most widely adopted regimen is R-CHOP (Rituximab + Cyclophosphamide, Doxorubicin, 
Vincristine, and Prednisone) with an Overall Response Rate (ORR) of 93%. There are also other 
combinations that are less frequently used: R-CVP (Rituximab + Cyclophosphamide, Vincristine, 
and Prednisone) with an ORR of 88% or R-FM (Rituximab + Fludarabine and Mitoxantrone) 
with an ORR of 91%81. 
Recently, the combination of Rituximab with Bendamustine (RB), a hybrid molecule containing 
a nucleoside analog and an alkylating agent, has gained widespread adoption as an alternative 
initial therapy because it was demonstrated to have better efficacy and less toxicity than R-
CHOP and R-CVP regimens82,83. 
A novel strategy for the initial management of FL, which is currently being evaluated in clinical 
trials, is the combination of the immunomodulatory 
agent lenalidomide with rituximab, which was reported 
with an ORR of 98% and 3 years of PFS in 78.5% of cases 
(NCT00695786)84. Based on these promising results, a 
phase III study comparing this regimen to the standard R 
+ chemotherapy on untreated FL was initiated and 
outcomes are pending (NCT01650701). 
Generally, remission may last for several years, but the 
disease does return in most patients, making this 
lymphoma incurable. 
 
 
 

FLIS: Architecturally normal-
appearing lymph nodes which 
demonstrate BCL2 overexpression 
in one or more follicle centers, 
and typically show follicular 
hyperplasia. It is usually confined 
to the germinal centre and has a 
very low rate of progression to 
clinically significant FL2. 
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 Maintenance 
Maintenance after achieving a response with induction therapy has been used for years. In this 
context, IFN-α has been demonstrated to improve PFS, although a net benefit for overall 
survival is less evident. Nevertheless, the decision should be individualized because IFN-α was 
associated with significant toxicities that may have a major impact on a patient’s quality of 
life85. More recently, rituximab has been shown to significantly prolong PFS, although with low 
risk or infections. Currently, maintenance with rituximab is considered the gold-standard for 
patients responding to initial immunochemotherapy86. 
 
 Consolidation 
The goal of consolidation therapy is to rapidly improve the response to first-line therapy by 
attaining complete response from partial response. RadioImmunoTherapy (RIT) is an 
appropriate option for consolidation; it combines the specificity of a CD20 mAb with a 
radioactive isotope that is delivered to tumor sites. The most widely used is 90 Y-ibritumomab 
tiuxetan (Zevalin®), which has beneficial effects on PFS, but also has potential hematologic 
toxic effects; for that reason, its use should be limited to patients with adequate bone marrow 
function87. 
 
 Second-line therapy  
For those patients with Refractory or Relapsed (R/R) FL, second-line therapies are often 
successful in providing another remission. There are multiple options for the treatment of 
these patients and the decision depends on a number of factors, including: prior treatment 
utilized, duration of prior response, patient age, comorbid illnesses, and goals of therapy.  
Bendamustine is a chemotherapeutic agent approved for use in patients with R/R FL with an 
ORR of 75%88.  
Fludarabine-based regimens are another option for patients who relapse. However, they 
should be used with caution in heavily pretreated or elderly patients due to 
immunosuppression89. 
RIT using Zevalin® is also an option for R/R FL with an ORR of 80%, but as previously 
mentioned, due to its toxicity should be limited to patients with adequate bone marrow 
function87,90. Some young and fit patients with relapsed and advanced FL may eventually have 
a bone marrow transplantation using either their own stem cells, autologous hematopoietic 
Stem Cell Transplantation (autoSCT), or stem cells from a donor, allogeneic hematopoietic 
Stem Cell Transplantation (alloSCT), with 5 years of disease-free survival induced in 

approximately 50% of patients treated with either technique91.  
The most recent chemotherapeutic agent approved by the Food 
and Drug Administration (FDA) for the treatment of R/R FL 
patients is obinutuzumab, a type II anti-CD20 mAb that has 
been demonstrated to induce an ORR of 45% when used as 
monotherapy in these patients92. The study that granted the 
approval of this mAb is a phase III trial that is still ongoing 

Refractory disease: it 
does not respond to 
treatment. 
 
Relapsed disease: it 
returns after treatment. 
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(NCT01059630), testing the clinical efficacy of obinutuzumab + bendamustine followed by 
obinutuzumab monotherapy in rituximab-refractory indolent Non-Hodgkin Lymphoma (NHL) 
vs. treatment with bendamustine alone. Preliminary results demonstrated that PFS was 
significantly longer in the obinutuzumab-containing regimen compared to bendamustine alone 
(29.2 months vs. 14 months)93. Therefore, obinutuzumab is approved for use in combination 
with bendamustine followed by obinutuzumab maintenance in R/R FL patients. 
Newly developed drugs for treating R/R FL are based on identified molecular targets; among 
these idelalisib is one that received accelerated approval by the FDA in 2014, it is a 
PhosphoInositide 3-Kinase δ (PI3Kδ) inhibitor, which has an ORR of 57%, a median PFS of 11 
months and a low incidence of severe adverse effects94.  
 
 Emerging therapies 
In addition to idelalisib, there are more novel agents in development in FL, including other 
PI3K inhibitors, inhibitors of Bruton’s Tyrosine Kinase (BTK), BCL2 inhibitors, novel mAbs, 
checkpoint inhibitors (anti-PD-1) and EZH2 inhibitors among others (Table 2)89. Some of these 
agents will be explained in detail in the next chapter (2. New therapeutic strategies in 
lymphoid neoplasms). 
 

Agent Classification ORR (%) Indication 

Ibrutinib95 BTK inhibitor 28 R/R FL 

Venetoclax (ABT-199)96 BCL2 Inhibitor 38 R/R FL 

Tazemetostat (EPZ-648)97 EZH2 inhibitor N/A R/R FL 

Buparlisib (NVP-BKM120)98 pan-PI3K inhibitor N/A R/R FL 

Copanlisib (BAY80-6946)99 pan-PI3K(α/δ > β/γ) inhibitor 47 R/R FL 

Duvelisib (IPI-145)100 PI3Kδ/γ inhibitor 69 R/R FL 

Epratuzumab + rituximab101 anti-CD22 + anti-CD20 88 Untreated FL 

Blinatumumab102 Bispecific Ab  
(anti-CD3 and anti-CD19) 80 R/R FL 

Pidiluzumab + rituximab103 anti-PD-1 + anti-CD20 66 R/R FL 

 
Table 2: Promising agents under evaluation for the treatment of FL patients 
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Figure 6: Treatment algorithm for patients with FL. A) Approach to the patient with newly diagnosed FL. In 
the case of advanced stage, grade 1-2 or grade 3A FL can be managed using this algorithm. Patients with FL 
grade 3B are generally managed according to the principles for DLBCL. B) Approach to the patient with R/R FL. 
Management decisions must be individualized and are dependent on a number of factors, including patient 
age, comorbidities, goals of therapy, and number and efficacy of prior therapies. Adapted from Kahl and Yang, 
Blood, 201689.  
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1.4. CHRONIC LYMPHOCYTIC LEUKEMIA 

CLL is a type of B-cell lymphoid neoplasm that was first defined as a clinical entity in 1966104. It 
is characterized by the progressive accumulation of apoptosis-resistant mature B-cells with a 
low rate of proliferation ability, in peripheral blood, bone marrow, and lymphoid tissues2. 
However, there is a small fraction of cells that proliferate actively and generate approximately 
2% of new cells every day; this proliferation takes place in proliferation centers or 
pseudofollicles105. Hence, CLL is characterized by a dynamic balance between cells circulating 
in the blood and cells located in permissive niches in lymphoid organs2.  
CLL is the most common type of leukemia in adults in Western countries, accounting for about 
30% of all leukemias. The median age at diagnosis is around 70 years, it affects more males 
than females (ratio 2:1) and has an annual incidence of 3-5 
new cases per 100,000 people2. CLL is a heterogeneous disease 
with a highly variable clinical course, ranging from 
asymptomatic patients with highly stable disease and almost 
normal life expectancy, to patients with a rapid progression and 
a short life expectancy106. Sometimes, a small fraction of CLL 
cases, around 15% of patients, transform into a very aggressive 
form, known as Richter’s syndrome, that morphologically 
resembles DLBCL and is associated with a very poor clinical 
outcome107. 
 

1.4.1. Diagnosis 

The majority of patients with CLL are asymptomatic at diagnosis, but some can present 
symptoms that include: fever, fatigue, weight loss and lymphadenopathy, among others. The 
diagnosis of CLL requires the presence of minimum 5x109 B-lymphocytes/L in the peripheral 
blood for at least 3 months, and the cell clonality should be confirmed by flow cytometry. CLL 
cells co-express on their surface the B-cell marker CD19, the activation marker CD23, and the 
T-cell marker CD5. They also express CD20 and membrane bound IgG/IgM but at a very low 
level compared with those on normal B-cells. Morphologically, CLL cells appear as small, 
mature lymphocytes, sometimes presenting nuclear irregularities (Figure 7). These cells may 
be found admixed with larger atypical cells, cleaved cells or prolymphocytes2.  

 
 
 
 

Figure 7: CLL in the peripheral blood. The CLL lymphocytes 
are small, round, with distinct clumped chromatin. Smudge 
cells are commonly seen. Adapted from Swerdlow et al., WHO 
classification of tumors of haematopoietic and lymphoid 
tissues, 20082. 

Pseudofollicles: Specific 
structures found in bone 
marrow or lymph nodes, 
which contain active 
proliferating CLL cells 
admixed with T-cells and 
stromal cells. 
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Most cases of CLL are preceded by Monoclonal B-cell Lymphocytosis (MBL), an indolent 
expansion of B-lymphocytes characterized by less than 5x109 B-lymphocytes/L, but with a 
typical CLL immunophenotype. MBL is detectable in approximately 5% of adults older than 40 
years and about 1% of these patients can evolve into CLL per year108.  
 

1.4.2. Origin 

Nowadays, the origin of CLL is still unknown, but after extensive molecular investigations of the 
BCR, it has been suggested that there are two different subgroups of CLLs that have their origin 
in different cell types. One group that represents around 60-65% of CLLs and contains mutated 
IGHV (M-CLL), with evidence of somatic hypermutations in the variable regions of these genes, 
suggesting that they may derive from B-cells that have transitioned through the germinal 
centre; whereas the remaining 35-40% of CLLs are devoid of somatic mutations in the IGHV 
genes (U-CLL) and may derive from B-cells that have undergone differentiation outside of the 
germinal centre. Patients with M-CLL have a more indolent disease and longer overall survival 
than those with U-CLL109,110.  
Evidences of antigen stimulation are present in both CLL subgroups, with 30% of cases carrying 
quasi-identical BCRs among both mutated and unmutated CLL patients (stereotyped BCR)111. 
These stereotyped BCR indicate that some BCR rearrangements have been positively selected 
by interactions with specific antigens, suggesting that this selection may be at the basis of 
disease development112.  
In a recent epigenetic study, some differences in DNA methylation patterns between M-CLL 
and U-CLL were found to be associated with epigenetic imprints of their putative cells of origin. 
It is worth noting that M-CLL have a pattern more similar to that found in B memory cells, 
whereas U-CLL have a pattern more similar to naïve B-cells113. 
 

1.4.3. CLL genome 

As previously mentioned, CLL has a highly variable clinical presentation and evolution that can 
be attributed to heterogeneity in the disease biology; however, the molecular changes leading 
to the pathogenesis of the disease remain poorly understood. The CLL genome is mostly 
devoid of the chromosomal translocations and aberrant somatic hypermutations that are 
involved in several B-cell NHL2. In the last few years, genome-wide analyses have enabled the 
characterization of recurrent genetic lesions present in the CLL genome, hence providing 
further insights into the disease pathogenesis and progression114 (Table 3).  
 
 Cytogenetic alterations 
The most frequent alteration is the deletion 13q14 that occurs in 50-60% of CLL cases115; this 
lesion may be an early event in the disease because it is often found as a single lesion and it is 
detectable at a similar frequency in MBL116. This alteration affects the non-codifying genes 
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DLEU1 and DLEU2 and the cluster of microRNAs MIR15A/MIR16A, thus altering the activity of 
NF-кB and increasing the expression of the antiapoptotic protein BCL2, favoring the 
progression of the disease117,118. Additional chromosomal aberrations have been reported, 
including trisomy 12 (15% of cases)119, as well as deletions at 11q22-q23 (15%) and 17p13 (5-
10%)115. Trisomy 12 is associated with an atypical morphology and immunophenotype119, and 
it has recently been related to the presence of NOTCH1 mutations120. Deletion of the 11q22-
q23 region has been shown to cause inactivation of ATM (36% cases), thereby promoting 
disease progression through its functional loss in regulation of cell cycle and DNA damage 
responses121. Deletion of 17p13 is strongly associated with inactivation of the tumor 
suppressor p53 (70%), thereby causing deregulation of apoptosis and cell cycle122. 
 

Table 3: Frequent genetic alterations in CLL 
 
 Genomic alterations 
Some other recurrent, but less frequent genomic aberrations, have been found to affect the 
CLL genome and are associated with poor prognosis, including mutations of NOTCH1, SF3B1, 
BIRC3, POT1 and MYD88 genes. Activating mutations of NOTCH1 (10% of cases) have been 
found preferentially in U-CLL patients and are frequently related to trisomy 12, representing a 
subgroup of patients with poor prognosis120,123. Somatic point mutations have been described 
on the splicing factor SF3B1 gene (10%), causing alterations in the regulation of pre-mRNA 
splicing, and favoring faster disease progression and poor overall survival rates124. Inactivating 
mutations of BIRC3 (4%) induce activation of the Mitogen-Activated Protein Kinase Kinase 
Kinase 14 (MAP3K14), the central activator of non-canonical NF-кB signaling, leading to a 
constitutive activation of this pathway125. Recently, recurrent somatic mutations on POT1 have 
been identified (3.5%). Protection Of Telomeres protein 1 (POT1) participates in the protection 

Alteration Frequency (%) Biological effect 
Cytogenetic alterations 

del13q14 50-60 Suppression of MIR15A/MIR16A that leads to alteration 
in NF-κB activity and overexpression of BCL2117,118 

Trisomy 12 15 Associated to NOTCH1 activation120 

del11q22-q23 15 Inactivation of ATM, promoting deregulation of cell cycle 
and DNA damage121 

del17p13 5-10 Inactivation of p53 tumor suppressor122 

Genomic alterations   

NOTCH1 activation 10 Deregulation of proliferation genes and NF-кB 
pathway120,123  

SF3B1 inactivation 10 Alterations of pre-mRNA splicing124 

BIRC3 inactivation 4 Constitutive activation of NF-кB pathway125 

POT1 inactivation 3.5 Telomere dysfunction126 

MYD88 activation 3 Activation of TLR pathway114 
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of telomeres integrity; therefore, inactivation of this protein can lead to chromosomal 
instability and the acquisition of additional genomic aberrations126. Finally, less frequent 
mutations have been described on MYD88 (3%), a protein that participates in the signaling 
pathway of Toll-Like Receptors (TLR) during the immune response. TLR activation promotes the 
proliferation of tumor cells and protects them from spontaneous apoptosis114 (Table 3). 
 
Some of these cytogenetic and genomic alterations can be assessed to determine the 
prognosis in newly diagnosed CLL patients (Figure 8)125. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Prognosis of CLL according to cytogenetic alterations and recurrent mutations. An estimation of 
overall survival was performed in four CLL subgroups using Kaplan-Meier survival analysis. The high-risk 
category included patients harboring TP53 disruption and/or BIRC3 disruption independent of co-occurring 
lesions, is represented by the red line (5-year OS: 50.9%; 10-year OS: 29.1%). The intermediate-risk category 
included patients harboring NOTCH1 and/or SF3B1 mutations and/or del11q22-q23 in the absence of TP53 and 
BIRC3 abnormalities, is represented by the yellow line (5-year OS: 65.9%; 10-year OS: 37.1%). The low-risk 
category (5-year OS: 77.6%; 10-year OS: 57.3%) comprised both patients harboring trisomy 12 and patients 
wild-type for all genetic lesions (normal), is represented by the green line. The very low-risk category included 
patients harboring del13q14 as the sole genetic lesion, is represented by the blue line (5-year OS: 86.9%; 10-
year OS: 69.3%). OS: Overall Survival. Adapted from Rossi et al., Blood, 2013125. 
 
 Epigenetic alterations 
In addition to these genetic alterations, there are a great number of some other genes that 
have massive epigenetic modifications, mainly as hypomethylation, frequently affecting the 
enhancer regions. Aberrant methylation has been described in some key genes related to CLL, 
such as: BCL2, ZAP70, TCL1, DAPK1 and NOTCH1. Recently, it has been hypothesized that 
methylation could have an essential role in the leukemogenic process before the clinical 
detection of CLL113,127. 
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1.4.4. Microenvironment in CLL 

Circulating CLL cells are attracted into the bone marrow and secondary lymphoid tissues, 
where they engage in complex cellular and molecular interactions with the cells in the 
microenvironment, which consists principally of T-cells, MSCs (mainly Bone Marrow Stromal 
Cells: BMSCs), monocyte-derived Nurse-Like Cells (NLCs), and soluble factors (Figure 9)128. 
These interactions affect CLL-cell survival and proliferation conferring a dependence of CLL 
cells on the microenvironment that is easily appreciated by the fact that CLL cells rapidly 
undergo apoptosis when they are removed from patients129. The BCR plays a central role in 
crosstalk between CLL and stromal cells; upon BCR activation, CLL cells secrete cytokines such 
as CCL3 and CCL4, which shape the microenvironment by attracting accessory cells that 
support their own survival130. There is an increase of monocytes and CD3+ T-cells gathering in 
the pseudofollicles; most of the T-cells are CD40L+ CD4+, and can stimulate CLL cells through 
the interaction of CD40 (present on CLL cells) and CD40L. This stimulation activates several 
antiapoptotic signaling pathways, including the caspase inhibitor Baculoviral Inhibitor of 
apoptosis Repeat-Containing 5 (BIRC5) and NF-кB, leading to the rescue of CLL cells from 
apoptosis and induction of their proliferation131,132. On the contrary, the role of 
monocytes/macrophages in the development and progression of CLL is poorly understood. 
Along this line, it has recently been demonstrated in CLL animal models that macrophage 
depletion sensitizes CLL cells to apoptosis via induction of TNF signaling, suggesting that these 
accompanying cells might induce survival benefit133,134. CLL cell trafficking and tissue homing to 
the bone marrow and secondary lymphoid tissues is regulated by contact with the stromal 
cells by way of chemokine receptors such as CXCR4 and CXCR5, in concert with adhesion 
molecules such as the α4β1 leukocyte integrin (CD49d/CD29), expressed on the surface of CLL 
cells128. BMSCs secrete high levels of CXCL12 and the interaction between this chemokine and 
its receptor CXCR4, which is expressed at high levels on CLL cells, is the predominant factor for 
bone marrow homing of CLL135. CXCL13 is another important chemokine involved in this cell 
homing; however, the role of the CXCL13/CXCR5 axis in CLL has been much less explored. In 
this context, it has recently been demonstrated that this axis controls the localization of CLL 
cells to the germinal centre of secondary lymphoid organs in close proximity to FDCs, where 
these stromal cells support CLL activation and proliferation136,137. On the other hand, NLCs 
found in CLL are of myeloid origin and resemble an M2 subset of TAMs described in other B-
cell tumors, both in phenotype and function, expressing high levels of CD68 and CD163. The 
close proximity of CD163+ cells to proliferating CLL cells found in the pseudofollicles of lymph 
node biopsies, suggests that they might provide prosurvival signaling138,139. In this context, 
NLCs secrete both CXCL12 and CXCL13 chemokines thereby contributing to CLL homing, and 
express stimulating molecules such as BAFF and A PRoliferation-Inducing Ligand (APRIL), which 
protect CLL cells from apoptosis140. CLL cells that are in close proximity or in contact with 
activated CD4+ T-cells show expression of the cell surface marker CD38141. CD38 expression 
allows CLL cells to interact with its ligand (CD31) expressed by stromal and NLCs; ligation of 
CD38 activates the Zeta Associated Protein of 70 KDa (ZAP-70) and downstream survival 
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pathways. CD38+ CLL cells also display higher levels of chemotaxis, and CD38 enhanced 
chemotaxis towards CXCL12142. 
This dependency of CLL on their microenvironment opens a door to finding new drugs that 
target the interaction between CLL cells and their supportive microenvironment.  
 

 
Figure 9: The microenvironment in CLL. CLL cells interact with stromal cells in the microenvironment, such as 
BMSCs and NLCs, through chemokine receptors (CXCR4, CXCR5) and adhesion molecules (α4β1 integrin), 
favoring CLL-cell homing to tumor niches, and tissue retention. Interaction with the stimulating molecules BAFF 
and APRIL, expressed on the surface of NLCs, protects CLL cells from apoptosis. CD38 expression allows CLL cells 
to interact with its ligand CD31 expressed on NLCs, activating downstream survival pathways. Self-and/or 
environmental antigens allow BCR stimulation, which in addition to co-culture with NLCs, induces CLL cells to 
secrete chemokines (CCL3, CLL4) for the recruitment of monocytes and T-cells, these T-cells interact via CD40L 
with CLL cells, favoring survival. Moreover, M2 macrophages can also be found in the pseudofollicles, providing 
survival signaling to CLL cells128. 
 
 
 
 
 
 



                                                                                                             Chronic lymphocytic leukemia 

29 |  
 

In
tr

od
uc

tio
n 

1.4.5. Prognosis 

Staging systems in CLL provide standardized parameters to help assess the prognosis of 
patients at the time of diagnosis and during the course of illness; the staging systems most 
commonly used are Rai and Binet. Rai’s classification is based on the clinical manifestations of 
the disease143, whereas Binet’s system is based on the number of regions affected by the 
disease144. An advanced stage at diagnosis is a bad indicator of prognosis.  
A limitation of both staging systems is their inability to predict disease progression in early 
stage patients. Therefore, there is a set of prognostic factors that provide complementary 
information on predictors of disease outcome and survival. A patient may exhibit one or 
multiple prognostic markers: 

 Serum markers  
The most important serum markers in CLL patients are: β2-microglobulin, serum thymidine 
kinase, soluble CD23 and TNF. High levels of these markers are associated with a bad 
prognosis145.  
 
 Mutational status of IGHV  
IGHV mutation status and molecular cytogenetics, as previously described, has a remarkable 
impact on survival; hence, the distinction between M-CLL and U-CLL is clinically meaningful, 
while unmutated IGHV is a predictor of a bad prognosis110 (Figure 10A). The cut-off to 
distinguish among these two groups was established arbitrarily at 98% of sequence homology 
for IGHV genes in CLL compared to germ line genes146.  
 
 Expression of CD49d and ZAP-70  
Flow cytometry can be used to determine the membrane expression of CD49d (>30%) and the 
expression at the intracellular level of ZAP-70 (>20%), as efficient markers for predicting 
prognosis of CLL patients. These two markers are dynamic and tend to increase with disease 
progression, suggesting that they may be a read-out of the response of CLL cells to the 
microenvironment signals147,148 (Figure 10B-C). Moreover, it has recently been shown that 
CD49d is the strongest predictor marker of overall survival that can be analyzed by flow 
cytometry149. 
 
 CD38 expression 
CD38 is a transmembrane glycoprotein that can function as a receptor and as an enzyme; its 
expression is regulated by the tumor microenvironment and it changes as a result of contact 
with activated CD4+ T-cells in pseudofollicles. It is also specifically expressed on cells that are 
primed to proliferate in the lymph node141. Moreover, CD38 cooperates with CXCR4-induced 
migration150, sustains BCR-mediated signaling151, and a role in adhesion and tissue invasion in 
cooperation with CD49d and MMP-9 has also been attributed to this receptor152. Taken 
together, expression of CD38 (>30%) is a valuable prognostic factor independent of IGHV 
mutational status and associated with poor outcome in CLL153,154 (Figure 10D). 
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p < 0.0001 p < 0.0001

p = 0.002 p = 0.002

 
Figure 10: Influence of prognostic factors in CLL survival. Overall survival after diagnosis for: A) IGHV status, 
B) CD49d expression, C) ZAP-70 expression, and D) CD38 expression. OS: Overall survival. Adapted from Majid 
et al., Leuk Res, 2011155. 
 

 
1.4.6. Current treatments 

CLL does not require treatment until symptoms develop or the disease progresses, usually 
because of cytopenias. However, those patients with high risk prognostic factors associated 
with the disease may be assigned to receive treatment before manifesting any symptoms156 
(Figure 11). 
 
 First-line therapy 
Historically, CLL was treated with alkylating agents such as chlorambucil or cyclophosphamide, 
and later with purine analogues including fludarabine, pentostatin or cladribine, or a 
combination of both regimens. Purine analogues have better overall and complete response 
rates and also better PFS than alkylating agents; consequently, they are the preferred 
chemotherapeutic agents for front-line CLL treatment157. Recently, bendamustine has been 
gaining importance in the treatment of CLL, as it combines the characteristics of purine 
analogues and alkytating agents158. The anti-CD20 mAbs (rituximab, ofatumumab) show 
limited efficacy as monotherapy in CLL, but they have represented a great advance when used 
as part of chemoimmunotherapy regimens. Included among them is the combination FCR 
(Fludarabine, Cyclophosphamide, and Rituximab), which is the most popular choice as a front-
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line therapy, with an ORR of 95%159. However, this regimen is often associated with a high rate 
of hematologic toxicity and infectious complications; thus, another appropriate therapeutic 
option for elderly and frail patients, who cannot tolerate the FCR regimen, is the combination 
RB, with an ORR of 89%160.  
The combination chlorambucil + ofatumumab significantly improved ORR (82% vs. 69%) and 
PFS (22.4 months vs. 13.1 months), compared to chlorambucil monotherapy. Based on these 
results, the combination of chlorambucil + ofatumumab was also approved for the first-line 
treatment of CLL patients161. 
Moreover, a new type II anti-CD20 mAb, obinutuzumab, has recently been approved in 
combination with chlorambucil in previously untreated CLL, after demonstrating its higher ORR 
(78.4%) compared to the chlorambucil + rituximab regimen (65.1%)162. 
Patients with CLL with del17p13 have a very poor prognosis with alkylating and purine 
analogue-based chemoimmunotherapy163; hence, treatment approaches that act 
independently of functional p53, such as alemtuzumab (anti-CD52 mAb), corticosteroids and 
lenalidomide, have constituted the treatment of choice164. Ibrutinib (BTK inhibitor) is also an 
effective treatment for patients harboring del17p13 and has recently been approved by the 
FDA as front-line therapy in this group, although it does not appear to completely abrogate this 
adverse prognostic factor162. 
 
 Second-line therapy 
Treatment options for R/R CLL patients are growing; however, a gold-standard treatment has 
still not been established. For those who previously achieved a durable remission, repeating 
the same regimen at relapse may be efficacious whereas new agents have demonstrated 
significant activity for patients with early R/R disease156. 
There are currently two therapies that have been recently approved by the FDA for patients 
with R/R CLL: ibrutinib and idelalisib. Ibrutinib should be the treatment of choice for R/R CLL, 
with an ORR of 71% reported165. Whereas idelalisib has also been approved in combination 
with rituximab with an ORR of 81%, and is appropriate for patients in whom rituximab 
monotherapy would be considered acceptable166.  
The anti-CD20 mAb ofatumumab has also been approved as monotherapy for patients with 
CLL refractory to fludarabine and alemtuzumab, with a reported ORR of 45% and a median PFS 
of 5 months167. 
Another drug that received accelerated approval by the FDA last April 2016 is the BCL2 
inhibitor venetoclax (ABT-199); this agent is indicated for the treatment of CLL patients 
harboring del17p13 who have received at least one prior therapy. Approval was based on 
successful results obtained in a phase II study with CLL patients carrying del17p13, in whom an 
ORR of 85% was achieved, demonstrating that this drug is able to act in a manner independent 
from p53168. 
AlloSCT remains a valid approach and leads to 5-year event free survival and an overall survival 
of 35-60%; however, the associated morbidity and mortality are very high and, therefore, some 
aspects should be considered before the decision. Patients that might be referred for an 
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alloSCT depend on a variety of factors, including: high risk disease, del17p13/TP53 mutations 
or del11q22-q23, younger age, and patients who have failed a BCR or a BCL2 inhibitor169. 
 

 
Figure 11: Treatment algorithm for patients with CLL. Approach to the patients with newly diagnosed CLL or 
R/R CLL. CIT: chemoimmunotherapy. Adapted from Jain and O’Brien, Blood Rev, 2016. 
 
 
 Emerging therapies 
In the last few years, several innovative targeted therapies have been developed for patients 
with CLL that are currently being investigated in clinical trials. They include: new generation 
BTK/PI3K or Spleen tYrosine Kinase (SYK) inhibitors, new mAbs, CAR T-cells, and checkpoint 
inhibitors among others (Table 4)156. Some of these agents will be explained more in detail in 
the next chapter (2. New therapeutic strategies in lymphoid neoplasms). 
 
 
 
 
 
 
 
 
 
 
 
 

Patient with CLL, meets criteria for treatment?

Relapsed/RefractoryTreatment-naïve

1.- Ibrutinib
2.- Idelalisib + Rituximab
3.- Ofatumumab

YES
NO

Watch and Wait

“Age”, comorbidities, FISH status

Intensive CIT eligible
(patients < 65 -70 years old

and no major comorbidities)

Intensive CIT ineligible
(patients > 65 -70 years

old; major comorbidities)

Deletion 17p13

1.- FCR
2.- RB (preferred ≥ 65 years and in 
patients with renal dysfunction)

1.- Chlorambucil + Obinutuzumab
2.- Chlorambucil + Ofatumumab

1.- Ibrutinib
2.- Alemtuzumab

Deletion 17p13

Venetoclax
Frail patients – not

elegible for
chemotherapy
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Agent Classification ORR (%) Indication 

Acalabrutinib (ACP-196)170 BTK inhibitor 95% R/R CLL 

ONO-4059171 BTK inhibitor 96% R/R CLL 

Entospletinib (GS-9973)172 SYK inhibitor 61 R/R CLL 

TGR-1202173 PI3Kδ inhibitor 63 R/R CLL 

Duvelisib (IPI-145)174 PI3Kδ/γ inhibitor 55 R/R CLL 

Venetoclax (ABT-199) + 
obinutuzumab175 BCL2 inhibitor + anti-CD20 N/A Untreated CLL 

Otlertuzumab + 
bendamustine176 anti-CD37 + alkylating agent 69 R/R CLL 

CAR T-cells177–179 Chimeric Antigen Receptor 
T-cell therapy 35-57 R/R CLL 

Table 4: Promising agents under evaluation for the treatment of CLL patients 
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2. NEW THERAPEUTIC STRATEGIES IN LYMPHOID 
NEOPLASMS 
 
2.1. SURVIVAL PATHWAYS AS A THERAPEUTIC STRATEGY 

In the processes leading to tumor cell proliferation and survival in lymphoid neoplasms, some 
survival pathways that are deregulated both constitutively and due to the microenvironment 
have been found. Most of the signal transduction processes are wired through a 
phosphotransfer cascade carried by small enzymes named kinases, suggesting that inhibition 
of kinase activity may evoke a real physiological response. The great majority of drugs used to 
inhibit these signaling pathways are small molecules that inhibit kinases selectively180. 
 

2.1.1. BCR signaling 

BCR signaling has a central role in B-cell development and survival, and in most lymphoid 
neoplasms BCR expression is well conserved, suggesting that malignant B-cells benefit from 
the proliferation and survival pathways that are triggered by the BCR for its progression181.  
Both normal and tumor B-cells have a unique BCR on their membranes consisting of pairs of 
IGHV and IGLV chains. The BCR is coupled non-covalently to the heterodimer CD79a/CD79b, 
which is phosphorylated by the Src family of kinases in response to antigen stimulation, 
resulting in SYK recruitment and phosporylation by Src kinases and by autophosphorylation. 
Then, SYK recruits some adaptor proteins and propagates the BCR activation signal to BTK and 
PhosphoLipase Cγ2 (PLCγ2). The latter catalyses the hydrolysis of PhosphatidylInositol-4,5-
bisPhosphate (PIP2) into DiAcylGlicerol (DAG) and Inositol trisPhosphate (IP3), resulting in 
increased intracellular calcium levels. Both DAG and high levels of calcium activate Protein 
Kinase Cβ (PKCβ), which in turn activates the NF-кB pathway. Furthermore, the 
transmembrane protein CD19 is phosphorylated by the Lck/Yes Novel tyrosine kinase (LYN) 
during BCR signaling, recruiting PI3K to the BCR, which phosphorylates PIP2 to generate 
PhosphatidylInositol-3,4,5-trisPhosphate (PIP3) and resulting in the recruitment of BTK and 
AKT. Therefore, BCR activation engages multiple downstream pathways including Mitogen-
Activated Protein Kinase (MAPK), NF-кB and PI3K/AKT/mTOR, that promote the survival and 
proliferation of B-cells, both normal and malignant181,182 (Figure 12). 
Several mechanisms activating this pathway have been identified in different B-cell 
malignancies. In CLL and FL a “chronic active BCR signaling” has been described in response to 
foreign or self-antigens in the tumor microenvironment, in contrast to the “tonic BCR 
signaling” that takes place in BL183. In CLL, it is likely that the cells encounter these antigens at 
high concentrations when they reside in the lymph node microenvironment, as it is at this site 
where BCR signaling is strongest, indicating that antigenic signaling continues throughout the 
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disease course132. However, a recent study proposed a new form of autoreactivity in CLL, 
where it was shown that the BCR of many CLL cells 
recognizes an invariant epitope that is part of the 
CLL BCR itself, leading to autostimulation on a 
single cell level184. Thus, the presence of distinct 
intrinsic epitopes may explain the observed 
structural similarities of CLL BCRs (stereotyped 
BCR)111, which are probably selected on the basis 
of the ability of the BCR to interact with such 
intrinsic structures. This cell-autonomous signaling 
may further potentiate the basal activity of CLL 
BCRs184. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: BCR signaling and the available inhibiting drugs. Binding of an antigen to the BCR engages 
various signaling intermediates, such as the Src kinase LYN, SYK and BTK. Several downstream survival 
pathways are ultimately triggered, such as MAPK, NF-кB and PI3K/AKT/mTOR. Different BTK and SYK inhibitors 
have been developed to block this signaling pathway182. 

 
On the other hand, as previously described in chapter 1.3.2., FL cells may engage an unusual 
form of BCR signaling due to the frequent introduction of N-glycan motifs to the BCR during 
somatic hypermutation (75-100% cases)15,16. This BCR modification allows the interaction of FL 
BCR with mannose binding lectins present on stromal cells in the tumor microenvironment17, 
thereby crosslinking the BCR and initiating its signaling on FL cells15,16. Moreover, about 25% of 

Chronic active BCR signaling: a BCR-
dependent process that requires 
antigen engagement and activates 
multiple downstream pathways, such 
MAPK, NF-κB and PI3K/AKT/mTOR. 
 
Tonic BCR signaling: it does not require 
antigen engagement and activates only 
PI3K pathway. 
 
 

BLNK 
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FL BCRs were shown to exhibit some autoreactivity, despite ongoing somatic hypermutations, 
contributing to their pathway activation185. This amplified BCR signaling is specific to FL B-cells 
within the lymph node, as it was demonstrated that phosphorylation of downstream proteins 
occurred more rapidly in tumor B-cells than in infiltrating non-tumor B-cells within the same FL 
sample, thus promoting lymphomagenesis186. 
Overall, due to this chronic activation of the BCR pathway and its crucial role in the 
pathogenesis of CLL and FL, development of specific drugs that selectively inhibit the kinases 
involved in this pathway opens different possibilities to the therapeutic inhibition of oncogenic 
BCR signaling in patients with these lymphoid malignancies. 
 
 SYK inhibitors  
Fostamatinib was developed as a first-in-class oral inhibitor of SYK. In vitro, fostamatinib 
represses the survival signals derived from the microenvironment and is able to inhibit the 
growth of malignant B-cells in mouse models, both mediated by the inhibition of BCR signaling 
in CLL187,188. In clinical trials, fostamatinib was shown to have some activity in the treatment of 
R/R B-NHL and R/R CLL, with ORR of 10% in FL and 55% in CLL189. However, the development 
of this drug was halted due to negative phase III results in patients with rheumatoid arthritis, 
and is currently being pursued in immune thrombocytopenic purpura190. 
 
Entospletinib (GS-9973) is an oral inhibitor of SYK with improved selectivity for this kinase 
compared to fostamatinib191. In clinical trials, a phase II study of entospletinib as monotherapy 
in R/R CLL and R/R NHL patients, including FL, MCL and DLBCL is currently ongoing 
(NCT01799889), and preliminary results on the CLL cohort reported an ORR of 61%172. 
Moreover, the combination of entospletinib with other inhibitors, for example ONO-4059 (BTK 
inhibitor), is being evaluated in a phase I study in R/R B-cell malignancies, including CLL, FL, 
DLBCL and MCL (NCT02457598). 
 
 BTK inhibitors 
Ibrutinib is a first-in-class oral BTK inhibitor that recently received FDA approval for the 
treatment of R/R MCL and R/R CLL patients, and as first-line treatment for CLL patients 
harboring del17p13192. In vitro studies in CLL have demonstrated that ibrutinib is able to 
overcome the protective effect of stromal cells and to induce apoptosis, by binding to BTK 
with high affinity and leading to inhibition of BCR signaling193. In mouse models, ibrutinib 
induced apoptosis and reduced tumor proliferation and total tumor burden194. In clinical trials, 
ibrutinib has been well tolerated and has demonstrated profound antitumor activity, inducing 
redistribution of malignant B-cells from tissue sites to 
peripheral blood, along with rapid resolution of enlarged 
lymph nodes and a surge in lymphocytosis. The ORR 
achieved is 66% in R/R MCL and 71% in R/R CLL, even in 
patients with del17p13 and del11q22-q23165. Ibrutinib has 
also been studied as monotherapy in other lymphoid 

First-in-class drug: a drug 
which introduces a new 
mechanism of action for 
treating a medical condition. 
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malignancies, such as R/R FL where a phase II trial has just been completed with preliminary 
results demonstrating an ORR of 28%95.  
In addition, a number of clinical trials have been initiated to evaluate which ibrutinib 
combination may improve its single agent activity in these B-cell lymphoid malignancies. 
There are limited data using ibrutinib as first-line therapy, but some currently ongoing trials 
are evaluating ibrutinib in this setting. Along these lines, the most advanced in development is 
a phase III trial comparing ibrutinib vs. chlorambucil in previously untreated elderly CLL 
patients (NCT01722487), which has recently been completed. Results of this trial demonstrate 
a higher ORR rate with ibrutinib than with chlorambucil (86% vs. 35%), together with a 
significantly longer PFS at 18 months (90% vs. 52%)195. These data will likely result in the 
approval of ibrutinib as treatment for naïve CLL patients. There are several additional ongoing 
phase III trials in untreated NHL that include: ibrutinib + obinutuzumab vs. chlorambucil + 
obinutuzumab (NCT02264574), ibrutinib + rituximab vs. FCR (NCT02048813) and ibrutinib vs. 
ibrutinib + rituximab vs. RB (NCT01886872). Results of these studies are pending, and they will 
probably further help to establish the front-line role of ibrutinib in CLL patients. 
 
Acalabrutinib (ACP-196) is a new, irreversible second generation BTK inhibitor which is more 
selective for BTK than ibrutinib196. In CLL mouse models, acalabrutinib was demonstrated to be 
able to reduce tumor proliferation and increase survival197. In clinical trials in R/R CLL patients, 
an ORR of 95% was reported as monotherapy, and was also effective in patients harboring 
del17p13170. At this time, a phase III study has been initiated comparing ibrutinib vs. 
acalabrutinib in R/R CLL patients with high-risk features (del17p13, del11q22-q23) 
(NCT02477696). Moreover, a phase III trial in untreated patients with CLL is currently enrolling 
patients, to compare acalabrutinib + obinutuzumab, vs. obinutuzumab + chlorambucil, or vs. 
acalabrutinib alone (NCT02475681). Acalabrutinib is 
also being studied in other B-NHL patients, such as 
R/R FL, where acalabrutinib is being evaluated in a 
phase Ib trial, alone or in combination with rituximab 
(NCT02180711). 
 
ONO-4059 is a highly potent and selective oral BTK 
inhibitor. In clinical trials, a phase I study of ONO-
4059 as monotherapy in R/R B-cell malignancies has 
just finished. A 96% ORR was reported in CLL, 92% in 
MCL, and 35% in DLBCL, with no significant 
toxicities171. Additionally, another phase I trial has 
been undertaken to study the combination of ONO-
4059 with idelalisib or entospletinib in patients with 
R/R B-cell malignancies, including CLL, FL, DLBCL and 
MCL (NCT02457598). 
 

Phase I trials: Studies that are 
usually conducted with healthy 
volunteers to find out what the 
drug’s most frequent and serious 
adverse events are. 
 
Phase II trials: Studies that gather 
preliminary data on effectiveness of 
the drug in people who have a 
certain disease or condition. 
 
Phase III trials: Studies that collect 
more information about safety and 
effectiveness by studying different 
populations and different dosages 
and by using the drug in 
combination with other drugs. 



  Chapter 2. New therapeutic strategies in lymphoid neoplasms  

| 38  
 

In
tr

od
uc

tio
n 

Spebrutinib (CC-292) is a specific irreversible inhibitor of BTK and, unlike ibrutinib, it does not 
inhibit Src family kinases or ITK. In R/R CLL patients it has been demonstrated to be safe and 
well tolerated, achieving an ORR of 53%198. Furthermore, CC-292 is currently being tested in 
combination with either rituximab in R/R CLL patients (NCT01744626), or lenalidomide in R/R 
NHL patients (NCT01766583), but there are no reported efficacy data yet. 
 

2.1.2. PI3K/AKT/mTOR pathway 

The PI3K/AKT/mTOR pathway is involved in a wide variety of essential cellular functions, 
including glucose metabolism, translational regulation of protein synthesis, cell proliferation, 
migration, angiogenesis, apoptosis and survival. This pathway is activated in many cancers due 
to genomic aberrations, or by signaling from the microenvironment, conferring a competitive 
growth and survival advantage, increased metastatic ability and resistance to conventional 
therapy199. 
The PI3Ks have been divided into three classes, but the most important in cancer is class I 
PI3Ks, which are heterodimeric enzymes consisting of a p85 regulatory subunit, and a p110 
catalytic subunit. There are different isoforms of the catalytic subunit: p110α, p110β, p110δ 
and p110γ; most of these subunits seem to have broad tissue distribution, while p110δ and 
p110γ are highly enriched in leukocytes200. 
Different growth factors can activate Receptors Tyrosine Kinase (RTKs) that promote the 
activation and recruitment to the membrane of PI3K, but PI3K can also be activated by BCR 
stimulation and other stimuli such as IL-6 and CD40L. Once activated, PI3K catalyzes the 
phosphorylation of PIP2 to PIP3; this latter activates Pyruvate Dehydrogenase Kinase, isozyme 
1 (PDK1) that phosphorylates AKT. This PI3K activity is antagonized by the Phosphatase and 
TEnsin Homolog (PTEN) that blocks the phosphorylation of PIP2 to PIP3. Once activated, AKT is 
able to phosphorylate different proteins including the Glycogen Synthase Kinase 3β (GSK3β), 
the transcription factor FOXO1, the Murine Double Minute 2 homolog (MDM2), and the 
proapoptotic BCL2-Associated Death protein (BAD), and also can exert a positive effect on NF-
кB function, eventually promoting cell survival and proliferation. In addition, mTOR is 
indirectly activated as a consequence of AKT phosphorylation. mTOR is a kinase protein 
associated with distinct proteins in 2 multimolecular complexes mTORC1 and mTORC2 with 
different activity. mTORC1 activity leads to increased mRNA translation, protein synthesis, and 
cellular proliferation. mTORC2 is “upstream” and directly phosphorylates AKT, increasing its 
activity, and is also involved in regulation of cytoskeleton199,201 (Figure 13). 
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Figure 13: PI3K/AKT/mTOR signaling pathway. Upon pathway activation, PI3K catalyzes the production of 
PIP3, which serves as a second messenger to activate AKT. This activated AKT mediates the activation (i.e. 
MDM2, NF-кB) and inhibition (i.e. GSK3β, BAD, FOXO1) of several targets, resulting in cell survival and 
proliferation. Moreover, mTORC1 is indirectly activated, resulting in translation, protein synthesis and cell 
growth. mTORC2 directly phosphorylates AKT increasing its activity199. 
 
 PI3K inhibitors 
The different drugs targeting PI3K can be divided into two categories: pan-PI3K inhibitors or 
isoform-selective inhibitors. Early versions of pan class I PI3K inhibitors have significant off-
target effects or solubility problems, and thus are not clinically viable drugs202. Newer pan 
class I PI3K inhibitors, such as buparlisib (NVP-BKM120), pilaralisib (SAR245408/XL147)203, PX-
866204, and copanlisib (BAY80-6946)205 have shown less off-target effects and are generally 
well tolerated. It is interesting to point out that despite being a pan-PI3K inhibitor, copanlisib 
shows preferential activity against p110α/p110δ subunits205. It is currently in trials as 
monotherapy in various lymphoma subtypes, including R/R MCL (NCT02455297) and R/R 
DLBCL (NCT02391116) demonstrating clinical activity206; in addition, a phase III trial is ongoing 
in patients with R/R indolent NHL including FL (NCT02369016). A previous study showed that it 
induced an ORR of 47% in this subtype99. 
Isoform-selective PI3K inhibitors include inhibitors of p110α: AS702630207, MLN1117208, and 
NVP-BYL719209, the p110β inhibitors SAR260301210, and GSK2636771211, or the p110δ 
inhibitors idelalisib, AMG319212, and TGR-1202. This latter p110δ inhibitor has demonstrated 
activity in a recent phase I study in R/R B-cell lymphoma patients, including CLL, FL, DLBCL and 
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MCL173, and is currently under evaluation in several clinical 
trials in combination with other agents, such as ublituximab 
(anti-CD20)213 in patients with R/R CLL and R/R NHL (FL, 
DLBCL and MCL), or the triple combination of TGR-1202 + 
ublituximab ± ibrutinib in patients with R/R NHL including 
CLL, FL, MCL and DLBCL (NCT02006485). Both combinations 
have been reported to be safe and with significant 
activity214,215.  
There are also some interesting dual inhibitors of PI3K that allow higher antitumoral effects, 
such as pictilisib (GDC-0941)216 that inhibits simultaneously p110α/p110δ, and duvelisib (IPI-
145)217 that inhibits p110δ/p110γ. The latter is currently being investigated in advanced 
clinical studies in several hematologic malignancies after demonstrating efficacy as 
monotherapy in phase I studies; an ORR of 69% in R/R FL100 and 55% in R/R CLL174 was 
reported. In this context, a phase III trial in R/R CLL (NCT02004522) and a phase II trial in 
another R/R indolent NHL, including FL (NCT01882803) are ongoing. Moreover, several clinical 
trials of duvelisib in combination therapy are ongoing, including: duvelisib + FCR in untreated 
young CLL patients (NCT02158091), and duvelisib + rituximab/obinutuzumab in untreated FL 
patients (NCT02391545), showing promising preliminary efficacy218. In addition, other 
combination approaches are currently under evaluation in patients with R/R NHL, for example 
the combination of duvelisib + rituximab or RB (NCT01871675), with early results 
demonstrating good tolerability and effectiveness219.   
 
Among all the PI3K inhibitors developed I will focus on two of them: idelalisib and buparlisib 
that have been evaluated in clinical trials as having important antitumoral activity. 
 
Idelalisib (GS-1101, CAL-101) is a PI3Kδ specific inhibitor (IC50 of 2.5 nM vs. 500 and 900 nM 
for PI3Kβ and PI3Kα respectively)220. In B-cells, PI3Kδ regulates a number of signaling pathways 
driven by receptors, including BCR, Ig constant Fragment-γ Receptors (FcγR), TLR, CXCR4/5, 
and the TNF receptor family. PI3Kδ functions to integrate and transduce these signals from the 
microenvironment, promoting malignant B-cell proliferation, growth, survival, adhesion, and 
homing. In addition, PI3Kδ regulates B-cell responses to the CD40L, BAFF and IL-4221. Idelalisib 
reversibly inhibits PI3Kδ leading to decreased phosphorylation of several downstream targets 
including AKT, and eventually disrupting interactions between tumor cells and the 
microenvironment and chemokine signaling. In vitro studies have demonstrated that idelalisib 
reduced CLL migration beneath stromal cells, inhibited CLL adhesion to stromal and 
endothelial cells, and decreased chemotaxis toward CXCL12 and CXCL13. In addition, idelalisib 
also affected the tumor niche by limiting its ability to support tumor cell growth222.  
As monotherapy in a phase I trial in patients with R/R CLL, idelalisib was well tolerated and 
was demonstrated to reduce lymphadenopathy to ≥  50% in 81% of patients, with a transient 
increase of lymphocytosis in peripheral blood (˃  50%) and a rapid lymph node reduction. The 
ORR was 72%, including 33% of cases with partial response and a persistent lymphocytosis 

Pan-PI3K inhibitors: They 
inhibit all the PI3K isoforms. 
 
Isoform-selective inhibitors: 
They exclusively inhibit a 
specific PI3K isoform. 
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induced by the treatment223. Based on these data, idelalisib was evaluated in a phase III trial in 
combination with rituximab in patients with relapsed CLL who were not able to undergo 
standard cytotoxic chemotherapy. The combination was well tolerated with an ORR of 81% in 
the idelalisib + rituximab group vs. 13% in the rituximab group, and an overall survival of 12 
months was reached in 92% of the combinatorial group vs. 80% in the rituximab group166. 
These successful results lead to the recent approval by the FDA of the combination of idelalisib 
+ rituximab for the treatment of R/R CLL patients162. 
Furthermore, idelalisib has lately received accelerated approval as monotherapy in patients 
with other R/R NHL, such as FL. The pivotal trial supporting this approval demonstrated that 
idelalisib was well tolerated in relapsed patients with a low incidence of severe adverse 
effects; the ORR was 57% with 6% having a complete response. Responses to idelalisib were 
rapid and durable with a median PFS of 11 months94. 
Based on these encouraging results obtained as second-line therapy, several pivotal studies 
were undertaken to study the effect of idelalisib used as first-line therapy in combination with 
other agents. Along these lines, idelalisib efficacy was studied in previously untreated FL and 
Small Lymphocytic Leukemia (SLL) patients in combination with rituximab (NCT02258529), and 
in untreated CLL patients in combination with obinutuzumab (NCT01980875) or with RB 
(NCT01980888). Unfortunately, these studies had to be halted because of a high number of 
unexpected deaths and serious adverse events among patients treated in the idelalisib-
containing groups, which was attributed to immune deficiency in addition to autoimmune 
toxicity in these patients (Gilead Sciences Inc., written communication, March 11, 2016). These 
side effects may be attributed to PI3Kδ inhibition of Treg cells by idelalisib, resulting in both 
qualitative and quantitative abnormalities in T-cell subsets, with subsequent loss of tolerance 
leading to the cytotoxic T-cell organ infiltration224. Therefore, treatment of naïve patients, with 
more intact immune systems, appears more likely to induce higher toxicities than treatment of 
R/R patients. 
At present, attempts are being made to identify the optimal combination regimen for 
idelalisib. In this context, some combinations that are currently ongoing include: a phase III 
study of idelalisib + ofatumumab in previously treated CLL patients (NCT01659021), a phase II 
study of idelalisib + ibrutinib in R/R CLL or R/R NHL (NCT02662296), and a phase I study of 
idelalisib + ONO-4059 + entospletinib in R/R B-cell malignancies including CLL, FL, MCL, and 
DLBCL patients (NCT02457598). 
The objective for future research is to determine whether combination therapies can succeed 
in improving outcomes over monotherapy without increasing toxicity. 
 
Buparlisib (NVP-BKM120) is an oral and selective inhibitor of all four-class I PI3K isoforms, 
albeit with different affinity for each one (IC50 of p110α: 52nM, p110β: 166nM, p110δ: 116nM 
and p110γ: 262nM), and with at least 50-fold selectivity against other protein kinases. It is able 
to inhibit PI3K in an Adenosine TriPhospate (ATP)-competitive manner, thereby inhibiting the 
production of PIP3 and decreasing the activation of the PI3K signaling pathway, with a 
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consequent downregulation of pAKT and hence impairment of cell survival and 
proliferation225. 
Buparlisib was demonstrated to be 3.6 fold more toxic than idelalisib on CLL cells in vitro, 
because it was able to inhibit the microenvironment protection to CLL cells and to induce 
apoptosis when these cells were co-cultured with BMSC226, thus confirming the key role of all 
the different PI3K isoforms, not just p110δ, in the microenvironment crosstalk, survival, 
migration and resistance to drugs227,228. In vivo studies demonstrated that buparlisib was able 
to induce tumor regression and strong antiangiogenic activity in mice with solid 
tumors225,229,230, and also in mouse models of hematological neoplasms231–233. 
Buparlisib is being evaluated in clinical trials in a great variety of solid tumors that show 
alterations of the PI3K signaling pathway, including breast, colorectal, and lung cancer among 
others. It is proving to be safe, well tolerated, and to have a favorable pharmacokinetic profile, 
clear evidence of target inhibition, and early antitumor activity234.  
Moreover, buparlisib has moved into clinical trials in patients with hematologic malignancies, 
and is currently being tested as monotherapy in a phase I study in patients with advanced 
leukemias (NCT01396499), and in phase II trials for R/R CLL patients (NCT02340780), and R/R 
NHL patients, including FL, MCL and DLBCL (NCT01693614). Preliminary results from the NHL 
trial reported an ORR of 12% in DLBCL98 and of 22.7% in MCL235.  
Furthermore, buparlisib is also being evaluated in combination therapy in several clinical trials. 
Preliminary results from a phase I trial of buparlisib + rituximab in patients with R/R B-cell 
malignancies, including FL and MCL (NCT02049541), showed an ORR of 60%236. A phase I trial 
of buparlisib + ofatumumab/ibrutinib in R/R CLL patients (NCT02614508), and a phase Ib study 
of buparlisib + ibrutinib in R/R NHL patients including FL, MCL and DLBCL (NCT02756247), have 
recently been initiated. 
 
 AKT inhibitors 
Perifosine is a first generation AKT inhibitor that inhibits AKT translocation to the cell 
membrane237. Despite showing good results in vitro, no significant responses were achieved in 
clinical trials in CLL238. 
A second generation AKT inhibitor, MK-2206, functions via allosteric AKT inhibition and has 
shown strong preclinical activity in a variety of lymphoma cell lines and patient samples239. In 
clinical trials, it was demonstrated that MK2206 had a favorable safety profile in R/R NHL, with 
an ORR of 9% in MCL, 25% in FL and 50% in CLL240. 
 
 mTOR inhibitors 
mTOR inhibitors are referred to as “rapalogs”; the first generation of these family compounds 
have shown moderate activity in lymphoma because they only inhibit mTORC1 allosterically, 
but not mTORC2. Temsirolimus was approved for R/R MCL in Europe after demonstrating 
significant activity in R/R MCL as a single agent, with an ORR of 38%241. It has also shown 
efficacy in other R/R NHL subtypes, including FL (54% ORR), DLBCL (28% ORR) and SLL (11% 
ORR)242. Moreover, it has been studied in combination with other agents, such as bortezomib 
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(proteasome inhibitor), in patients with R/R NHL, including MCL (57% ORR), FL (56% ORR) and 
DLBCL (17% ORR)243; and there is an ongoing study in combination with lenalidomide in R/R 
NHL, including FL and DLBCL patients (NCT01076543). 
Other rapalogs are currently being evaluated in R/R lymphoma, such as everolimus, an oral 
mTORC1 inhibitor, with modest activity in MCL (8% ORR) and in CLL (18% ORR) but acceptable 
tolerability244,245.  
A new generation of mTOR inhibitors, which are now entering clinical trials, are able to block 
mTORC1 and mTORC2, and might allow greater efficacy and avoidance of the compensatory 
phosphorylation of AKT by mTORC2246. Some of them are being studied in patients with 
hematologic malignancies, including NHL, for example: CC-223 is being tested in a phase I/II 
trial in patients with R/R DLBCL and R/R MM, with encouraging antitumor activity and an 
acceptable safety profile (NCT01177397)247. MLN0128 has recently completed a phase I trial in 
patients with R/R MM or R/R NHL, and is showing favorable results248. GDC-0349249 has just 
finished a phase I trial in patients with R/R NHL but results are still pending (NCT01356173). 
AZD2014250 has newly been included in a phase I/II trial in combination with ibrutinib 
(NCT02780830) and in a phase II trial in combination with rituximab (NCT02752204) in patients 
with R/R DLBCL. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14: PI3K/AKT/mTOR signaling pathway and the available inhibitors targeting the different 
molecules. 
 
 Dual PI3K/mTOR inhibitors 
PI3K/mTOR inhibitors are able to inhibit the PI3K/AKT/mTOR pathway in a more efficient way, 
by inhibiting all PI3K isoforms and also mTORC1 and mTORC2 complexes246. Dactolisib (NVP-
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BEZ235) has been demonstrated to potently inhibit the PI3K/AKT/mTOR pathway in vitro in 
different NHL models251–253, and is currently in clinical trials in R/R acute leukemia patients 
(NCT01756118). 
Voxtalisib (SAR245409, XL765) is an orally bioavailable PI3K/mTORC1/2 inhibitor that has 
shown an acceptable safety profile and preliminary antitumor activity in combination with 
rituximab, or with RB, in a phase Ib trial in patients with R/R NHL, including FL, MCL and CLL, 
with an ORR ranging from 40-58% reported254. A phase II study has recently been completed in 
R/R NHL (NCT01403636), where preliminary data showed an ORR of 50% in the FL cohort255. 
 

2.2. IMMUNOTHERAPY AS A THERAPEUTIC STRATEGY 

The immune system plays an important role in the recognition and elimination of tumor cells. 
The concept of immunotherapy for treating cancer emerged almost a century ago; the graft-
versus-tumor effect following alloSCT was one of the first examples of immunotherapy256. 
Furthermore, the close relationship between cancer immunity and hematological malignancies 
together with the success of rituximab in treating lymphoid malignancies257–260, supported the 
development of a variety of antitumor immunotherapeutic approaches. These 
immunotherapies target the major nodes of vulnerability in the cancer-immune relationship, 
that are: 1) direct targeting of surface tumor antigens with antibody-based therapies, 2) 
activation of tumor antigen-specific immunity, and 3) blockade of tumor-derived immune 
suppression261.  
 

2.2.1. Direct targeting of surface tumor antigens  
 
The relative ease of tumor and normal tissue sampling in the hematopoietic tissues has 
facilitated the extensive characterization of cellular surface markers of blood cell subsets and, 
in turn, the identification of subpopulation-specific surface antigens. This delineation of the 
cellular hierarchy could distinguish normal from malignant immune cells and provide potential 
therapeutic targets, such as CD20, which was demonstrated to be expressed on the surface of 
all normal B-cells and B-cell lymphomas262. 
 
 Monoclonal antibodies (mAbs) 
The concept of using antibodies to selectively target tumors was already proposed over a 
century ago263. The advent of hybridoma technology in 1975 enabled the production of mAbs, 
which are antibodies containing uniform variable regions and, thus, specific for a single 
epitope264. They were initially generated in mice, but later advances in antibody engineering 
provided platforms for the development of chimeric, humanized and fully human mAbs to 
prevent a mouse-specific antibody response in humans treated with the antibody. The suffixes 
of their names indicate which mAb type are, being: -momab for murine, -ximab for chimeric, -
zumab for humanized, and -umab for fully human mAbs (Figure 15). Every currently clinically 
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approved therapeutic mAb is an IgG, and they can be divided into two distinct functional units: 
the Fragment of antigen binding (Fab) and the constant Fragment (Fc)265. 
 
 
 
 
 
 
 
 
 
 
Figure 15: Types of therapeutic mAbs. Mouse amino-acid sequences are shown in brown and human 
sequences in green. In contrast to chimeric mAbs, which variable regions are murine, only the 
Complementarity-Determining Regions (CDRs) are of mouse origin in humanized mAbs. The variable domains of 
antibodies contain three such hypervariable CDRs, which form the antibody-binding site. Therefore, antigen 
specificity can be conferred by “grafting” appropriate mouse CDRs onto human variable regions, using genetic 
engineering methods. Adapted from Hohlfeld et al., Nat Clin Pract Neurol, 2005266. 
 
In addition to direct cytotoxicity, mAbs are able to activate diverse effector mechanisms to 
elicit tumor destruction, including Antibody-Dependent Cellular Cytotoxicity (ADCC), Antibody-
Dependent Cellular Phagocytosis (ADCP) and Complement-Dependent Cytotoxicity (CDC), 
mediated through engagement of Fc on NK cells and macrophages, or on complement 
receptors265. 
 
- 
NK cells are a class of lymphocytes that make up approximately 10% of the lymphocytes in the 
blood and peripheral lymphoid organs. These cells contain abundant cytoplasmic granules and 
express an Fc receptor, called FcγRIII (CD16) that binds to the Fc regions of the IgG antibodies 
attached to a tumor cell; thereby the NK cells are activated to release their cytotoxic granules, 
which contain proteins (perforin and granzyme B) that kill the antibody-coated tumor cells. 
This process is denominated ADCC267,268 (Figure 16A). 

Antibody-Dependent Cellular Cytotoxicity (ADCC) 

 
- 
Monocytes are blood cells that are able to migrate and enter extravascular tissues where they 
differentiate into macrophages. These macrophages play a critical role not only in maintaining 
homeostasis and fighting infections, but also in the progression of many pathologies including 
cancer, as they are abundant in tumor stroma (the aforementioned TAMs)51,268. They express a 
high-affinity receptor called FcγRI (CD64) that binds to the Fc regions of the IgG antibodies 
coating the target tumor cells; once attached, the macrophage extends its plasma membrane 
around the coated tumor cell and ingests it into a vesicle that fuses with lysosomes. The 
binding of antibody Fc tails to FcγRI also activates the macrophages, producing in their 
lysosomes large amounts of reactive oxygen species, nitric oxide, and proteolytic enzymes, all 

Antibody-Dependent Cellular Phagocytosis (ADCP) 

Murine 
CDRs

Murine variable 
regions

Chimeric Humanized HumanMouse
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of which combine to destroy the ingested target tumor cells265,268. Moreover, TAMs have also 
been proposed to induce ADCC, as synapse formation between tumor cells and macrophages 
was observed in peritoneal lavages of mAb-treated mice, suggesting the occurrence of 
ADCC269. However, ADCP is the main mechanism of action by macrophages (Figure 16B). 
 
- 
The complement system is a collection of circulating and cell membrane proteins that play 
important roles in host defense against microbes and in antibody-mediated tissue injury. The 
binding of 2 or more IgG1 antibodies to the surface of a tumor cell results in the exposure of 
the Fc regions of the antibodies close together, thereby allowing the binding of the C1q 
complement protein to these two adjacent IgGs. The attached C1q becomes enzymatically 
active and initiates activation of the complement cascade270 that culminates with the 
formation of the Membrane Attack Complex (MAC), which causes a pore in the cell membrane 
through which water and ions can enter, causing subsequent cell lysis. Complement activated 
cell lysis can additionally result in recruitment and activation of certain immune effector cells, 
commonly macrophages and neutrophils268,270 (Figure 16C). 

Complement-Dependent Cytotoxicity (CDC) 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 16: Antitumor mechanisms activated by mAbs. A) ADCC: is initiated by the recognition of IgG-coated 
tumor cells by FcγRIII on NK cells. These interactions lead to NK activation and delivery of perforin and 
granzymes, inducing tumor cell lysis. B) ADCP: the IgG-coated tumor cells can bind FcγRI on macrophages and 
initiate Fc-dependent phagocytosis, leading to the lysosomal degradation of the tumor cell. C) CDC: IgG 
antibodies can also bind to tumor cells and recruit C1q complement protein to initiate the complement 
cascade, resulting in the formation of the MAC, which creates a pore through which water and ions can enter 
inducing tumor cell lysis268. 
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Assuming the availability of targetable and tumor-specific antigens, antibody therapeutics are 
an ideal cancer drug, thus, mAbs have become some of the most successful and efficacious 
drugs of the last few decades271. There are currently several mAbs approved by the FDA for the 
treatment of hematological malignancies (Table 5)272. 
 

Agent Target Type Indication 
Rituximab273 CD20 Chimeric B-NHL, CLL 

Ofatumumab274 CD20 Human CLL 

Obinutuzumab275 CD20 Humanized CLL, R/R FL 

Ibritumomab87 CD20 Murine/radiolabeled R/R B-NHL 

Brentuximab276 CD30 Chimeric/radiolabeled R/R HL, R/R ALCL  

Daratumumab277 CD38 Human R/R MM 

Alemtuzumab278 CD52 Humanized CLL 

Table 5: mAbs approved by the FDA against hematological malignancies 
 

- 
CD20 is a well-established target for mAbs in B-cell lymphomas. It is a hydrophobic 
transmembrane protein expressed on the surface of pre-B and mature B-lymphocytes262. The 
antigen is expressed on most B-cell NHL and it is not found on stem cells, pro-B cells, normal 
plasma cells or other normal tissues. CD20 has been postulated to play a role in several cellular 
functions such as proliferation, activation, differentiation and cell survival279, and possibly 
functions as a calcium ion channel280. There are currently different types of mAbs being used to 
target this molecule, and they can be classified as type I and type II. The most commonly used 
is rituximab, which revolutionized the treatment of several B-cell malignancies such as FL, but 
new generation mAbs anti-CD20 have been developed in the last years including: ofatumumab, 
obinutuzumab, ublituximab, ocaratuzumab and veltuzumab272. 

Anti-CD20 mAbs  

 
Rituximab is a type I chimeric anti-CD20 mAb containing human IgG1к with murine variable 
regions, which targets the CD20 epitope273. Rituximab was approved in 1997 by the FDA for the 
treatment of R/R CD20+ B-cell NHL281. It has had such a long lasting impact that from that 
moment on, a new era called “rituximab era” began. Since then, many other antibodies 
directed against the CD20 antigen have been introduced for the treatment of B-NHL272. The 
major mechanism of action of rituximab is considered to be ADCC282, but it also promotes 
CDC283, and direct induction of apoptosis284. In addition, killing of malignant B-cells by 
rituximab promotes uptake and cross-presentation of lymphoma cell-derived peptides by 
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APCs, which finally allows an efficient 
activation of specific CTLs against these tumor 
cell derived peptides285. Treatment with 
rituximab as a single agent has resulted in 
significant responses in patients with almost 
every subtype of B-cell lymphoma. However, its 
biggest benefit is seen when it is combined 
with chemotherapy regimens for patients with 
indolent as well as aggressive B-NHL286. In 
indolent lymphomas, the addition of rituximab 
to every chemotherapeutic combination (FCM, 
CVP, CHOP, FND) has resulted in a significant increase in ORR and complete remission rate, as 
well as delaying the time to progression287–289. In DLBCL, adding rituximab to CHOP 
chemotherapy not only has positively affected the ORR, complete response and time to 
progression, but also has led to an increase in overall survival258. However, in patients with 
MCL, treatment with R-CHOP resulted in PFS and overall survival that was similar to the 
outcomes observed in patients treated with chemotherapy alone290. In addition to its use as a 
single agent or in combination with chemotherapy, several clinical studies have evaluated the 
role of rituximab to consolidate or prolong remission after rituximab monotherapy291,292, 
standard chemotherapy293, or following combined rituximab-chemotherapy294. 
 
Ofatumumab is a fully human type I anti-CD20 mAb that binds to a novel region of the CD20 
molecule, distinct from the epitope recognized by rituximab, which is postulated to result in 
more stable binding compared to this mAb, and is also more effective in recruiting C1q 
complement protein and, therefore, in inducing more potent CDC activity compared to 
rituximab274. This enhanced CDC translated into a modest clinical benefit when used as single 
agent therapy in rituximab-resistant B-NHL. The combination chlorambucil + ofatumumab is 
approved for the first-line treatment of CLL patients, reporting an ORR of 82% and PFS of 22.4 
months161. As monotherapy in patients with R/R CLL, ofatumumab demonstrated an ORR of 
45% with a median PFS of 5 months; based on these data, ofatumumab was approved for 
patients with CLL refractory to fludarabine and alemtuzumab167. Another phase II trial 
combining ofatumumab with bendamustine showed an ORR of 72.3%, in R/R CLL patients. The 
ORR was significantly affected by bulky disease, advanced Binet’s stage, TP53 disruptions, 
del17p13 and SF3B1 mutations295. 
In FL, ofatumumab monotherapy demonstrated particularly disappointing results with an ORR 
of 10-13% in a phase II trial with rituximab resistant FL patients296. The combination 
ofatumumab + CHOP was evaluated in untreated FL patients and showed an ORR of 90-100%, 
however, neutropenia was reported in 90% of patients after treatment297, much higher than 
historical R-CHOP data287. In R/R DLBCL patients, ofatumumab monotherapy reported an ORR 
of 11%298 whereas in R/R MCL, single-agent ofatumumab performed poorly, showing an ORR of 
8.3%299. 

Type I mAbs: They translocate CD20 into 
detergent-insoluble fractions, or “lipid 
rafts” which function as platforms for cell 
signaling and receptor trafficking. They 
are most effective in activating CDC. 
 
Type II mAbs: They do not affect CD20 
redistribution and are glycoengineered to 
have enhanced ADCC and mediate direct 
cell killing. 
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Obinutuzumab is a humanized type II anti-CD20 mAb which induces enhanced ADCC, 
increased direct cell death, and lower CDC compared to that seen with type I anti-CD20 mAbs, 
such as rituximab and ofatumumab, both in vitro and in xenograft models275. Obinutuzumab 
has received approval as first-line treatment in CLL patients in combination with chlorambucil, 
after being demonstrated to improve the ORR (78.4%) compared to chlorambucil + rituximab 
(65.1%)162. When used as monotherapy in R/R CLL, a phase I/II study revealed an ORR of 62% 
in phase I and 30% in phase II300. 
In FL, it has been recently approved for its use in combination with bendamustine followed by 
obinutuzumab monotherapy for R/R FL patients, after being shown to induce a significantly 
longer PFS compared to the arm treated with bendamustine alone (29.2 months vs. 14 
months)93. Moreover it has also been evaluated in a phase Ib study in combination with CHOP 
or FC followed by obinutuzumab maintenance therapy in R/R FL patients, obtaining an ORR of 
93-96%301. 
In R/R DLBCL or R/R MCL, a parallel phase II study was performed using obinutuzumab as 
monotherapy, a median ORR of 28% was achieved in both groups of patients302. 
Several phase III trials exploring obinutuzumab in various combinations therapies are ongoing, 
including: a study of obinutuzumab + chemotherapy vs. R-chemotherapy in untreated indolent 
NHL patients, including FL (NCT01332968), and a study comparing obinutuzumab + CHOP vs. R 
+ CHOP in untreated DLBCL patients (NCT01287741), both studies are fully enrolled and results 
are pending. 
 
Ibritumomab (90 Y-ibritumomab tiuxetan; Zevalin®) is the murine equivalent of rituximab that 
targets the same epitope on the CD20 molecule and is covalently bonded to tiuxetan, which 
chelates the radioactive particle yttrium-90, therefore, Zevalin® is able to deliver radioactivity 
specifically to tumor sites87. It is approved for consolidation in FL patients after R-CHOP 
treatment, as it was demonstrated to prolong the median PFS, and 77% of patients in partial 
response post-induction converted to complete response after consolidation, resulting in a 
final complete response of 87%303. It is also approved for R/R FL or R/R transformed NHL after 
reporting an ORR of 80% in the Zevalin® group compared to 56% obtained in the rituximab 
group90. In R/R DLBCL patients, Zevalin® produced an ORR of 52%; whereas it was associated 
with an ORR of 32% in heavily pretreated R/R MCL patients304. 
However, common hematologic toxicities have been reported after treatment, and its use 
should be limited to patients with adequate bone marrow function87. 
 
Other anti-CD20 mAbs are in development for the treatment of NHL, including: ublituximab, a 
type I chimeric anti-CD20 with enhanced mediated-ADCC compared to rituximab and 
ofatumumab213; ocaratuzumab, a type I humanized anti-CD20 with enhanced ADCC compared 
to rituximab and ofatumumab305; veltuzumab, a humanized anti-CD20 with enhanced CDC 
compared to rituximab305; ocreluzimab, a humanized anti-CD20 with increased binding affinity 
for the FcγRIIIa receptor, therefore, with enhanced efficacy in lymphoid malignancies305. 
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- Anti-CD38 mAbs 
As previously described, CD38 is a transmembrane glycoprotein that functions as a receptor of 
mediated adhesion and signaling events, and also acts as an ectoenzyme. It is expressed by 
most cells of the hematopoietic lineage at some time during their differentiation, and more 
specifically on CLL cells that are primed to proliferate in the lymph node141. Moreover, CD38 is 
expressed at high levels on some hematological malignancies such as MM, NHL, and B and T 
Acute Lymphoblastic Leukemia (ALL)306,307. 
 
Daratumumab is a first-in-class human IgG1к mAb that targets the CD38 epitope308. 
Daratumumab was approved in 2015 by the FDA for MM patients, who have received at least 
three prior lines of therapy including a proteasome inhibitor and an immunomodulatory agent 
or patients double refractory to these agents277. Approval was based on two phase II studies of 
daratumumab as monotherapy, achieving an ORR of 31% and median overall survival of 19.9 
months309,310. Daratumumab induces tumor cell death through multiple mechanisms, including 
ADCC, CDC and ADCP in MM and BL cell lines308,311. Furthermore, it induces programmed cell 
death via FcγR mediated cross-linking, contributing to its therapeutic activity312. Recent studies 
have revealed a previously unknown immunomodulatory activity of daratumumab; myeloid-
derived suppressor cells and regulatory B- and T-cells expressing CD38 were found to be 
sensitive to daratumumab and significantly reduced in MM patients receiving treatment, thus 
allowing positive immune effector cells, including CD4+ and CD8+ T-cells, to expand and 
contribute to antitumor response313. Daratumumab can also modulate the enzymatic activity 
of CD38 and may lead to a reduction in immunosuppressive adenosine levels in the tumor 
microenvironment314. 
Several ongoing clinical trials of daratumumab in combination with other drugs are being 
performed in patients with MM. Two phase III trials are evaluating patients with R/R disease; 
one is comparing daratumumab + bortezomib + dexamethasone (corticosteroid) vs. 
bortezomib + dexamethasone (NCT02136134), while the other is comparing daratumumab + 
lenalidomide + dexamethasone vs. lenalidomide + dexamethasone (NCT02076009). Two 
additional phase III studies are ongoing in patients with previously untreated MM; one is 
comparing daratumumab + bortezomib + melphalan + prednisone vs. bortezomib + melphalan 
+ prednisone (NCT02195479), and the other is evaluating daratumumab + lenalidomide + 
dexamethasone vs. lenalidomide + dexamethasone (NCT02252172). Trials with daratumumab 
are also ongoing in NHL, including a phase II trial in R/R MCL, DLBCL and FL (NCT02413489). 
 
Other anti-CD38 mAbs under clinical development for the treatment of hematological 
malignancies are: isatuximab, a humanized anti-CD38 mAb which is currently being tested in 
early clinical trials in CD38+ hematological malignancies, including MM315; and MOR202 that is 
being investigated in a phase I/II study as monotherapy and in combination with 
dexamethasone, or lenalidomide + dexamethasone or pomalidomide + dexamethasone, in R/R 
MM patients (NCT01421186). 
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- Anti-CD52 mAbs 
Alemtuzumab is a humanized anti-CD52 mAb that was specifically developed as a treatment 
strategy for patients with del17p13/TP53 mutations (associated with poorer outcome), as it 
was demonstrated to induce cell death independently of functional p53278. However, frequent 
infectious complications have been reported due to alemtuzumab treatment and, nowadays, 
alemtuzumab has a limited role in the management of CLL patients with del17p13, being 
replaced with newer agents that are more efficacious and better tolerated. For that reason, 
alemtuzumab has been withdrawn from the market, and is currently available only through the 
manufacturer272. 
 

- New target antigens 
In addition to these described targets, other new surface tumor antigens are being 
investigated for the treatment of NHL:  
CD22 is an associated antigen expressed on the surface of mature B-cells2. Epratuzumab is a 
humanized anti-CD22 mAb, and has shown only modest activity (ORR of 5-18%) as a single 
agent in recurrent FL and aggressive lymphoma patients316. It is currently under investigation in 
combination with other agents such as rituximab in previously untreated FL patients in a phase 
II study that has just finished  (NCT00553501), with an ORR of 88% being reported101. 
Moxetumomab pasudotox is a murine anti-CD22 mAb conjugated to a protein toxin that has 
recently completed a phase I/II trial for R/R CLL and other R/R NHLs patients, including FL, MCL 
and DLBCL (NCT01030536), results are still pending. 
On the other hand, CD37 is a transmembrane protein most likely expressed by mature B-cells, 
arising also as an attractive therapeutic target317. Otlertuzumab is a humanized recombinant 
anti-CD37 that has been evaluated in a phase Ib trial in combination with RB in patients with 
R/R indolent NHL, including FL, demonstrating an ORR of 83%318. A phase II study analyzing the 
combination otlertuzumab + bendamustine, reported an ORR of 69% in relapsed CLL 
patients176. 
CD79 is a covalent heterodimer (CD79a/CD79b subunits) that together with cell surface Ig form 
the BCR319. Polatuzumab vedotin is an anti-CD79b humanized antibody conjugated to MMAE, 
a very potent antimitotic agent, and is currently in a phase I/II trial in combination with 
rituximab in R/R FL and R/R DLBCL patients (NCT01691898), reporting an ORR of 75% in FL320 . 
 

 Bispecific antibodies  
Bispecific antibodies, also called Bispecific T-cell Engagers (BiTEs), have been developed 
through protein engineering and they comprise dual specificities to a tumor surface antigen 
and to the CD3 signaling complex on T-cells, thus, coupling physically tumors and T-cells. 
Consequently, BiTEs induce T-cell activation and proliferation in parallel with apoptotic cell 
death of target cells, mediated by granzyme and perforin cytotoxicity321 (Figure 17). 
Blinatumomab is a bispecific antibody comprised of two single chain antibodies, one targeting 
CD19 and one against CD3, and was the first-in-class bispecific antibody that received 
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accelerated approval by the FDA in December 2014 for the treatment of R/R ALL322. It is 
currently being tested as monotherapy in a phase II trial (NCT02811679), and also in a phase I 
trial combined with lenalidomide (NCT02568553), in patients with R/R NHL, including FL. The 
results of a phase I study revealed an ORR of 80% in patients with R/R FL, followed by 71% in 
patients with R/R MCL, and 55% in patients with R/R DLBCL, with a good safety profile102. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 17: Mechanism of action of bispecific antibodies. Blinatumomab binds to CD3 on CTLs and CD19 on 
tumor B-cells, engaging CTLs activation and killing of CD19-target cells mediated by granzyme and perforin 
cytotoxicity.  
 
 Engineered CAR T-cells 
Chimeric Antigen Receptor (CAR) T-cells are autologous T-lymphocytes that are genetically 
engineered to express the specific binding domains from a tumor targeting antibody, thereby 
directing the autologous polyclonal T-cells to bind a specific tumor associated antigen. Thus, 
polyclonal CAR T-cells recognize the target tumor surface molecule through the antibody 
domain, resulting in T-cell activation in an independent manner of MHC presentation, and 
subsequently killing the tumor cells that have the targeted antigen on their surface323 (Figure 
18). To date, CAR T-cell therapies have been most efficacious in patients with B-cell ALL with an 
ORR of 80% achieved across various CD19-targeted CAR T-cell designs, clinical trials and 
institutions324–327. In patients with R/R CLL, less impressive results were achieved, with the ORR 
ranging from 35-57% among different studies and with durable remissions over 2 years177–179. 
In other NHL, the cumulative experience of CAR T-cell therapies, predominantly generated in 
patients with R/R FL or R/R DLBCL, gave ORR’s ranging from 50-100% among different 
studies328,329. The adverse events associated with CAR T-cell therapy correlate with the 
expansion or the persistence of the cells after tumor elimination327,330. 
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Figure 18: Mechanism of action of CAR T-cells. T-cells are obtained from the patient and then genetically 
engineered to specifically recognize a target antigen on the surface of tumor B-cells. These modified T-cells are 
returned to the patient where they will recognize the specific antigen (CD19) in the tumor cell, resulting in T-
cell activation and consequent killing of the tumor B-cell. 
 

2.2.2. Activation of tumor antigen-specific immunity 

Surface antigens can serve as targets for antibody-based therapeutics; however, most cancer-
specific antigens are derived from intracellular proteins. CTLs have the ability to specifically 
recognize the aberrant features of malignant cells and subsequently eliminate them. This 
property makes them attractive to be used by various cancer vaccination strategies, in order to 
trigger an immune response against the tumor-specific antigen261 (Figure 19). The clonal 
immunoglobulin Idiotype (Id) displayed on the surface of most malignant B-cells is a tumor-
specific antigen that can be used for therapeutic vaccination in most NHL. FL has been the 
most studied disease for the clinical application of customized Id vaccines, with the purpose of 
achieving clearance of residual tumor cells after first-line treatment331. Along these lines, 
encouraging results were reported using idiotypic vaccination in phase I/II trials332,333; however, 
only one of three phase III trials334–336 demonstrated prolonged PFS, but failed to achieve its 
primary clinical endpoints335. Thus, the available data is 
still inconclusive regarding whether patients with FL can 
benefit from idiotypic vaccination, and its efficacy in 
conjunction with current anti-CD20 mAbs containing 
regimens remains to be determined.  
Another example of a tumor-specific antigen, which is 
differentially expressed in various lymphomas and 

Idiotype: Is the unique 
antigenic determinant located 
in the hypervariable regions of 
the BCR, expressed by clonally 
expanded malignant B-cells. 
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leukemias, is the receptor for hyaluronic acid-mediated motility (RHAMM/CD168)337. Peptide 
vaccination against this receptor was demonstrated to be safe, feasible, and could induce an 
immune response in CLL patients338. 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
Figure 19: Mechanism of action of antigen-specific vaccination. Processing and presentation of the tumor-
specific antigen by the APCs to the CTLs results in their activation and generation of tumor-specific CTLs capable 
of recognizing tumor antigen and subsequently lysing tumor cells. 
 

2.2.3. Blockade of tumor-derived immune suppression 

Tumor and normal cells from the surrounding microenvironment commonly overexpress 
inhibitory proteins that suppress T-cell effector functions, leading to immune escape of the 
tumor, such as Cytotoxic T-Lymphocyte-Associated protein 4 (CTLA-4) and Programmed cell 
Death protein 1 (PD-1). Recently, antibodies that promote antitumor immune responses 
instead of targeting the cancer directly, have demonstrated efficacy in a range of settings, with 
a relatively safe profile, in which immune-related toxicities can be managed with immune-
modulating agents. Importantly, these mAb must be used in combination therapy in order to 
improve complete response rates339 (Figure 20). 
 
 CTLA-4 inhibitors 
CTLA-4, the first immune-checkpoint receptor to be clinically targeted, is expressed exclusively 
on T-cells where it primarily regulates the amplitude of the early stages of T-cell activation, 
counteracting the activity of the T-cell co-stimulatory receptor, CD28340. Ipilimumab is a CTLA4-
specific mAb with FDA approval for the treatment of metastatic melanoma341. In hematological 
malignancies a phase I study demonstrated ipilimumab’s antitumor activity as a single agent in 
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R/R NHL including FL, DLBCL and MCL, with an ORR of 11%342. In order to increase its efficacy 
against B-cell lymphoma, it is currently being tested in combination with other agents, 
including: combination with other checkpoint inhibitors, such as nivolumab (anti-PD-1) 
(NCT01592370), or with rituximab in patients with R/R NHL (NCT01729806); in this latter trial 
the combination was reported to be safe and well tolerated343. 
 
 PD-1 inhibitors 
In contrast to CTLA-4, the major role of PD-1 is to restrict the activity of T-cells in peripheral 
tissues to limit autoimmunity; this translates into a major immune resistance mechanism 
within the tumor microenvironment344. Pidilizumab was the first PD-1 blocking antibody to be 
tested in patients with R/R DLBCL with an ORR of 51%345, and in combination with rituximab in 
R/R FL with an ORR of 66%103; however, pidilizumab is considered to have low specificity for 
PD-1.  
Nivolumab and pembrolizumab are new anti-PD-1 blocking antibodies that are also being 
evaluated in patients with various hematological malignancies, including NHL. In a recent 
phase I study, nivolumab has demonstrated an ORR of 40% and 36 % in patients with R/R FL 
and R/R DLBCL, respectively346. In this context, phase II studies of nivolumab as a single agent 
are currently ongoing against R/R FL (NCT02038946) and R/R DLBCL (NCT02038933). 
Pembrolizumab is under investigation in several clinical trials of hematologic malignancies, 
including: a phase I/II study in combination with lenalidome in R/R NHL and R/R HL patients 
(NCT02875067), a phase II study in combination with rituximab in R/R FL patients 
(NCT02446457), and a phase II study of pembrolizumab alone or in combination with idelalisib 
or ibrutinib in R/R NHL patients, including FL and CLL (NCT02332980); preliminary results 
showed it to be well tolerated and with early efficacy in the CLL cohort347. 
 
 
 
 
 
 
 
 
 
 
 
Figure 20: Mechanism of action of checkpoint inhibitors. Treatment with anti-PD-1 antibody prevents its 
binding to PD-L1 on B-cells, restoring T-cell activity and leading to tumor suppression. Ipilimumab binds to 
CTLA-4 on T-cells, liberating B7 molecules on APCs to bind with CD28 and trigger or restore T-cell activation 
signaling.  
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GENERAL OBJECTIVES 

The main goal of this dissertation is to explore new therapeutic approaches targeting the 
interactions between tumor cells and their microenvironment in FL and CLL. Both B-cell 
neoplasms, despite being classified as indolent, remain incurable and share their high 
dependency on microenvironment survival signaling. 

Following this line of investigation, the first objective of this thesis is to analyze the signaling 
pathways underlying the crosstalk between FL and its microenvironment, and to explore if this 
crosstalk can be counteracted pharmacologically. On the other hand, the second objective of 
this thesis is to validate new targetable surface molecules implicated in the tumor-
microenvironment crosstalk in CLL.  

 

SPECIFIC OBJECTIVES 

1. -  To investigate the impact that FDC co-culture has on FL cells and to explore 
strategies to interfere with this crosstalk.  

1.1. - To analyze the modulation of FL transcriptome by FDC co-culture, and to 
identify and validate the pathways regulated on FL cells after FL-FDC co-
culture. 

1.2. -  To explore if the inhibition of PI3K/AKT pathway with the pan-PI3K inhibitor 
buparlisib, is able to counteract the activated pathways resulting from the 
crosstalk between FL cells and FDCs. 

 
2. -  To demonstrate the efficacy of the anti-CD38 antibody daratumumab in CD38+ CLL 

cases. 
2.1. -  To evaluate the cytotoxic effect of daratumumab on CLL cells in the 

presence of external effectors, both in vitro and in vivo. 

2.2. -  To examine the ability of daratumumab on harnessing microenvironment-
derived signals on CLL cells, both in vitro and in vivo. 
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Figure S1 
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Figure S2 
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Figure S3 
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Figure S4 

 

 

 

 

 

 

 

 

 

 

Figure S5 
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Table S1: FL patient characteristics 
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Table S2: Complete results of Rank products and DAVID analysis 
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Table S3: Gene sets regulated by co-culture of FL cells with HK-FDCs 
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SUPPLEMENTAL METHODS  
 
CD38 molecule per cell quantification 
CLL samples were stained with QuantiBRITETM CD38-PE (BD Biosciences) and the mean 
fluorescence intensities were assessed in an Attune acoustic focusing cytometer (Life 
Technologies). The surface antibodies bound per cell (sABC) were calculated using a standard 
curve obtained by QuantiBRITETM PE Beads (BD Biosciences). 
 
Adhesion assay 
Adhesion to VCAM-1 was evaluated in EIA/RIA96-well plates (Corning Incorporated) in 
triplicates using BSA 1% as control of non-specific adhesion and 500 ng/mL of VCAM-1 (R&D 
Systems). Anti-CD49d (AbD Serotec) was used as a positive control of adhesion inhibition as 
previously described (40).  
 
Migration assay 
SDF-1α/CXCL12-induced migration was evaluated in 24-well chemotaxis chambers containing 5 
µM pore size inserts (Corning, NY, US) and performed as described (41), using anti-CXCR4 (R&D 
Systems) as a positive control for the inhibition of migration. 
 
RNA isolation and RT-PCR 
Total RNA was isolated from CLL cells using the TRIzol reagent (Life Technologies) according to 
manufacturer’s instructions. cDNA was obtained from 0.5-1 μg of RNA using the High Capacity 
cDNA Reverse Transcription kit (Life Technologies). Real-time PCR quantitative assays for 
MMP9 (assay ID Hs00234579_m1) were run on a 7900 Fast Real-Time PCR using mGUSB 
(IDHs00939627_m1) as endogenous control. The results were analyzed with RQ manager 
software (Applied Biosystems). 
 
Protein isolation and western blot  
CLL cells were lysed in 1% Triton buffer containing protease and phosphatase inhibitors. 
Protein lysates were resolved by SDS-PAGE electrophoresis as described (40), developed with 
enhanced chemiluminescence substrate (SuperSignal, Thermo Fisher Scientific) and visualized 
on a LAS4000 Fujifilm device. Protein quantification was done with Image Gauge Fujifilm 
software (Fujifilm Corporation). pERK (p42/p44), ERK  were from Cell Signaling Technology and 
α-tubulin from Sigma. 
 
Human IgG ELISA 
Mouse blood was collected in EDTA micro-containers (Sarstedt), serum isolated by 
centrifugation at 10.000g for 5 minutes, and kept at -80ºC until ELISA was performed. Then, 
serums were allowed to thaw on ice and quantification of human IgG was performed using the 
Human IgG total Ready-SET-Go (eBioscience, Affymetrix) following manufacturer instructions. 
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SUPPLEMENTAL FIGURE LEGENDS 
 
Figure S1. Effect of CRPs blockade on daratumumab-induced CDC. Daudi and CLL cells were 
labeled with Calcein-AM (1μM) and challenged to CDC induction by daratumumab (DARA), 
rituximab (RITUX), ofatumumab (OFA) or isotype control, all of them at 10μg/mL, in the 
presence of 10% Normal Human Serum (NHS). When indicated, 1µg/mL of mixed CRPs 
inhibitors (anti-CD46, anti-CD55 and anti-CD59) were added. 
 
Figure S2. Effect of all-trans retinoic acid (ATRA) on daratumumab-induced CDC.CLL cells 
(n=6) were treated with 10nM ATRA or left untreated for 48h. CD38 expression was analyzed 
subsequently (CD19-FITC CD5-PECy5 CD38PE). A summary of CD38 MFI is shown in (A) and a 
representative CLL case in (B). Then, CLL cells treated w/wo ATRA were labeled with Calcein-
AM (1μM) and challenged to CDC induction with daratumumab (0.01-10μg/mL) or isotype 
control (10μg/mL) and 10% Normal Human Serum (NHS) as described in Material and 
Methods, including Daudi cells as positive control of CDC induction. (*p<0.05, paired t-test) 
 
Figure S3. MEC2 mouse xenograft shows systemic organ infiltration. (A) Cells from ovary, 
parathyroid glands and retroperitoneal LN from a control mouse were isolated and labeled 
with CD45/CD19/CD5. The presence of MEC2 cells was evaluated by CD19+CD5- (right panel) 
inside CD45+population (left panel). Representative flow cytometry density plots are shown. 
(B) IHC staining of H&E and CD19 of an infiltrated ovary (magnification x400).  
 
Figure S4. Dynamics of human IgG concentration in daratumumab treated mice. DARA 
treated mice were bled and serum was isolated before third and fourth (last) dose, and then 
every two weeks until the end of the experiment, as indicated in the diagram. ELISA was used 
to quantify human IgG in these sera. Results from a representative mouse are shown. 
 
Figure S5. Daratumumab activity in a CLL-PDX model. (A) Total number of huCD45+CD19+CD5+ 
recovered from the BM and PB of isotype ctrl and DARA treated groups (CLL16: open symbols; 
CLL17: closed symbols). (B) Density plots showing the percentage of CLL cells (CD19+ CD5+), T 
cells (CD3+ CD56-), NK cells (CD3- CD56+) and monocytes (CD14+) for CLL18. (C) Total number 
of huCD45+CD19+CD5+ recovered from the spleen of isotype ctrl and DARA treated groups 
(CLL18). Statistical differences between groups were assessed by unpaired t-test. 
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Figure S1 
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Figure S2 
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Figure S3 
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Figure S4 
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Figure S5 
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Table S1: Cell line characteristics 
 

1CD38 was considered positive when the percentage of positive cells exceeded 30%. 
2sABC: number of surface antibodies bound per cell evaluated by QuantiBRITETM CD38-PE. 
3Percentage of CDC induction at 10 μg/mL DARA. 
4Percentage of ADCC induction at 0.1 μg/mL DARA. *Burkitt lymphoma 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Study 
label 

%CD381 CD38  
sABC2 

%CD46 %CD55 %CD59 %CD49d %CDC3 
 

%ADCC4 

JVM13 68 20,760 98 98 100 72 0 34.8 

MEC1 14 738 100 99 99 100 0 0 

MEC2 95 29,289 97 96 99 98 4 28.3 

DAUDI* 100 292,13
1 88 17 9 nd 95.9 55.1 
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Table S2: Mean Fluorescence Ratios (MFIR) of CD38 and CRPs 
 

 

Mean Fluorescence Ratio (MFIR) 

study code  CD38 CD46 CD55 CD59 
CLL1 2.5 7.6 4.6 11.0 
CLL2 2.3 6.2 6.4 6.4 
CLL3 4.9 4.2 4.7 4.4 
CLL4 1.4 4.8 4.9 3.1 
CLL5 1.8 5.5 4.6 5.4 
CLL6 nd 4.8 4.9 3.1 
CLL7 1.1 12.0 17.9 11.6 
CLL8 2.0 4.1 5.8 4.2 
CLL9 3.3 12.7 10.3 12.0 
CLL10 3.3 6.0 10.0 7.6 
CLL 11 1.2 9.5 10.3 11.5 
CLL 12 4.6 10.0 8.4 8.8 
CLL 13 4.6 8.2 4.5 5.9 
CLL14 3.7 15.2 7.1 5.8 
CLL15 4.3 7.1 10.5 5.4 
CLL16 9.2 11.2 10.1 8.7 
CLL17 5.5 11.3 13.3 6.5 
CLL18 4.0 10.5 16.4 9.7 
JVM13 7.6 9.8 11.4 39.1 
MEC1 0.4 6.1 7.0 7.4 
MEC2 6.3 13.5 12.5 35.9 

DAUDI 276.6 3.3 1.4 1.2 
The expression of CD38, CD46, CD55 and CD59 was evaluated in the CLL population 
(CD19+ CD5+) by flow cytometry. MFIR=MFI of Abs of interest / MFI of Isotype. For the 
cell lines, CD19/CD5 labeling was not included. 
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SUMMARY OF RESULTS 

A brief summary of the main results achieved during the development of this thesis is exposed 
below. All figures and extended results are available in the published papers included in this 
dissertation.  

 
1st paper: Disruption of FDC-FL crosstalk by the pan-PI3K inhibitor 
BKM120 (Buparlisib) 
 
1. FDCs activate angiogenesis, cell adhesion, migration and serum like responses in FL cells 
FL cells were co-cultured during 24 and 48 hours with HK cells, which are FDCs isolated from 
normal human tonsils348,349, and subsequently FL cells were purified and subjected to global 
GEP. Rank products test revealed a marked modulation of FL transcriptome by FDCs that 
extended up to 48 hours in FL primary cells whereas the more significant changes occurred at 
24 hours in the WSU-FSCCL cell line. Positive regulation of gene expression was more 
prominent and consistent than negative regulation and was not present in the WSU-FSCCL cell 
line. Functional annotation of positive regulated genes was done by Database for Annotation, 
Visualization and Integrated Discovery (DAVID), and genes related to cell adhesion, 
proliferation, angiogenesis, cell migration, and extracellular matrix reorganization, were 
identified among others. These results were further validated by Gene Set Enrichment Analysis 
(GSEA), which uncovered an overrepresentation of genes related to the same pathways. 
 
2. The pan-PI3K inhibitor buparlisib counteracts angiogenesis promoted by FL-FDC crosstalk 
We first demonstrated that buparlisib effectively inhibited both constitutive and FDC-derived 
AKT activation, reducing in a dose-dependent manner the levels of pAKT and its downstream 
transducer phospho-Ribosomal Protein S6 (pRPS6), both in cell lines and primary cells. Next, 
we analyzed the potential effect of buparlisib on angiogenesis, demonstrating that PI3K 
inhibition by buparlisib significantly reduced, after 24 or 48 hours of co-culture, FDC-induced 
expression and secretion of proangiogenic factors in FL cells including VEGF-A, required for 
endothelial development350. A similar trend was obtained for VEGF-C, implicated in 
lymphangiogenesis350, in FL patient supernatants. Moreover, HUVEC tube formation assay 
using supernatants from FL-FDC co-cultures with or without the inhibitor during 48 hours, 
demonstrated that enriched supernatants after FDC co-culture increased the density of HUVEC 
tubes compared with those from control cultures (50% increase on average), and buparlisib 
was able to reduce this FDC-induced secretion of proangiogenic factors, resulting in a 45% of 
reduction in the generation of these networks. 
 
3. Buparlisib interferes with FDC-mediated cell adhesion to extracellular matrix elements 
FDC co-culture induced the phosphorylation of the Focal Adhesion Kinase (FAK) on FL cells; this 
protein is a cytoplasmatic tyrosine kinase that plays a critical role as a mediator of the integrin 
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signaling cascade351. The phosphorylation occurred at residue tyrosine 397, which serves as a 
binding site for Src and PI3K kinases to transmit intracellular signaling352. To test the effect of 
buparlisib on cell adhesion, FL cells were co-cultured for 24 hours with the FDC-HK cell line in 
the presence or absence of buparlisib and then challenged to an adhesion assay using 
extracellular matrix elements (VCAM-1 and fibronectin). FDC co-culture significantly increased 
FL cells adhesion to both VCAM-1 and fibronectin (27% increase on average). Furthermore, we 
demonstrated that PI3K inhibition by buparlisib significantly diminished both intrinsic adhesion 
(just in the case of VCAM-1 with a 30% of reduction) and FDC-induced adhesion to both 
VCAM-1 and fibronectin (49% reduction on average).  
 
4. Buparlisib hampers CXCL12/CXCR4-mediated migration and signaling 
FL-FDC crosstalk may result in an increased CXCL12 secretion by FL cells, and presumably 
FDCs38,39. CXCR4 was downregulated by FDC co-culture after 24 hours (40% on average), 
indicating an increase of secreted CXCL12 that was reverted by buparlisib (69% on average). It 
is important to note that buparlisib increased CXCR4 levels in FL cells in the absence of stroma 
(40% on average), indicating that the inhibitor also decreases FL CXCL12-autocrine secretion. In 
addition, we demonstrated that buparlisib significantly reduced CXCL12-induced migration 
(52% on average) and activation of the PI3K/AKT pathway, as shown by the reduction in pAKT 
and pRPS6 levels on FL cells. 
 
5. Buparlisib inhibits FDC-induced survival and serum-like responses 
GEP analysis indicated that FDC cells deliver serum-like responses and activated serum 
response gene sets. Likewise, FDCs were able to induce serum-like responses in vitro and to 
increase FL cells viability. FDC co-culture partially reestablished the number of viable FL cells in 
serum deprivation conditions after 72 hours (32% reestablishment on average) and buparlisib 
was able to significantly inhibit this serum-like effect (65% on average). Moreover, in 
conventional serum conditions, buparlisib impaired the increase in viability delivered by FDCs 
on FL primary cells and cell lines after 48 hours (26% reduction on average), and was able to 
induce apoptosis in these conditions.  
 
6. Buparlisib inhibits tumor outgrowth in vivo and diminish the expression of angiogenesis 
markers 
We developed both subcutaneous (RL cell line) and systemic (WSU-FSCCL cell line) FL mouse 
models to further validate the potential therapeutic effect of buparlisib in FL. In the 
subcutaneous model, buparlisib inhibited RL cell line growth in vivo after 2 weeks of treatment 
(31% on average), similarly to in vitro results. We demonstrated that buparlisib efficiently 
blocked PI3K/AKT pathway in vivo by western blot and immunohistochemistry of tumor 
sections. In addition, the effect of buparlisib on angiogenesis was also confirmed in vivo by a 
decrease in VEGF-A protein expression and a reduction of blood vessels formation, as 
demonstrated by a decrease of CD31 staining in tumor sections. To further validate the 
antiangiogenic properties of buparlisib, RNA extracted from tumors was analyzed using a 
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‘Human Angiogenesis array’. Buparlisib reduced the expression of a significant number of 
proangiogenic genes, together with a reduction of genes implicated in cell proliferation, 
adhesion and migration. 
In the systemic model, mice displayed splenomegaly and the spleen was the organ with the 
highest tumor cell infiltration. Buparlisib significantly reduced splenomegaly and also reduced 
the number of resident FL cells in the spleen after 5 weeks of treatment (75% reduction on 
average). CD19 and pRPS6 proteins were decreased in tissue sections from the spleens of 
buparlisib-treated mice, further confirming the in vivo inhibition of the PI3K/AKT pathway and 
the antilymphoma effect of buparlisib. 
 
 

2nd paper: The human CD38 mAb daratumumab shows antitumor 
activity and hampers leukemia microenvironment interactions in CLL 
 
1. Daratumumab induces ADCC in the presence of external effectors  
We used Peripheral Blood Mononuclear Cells (PBMCs) from healthy donors as external 
effectors. NK cells, which represent 10-15% of total PBMCs, are the main effector cells. 
Daratumumab induced significant levels of ADCC in CD38+ cell lines and primary cells of CLL 
after 4 hours, reaching on average a 35% of ADCC induction. Importantly, the degree of ADCC 
did not strictly correlate with the number of CD38 molecules on the cell surface of CLL cells, 
indicating that other factors may also contribute in the extent of ADCC by daratumumab. 
 
2. Daratumumab does not engage CDC 
Using normal human serum as a source of complement, we demonstrated that daratumumab 
is not able to induce significant CDC on CLL cells. This low CDC activity was associated with high 
expression of the Complement Regulatory Proteins (CRPs) CD46, CD55 and CD59353, and an 
insufficient number of CD38 molecules per cell compared to the CDC-sensitive Daudi BL cell 
line. Blocking antibodies against these CRPs probed to increase CDC induction by 
daratumumab in Daudi whereas no effect was observed on CLL cells. However, in some CLL 
cases, blockade of these CRPs increased CDC induced by the anti-CD20 mAbs rituximab or 
ofatumumab. On the other hand, a significant upregulation of CD38 expression levels was 
achieved pretreating CLL cells with All-Trans Retinoic Acid (ATRA) for 48 hours; however, this 
increased expression was not sufficient to engage CDC. 
 
3. Daratumumab induces ADCP in vitro and in vivo 
Studies in MM and BL have demonstrated that ADCP also accounts for a mechanism of 
daratumumab activity311. To assess ADCP in vitro, macrophages were generated from bone 
marrow mouse monocytes stimulated with Macrophage Colony-Stimulating Factor (M-CSF) for 
7 days. Daratumumab induced on average 23% of ADCP on CLL primary cells after 4 hours of 
treatment.  
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We next assessed ADCP in vivo in Severe Combined ImmunoDeficiency (SCID)-beige mice, 
devoid of NK cells but with active macrophages. Mice were inoculated intraperitoneally with 
CLL cells and received one intraperitoneal injection of daratumumab or isotype control. After 
48 hours mice were sacrificed and peritoneal lavage was done. We found that the number of 
remaining CLL cells was significantly reduced in daratumumab treated mice compared to the 
isotype control group (46% of reduction on average), indicating that these cells have been 
cleared by resident phagocytes. 
 
4. Daratumumab interferes with CLL cell migration and in vivo homing 
CD38 is important for the CXCR4-CXCL12-induced migration of tumor cells150. The effect of 
daratumumab on CLL cell migration was evaluated using a CXCL12 gradient. We found that in 
CD38+ CLL cells with high migratory capacity, daratumumab inhibits CXCL12-mediated 
migration (44% inhibition on average), which was comparable with the positive control of 
migration blockade anti-CXCR4. Along this line, we demonstrated that phosphorylation of 
ERK1/2 kinase peaked five minutes after CXCR4-CXCL12 ligation as an early effect of 
stimulation for migration150. Daratumumab treatment was able to reduce this activation; 
nevertheless, the degree of pERK inhibition varied among CLL samples, showing heterogeneity 
in primary tumor cells. 
We then validated these in vitro results using an in vivo homing mouse model of CLL. Using 
NOD-SCID Gamma (NSG) mice (lacking NK cells and effective macrophages), we analyzed the 
effect of daratumumab on primary CLL cell migration from peripheral blood to bone marrow 
and spleen. In this system, mice were pretreated with a single dose of daratumumab or isotype 
control and then sacrificed after 24 hours of intravenous cell inoculation. We showed that CLL 
cells mainly migrated to the spleen, and that daratumumab significantly reduced this migration 
(55% inhibition on average). Migration of CLL cells to bone marrow was limited and was not 
affected by pretreatment of mice with daratumumab. 
 
5. Daratumumab hampers CLL adhesion to VCAM-1 and reduces MMP9 expression 
CD38 also plays a key role in cell adhesion through interaction with the integrin CD49d/CD29 
and with extracellular matrix proteins354. We analyzed the effect of daratumumab on the 
CD49d/CD29-mediated adhesion of CLL cells to VCAM-1, an essential component of the 
extracellular matrix355. When compared to the isotype control, daratumumab significantly 
impeded the adhesion to VCAM-1 of CLL primary cells and of the MEC2 cell line (38% inhibition 
on average), with no significant differences with the anti-CD49d blocking antibody used as a 
positive control (49% inhibition on average).  
In addition, we investigated the effect of daratumumab on MMP9 expression. This MMP is 
regulated by CD49d/CD29 and CXCL12, and adhesion of CD49d/CD29 to its ligands leads to 
MMP-9 recruitment356. In this line, we demonstrated that daratumumab treatment completely 
abrogated both constitutive and VCAM-induced MMP9 expression. 
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6. Daratumumab prolongs overall survival in a systemic CLL mouse model 
We established a systemic MEC2 model by intravenous cell inoculation in busulfan 
preconditioned SCID mice, which retain NKs and macrophages that can function as effectors 
for daratumumab activity. One week after cell inoculation, mice were treated for one month 
with a weekly dose of the corresponding drug. Mice treated with the isotype control started to 
lose weight and showed signs of disease between days 30-40 and were sacrificed for ethical 
reasons. These mice showed systemic dissemination of disease in lung, kidney, ovaries, 
parathyroid glands and enlarged lymph nodes, resembling aggressive CLL357. In contrast, in the 
daratumumab treated group, in 7 out of 8 mice survival was extended up to day 90, when the 
experiment was stopped. Interestingly, in this group no MEC2 cells were found by flow 
cytometry or immunohistochemistry in the commonly infiltrated organs found in the isotype 
control mice, suggesting that these treated mice may be free of disease. 
 
7. Daratumumab reduces tumor burden in CLL-Patient-Derived Xenograft models (CLL-PDX) 
Next we established a short time CLL-PDX model in order to develop a mouse model closer to 
CLL biology. We used NSG mice to avoid CLL clearance by mice’s NKs, and in order to provide 
this mouse model with FcγR effector cells, we inoculated them intravenously with selected CLL 
cases enriched in NKs and monocytes/macrophages. Mice were treated with a single dose of 
daratumumab or isotype control the following day after inoculation. On day 5, mice were 
sacrificed and cells were recovered from peripheral blood, bone marrow and spleen. Cells 
mainly homed to the spleen, where a significant decrease of CLL cells was found in the 
daratumumab-treated group (73% reduction on average). No significant differences were 
found in bone marrow or peripheral blood resident CLL cells between the two groups. 
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FL and CLL share several features in common: 1) they are indolent B-cell neoplasms, 2) patients 
normally present an initial good response to treatment, usually followed by frequent relapses 
with transformation occurring in a certain percentage of them, and 3) both pathologies as yet 
remain incurable89,110. 
The characterization of activated signaling pathways involved in survival and proliferation in 
these tumors, together with the development of a wide pharmacological armamentarium 
against cancer targets, have facilitated the bench-to-bedside translation of new targeted 
therapies in these malignancies156. 
The initial driving event in both malignancies is the early acquisition of genetic alterations 
during B-cell development, which provide a clonal advantage to these pre-neoplastic B-
cells18,110. However, the proliferative drive for malignant cells is, at least in the early stages, 
largely dependent on external signals from the microenvironment. This microenvironment 
mirrors the normal counterpart where the tumor develops, with the presence of a variety of 
cell populations and stimuli, such as antigens and cytokines, that favor the survival of 
malignant cells34. These interactions are not targeted by conventional treatments, which may 
explain why despite major therapeutic advances these B-cell malignancies still remain 
incurable. For this reason, surface molecules and signaling pathways that are involved in the 
crosstalk between malignant B-cells and their microenvironment represent attractive 
therapeutic targets. With this concept in mind, the main aim of this thesis was to explore new 
therapies targeting the interactions between the tumor cell and its microenvironment in these 
B-cell neoplasms: FL and CLL. 
 

 PI3K inhibition in FL by buparlisib: at the crossroads of tumor and 
microenvironment 
 
FL is the second most common type of lymphoid neoplasm, representing 20% of all 
lymphomas, with a median survival of 8-10 years after diagnosis and treatment with current 
therapies. The most widely adopted regimen is R-CHOP with a very high rate of overall 
responses but, after some years of remission, the disease returns in most patients89. FL is the 
paradigm of a lymphoma that depends on the microenvironment for proliferation and survival; 
the composition and spatial distribution of these cells within the tumor resembles that of the 
germinal centre in normal lymphoid tissues, where tumor cells reside and proliferate in 
follicular structures in close association with lymphoid stromal cells, TAMs, and T-cells35. The 
clinical relevance of this microenvironment is highlighted by the observation that the length of 
survival among patients with FL correlates with molecular features of non-malignant immune 
cells present in the tumor at diagnosis33. FDCs are a key component of this microenvironment, 
they are located in the B-cell follicles of secondary lymphoid organs and are involved in 
germinal centre development, Ig class switching, memory B-cell generation, affinity maturation 
and induction of recall responses38. In addition, the expression of FDC gene signatures in the 
tumor microenvironment is correlated with poor outcome33.  
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The aim of the first work derived from this thesis, was to analyze the signaling pathways 
underlying the crosstalk between FL and its microenvironment, more precisely with FDCs, and 
to subsequently explore if the activated pathways resulting from this crosstalk could be 
counteracted pharmacologically. 
To mimic the germinal centre microenvironment, we chose to work with the non-immortalized 
FDC cell line HK, isolated from human tonsils, which has been shown to retain the functional 
features of FDC in delaying apoptosis and providing unique signals for the proliferation and 
differentiation of germinal centre B-cells348,349. The results obtained after analyzing the co-
culture system of FL with the HK cell line revealed that FDCs profoundly modify the FL 
transcriptome by activating different survival pathways, among them are: angiogenesis, 
adhesion, migration and serum-like responses. We hypothesized that these pathways may be 
at the basis of drug resistance and disease recurrences. With the purpose of disabling this 
communication circuitry, we focused on the search for a common downstream transducer of 
these FDC-activated pathways. 
The PI3K/AKT/mTOR pathway is a key signaling pathway in cancer, including B-cell 
malignancies, and is involved in a wide variety of essential cellular functions. Moreover, 
PI3K/AKT/mTOR engages, at least in part, the downstream signaling of tumor cells and 
microenvironment crosstalk199. Several studies have demonstrated a key role of PI3K in 
hematopoiesis, showing that defects on PI3K resulted in blockage of B-cell development358,359. 
Although no mutations of PI3K have been found in FL360, a constitutive activation of the 
PI3K/AKT pathway has been documented in this malignancy360–362, suggesting that this 
activation may come from the microenvironment of FL cells, inducing proliferation and survival 
of tumor cells, and contributing to the resistance to cytotoxic agents, similarly to observations 
done in CLL cells363–365. Then, considering that PI3K/AKT pathway may have a prominent role as 
a common signaling mediator of the identified pathways activated after the co-culture with 
FDCs227,366,367, we chose to work with buparlisib (NVP-BKM120), an oral selective inhibitor of all 
four class I PI3K isoforms225. Buparlisib has previously shown efficacy in vitro228,368 and in 
vivo231–233 in other hematologic malignancies, and is currently in clinical trials as monotherapy 
in patients with R/R NHL, including FL, MCL, DLBCL (NCT01693614) and CLL (NCT02340780). 
Preliminary clinical data of this trials demonstrate that it has a favorable tolerability profile, but 
modest efficacy when used as a single agent98,235. Along this line, some combination 
approaches of buparlisib with other agents are being evaluated in the clinical setting in order 
to increase its effectiveness in the clinic of these hematologic malignancies236. 
Previous studies have demonstrated that over 90% of germinal centre B-cells isolated from 
human tonsils die in culture within 24 hours, whereas this apoptosis was reverted as soon as 
the contact with FDCs was restored in vitro369,370, suggesting that FDCs provide the signaling 
molecules to prevent apoptosis. First, we demonstrated that the FDC cell line HK was able to 
induce survival of FL primary cells and cell lines after co-culture. Our results showed that FDCs 
engage serum-like responses and activation of serum response transcription factors on FL cells, 
as identified by GSEA. Moreover, inhibition of the PI3K/AKT pathway by buparlisib hampers this 
induced survival and promotes apoptosis in vitro by effectively blocking FDC-derived AKT 
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activation demonstrated by reduction of AKT phosphorylation at Ser473 residue and its 
downstream transducer RPS6, at Ser235/6 residue. These results were validated both in cell 
lines and primary cells in a dose-dependent manner after the treatment with buparlisib. 
Our study also showed a marked overrepresentation of angiogenesis signatures in FL cells after 
FDC co-culture, including proangiogenic growth factors and its receptors (ANGPT1, ENPP2, 
EPHB2, FGG2, FST, HGF, IL6, IL8, MDK, PTN, VEGFA, VEGFC, PDGFRA and PDGFRB), 
lymphangiogenesis markers (VEGFC and CD44), angiogenesis markers (AMOT, ANGPTL2, 
ITGAV) and chemokines (CXCL1, CXCL2, CXCL5, CXCL12 and CCL2). Angiogenesis plays a key role 
in oncogenesis, especially when the tumor starts growing and requires de novo formation of 
blood vessels in order to be supplied with oxygen and nutrients, promoting growth and 
progression of both solid and hematologic tumors371. In FL, the degree of angiogenesis is 
correlated with the extent of disease, prognosis or response to therapy, being more prominent 
in aggressive or advanced subtypes rather than in indolent or earlier stages63,372. It is well 
known that this angiogenic process is critically influenced by the local tumor 
microenvironment, which may favor the development of the “angiogenic niche”350. The most 
important mediator of the angiogenic switch in lymphomas is the VEGF family of proteins, and 
its survival downstream signaling has been attributed to being controlled by the PI3K/AKT 
pathway366,350. The results obtained in this work demonstrated that PI3K inhibition by 
buparlisib significantly reduced FDC-induced expression and secretion of proangiogenic factors 
in FL cells after FDC-FL co-culture, including VEGF-A and ANGPT1, both required for endothelial 
development, and VEGF-C, implicated in lymphangiogenesis. Moreover, it was also able to 
reduce angiogenesis in an in vivo model, confirming the antiangiogenic properties of 
buparlisib. 
Patients with FL usually exhibit widespread lymph node involvement at diagnosis, indicating 
the high mobility properties of these tumor cells373. To enter lymphoid organs, B-cells must 
adhere to endothelia and transmigrate across the endothelial barrier; for this reason, 
chemokines and adhesion molecules are important in the homing of normal and malignant B-
cells and, hence, in lymphoma dissemination. The adhesion molecules involved in lymphocyte 
homing include: selectin ligands, integrins and CD44374. Our results showed an upregulation of 
different families of molecules implicated in this cell-matrix adhesion in FL cells after the FDC 
co-culture; among them are: α- and β- integrins, and CD44. The leukocyte integrin α4β1 (also 
known as CD49d/CD29) is unique among β1-integrins because it is not only involved in the cell-
matrix but also in cell-cell interaction. α4β1 can bind to the extracellular matrix component 
fibronectin as well as to the transmembrane glycoprotein VCAM-1, the latter is constitutively 
expressed by FDCs38 and is induced in endothelia at sites of inflammation374. In FL, the 
expression of several β-integrins, including α4β1-, has been associated with disease 
dissemination and patient prognosis375. Along these lines, our GSEA results indicated an 
enrichment of several gene sets related to the integrin pathway (Annex 1, Table S1), supporting 
the importance of FDC-induced adhesion in FL cells. Moreover, several gene sets related to 
extracellular matrix reorganization, with upregulation of several MMPs (MMP1, MMP2, MMP3 
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and MMP14) were also enriched in FL cells exposed to FDCs, supporting the hypothesis that 
FL-FDC interaction favors the extravasation and dissemination of FL cells. 
FAK is a cytoplasmic tyrosine kinase that plays a critical role as a mediator of the integrin 
signaling cascade, outstanding as a possible target to interfere with this phenomenon351. As 
validated in our results, FDC co-culture induced the phosphorylation of FAK at residue tyrosine 
397 on FL cells; this residue is known to serve as a binding site for both Src and PI3K kinases to 
transmit intracellular signaling352. This correlates with the results that we obtained, where PI3K 
inhibition by buparlisib significantly diminished both intrinsic adhesion and FDC-induced 
adhesion to extracellular matrix proteins such as VCAM-1 and fibronectin, by decreasing the 
expression of adhesion molecules on FL cells. 
Among the chemokines that are important in the homing of normal and malignant B-cells 
there are four of special interest, since they are expressed within secondary lymphoid organs, 
where they may influence the locomotion of different B-cell subsets. These chemokines are as 
follows: CXCL13, which binds to CXCR5376; CCL19377 and CCL21378, which bind to CCR7; and 
CXCL12, which binds to CXCR4379. Our results showed that FDC co-culture significantly 
modulated the expression of gene sets related to cell migration. Among the genes modulated, 
CXCL12 stands out as a prominent factor in chemotactic responses with a marked upregulation 
after the co-culture (mean fold change (fc) = 37.6, False Discovery Rate (FDR) = 0.0426), this 
chemokine is secreted by both lymphoma cells and stromal cells, including FDCs38,39. CXCL13 
was also upregulated but to a lesser extent (mean fc = 5.7, FDR = 0.001) (Paper 1, Table S2). 
Furthermore, it was demonstrated that drug-resistant cancer stem cells interact with FDCs by 
CXCL12/CXCR4 signaling to maintain tumorigenicity and to resist chemotherapy380. It has been 
previously reported that PI3K inhibitors could effectively antagonize migratory signals derived 
from CXCL12-induced migration on CLL cells135,227; and that was later confirmed by our results, 
where on the one hand, buparlisib was shown to significantly reduce both the autocrine 
secretion of CXCL12 and also that induced after FDC co-culture in FL cell lines and primary cells 
and, on the other hand, it was demonstrated to diminish CXCL12-induced migration and 
activation of PI3K/AKT pathway on these cells. 
Another important chemokine that stands out after FL-FDC co-culture is CCL2 (mean fc = 48.6, 
FDR < 0.0001). We also confirmed that the protein was secreted (Annex 1, Figure S1A). CCL2 
mediates monocyte egress from bone marrow and recruitment into inflamed tissues through 
interaction with its receptor CCR2, and its expression is upregulated by proinflammatory 
cytokines. In addition, tumor-derived CCL2 expression positively correlates with TAMs 
infiltration, tumor vascularization, and angiogenesis42. In this regard, we have demonstrated 
that supernatants from FL-FDC co-cultures potently attract monocytes (Annex 1, Figure S1B), 
suggesting that FL-FDC crosstalk helps to create the lymphoma niche by recruiting monocytes 
to the tumor site. 
To further evaluate the potential therapeutic effect of buparlisib, we also analyzed its effect in 
vivo in two different FL mouse models, heterotopic and systemic. We demonstrated that 
buparlisib was effective in reducing tumor growth and angiogenesis in the subcutaneous 
setting using the RL cell line, in a similar extent to that observed in vitro with this cell line. 
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Moreover, in the systemic FL mouse model using the WSU-FSCCL cell line, the spleen was the 
organ with the highest tumor cell infiltration and mice displayed splenomegaly, as described in 
previous studies using this cell line for in vivo setting381. Our results show that buparlisib was 
able to significantly reduce the number of resident cells in the spleen of treated mice and, 
hence, splenomegaly was less prominent in these mice, further supporting the antimigratory 
and antiproliferative properties of buparlisib observed in vitro. 

In summary, the present data provides strong evidence of how FL-FDC crosstalk contributes to 
FL lymphomagenesis by modulating a great deal of events leading to lymphoma growth and 
dissemination. Focusing on the implication of these findings on future research, we strongly 
suggest mimicking the FL microenvironment when designing and evaluating new drugs for the 
treatment of FL in vitro and in vivo as it will be a closer approach to the lymphoma biology. 
Furthermore, future clinical trials and therapeutic approaches should consider targeting this 
crosstalk between malignant FL cells and their microenvironment to overcome therapy 
resistance which may be derived by the survival signals provided by the microenvironment. So 
far, and after highlighting in the present study the important role of the PI3K/AKT pathway in 
this crosstalk, we suggest the use of PI3K inhibitors as valuable tools to effectively interfere 
with this crosstalk.  

Several questions remain unanswered regarding the role of PI3K inhibition in hematologic 
malignancies. One of the most important questions is whether isoform-selective inhibitors will 
be more active than pan-PI3K inhibitors. As previously mentioned, several PI3K inhibitors are 
currently in advanced stages of clinical development, including pan-PI3K inhibitors, and dual or 
isoform-selective inhibitors. More concretely, since the p110δ and p110γ catalytic isoforms of 
PI3K are highly enriched in leukocytes, they are particularly desirable targets for inhibition in 
the treatment of hematologic malignancies200, and specific p110δ inhibitors, such as 
idelalisib220, or dual inhibitors, duvelisib (p110δ/p110γ)217, and copanlisib (p110α/p110δ)205 are 
of increasing clinical interest in this setting. However, it has been hypothesized that inhibiting 
all 4 isoforms of class I PI3K may be advantageous over inhibiting specific isoforms. This 
hypothesis is based on some pre-clinical studies suggesting that functional redundancy may 
lead to compensatory signaling after genetic or pharmacological inactivation of specific PI3K 
isoforms382. Importantly, it has recently been demonstrated that buparlisib was 3.6 fold more 
toxic than idelalisib in primary CLL cells in vitro226, confirming the key role of the different PI3K 
isoforms, not just p110δ, in antagonizing stromal cell-derived survival, migration and resistance 
to drugs227. In addition, it has been reported that p110α expression contributes to maintain 
constitutive PI3K activation despite p110δ inhibition with idelalisib383.  
In this regard we have performed some studies with idelalisib in the context of FDC-FL 
crosstalk. Idelalisib induced limited apoptosis on FL cells and partially reduced FDC-induced 
survival of FL cells (Annex 1, Figure S2). The cytotoxic activity of buparlisib in the same 
experimental set-up was clearly superior (Paper 1, Figure 5C). We have also performed GEP of 
4 FL primary cells in co-culture or not with HK cells, with or without idelalisib treatment. As 
displayed in Figure S3 (Annex 1), in two of these samples, idelalisib reverted the upregulation 
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of gene signatures related to angiogenesis, adhesion and migration whereas it was ineffective 
in the other two patients. We are currently expanding the number of cases to determine 
whether this selectivity against FL-FDC crosstalk leads to functional redundancy and 
compensatory signaling in just some FL cases, and to characterize the mechanisms underlying 
this process. 
Nevertheless, the concept of functional redundancy is controversial, and the clinical relevance 
of redundant roles remains unclear. In the clinical setting, the selectivity of isoform-specific 
PI3K inhibitors, coupled with the high doses at which they can be given, has two implications:  
- First, the high specificity of these agents implies that they may be particularly active in 
hematologic malignancies. This observation can be further supported by the promising results 
achieved with idelalisib that led to its accelerated approval by the FDA for the treatment of R/R 
FL patients as monotherapy94, or R/R CLL patients in combination with rituximab166. The dual 
p110δ/γ inhibitor duvelisib has also shown efficacy as monotherapy in R/R NHL patients100,174; 
likewise, copanlisib (p110α/δ) is in trials and has demonstrated its clinical activity as 
monotherapy in R/R NHL patients99,206. 
- Second, profound inhibition of a single isoform of PI3K is likely to change the toxicity profile 
relative to what has been observed with pan-isoform inhibition. In this context, clinical data 
show that immunologic adverse events occur infrequently with pan-PI3K inhibitors such as 
buparlisib; however, the long-term effects of PI3Kδ inhibition in patients are unknown, and 
significant infectious complications have occurred after idelalisib treatment in naïve patients 
due to the disruption of Treg cell function224. Will this disruption over a number of years lead to 
increased risk of developing autoimmune disorders? 
Ongoing and future trials will further clarify our understanding of the proper use of these 
drugs in lymphoma, and the assessment of the relative amount of these isoforms may help 
identify those patients that are most likely to respond to these exciting agents. 
 

 CD38 immunotherapy in CLL: more beneath the tip of the iceberg 
 
CLL is the most common type of leukemia in adults and constitutes a very heterogeneous 
disease with a highly variable clinical course driven, in part, by heterogeneity in the disease’s 
biology. It is characterized by a dynamic balance between cells circulating in the blood and cells 
located in permissive niches in lymphoid organs2, where they engage in complex cellular and 
molecular interactions with the cells in the microenvironment, resembling the pattern that 
normal counterpart B-cells engage in, as happens in FL128. These interactions confer a 
dependence of CLL cells on the microenvironment affecting cell survival and proliferation and 
providing drug resistance that may be responsible for residual disease after conventional 
therapy129. The most popular choice as first-line treatment is the FCR combination; however, 
the replacement of fludarabine and cyclophosphamide by bendamustine, that combines 
alkylating properties with a purine analogue, is increasing in popularity as a therapeutic option 
for elderly and frail patients160. Targeted immunotherapy with mAbs against a potential 
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therapeutic target is becoming the standard of care for successful treatment of many 
hematological malignancies257–260. In CLL, the anti-CD20 mAbs (rituximab, ofatumumab and 
obinutuzumab) have shown therapeutic benefit in combination with standard chemotherapy; 
nevertheless, when used alone they are not very effective because CD20 expression in CLL is 
significantly lower than in other types of mature B-cell lymphomas384. In this scenario, 
identification of new targets with a substantial overexpression on malignant cells (vs. normal 
cells), and involved in key survival signaling and microenvironment crosstalk are of special 
interest in the treatment of CLL and other hematologic malignancies.  
With these premises, the second work derived from this thesis was focused on the validation 
of new surface molecules that can be targeted to disrupt the crosstalk between CLL and their 
microenvironment.  
CD38 arises as a good candidate, as it is a multifunctional cell surface protein that functions as 
a receptor and as an enzyme, and is expressed on lymphoid and myeloid cells as well as in 
several non-hematopoietic tissues385. Its ectoenzymatic activity is bifunctional: cyclase and 
hydrolase. Along this line, CD38 uses Nicotinamine Adenine Dinucleotide (NAD+) as the 
substrate for the formation of cyclic-Adenoside DiPhosphate Ribose (cADPR) and ADPR. In 
addition, CD38 in acidic conditions catalyzes the generation of Nicotinic Acid-Adenine 
Dinucleotide Phosphate (NAADP+) from Nicotamine Adenine Dinucleotide Phosphate 
(NADP+)386,387. cADPR, ADPR, and NAADP+ are potent second messengers that regulate Ca2+ 
mobilization from the cytosol, activating signaling pathways that control various biological 
processes, such as lymphocyte proliferation388. Interestingly, recent studies suggest a pivotal 
role of CD38-dependent adenosine production in immune suppression mediated by NK cells389, 
and an involvement of CD38 in immune modulation mediated by myeloid-derived suppressor 
cells390. 
CD38 expression is dynamic and regulated by the tumor microenvironment, and is specifically 
expressed on CLL cells that are primed to proliferate in the lymph node141. In addition, CD38 is 
able to associate molecularly with CXCR4150, CD49d, and MMP-9152, thereby cooperating in 
migration, adhesion and invasion. Most notably, CD38 is expressed in a large number of 
hematological malignancies and is, in particular, highly expressed in MM306 and in a subset of 
CLL cells, representing in the latter a prognostic factor independent of IGHV mutational status 
and associated with poor outcome153,154. For these reasons, since its discovery in the 1970s, 
scientists and clinicians have been interested in CD38. Starting in the 1990s, investigators 
began to study CD38 mAbs as plausible therapies against MM and other CD38+ hematologic 
malignancies391–394. Along these lines, multiple, different anti-CD38 mAb clones were studied, 
including ones conjugated to various toxins392,395. However, despite promising preclinical 
results, none was sufficiently developed to enter into clinical use. Nowadays, advances in 
technology have made it possible to generate mAbs with enhanced cytotoxicity, and in the last 
few years, interest has resurged in CD38 as a target for patients with CD38+ hematologic 
malignancies. Following this line of investigation, there are currently three anti-CD38 mAbs in 
clinical trials: daratumumab, isatuximab315 and MOR202. Preclinical results and preliminary 
data from these trials provide an exciting glimpse into what these agents could achieve, 
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especially in combination with other existing regimens. The most advanced in development is 
the human anti-CD38 IgG1 daratumumab, which binds a unique epitope present on the CD38 
molecule, and that was approved in 2015 by the FDA for the treatment of R/R MM patients277. 
Moreover, it is currently being studied in other CD38+ R/R NHL including FL, MCL, and DLBCL 
(NCT02413489). Based on these evidences, we sought to determine the potential therapeutic 
benefit of daratumumab in CD38+ CLL, as a new approach to simultaneously target the tumor 
cell and its interaction with the microenvironment in this poor prognosis CLL subtype. 
Observations that clinical response after therapeutic antibody treatment correlated with 
FcγRIIIa polymorphisms396,397, indicated that FcR-dependent mechanisms substantially 
contribute to the cytotoxic action of therapeutic antibodies against tumors. Daratumumab had 
previously demonstrated, in preclinical studies, broad-spectrum killing activity against CD38+ 
tumor cells via FcγR mediated tumor cell killing, including ADCC by NK308, and also ADCP by 
macrophages311, through binding of tumor cell-bound daratumumab to FcγRs. Our results 
showed that daratumumab was able to induce dose-dependent ADCC on CD38+ CLL primary 
cells and cell lines achieving a median lysis similar to that shown on primary MM cells308. 
However, no cytotoxicity was observed on CD38- cells treated with daratumumab, confirming 
that induction of ADCC depends on target expression. It is important to point out that the 
obtained levels of ADCC did not strictly correlate with the number of CD38 molecules on the 
surface of CLL cells. This is still a matter of debate on ADCC mechanism of action with other 
mAbs such as rituximab, where the level of CD20 expression on tumors has been related to 
clinical response; however, results from several studies are contradictory398,399. In this regard, 
no significant correlation was observed in vitro between the number of CD20 molecules per 
cell and rituximab-induced ADCC, using an experimental model consisting of a set of clonally 
related CD20+ transgenic lymphoma and leukemia cells, that collectively covered a wide 
spectrum of CD20 expression400. One possible explanation would be that other molecules 
within the immune synapse may control the extent of ADCC by these mAbs. According to this 
premise, NK cell activation is tightly regulated by multiple types of activating and inhibitory 
receptors expressed on its surface that recognize ligands present on target cells. The balance 
between positive and negative signals transmitted via these receptors determines whether or 
not a target cell is killed by an NK cell401. The receptor FcγRIIIa (CD16) is the one that can 
trigger ADCC on encountering target cells opsonized with an IgG antibody, whereas receptors 
of Natural Killer Group 2D (NKG2D) and the Natural Cytotoxicity Receptor (NCR), both also 
expressed on NK cells, appear to be the most relevant receptors that stimulate responses to 
tumor target cells. On the other hand, signaling through these activating NK receptors is 
negatively regulated via inhibitory receptors also expressed on NK cell surface, such as Killer Ig-
like Receptors (KIR), CD94/NKG2A, and Leukocyte Ig-like Receptor-1 (LIR-1). Most target cells 
express multiple ligands recognized by these receptors, therefore, the different degree of 
interactions between activating/inhibitory receptors and their ligands on target cells correlates 
with the levels of activation of NK cells401. Therefore, the extent of ADCC induced by 
daratumumab may be dictated by the expression of these ligands on each individual CLL used. 
Targeting these activating/inhibitory receptors is arising as a new strategy in order to enhance 
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NK cell mediated cytotoxicity. In this regard, it was demonstrated that the activity of 
daratumumab against MM cells was augmented with an innovative antibody anti-KIR 
(IPH2102). This antibody blocks the interaction of the three main inhibitory KIRs (KIR2DL1, -2, 
and -3) present on NK cells with their ligands on target cells, thus, preventing their inhibitory 
signaling and resulting in an increased NK cell lysis of daratumumab-targeted MM cells402. 
These observations suggest a therapeutic window for preferential enhancement of NK-cell 
cytotoxicity against malignant target cells. 
Further evidence of increased ADCC activity by daratumumab was achieved when effector 
cells, using PBMCs from healthy donors, were pretreated with the immunomodulatory agent 
lenalidomide, which activates NK cells. Thus, the cytotoxicity of daratumumab against MM 
cells was significantly augmented with the pretreated effectors, suggesting that the 
combination of daratumumab with immunomodulatory agents could be highly effective in 
increasing the activity mediated by this mAb403. These encouraging preclinical evidences have 
led to the undertaking of several clinical trials that are still ongoing, combining daratumumab 
with lenalidomide + dexamethasone in MM patients. It is important to note that lenalidomide 
is an FDA approved drug for the treatment of MM patients in combination with 
dexamethasone404. Following this line of investigation, we aimed to compare whether this 
activation of NK cell activity by lenalidomide would be also able to induce an increased ADCC 
response to daratumumab on CLL cells. As shown in Figure S4 (Annex 1), pretreatment of 
PBMCs with lenalidomide for 72 hours significantly improved their ability to kill CLL cells in 
ADCC assays, compared to those untreated. These results further confirm the important role of 
activation of NK cells in ADCC response. However, lenalidomide treatment is not indicated and 
not recommended for use in CLL patients outside of controlled clinical trials404, for this reason, 
combination of daratumumab with other agents that independently modulate NK cell 
function, such as the aforementioned anti-KIR (IPH2102), might be considered in these 
patients in order to achieve a more effective response to this treatment strategy. 
Another possibility that has to be further explored is the internalization of daratumumab from 
the surface of target CLL cells that may limit engagement with the effectors and increase mAb 
consumption. This phenomenon has been observed with type I anti-CD20 mAbs, such as 
rituximab, and it has been demonstrated that the rate of internalization of rituximab directly 
correlated with expression of the inhibitory receptor FcγRIIb (CD32b) on target B-cells405. This 
receptor is expressed at high levels on CLL cells, and in a recent study it was observed that the 
expression of FcγRIIb on target B-cells also increased the internalization of other types of 
mAbs, such as anti-CD38 mAbs, albeit to a lesser extent than with rituximab406. This 
internalization would abrogate CDC, ADCC and ADCP leading to therapy resistance; however, 
this mechanism of resistance has not been yet fully characterized for daratumumab. 
As previously exposed, ADCP has recently been indicated as a potent mechanism of action for 
daratumumab in BL and MM cells311. Macrophages, representing professional phagocytes, are 
abundant in tumor stroma34 and phagocytosis by macrophages might therefore be a very 
potent mechanism of action of therapeutic mAbs in cancer treatment268. Our results in vitro 
demonstrated that daratumumab induced macrophage-mediated phagocytosis on CLL primary 
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cells. Although its capacity to induce phagocytosis was to some extent related to CD38 
expression levels on target cells, similarly to our results on ADCC, it may not be the sole factor 
controlling phagocytosis induction, in agreement with daratumumab results in other 
hematologic tumors311. This phenomenon has previously been reported by Leidi et al407, where 
they observed that CD20 expression levels on CLL did not correlate with phagocytosis activity 
of rituximab. Target cell size and shape have been suggested to influence phagocytosis408,409, 
however, cell size and shape among the different CLL primary cells used in our study appeared 
to be comparable. Another possibility is that the so-called “don’t eat me” signals on target cells 
may play an important role in regulating phagocytosis, but this point still needs further 
investigation. In this context, one of the key molecules is CD47, which is expressed on tumor 
cells and interacts with the inhibitory receptor SIgnal Regulatory Protein-α (SIRPα; CD172a) 
that is expressed on macrophages410. CD47 is upregulated in various types of cancers, and it 
was reported that tumor cells expressing CD47 were less sensitive to mAb-induced killing411. In 
this regard, it was demonstrated that blocking this cell surface with anti-CD47 mAbs 
preferentially enabled phagocytosis of NHL cells and synergized with rituximab to eradicate 
tumor cells in both in vitro and in vivo models412. At present, bispecific antibodies targeting 
CD47 and CD20 are under investigation in NHL models to facilitate selective binding of these 
antibodies to tumor cells, leading to phagocytosis413. This approach is of increasing interest in 
existing antibody therapies, and may be further explored with other mAbs, such as 
daratumumab in order to potentiate its phagocytosis activity. 
We then demonstrated that phagocytosis could be also induced by daratumumab in vivo by 
injecting CLL cells into the peritoneum of SCID-beige mice, which lack B, T and NK cells, but 
possess active macrophages in their peritoneal cavity. This model allowed us to exclude the 
contribution of ADCC to daratumumab toxicity, and the results obtained confirmed that 
daratumumab induces significant phagocytosis in vivo on CLL cells. 
On the other hand, the role of complement in the depletion of malignant and normal cells is 
less convincing, and a number of antitumor mAbs appear to operate in the absence of a lytic 
complement414–416. CDC requires at least 10 times more antibodies at the cell surface than 
does ADCC417, and consequently whereas most mAbs will mediate ADCC, very few reach the 
surface density necessary to activate the classical complement pathway. Along this line, 
daratumumab was particularly differentiated among other mAbs for its potent CDC activity, 
and was demonstrated to strongly induce CDC on MM cells308. Nevertheless, our results 
showed a limited CDC induction by daratumumab on CLL cell lines and primary cells. 
Therefore, we hypothesized that the expression levels of CD38 in our CLL cells were not 
sufficient to engage CDC, as it was also observed in previous studies with ofatumumab, where 
CDC induction on lymphoma and CLL cells were largely dependent on CD20 expression 
levels418. 
In order to increase CDC induction by daratumumab in CLL, we chose two approaches: 1) 
upregulation of CD38 expression levels, or 2) blockade of the CRPs, known to prevent 
uncontrolled CDC amplification. We first tested the possibility of upregulating CD38 levels on 
CLL cells by ATRA, as previously shown in MM419,420. Although we observed that ATRA 
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treatment was able to significantly increase CD38 levels on CLL cells, this increase was not 
sufficient to engage daratumumab-induced CDC. Next, we decided to block the CDC inhibitory 
activity of the CRPs: CD46, CD55, and CD59. These proteins are overexpressed in a number of 
tumor types, and their upregulation has been shown to contribute to mAb resistance in vivo353. 
Moreover, these CRPs were reported to mediate resistance to CDC induced by rituximab and to 
a lesser extent by ofatumumab in NHLs421. Our data show that CLL cell lines and primary cells 
display very high expression of these CRPs; however, inhibition of its activity with blocking 
antibodies directed at CD46, CD55 and CD59 did not yield any increase in CDC induction by 
daratumumab, whereas this blockade did increase CDC induced by rituximab or ofatumumab. 
Overall, these findings indicate that CDC does not contribute to the cytotoxic activity of 
daratumumab on CLL cell lines or primary cells, probably due to the combination of insufficient 
CD38 number of surface molecules and high expression of CRPs. 
We then validated the potential therapeutic activity of daratumumab in inducing FcγR 
mediated cell lysis of CLL cells in vivo, using two different mouse models. Firstly, we 
demonstrated that daratumumab had an impressive activity in a systemic model of CLL with 
the MEC2 cell line in SCID mice, which retain NKs and macrophages that can function as 
effectors for daratumumab activity. These mice showed systemic disease dissemination, 
resembling that reported in CLL patients presenting aggressive disease or transformation to 
Richter’s syndrome357. In this model, daratumumab treatment efficiently prevented tumor 
progression and significantly prolonged survival. Secondly, we developed a mouse model 
closer to CLL biology using NSG, devoid of NKs and macrophages, and providing the mouse 
with FcγR-bearing human effector cells present in the CLL samples used. Daratumumab was 
proven to reduce tumor infiltration in mice spleens, which was seen to be the main infiltrated 
organ in this model194. Taken together, these findings support the evidence that anti-CD38 
therapy with daratumumab may be relevant for CD38+ CLL patients. 
In addition to the cytotoxic effect of daratumumab via ADCC and ADCP, we have also 
demonstrated that daratumumab has the potential to counteract microenvironment-derived 
signaling in protective cancer niches, such as lymph nodes and bone marrow. As described 
previously, there are different chemokines and adhesion molecules that are important in the 
cell trafficking and tissue homing of normal and malignant B-cells to secondary organs. Among 
the different chemokines, CXCL12 was found to be constitutively secreted at high levels by 
BMSCs379, demonstrating to be very important in the development of CLL cells and trafficking, 
and suggesting that homing of CLL cells in the bone marrow and secondary lymphoid tissues is 
mainly coordinated by the CXCL12/CXCR4 axis135. CD38+ CLLs are characterized with enhanced 
migration towards CXCL12; this can be explained because CD38 appears to be linked to the 
kinase ZAP-70, as CD38 activation was observed to lead to ZAP-70 phosphorylation142. In 
addition, ZAP-70 has been demonstrated to be a key element in CXCR4 signaling422,423, thus 
suggesting that the CD38/ZAP-70 pathway is directly involved in the migratory response of CLL 
cells. Following this line of investigation, Vaisitti et al150 demonstrated that CD38 cooperates 
with the CXCR4 signaling pathway controlling chemotaxis/homing processes of CLL cells. Using 
a large cohort of CLL patients and an in vivo mouse model, they showed that blocking CD38 
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with specific mAbs inhibited the short- and long-term effects of CXCL12. A possible explanation 
was that CD38 and CXCR4 are localized in physical proximity on the surface of circulating CLL 
cells, thus mAb binding to specific domains of CD38 would reduce accessibility of CXCR4 to the 
CXCL12 ligand150. These results are further supported by other studies where they suggested 
the existence of a CD38/CXCR4 macromolecular complex152. Our results are in agreement with 
these findings, as we demonstrated that daratumumab treatment inhibited CXCL12-induced 
migration of CLL cells in vitro in a similar proportion to that obtained with anti-CXCR4 
treatment. Soon after CXCR4-CXCL12 ligation, phosphorylation of ERK1/2 kinase occurs on CLL 
cells150. Accordingly, we confirmed that daratumumab treatment was able to reduce ERK 
activation (phosphorylation at Ser42/44), which peaked five minutes after CXCR4-CXCL12 
ligation; however, the degree of pERK inhibition varied among CLL samples, hence illustrating 
heterogeneity in primary tumor cells. To provide additional evidence of this interference of 
daratumumab with CLL migration, we developed an in vivo homing mouse model of CLL using 
NSG mice. In this model, CLL cells rapidly moved from peripheral blood, migrating mainly to 
the spleen, and daratumumab significantly reduced this migration, demonstrating that 
daratumumab is able to hamper dissemination of CLL cells to secondary lymphoid organs. 
As described previously, to enter lymphoid organs, B-cells must adhere to endothelia and 
transmigrate across the endothelial barrier. Among the different adhesion molecules involved 
in this lymphocyte homing, the leukocyte integrin α4β1 (CD49d/CD29) stands out as one of the 
most important, and mediates interactions with extracellular matrix components, including 
fibronectin or with opposing cells through binding with VCAM-1355. Moreover, interactions 
between CD49d and VCAM-1 have been shown to promote the viability of CLL cells, because 
high levels of CD49d are associated with increased numbers of VCAM-1 expressing 
microvessels within lymph nodes, and hence with increased survival354. In CLL patients, the 
membrane expression of CD49d has been recently determined as the strongest predictor 
marker of overall survival that can be analyzed by flow cytometry, and it is associated with a 
poor prognosis in CLL149, together with IGHV mutational status110, and MMP-9152. In addition to 
migration, CD38 also plays a key role in cell adhesion, because CD49d and CD38 molecules 
appear to be functionally linked on CLL cells through the production of specific soluble factors, 
in a circuitry regulating adhesion and survival of CD49d+ CD38+ CLLs354. A possible role of CD38 
in this CD49d-mediated adhesion could be the recruitment of proteins involved in the 
downstream integrin signaling, leading to actin polymerization and cell adhesion424. 
Furthermore, as previously mentioned, the CLL cell surface membrane contains a preformed 
macromolecular complex in which CD38 is physically associated with CD49d, CD44 and MMP-
9152. In this context, the presence of CD38 at sites of CD49d binding to its natural ligands 
suggests that treatment with an anti-CD38 mAb such as daratumumab, would reduce the 
accessibility of the CD49d/CD29 heterodimer to its ligands or, more intriguingly, CD38 blocking 
might affect CD49d conformational changes. To better demonstrate this hypothesis, we 
assessed the effect of daratumumab on CD49d/CD29-mediated adhesion of CLL primary cells 
and cell lines to VCAM-1, and we observed that treatment with daratumumab was significantly 
effective in hampering the adhesion to this ligand, without notable differences compared with 
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the anti-CD49d blocking mAb. These findings are in accordance with the results previously 
reported with the anti-CD38 mAb SUN-4BT in CLL cell lines424. 
The described process of transendothelial migration and organ invasion of malignant cells 
requires controlled digestion of the vascular basement membrane and extracellular matrix of 
lymphoid tissues, which is mediated by proteinases present on the cell surface. MMPs play a 
potentially important role in this basement membrane penetration by leukocytes, and in 
particular MMP-2 and MMP-9425. The latter, MMP-9, is the predominant MMP expressed in 
CLL, as previous studies have shown that early-stage CLL cells produce and secrete MMP-9, 
which can be detected in the serum of these patients and in CLL cell culture supernatants426. 
More recently, it was demonstrated that CLL cells constitutively produce MMP-9 in various 
molecular forms, and elevated levels of intracellular MMP-9 correlate with advanced stage and 
poor patient survival427. These previous reports suggest that MMP-9 contributes to CLL 
progression by promoting malignant cell migration and tissue invasion and, in addition, may 
also release matrix-bound angiogenic factors such as VEGF, hence contributing to 
angiogenesis428. MMP-9 was shown to be physiologically regulated by CD49d/CD29 and 
CXCL12, as it was validated that adhesion of CD49d/CD29 to its ligands leads to MMP-9 
recruitment by the macromolecular complex described before, promoting upregulation and 
activation of this metalloproteinase152,356. In line with these observations, we were able to 
demonstrate that the significant inhibition of adhesion of CD49d/CD29 to VCAM-1 achieved 
after daratumumab treatment can be reflected in a downregulation of MMP9 expression 
levels, both in constitutive and VCAM-mediated adhesion. Taken together, these results 
indicate that daratumumab treatment may impede CLL tissue infiltration that leads to 
progressive disease. 
 

In summary, the present work provides a proof of principle that targeting the molecular 
interactions between CLL cells and their microenvironment may reduce CLL cell survival and 
proliferation, as well as CLL cell homing and tissue invasion. Our data reflect that 
daratumumab immunotherapy opens a new horizon for CD38+ CLL patients, offering not only 
encouraging cytotoxic activity, but also unique effects on harnessing microenvironment-
derived survival signaling and blocking CLL dissemination to secondary lymphoid organs. 
Moreover, daratumumab may revert the immunosuppressive tumor microenvironment and 
increase T-cell responses. Last but not least, the limited toxicity profile of daratumumab allows 
favorable combination therapies with existing as well as emerging therapies in future clinical 
trials. Thus, daratumumab provides a potential breakthrough as a biologically rational 
approach in the treatment of CD38+ CLL to meaningfully improve patient outcome. 
 

 Outlook 
 

Signals from the tumor microenvironment are a major hurdle to cancer cell eradication and in 
the case of FL and CLL may explain the recurrence of these neoplasms. The underlying 
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mechanisms are usually not targeted by conventional treatments, and may be a key factor to 
explain why these malignancies as yet remain incurable. 
Recognition of the microenvironment’s importance has paved the way for the development of 
exciting new strategies that target the microenvironment and its interactions with neoplastic 
cells. Furthermore, the steering committee of the American Society of Hematology Meeting on 
Lymphoma Biology, has established the understanding of the protumoral crosstalk between 
neoplastic lymphoma cells and tissue-specific microenvironment as one of the priority areas of 
research429. This area is exemplified by studies in new strategies disrupting angiogenesis, 
critical adhesion molecules, or abrogating the nurturing effects of cytokines and chemokines 
released by tumor-associated stromal and immune cells. 
The studies included in this dissertation perfectly fit into this priority area in lymphoma 
research, constituting an important contribution to the elucidation of the mechanisms 
underlying the complex crosstalk between malignant B-cells and their microenvironment, 
together with its “druggable” nature. Therefore, exploring innovative therapies targeting this 
tumor-microenvironment crosstalk opens a window to important therapeutic advances 
towards a more personalized, more efficacious medicine, and with improved safety profiles 
that will help researchers move forward in the fight against cancer. 
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The main conclusions derived from this thesis are as follows: 
 
1. FDCs profoundly modify FL transcriptome by activating different survival pathways, 

including: angiogenesis, adhesion, migration, and serum-like responses. 
 
2. PI3K/AKT/mTOR pathway is a common signaling mediator of these identified pathways, 

and its inhibition by the pan-PI3K inhibitor buparlisib interferes with FDC-induced survival 
and AKT activation. 

 
3. PI3K inhibition by buparlisib significantly reduces FDC-induced expression and secretion 

of proangiogenic factors in FL cells, including VEGF and ANGPT1. 
 
4. Buparlisib treatment of FL cells results in a significant diminution of both intrinsic 

adhesion as well as FDC-induced adhesion to VCAM-1 and fibronectin. 
 
5. Buparlisib significantly reduces CXCL12 secretion both FL autocrine and FL-FDC co-culture 

derived. Moreover, buparlisib reduces CXCL12 induced migration and consequent pAKT 
activation. 

 
6. In vivo, buparlisib limits tumor growth, angiogenesis, and hampers the homing potential 

of FL cells to secondary lymphoid organs, such as spleen. 
 
7. CD38-targeting by daratumumab in CD38+ CLL cells induces cell killing mediated by ADCC 

and ADCP in the presence of external effectors such as NKs and macrophages, 
respectively, both in vitro and in vivo. 

 
8. The extent of ADCC and ADCP induced by daratumumab on CLL cells in vitro does not rely 

solely on the number of CD38 molecules present on the cell surface. Other factors such as 
the levels of activation of NK cells, or the inhibitory molecules present on the target cells, 
may play an important role in regulating these processes. 

 
9. Daratumumab is not capable to engage significant CDC on CLL cells in vitro, probably due 

to the combination of insufficient CD38 levels and high expression of CRPs on these cells. 
 

10. Daratumumab has an impressive impact in prolonging overall survival in a systemic 
xenograft mouse model of CD38+ CLL. Moreover, in a CLL-PDX mouse model, where cells 
mainly home to the spleen, daratumumab reduces the number of infiltrating cells to this 
organ. 

 
11. In vitro, daratumumab significantly inhibits CXCL12-mediated migration of CD38+ CLLs. In 

vivo, daratumumab hampers CD38+ CLL cells homing to the spleen of NSG mice. 
 

12. CD38 blocking by daratumumab significantly diminish the CD49d/CD29-mediated 
adhesion of CD38+ CLLs to VCAM-1, and downregulates MMP-9 expression, both basal 
and VCAM-induced. 
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ANNEX 1: Supplemental data 

 

 
Table S1: Gene sets regulated by co-culture of FL cells with FDC-HK related to integrin and extracellular 
matrix pathway. GSEA was used to test for significant enrichment of defined gene signatures. NES indicates 
Normalized Enriched Score; FDR, False Discovery Rate. Threshold FDR<0.05 and NES>1.5).1C2 functional gene 
sets and C3 motif gene transcription factor signatures were obtained from the Molecular Signature Database 
(v2.5). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

GENE SET NAME NES FDR q-val
Functional  gene sets (C2)1

PID_INTEGRIN1_PATHWAY 2.17 <0.001
PID_INTEGRIN3_PATHWAY 2.10 <0.001
PID_AVB3_INTEGRIN_PATHWAY 2.10 <0.001
REACTOME_INTEGRIN_CELL_SURFACE_INTERACTIONS 1.89 <0.001
PID_INTEGRIN2_PATHWAY 1.89 <0.001
PID_A6B1_A6B4_INTEGRIN_PATHWAY 1.87 <0.001
PID_INTEGRIN_A9B1_PATHWAY 1.84 <0.001
PID_INTEGRIN5_PATHWAY 1.84 <0.001
BIOCARTA_INTEGRIN_PATHWAY 1.69 0.0034
ST_INTEGRIN_SIGNALING_PATHWAY 1.68 0.0045

PID_INTEGRIN_A4B1_PATHWAY 1.67 0.0055

PID_INTEGRIN_CS_PATHWAY 1.65 0.0069

KEGG_ECM_RECEPTOR_INTERACTION 2.163 <0.001

REACTOME_EXTRACELLULAR_MATRIX_ORGANIZATION 2.112 <0.001

REACTOME_DEGRADATION_OF_THE_EXTRACELLULAR_MATRIX 1.875 <0.001

BIOCARTA_ECM_PATHWAY 1.542 0.0302
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Figure S1: FL-FDC crosstalk favors monocyte recruitment. A) CCL2 protein expression was analyzed in 
supernatants from FL cells cultures in the absence of stroma or in co-culture with the FDC-HK cell line (ratio 
FL:HK = 20:1) for 48 hours. B) Monocytes (100,000 cells/chamber) isolated from normal PBMCs donors using 
CD14 microbeads (Miltenyi) were challenged to migration towards these cell culture supernatants for 1.5 hours, 
in migration chambers of 5µM. The number of monocytes that migrated to the lower chamber was counted in 
triplicates (CD14+ CD11b+ cells) in an Attune flow cytometer (Applied biosystems). (** = p<0.01, unpaired t-test). 
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Figure S2: Idelalisib effect on FDC-induced survival. FL primary cells were cultured for 72 hours with 
increasing idelalisib (IDELA) doses in the absence of stroma or in co-culture with the FDC-HK cell line; (ratio 
FL:FDC = 20:1). Viability was assessed by flow cytometry (percentage of CD20+ Annexin V- 7AAD- cells).  
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Figure S3: GSEA identifies enriched signatures regulated by IDELA in FL-FDC co-cultures related to 
angiogenesis, adhesion and migration. FL primary cells were cultured for 48 hours with 500nM IDELA, in the 
absence of stroma or in co-culture with the FDC-HK cell line (ratio FL:FDC = 20:1) B-cells were purified by CD20 
MACs microbeads (Miltenyi), RNA isolated and subjected to GEP using Affymetrix platform (HG-U219). Gene 
sets regulated by IDELA were identified by GSEA using custom genes set experimentally derived and C2CP 
signatures obtained from the Molecular Signature Database (v2.5). Enrichment plots and heatmaps of the 
corresponding leading edge of selected gene sets are shown.  
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Figure S4: Lenalidomide pretreatment of PBMCs significantly increases Daratumumab ADCC activity 
against CLL primary cells. Primary CLL cells (n = 6) were treated with 0.1µg/mL Daratumumab (DARA) for 4 
hours in the presence of PBMCs that had been pretreated or not with lenalidomide (LENA 3µM 72 hours), the 
ratio of effectors vs. target cells was 50:1. Cell death was assessed by Calcein release and fluorescence 
measured in a fluorimeter (Synergy HT, Biotek) (** = p<0.01, unpaired t-test). 

 

 

 

 

 

 

 

 

 

 

 

 

**
**

CONTROL LENA DARA DARA+LENA

-20

0

20

40

60

80

100

120

%
 L

ys
is



  Annex 2 

| 200  
 

An
ne

xe
s 

ANNEX 2: Works presented at national or international conferences 
derived from this thesis 

1. Title: The novel PI3K kinase inhibitor NVP-BKM120 shows in vitro and in vivo efficacy in 
follicular lymphoma by disrupting microenvironment survival signaling 
Authors: Alba Matas Céspedes, Gaël Roué, Elías Campo, Armando López Guillermo, Dolors 
Colomer Pujol, Patricia Pérez Galán. 
Type of participation: Poster  
Congress: 103rd Annual meeting of American Association for Cancer Research. Chicago, 
USA. April 2012. 
 

2. Title: The novel PI3K kinase inhibitor NVP-BKM120 shows in vitro and in vivo efficacy in 
follicular lymphoma by disrupting microenvironment survival signaling 
Authors: Alba Matas Céspedes, Vanina Rodríguez, Gaël Roué, Elías Campo, Armando López 
Guillermo, Dolors Colomer Pujol, Patricia Pérez Galán. 
Type of participation: Poster  
Congress: 22nd Biennial Congress of the EACR. Barcelona, Spain. July 2012. 
 

3. Title: Daratumumab, a novel human CD38 monoclonal antibody for the treatment of B-cell 
Non-Hodgkin Lymphoma 
Authors: Alba Matas Céspedes, Anna Vidal Crespo, Vanina Rodríguez, Gaël Roué, Elías 
Campo, Dolors Colomer, Jeroen J Lammerts van Bueren, Joost M Bakker, Adrian Wiestner, 
Paul W.H.I. Parren, Patricia Pérez Galán. 
Type of participation: Poster  
Congress: 54th Annual Meeting of the American Society of Hematology. Atlanta, USA. 
December 2012. 
 

4. Title: Daratumumab, a novel human CD38 monoclonal antibody for the treatment of B-cell 
Non-Hodgkin Lymphoma 
Authors: Alba Matas Céspedes, Anna Vidal Crespo, Vanina Rodríguez, Gaël Roué, Armando 
López Guillermo, Elías Campo, Dolors Colomer, Jeroen J Lammerts van Bueren, Joost M 
Bakker, Adrian Wiestner, Paul W.H.I. Parren, Patricia Pérez Galán. 
Type of participation: Poster  
Congress: 12th International Conference on Malignant Lymphoma. Lugano, Switzerland. 
June 2013. 
 

5. Title: Daratumumab, a novel human CD38 monoclonal antibody for the treatment of B-cell 
Non-Hodgkin Lymphoma 
Authors: Alba Matas Céspedes, Anna Vidal Crespo, Vanina Rodríguez, Gaël Roué, Armando 
López Guillermo, Elías Campo, Dolors Colomer, Jeroen J Lammerts van Bueren, Joost M 
Bakker, Adrian Wiestner, Paul W.H.I. Parren, Patricia Pérez Galán. 
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Type of participation: Oral communication  
Congress: 14th Aseica International Congress. Spanish Society for Cancer Research. Madrid, 
Spain. September 2013. 
 

6. Title: Follicular Dendritic Cells deliver angiogenesis signaling to follicular lymphoma cells 
that is hampered by the pan-PI3K inhibitor NVP-BKM120 
Authors: Alba Matas Céspedes, Vanina Rodríguez, Susana Kalko, Eva Giné, Elías Campo, 
Gaël Roué, Armando López Guillermo, Dolors Colomer Pujol, Patricia Pérez Galán. 
Type of participation: Poster 
Congress: 55th Annual Meeting of the American Society of Hematology. New Orleans LA, 
USA. December 2013. 
 

7. Title: Daratumumab, a novel human anti-CD38 monoclonal antibody shows antitumor 
activity in mouse models of MCL, FL and CLL 
Authors: Alba Matas Céspedes, Anna Vidal Crespo, Vanina Rodríguez, Gaël Roué, Armando 
López Guillermo, Elías Campo, Dolors Colomer, Jeroen J Lammerts van Bueren, Joost M 
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Type of participation: Oral communication 
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Villamor, Gaël Roué, Elías Campo, Dolors Colomer, Parul Doshi, Adrian Wiestner, Paul W.H.I. 
Parren, Jeroen J Lammerts van Bueren, Patricia Pérez Galán. 
Type of participation: Poster 
Congress: 56th Annual Meeting of the American Society of Hematology. San Francisco, 
USA. December 2014. 
 

9. Title: Deciphering the impact of idelalisib on follicular lymphoma and its immune 
microenvironment 
Authors: Alba Matas Céspedes, Martina Guerrero Hernández, Laura Magnano, Anella 
Yahiaoui, Laura Grosmaire, Stacey Tannheimer, Armando López Guillermo, Patricia Pérez 
Galán. 
Type of participation: Poster 
Congress: 21st congress of the European Hematology Association. Copenhagen, Denmark. 
June 2016. 
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ANNEX 3: Papers in collaboration 
 

The γ-secretase inhibitor PF-03084014 combined with fludarabine antagonizes 
migration, invasion and angiogenesis in NOTCH1-mutated CLL cells. 

 

Mónica López-Guerra, Sílvia Xargay-Torrent, Laia Rosich, Arnau Montraveta, Jocabed Roldán, 
Alba Matas Céspedes, Neus Villamor, Marta Aymerich, Carlos López-Otín, Patricia Pérez-Galán, 
Gaël Roué, Elías Campo, Dolors Colomer. 

 

Leukemia. 2015 Jan; 29(1): 96-106. 

 
 
Abstract 
Targeting Notch signaling has emerged as a promising therapeutic strategy for chronic 
lymphocytic leukemia (CLL), especially for the poor prognostic subgroup of NOTCH1-mutated 
patients. Here, we report that the γ-secretase inhibitor PF-03084014 inhibits the constitutive 
Notch activation and induces selective apoptosis in CLL cells carrying NOTCH1 mutations. 
Combination of PF-03084014 with fludarabine has a synergistic antileukemic effect in primary 
NOTCH1-mutated CLL cells, even in the presence of the protective stroma. At transcriptional 
level, PF-03084014 plus fludarabine treatment induces the upregulation of the proapoptotic 
gene HRK and the downmodulation of MMP9, IL32 and RAC2 genes that are related to invasion 
and chemotaxis. PF-03084014 also overcomes fludarabine-mediated activation of nuclear 
factor-κB signaling. Moreover, this combination impairs angiogenesis and CXCL12-induced 
responses in NOTCH1-mutated CLL cells, in particular those related to tumoral migration and 
invasion. Importantly, all these collaborative effects are specific for NOTCH1 mutation and do 
not occur in unmutated cases. In conclusion, we provide evidence that Notch is a therapeutic 
target in CLL cases with NOTCH1-activating mutations, supporting the use of Notch pathway 
inhibitors in combination with chemotherapy as a promising approach for the treatment of 
these high-risk CLL patients. 

 

 

 

 



 

 

 

 
 

 

 

 

 

Acknowledgements 
 
 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                                                                    

205 |  
 

Ac
kn

ow
le

dg
em

en
ts

 

Parece mentira pero ya han pasado casi 6 años desde que empecé esta tesis doctoral… Han 
sido 6 años en los que he aprendido muchísimo y he crecido mucho tanto a nivel profesional 
como personal. He podido darme cuenta de lo mucho que disfruto con la ciencia y que a poder 
ser, me gustaría seguir dedicándome a ello en un futuro. Tengo que dar las gracias, porque 
afortunadamente este camino no lo he hecho sola, sino que han sido muchas las personas que 
me han acompañado y han contribuido a que esto fuera posible. 

Echo la vista atrás y recuerdo a la perfección el día que visité por primera vez este laboratorio, 
estaba cursando el máster de biomedicina de la UB y necesitaba un grupo para hacer las 
prácticas. Recuerdo la entrevista con Patricia, acababa de terminar su postdoc en Washington 
y regresaba a España para establecer su propio grupo de investigación. Volvía con muchísimas 
ganas y energía para iniciar esta nueva etapa y desde un principio me transmitió esa fuerza y 
devoción por la ciencia que le han ayudado a llegar lejos en esta carrera profesional. Salí muy 
contenta de la entrevista y fascinada porque el tipo de investigación que iba a poder hacer era 
muy traslacional, que era lo que quería, así que no dudé en decir que sí. 

En primer lugar, te quería agradecer a ti Patri por haberme dado esta oportunidad, porque 
desde el primer día te sentaste conmigo y me has enseñado todo lo que haya hecho falta para 
seguir adelante. Porque durante todos estos años he podido contar siempre con tu ayuda, sin 
importar lo ocupada que estuvieras, siempre has conseguido sacar tiempo para escucharme, 
resolver mis dudas y aportarme muy buenas ideas. Eres una gran luchadora y te has esforzado 
mucho para que me formara muy bien a nivel profesional, ofreciéndome ir a congresos, 
conferencias, seminarios, mi estancia en el grupo del Dr. Melnick… Me he sentido muy 
realizada y considero que soy muy afortunada por formar parte de este grupo. Por todo ello 
gracias, y también gracias por nunca dejar de luchar, incluso cuando parecía que no había 
esperanza.  

Dolors, ets una persona amb molt entusiasme i optimista i gràcies a tu he pogut formar part 
d’aquest grup que m’ha aportat molt i que continua creixent cada cop més, gràcies en gran 
part a la teva empenta i ganes d’involucrar-te amb la ciència. 

Gaël, gracias a ti también por todas las dudas que me has ayudado a resolver y todos los 
consejos que me has dado durante estos años, siempre intentas encontrarle el lado positivo al 
resultado de los experimentos y aportas grandes ideas. A parte eres un jefe muy cercano y no 
dudas en ponerte una peluca y grabar un vídeo, además de promover actividades 
extralaborales para hacer más cohesión de grupo, eso está genial porque ayuda a mantener el 
buen ambiente en el laboratorio ¡y qué mejor que ir a trabajar contento a un sitio! ¡Tenemos 
pendiente un room escape u otro vóley playa acompañado de tus mojitos! 

De la misma manera también tengo que agradecer al Dr. Elías Campo por haber sido tutor de 
esta tesis y también por las aportaciones y revisiones constructivas de nuestros artículos. 



   

| 206  
 

Ac
kn

ow
le

dg
em

en
ts

 

En especial gracias también a mis chicas del “dara team”, Anna Vidal y Vanina. Mare meva 
Anna, quant hem hagut de lluitar juntes amb el projecte del daratumumab, amb els 
experiments d’ADCC que semblaven que no s’acabessin mai, amb les revisions que ens han 
mantingut treballant fins l’últim dia i neguitoses perquè no sabíem el què… però sincerament, 
estic molt agraïda perquè considero que hem sigut molt bones co-workers! ens hem entés 
molt bé desde el principi i hem sapigut compaginar-nos bé tant els experiments, com les penes 
i alegries dels resultats obtinguts, trobaré a faltar la meva companya d’equip! Y a ti Vani mil 
gracias por todo el trabajo con los animales, que ha sido muchísimo,  por enseñarnos a perder 
el miedo a trabajar con ellos y por estar siempre disponible para todo los experimentos que se 
propusieran, ¡eres una gran profesional! This daratumumab project was possible thanks to the 
collaboration with Janssen and Genmab, so I would like to thank Parul, Jeroen and Paul for the 
guidance and for being always available to offer any kind of advice when problems arised. 

También destacar a Martina, que hemos pasado de ser amigas de universidad a co-workers del 
proyecto de Gilead. ¡Quién nos iba a decir durante los años de carrera que acabaríamos 
trabajando mano a mano en el mismo laboratorio! La verdad que estoy muy contenta porque a 
pesar de que tuviste que empezar el proyecto mientras yo estaba de estancia, lo pusiste a 
punto muy rápido y gracias a ello hemos conseguido avanzar mucho en poco tiempo! ¡Todavía 
nos quedan batallas que luchar con los macrófagos! ;) 

El grupo ha ido ampliándose a lo largo de estos años pero el buen ambiente ha seguido 
manteniéndose, esto es debido a que todos y cada uno de los compañeros del laboratorio sois 
geniales, que aunque a veces tengamos disputas por conseguir un espacio en la campana de 
cultivos, o un turno para poder pasar unos tubos por el citómetro, me encanta cuando llega el 
buen tiempo y salimos a comer al parque, o cómo nos volvemos locos en navidad con las pistas 
del amigo invisible... Por ello también quería agradecer a Anna Esteve, per ser la meva 
companya d’escriptori i perquè sempre saps treure’m un somriure ja sigui amb xocolata, 
magdalenes... i perquè potser al final un dia, si la ciència ens va malament, marxarem a 
Filipines les dues i ens muntarem allà un xiringuito per fer còctels :-P. La Clara, per la teva 
energia, les teves ganes d’aprendre i perquè li dones alegria al laboratori! Com era allò que 
cantaves? Sol, solet? ;) Al proper viatge que feu et prometo que m’apunto! Escrit queda!! Juan, 
porque siempre sabes encontrar respuesta a muchas dudas y por ayudarnos a mantenernos al 
día con las reuniones de los jueves! Arancha, porque a pesar de las trabas que tuviste al 
empezar, siempre has mantenido el buen humor, y también por tus detallitos en los días más 
duros de trabajo :). Iván, ¡el médico del laboratorio! Porque siempre te chinchábamos por 
venir a buscar comida pero después tú nos deleitabas con tus obras culinarias, ¡te dejamos que 
sigas haciéndolo aunque ya no pases tanto por el lab! :) 

El “grup Dolors” ha canviat molt en els darrers mesos, però tot i així encara queden de 
veteranes la Mónica i l’Eriong, amb les que he compartit gran part d’aquest camí! Gràcies 
Mónica pels teus consells, sobretot quan començava i també gràcies Eriong, per totes les 
converses i per l’interés que demostres sempre en entendre els nostres projectes. També 
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donar les gràcies a les incorporacions més recents, com són la Neus i el Morihiro 
(どうも有難う!!) per contribuir a que el bon ambient es continuï mantenint, sense oblidar-me 
de la Berta! Que tot i que va marxar fa unes setmanes, ha de tornar a acabar coses!  

De la misma manera quería dar las gracias al equipo de técnicos que contribuyen a diario al 
buen funcionamiento del laboratorio: Laura Jiménez, también por las batallitas con Damon y 
Crónicas Vampíricas, Sandra Cabezas, por varias veces que has sido mi amiga invisible, y 
Jocabed, mi teacher las primeras semanas y compi de escritorio todos estos años... cuántas 
canciones cantadas, recetas y capítulos compartidos... Ahora ya no tengo coro para cantar a 
pleno pulmón Moulin Rouge :( ¡Te echo de menos! ¡Tenemos que coincidir más a menudo a 
primera hora! Así como a Ari, la nueva incorporación, que nos hemos visto poco pero promete 
ser una buena compañera de escritorio:). 

Ahora ya no continúan en el laboratorio, pero no puedo dejarme a compañeros con los que he 
trabajado durante muchos años. Desde el primer día que llegué al grupo me sentí muy 
integrada, empecé justo a la par que Sandra Moros, así que aprendimos juntas protocolos y el 
funcionamiento de nuevas máquinas. ¡Gracias Sandra por todos los conocimientos 
compartidos! ¡Porque siempre encontrabas solución a cualquier problema! Patri Balsas, que 
aunque no te fuiste muy lejos, ya no nos vemos tanto! ¡Gracias mañica por tu sentido del 
humor y por las riquísimas trenzas de Almudévar que me descubriste! També he d’agrair a la 
Sílvia, perquè sempre estaves disposada a ajudar i també per totes les partides als llops i per 
les teves receptes de magdalenes! L’Arnau, que va ser durant molts anys l’únic doctorand noi 
en un grup principalment format per dones! Gràcies Arnau per la teva paciència rodejat de 
tant estrogen! La Laia que va ser l’última en marxar, gràcies per tots els riures i sopars i per la 
teva capacitat explicativa, així com per animar-me a embarcar-me en l’experiència filipina! Va 
ser increïble! I no puc oblidar-me de la Marta Moreno, que tot i no ser del grup et vas poder 
integrar sense problemes, així com la Carla, que ara està a terres basques. Una forta abraçada 
a tots i espero retrobar-nos ben aviat per fer uns mojitos de pera o el que vulgueu! 

Por otro lado, me gustaría agradecer también a los clínicos del hospital, que nos han ayudado y 
facilitado la selección de las muestras de pacientes que hemos utilizado en los diferentes 
proyectos, en especial a Armando, Eva Giné, Julio Delgado y Laura Magnano, Laura a ver si 
volvemos a coincidir por el laboratorio más a menudo! 

Así como a los miembros de la Unidad de Hematopatología, por su trabajo en el procesado de 
las muestras y en especial a Neus Villamor, por su colaboración en nuestros trabajos. 

En general, creo que en la planta 2 del CEK hay muy buen ambiente y esto se debe en gran 
parte a la buena gestión de la lab manager, Marta Diví, que facilita que esto sea posible, así 
como de Eva, que durante unos meses estuvo al mando. Gracias chicas por vuestra amabilidad 
y también gracias a todos los compañeros de la planta 2, por contribuir a seguir manteniendo 
el buen rollo. 
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Saliendo del laboratorio también debo agradecer a Adrian Wiestner y Christine. Thank you 
Adrian for your advice and also for contributing to the revision of this thesis. Y gracias 
Christine por vuestra cálida acogida en Toulouse y por enseñarnos toda la técnica de los 
cultivos 3D, es muy interesante! 

Of course, I have to specially thank Ari Melnick for giving me the opportunity to do the 
rotation stay in his lab, it was an amazing experience and I learned a lot, both professionally 
and personally. Thank you Ari for always being so kind to me, and for taking care that I would 
feel like home during my stay. I am also very grateful to Yanwen, for being my mentor there, 
for all the new concepts that you taught me, and because you were always available to answer 
any question that I had. In addition, I have to thank Xabi, Pilar, Lorena, Martín, Mariano, 
Himaly, Hao and Julliet, for no doubting to help me with any problem that I had, and also 
Wendy, for sharing with me all the protocols of the EZH2 project. In a few words, thank you to 
all the colleagues from Melnick’s lab, because at first I was a bit scared of staying in a lab in 
New York, but you all made me feel part of the group very quickly. 
Mi estancia en New York no hubiera sido lo mismo sin vosotros: Marina, Jose, Andrea, 
Carmen, Cova y Julia, porque nos entendimos muy rápido, hicimos mucha piña y siempre 
encontrábamos algo para hacer en la Gran Manzana! A ver si hacemos otro reencuentro 
pronto! :) 

Mis biotecs: Alba, Ariane, Esther, Gema e Itziar! ¡Qué os voy a decir a vosotras! ¡Ya sabéis 
también lo que es esta aventura de la tesis!! Muchísimas gracias por todos los años que hemos 
compartido juntas, tanto durante la carrera, con el estrés de los exámenes y las fiestas 
universitarias, como después, con la búsqueda de trabajo, los viajes, las calçotadas, las fiestas 
de santa Tecla... Por supuesto gracias por vuestros ejemplos de tesis y vuestros consejos al 
respecto, me han sido de gran ayuda!! Porque nos entendemos muy bien, y aunque no nos 
vemos tanto como nos gustaría, me habéis demostrado lo que es la verdadera amistad y 
cuando nos vemos nada ha cambiado! :)  

Gracias también a Patri Arreba, porque al final, después de muchos años de amistad, hemos 
coincidido en la misma rama profesional y hemos pasado en paralelo por este periodo de 
“estrés” durante la escritura de la tesis, ahora nos falta la lectura!! Bueno viajera, te iré a visitar 
a Canadá o dónde sea, ya lo sabes! ;) 

Mis amigos de Gavà: Mireia, Cristina, Laura, Marta P, Emma, Albert y Marta B, por todos los 
años que hace que nos conocemos, por todas las anécdotas que tenemos juntos, porque me 
encanta que recordemos de vez en cuando alguna tontería del pasado y no podamos parar de 
reír, porque siempre habéis estado cerca cuando os he necesitado y porque quiero que 
sigamos sumando años y momentos. Así como también gracias a sus respectivos: Ferran, Yiyo, 
David, Ale y Juan, que hace tiempo que ya son parte del grupo y cuando nos juntamos todos, 
la diversión está asegurada ;). 
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Els filipins!! Núria coordi, Edu, Núria peix, Marta i Maria! Moltíssimes gràcies pels vostres 
ànims durant l’escriptura i pel vostre interés! Perquè vam formar un grupet molt maco a 
Filipines, i perquè m’agrada molt que hàgim estat capaços de mantenir després la unió com a 
grup! D’aquí poc serem un més a la família!! :) 

Mis compis de piso, Elena y Georgina, muchísimas gracias chicas por el día a día, porque llegar 
a casa y sentir que estás en familia no tiene precio. Porque hemos encajado muy bien, porque 
sabemos las penas y alegrías que tiene la ciencia, porque sé que puedo explicaros cualquier 
cosa sin ningún problema que siempre me vais a escuchar y aconsejar, porque sois mucho más 
que unas compañeras de piso y porque me gustaría que pudiéramos seguir mucho tiempo más 
conviviendo juntas, a pesar que ninguna sabemos dónde nos llevará la vida :) 

A toda mi familia, mis tíos Juan, Luís, Gemma y Pepe, porque siempre os habéis mostrado 
interesados en mi investigación, en especial gracias Pepe, porque has pasado por esta misma 
etapa y por la tranquilidad que me has conseguido transmitir siempre. Creo que nuestro 
pequeño Pablo apunta maneras a ser el próximo científico sucesor de la familia Matas! Hay 
que seguir entrenándolo! ;-P. Y Álex, por las conversaciones sobre los Natural Killers ;). 

A mi yaya Amparo, por ser la mejor abuela del mundo y una mujer súper fuerte y también 
gracias por todas las velas de la suerte que me has puesto! Parece ser, yaya, que ha surgido 
efecto! :) I també al meu iaio Juan, perquè fa poc que ja no hi ets, però fins l’últim dia vas estar 
molt interessat en saber com anaven avançant els meus experiments i si aconseguia descobrir 
la cura del càncer, tranquil iaio, que allà on siguis, et faré saber si ho aconsegueixo!! 

Y por supuesto, a mis padres Santi y Gertru, a quienes les debo todo, ¡no podría haber llegado 
hasta aquí si no hubiera contado con vosotros! Gracias por vuestro amor incondicional, por 
vuestro apoyo ante cualquier circunstancia, por haber hecho lo imposible para facilitarme las 
cosas y por haber creído siempre en mí. 
 
En definitiva, ¡muchas gracias a todos los que me habéis acompañado durante esta aventura! 
 

Alba 
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