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CHAPTER 1. GENERAL 

INTRODUCTION 

 

 

 

1.1 THE LYMPHOID TISSUES AND THE LYMPHOID 

MICROENVIRONMENT 

 

The lymphoid tissues are specialized structures responsible for both 

innate and adaptive immunity. Lymphoid tissues show complex 

structural organizations related to their function in the immune response 

and the microenvironments within those tissues are specific to both 

lymphoid tissue localization and immune functions. The lymphoid 

tissue microenvironment is composed by: i) leukocytes, that either 

patrol the tissue or are resident specialized cells; ii) endothelial cells, 

branching within the tissue to vehiculate factors and allowing cell 

migration through formed vessels, iii) mesenchymal cells, originated 

from CD45 negative lineages, that are important in forming 

microenvironment scaffold and creating a supportive niche; and iv) 

extracellular matrix, a tri-dimensional scaffold that plays an important 

role in specifying the tissue identity [1]. In particular, the subjects of 

this introduction are CD45 negative mesenchymally-derived stromal 

cells (from now onward simply called “stromal cells”) and the tumour 

microenvironment. 
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1.1.1 THE SECONDARY LYMPHOID ORGANS 

 

Secondary lymphoid organs (SLOs) are located along the whole body 

and are appointed to monitor all tissues by filtering fluids and allowing 

immune responses to noxious agents. Examples of SLOs are the spleen, 

the lymph nodes and the Payer’s patches. SLOs evolved together with 

vertebrates’ evolution and maintained the same composition, with 

fibroblast networks that create the tissue scaffold and promote immune 

functions, together with the extracellular matrix scaffold, with 

endothelial cells connecting the lymphoid tissue to the whole 

circulation, nerves and leukocytes either patrolling the body and 

resident within the lymphoid organ and directly responding to foreign 

and self-antigens [2]. 

 

1.1.1.1 The Spleen 

 

The spleen is the biggest secondary lymphoid organ in vertebrates’ 

body derived from the lateral plate mesoderm and organized in different 

compartments only postnatally [3] [4] [5] [6]. The spleen is located 

under the diaphragm, underneath the stomach, within the omentum, and 

it is a highly vascularized organ responsible both for erythrocytes’ iron 

recycling and for immune responses generated against blood-borne 

antigens [3]. The spleen is constituted by two different tissues, the red 

pulp and the white pulp, that are in turn contained by a dense fibrous 

tissue named splenic capsule, where mesothelial cells reside.  
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Figure i1. Spleen gross morphology. 

Cross-section of an adult mouse spleen in which white pulps (WP) are 

distinguished from red pulp (RP) for their darker colour. The inset 

shows the composition of a white pulp, in which the marginal zone, that 

includes the marginal sinus (MS), contours the WP and represents a 

region where there is an opened arterial blood stream between RP and 

WP; the central arteriole (CA) is located in the middle of the WP and is 
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surrounded by periarteriolar lymphoid sheats (PALS), largely 

populated by T-cells. In the WP are also present follicles (F), populated 

by B-cells that massively proliferate in the germinal centers (GC). 

Adapted from Cesta M.F. et al., 2006  [3]. 

 

 

The red pulp is a unique tissue specialized in filtering blood for old 

erythrocytes and removing bacteria from blood circulation. The red 

pulp is characterized by the presence of an open blood system that 

conveys filtered blood into venous sinuses toward the efferent 

circulation. The splenic red pulp microenvironment is constituted by 

different resident cell type. First, the endothelial cells spread along the 

macro and micro-vasculature of the spleen, apart from open blood 

system areas which are devoid of endothelium. 

The red pulp fibroblasts are spread along the whole splenic tissue; they 

share some properties with myofibroblasts (e.g. expression of SMA 

and desmin) and possibly play a role in spleen contractions [7]; 

moreover, they are responsible for the secretion of extracellular matrix 

protein important for the tissue architecture, such as collagens, and the 

secretion of the so-called basal lamina ECM proteins, like laminins, 

collagen IV and nidogens. In red pulp, another very important cell type 

is the red pulp macrophage. This particular macrophage subset, positive 

for F4/80 and CD11b markers, is critical for blood maintenance and 

surveillance by phagocytosing old or malfunctioning erythrocytes, and 

so they are important for iron recycle, and blood-borne particulates [8]; 

they are also reported to play a role in parasitic infections. 
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The white pulp is the second compartment present in the spleen. It is a 

very important structure that exerts functions of classical secondary 

lymphoid organs and it has similar composition to lymph nodes, 

although there are some relevant differences [9] [10]. Both in human 

and in mice, white pulps are spheroidal masses distributed within the 

splenic red pulp and are organized into compartments. 

 

 

 

Figure i2. Marginal zone microenvironment. 

Marginal zone (MZ) is the region between the red pulp and the white 

pulp. The MZ is composed by unique cell types, like marginal zone 

macrophages (MARCO+), metallophilic macrophages (MOMA-1+), MZ 

B-cells and the MRCs. These cell types localize near the marginal 

sinus (MS), that is an open blood system receiving fluids from the red 

pulp. Adapted from Mebius R.E. and Kraal G., 2005 [9]. 
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The external white pulp portion that lies beneath the red pulp is called 

marginal zone (MZ) and forms a discontinuous ring along the white 

pulp. Other than being a transit area, the marginal zone is characterized 

by the presence of several specific cell subsets specific for this region; 

there are marginal zone macrophages (expressing MARCO and 

SIGNR1) and reticular fibroblasts in the proximity of the red pulp, 

forming a ring around the white pulp, in close contact with the blood 

stream [11], where the latter are involved in the secretion of the 

laminin5, fundamental for the MZ B-cell fate and survival. There are 

the invariant natural killer T-cells (iNKTs) and the MZ B-cells, crucial 

in the immune responses against blood-borne pathogens [12] and lastly, 

there are marginal zone metallophilic macrophages (SIGLEC-

1+/MOMA-1+) that are in close contact with the white pulp and 

particularly with the outer part of the follicle, in close proximity to the 

mesenchymally-derived marginal reticular cells (MRCs). 
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Figure i3. White pulp composition. 

Splenic white pulp (WP) is a lymphoid tissue located within the red pulp 

(RP) of the spleen and surrounded by the marginal zone. It is 

constituted by different lymphoid and myeloid cell types and three main 

stromal cell subsets: the MRC, in the outer part of the follicle, the FDC 

that plays a crucial role in B-cell function and homeostasis, and the 

FRC, localized in the T-cell area [10]. 

 

 

Within the proper white pulp, lymphocytes are compartmentalized into 

B- and T-cell compartments. On one hand, T-lymphocytes are mostly 
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localized in proximity to the central arteriole, a blood vessel that comes 

from the red pulp and crosses the white pulp, within a region called 

periarteriolar lymphoid sheath (PALS). On the other hand, B-

lymphocytes are present in the follicle, underneath the MZ. 

The follicle has great relevance in B-mediated immunity, since local 

APCs (both CD45+ lineage-derived and mesenchymally-derived) 

present antigens to B-cells. These regions are characterized by different 

non-hematopoietic mesenchymally-derived stromal cell subsets [13] 

that play a crucial role both in leukocytes homing, homeostasis and 

compartmentalization, and in lymphoid tissue architecture and the 

formation of resident stromal compartment is LT-pathway dependent 

[14] [15]. 

White pulp stromal cells are divided into three main subpopulations. 

First, the fibroblastic reticular cells (FRCs) are stromal cells resident in 

PALS and they are also present in the MZ discontinuity to form 

marginal zone bridging channels (MZBC) [16] [17]; they are important 

in forming the collagen-based conduit system that crosses the white 

pulp to deliver antigens to this tissue [18] and to create migration routes 

for lymphocytes [19]. Moreover, FRCs are the only cells in lymphoid 

organs capable of maintaining the survival of T-cells through secretion 

of IL-7 [20]. This stromal cell subset is also known to express and 

secrete CCL21 and CCL19, it is positive for the glycoprotein gp38 

(podoplanin), for myofibroblast markers as aSMA and desmin and it is 

also capable to produce the matrix proteins such as collagens, laminins, 

nidogens and the undefined protein named ER-TR7 [21]. 

The major stromal population belonging to the follicle is the follicular 

dendritic cell (FDC). FDCs are one of the most studied secondary 
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lymphoid organ (SLO) stromal cell subset, due to their importance in 

B-cell mediated immunity. FDCs are non-hematopoietic stromal cell 

normally present in lymphoid organs [22], but they are also reported to 

be present in other lymphoid tissues such as mucosa associated 

lymphoid tissues (MALTs), nasal associated lymphoid tissues 

(NALTs) and bronchus associated lymphoid tissues (BALTs). 

The importance of FDCs arise from the knowledge of their role in the 

presentation of antigens to B-lymphocytes [23] in the form of immune-

complexes [24], and to allow the formation and maintenance of 

germinal centres (GCs); GCs are transient formations within follicles 

where B-cells that encountered antigens undergo somatic 

hypermutation (SHM) and massively proliferate [25]. This massive 

proliferation determines the formation of two areas in this “secondary 

follicle”: the light zone with CXCL13+ CD23+ FDCs, where there is B-

cell selection, and the dark zone with CXCL12+, characterized by 

proliferating lymphocytes [26] [27]. One of the peculiarity of the FDC 

area is that it is quite devoid of ECM proteins. Typical markers for 

FDCs are CD21 (CR2) and CD35 (CR1), that are complement receptors 

allowing the antigen presentation, and CXCL13, one of the most 

important B-chemoattractant; moreover, during GC reaction, FDCs can 

differentiate into light zone FDC (LZFDC) becoming CD23 positive, 

and dark zone FDC (DZFDC) positive for CXCL12, where the 

centroblasts start massively proliferating and can occur class switching 

[26] [28]. 

Lastly, the third stromal subpopulation called marginal reticular cell 

(MRC) localizes in the external part of the follicle, directly beneath the 

marginal sinus and the marginal zone. Very little is known about this 
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stromal cell subtype. In the steady state condition, both lymphocytes 

and antigens will enter the white pulp by entering the marginal zone 

and crossing the MRC ring [17], thank to the conduit system that in turn 

can be possibly formed with the MRC help. These marginal 

fibroblastic-shaped cells share both FRCs and FDCs markers, indeed 

they are reported to be gp38, ER-TR7 and VCAM-1 positive and are 

probably responsible to produce collagens and laminins of the outer 

region of the follicle, and they also positive for MAdCAM-1 and BP-3 

and they are capable to secrete CXCL13 upon LTR engagement [29]. 

Of note, in 2014 Jarjour and colleagues demonstrated that MRCs have 

some precursor cell capacity at least in lymph node, since MRCs are 

possibly the solely cell type contributing to the FDC expansion in 

follicles during immune responses, so that neither FRC or circulating 

progenitors are significantly contributing to this [30]. 

 

1.1.1.2 The Lymph Node 

 

The lymph nodes (LN) are SLOs disseminated along the body in 

specific position to allow quick responses to foreign antigen drained 

from the circulation [31]. As the splenic white pulp, lymph nodes are 

divided into substructures in which B and T cells separate into different 

areas. Lymph nodes are very plastic SLOs, since that, after infections 

and inflammatory state, they enlarge to host an increased number of 

lymphocytes, due to massive recruitment and to in situ proliferation 

(e.g. germinal centre reaction) and increased number of other 

hematopoietic and non-hematopoietic cell recruitment and proliferation 

[32]. This process is further exacerbated by the fact that few days after 
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the infection, the lymphocyte egress is transiently blocked by the 

expression of interferon type-1 (IFNI) and the upregulation of homing 

[27]. 

The LN swelling and the consequent enhancement of immune response 

lasts about three weeks, then there is the return of the organ to the steady 

state condition. LNs are encapsulated organs filtering whole body fluids 

thanks to a diffused lymphatic system that collects fluids from tissues 

and from vascular circulation [27]. Lymph nodal lobules are subunits 

that divide the organ, arranged side-by-side and connected by fibrous 

radial trabeculae [33] and lobular architecture may vary based on 

anatomical location, age, diet and antigen exposure. Each lobule is 

connected with an afferent lymphatic vessel that transports the lymph 

towards the LN and in particular in the subcapsular sinus (SNS), where 

antigens, microbes, leukocytes are released. The lymphatic system 

usually runs along the blood vessel system, both for a functional reason 

and for a developmental reason, since lymphatic vasculature during 

embryogenesis arises from a mature, functional cardiovascular system 

[34]. 

Afferent lymphatic vessels collect lymphs throughout the body to 

release it in LNs, efferent lymphatic vessel drains lymphs from lymph 

nodes medulla towards the thoracic duct; both type of vessels are 

composed by lymphatic endothelial cells (LECs), surrounded by 

myofibroblasts expressing SMA, that help fluids flow through 

contraction, and these vessels have valves VECad+, but not PECAM-

1+, that allow a correct circulation without any back-flow [35] [36]. 

Apart from lobules, lymph node capsule and lymphatic vessels, there 

are clear similarities between lymph node structure and composition, 
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and the splenic white pulp. Within the SCS, where lymphatics empty 

their load, there is a macrophage line resembling the splenic marginal 

zone macrophage line [27], while lymphocytes mainly enter through 

high endothelial venules (HEVs) and then segregate into specific B/T 

cell areas populated by specific stromal cell subsets. 

The three stromal cell subsets previously described are present also in 

LNs, so that T-cell zone is populated by FRCs, that provide a structural 

support for conveying antigens through the conduit system and for the 

anchored dendritic cells (DCs), other than providing a supportive 

microenvironment by secreting homing chemokine and homeostatic 

cytokines; the B-cell zone is also called the follicle, where FDCs 

support both homing, homeostasis and antigen-presented B-cell 

maturation and so GC reaction. Moreover, similarly to spleen, in the 

outer region of the follicle, next to the SCS, there is the third SLO 

stromal population, the MRCs, characterized by retaining some 

precursor features, other than sharing some FDCs markers. 

Recently, it has been described by Bajénoff laboratory the presence in 

LNs of a fourth kind of stromal population, that lays between FRCs and 

FDCs and that are probably a FRC subpopulation, which is called 

versatile stromal cell (VSC) [37]. These VSCs share FRC origin and 

markers, although, during LN swelling that follows infections, these 

stromal cells greatly expand and acquire some FDCs markers, for 

example the expression of CXCL13 upon LTR engagement, although 

they continue secreting ECM proteins, such as collagens. These stromal 

cells reflect the LN plasticity upon and after infection resolution, when 

after lymphocytes withdrawal they indeed regress to the previous 

limited area and they lose CXCL13 expression. In all of these 
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processes, the ECM plays a crucial role since the LN scaffold need to 

have elasticity to host that huge number of cells required for lymph 

nodal immune response, but need also to be solid and not loose. The 

ECM is indeed degraded and synthesized mostly by mesenchymal and 

endothelial cells in order to facilitate LN enlargement and return to 

steady state (where also vasculature is modified). 
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Figure i4. Lymph node structure and composition. 

The LN is divided in lobules, each of them is constituted by the same 

structures and cell types. Afferent lymphatic vessels release their 

content within the LN subcapsular sinus (SNS), while efferent 

lymphatic vessel drains lymph from medullary region. Lymphocytes 

and APC can exploit this system to enter in B/T-cell areas, where 

immune responses take place [38]. 

 

 

1.1.2 THE PERITONEUM-ASSOCIATED LYMPHOID TISSUES 

 

The peritoneum is a lining of the abdominal cavity and it is constituted 

by mesothelial cells and connective tissue. The peritoneum includes 

different lymphoid tissues, as the mesentery, the omentum and in 
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general the peritoneum-associated lymphoid tissues (PALTs) that play 

role in both mechanical stresses and in cavity safeguard.The peritoneum 

is protected by both innate and adaptive immunity, as other organs are, 

although most of the immune clearance is based on innate cells such as 

macrophages and neutrophils [39], and adaptive immune system plays 

a secondary amplification role in the case of persistent infections.  

 

1.1.2.1 The Omentum 

 

The omentum is tissue mainly composed by adipocytes and pre-

adipocytes localized from stomach to colon, including spleen and 

pancreas. Omentum has been reported from surgeons to have both 

wound-healing and angiogenic capacities [40], other than playing a role 

in both innate and adaptive immunity. Its wound-healing properties has 

been extensively exploited in decades in breast cancer; after radical 

surgery of the mass, the local omental transposition proved to be a valid 

method to restore epithelial cover of the injured area [41]. The omentum 

is characterized by the presence of cell aggregates called milky spots 

(MS, now called omental FALC) [42], which are enriched in leukocytes 

and mesenchymal stromal cells, surrounded by endothelial cells [39]. 

These clusters can grow in number and dimension depending first on 

the age of the subject, secondly it depends on the inflammation status. 

During both human and murine embryogenesis, CD5+ B-cells, which is 

one of the markers of B1-lymphocytes, are the most present B-subset 

and their precursors arise from the fetal omentum and liver [43]. 

Afterwards, B1 cells are maintained and their progenitors self-renew in 

the peritoneal cavity, including the omentum, making it a niche for this 
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particular cell type. It is still debated whether this organ is a SLO or not. 

It is considered a sort of SLOs for the immulogical responses that 

induces, but on the other hand it is not included in this category since it 

doesn’t share the same microenvironmental components. 

The omentum shows an enriched population of macrophages, of B1 

cells and neutrophils, but there are less B2 lymphocytes as compared to 

SLOs, there are stromal cell, but there is no presence at all of FDCs, 

normally present in SLOs, the only described population is indeed a 

CXCL13+ mesenchymal cell type and moreover there is no capsule 

separating the MS tissue from the outside. The ECM matrix present in 

the omentum shares some SLOs components, such as collagens, mostly 

collagen IV, and laminins, but it is also present ER-TR7, a matrical 

protein usually associated to FRCs in SLOs and to red pulp fibroblasts 

[44]. More interestingly, the ablation of lymphotoxin pathway (LT) in 

lymphoid tissues usually results in loss of the tissue or in a complete 

disorganization of the organ such as spleen disorganization or absence 

of inguinal lymph nodes, while the LT pathway ablation does not result 

in any particular phenotype in omental lymphoid tissues, that of Cxcl13 

causes the loss of MS. This suggests also the independency of omental 

MS formation on CD45+ lymphoid tissue inducer (LTi) cell stimulation 

on CD45- lymphoid tissue organizer (LTo), but still it should be 

considered a lymphoid tissue since it is embryonically defined. 

As previously said, omentum plays a crucial role in immunity because 

it represents a B2 cell route of circulation from SLOs that are nearby 

the peritoneal cavity, making them to upregulate integrins when 

entering the peritoneal cavity, for example VLA-4 and down-

modulating those integrins in peritoneum egress [45]. Although the 
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importance of the omentum in controlling infections and in 

experiencing both innate and adaptive immunity in the peritoneal 

cavity, omentum also shows a dark side in cancers and this depends 

primarily on resident fibroblasts. It has been recently demonstrated that 

ovarian cancer, that usually metastasizes in the peritoneal cavity, 

preferentially seeds and then creates metastasis in the omentum [46]; 

only after this event, ovarian cancer starts spreading along the 

peritoneal cavity and in other organs. 

 

1.1.2.2 The Fat-Associated Lymphoid Cluster 

 

The fat-associated lymphoid cluster (FALC) is a very recently 

described tissue that localizes in the peritoneal cavity, along with the 

mesentery [47] and in close contact to visceral fat. FALCs are 

considered atypical secondary lymphoid tissues, since they do not have 

all SLOs features [42]. They do not have any capsule surrounding cell 

clusters and still it is unclear whether they are embryonically present 

and if they are genetically pre-determined. The parallelism between 

FALCs (also called mesenteric FALCs, mesFALCs) and omental MS 

is suggested in different papers, given that they share localization, 

general composition and immune responses sustained. FALCs 

microenvironment is constituted, in steady state, by macrophages, 

iNKT cells, B-1 cells, vascular endothelial cells and lymphatic 

endothelial cells, and stromal cells. Resident stromal cells are defined 

as CXCL13+ non-proper FDC, because of the lack of CD35 (CR1) and 

FDC-M1 markers on their surface, albeit, they are described to 

contribute to B-cell homing and retention, and B-lymphocytes 
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proliferation and germinal centre-like reactions [48]. FALCs formation 

is LT pathway independent, like the omentum, but their formation is 

inflammation-dependent and the number and the dimension of these 

tissues are also related to age of the subject [49]. 

Among all different inflammatory stimuli, TNF pathway activation is 

the most important route for triggering the inflammation-dependent 

generation of FALCs [48]. Myeloid cells and adipose tissue are the 

candidate for that TNF pathway triggering. Myeloid cells, such as 

macrophages and monocytes, induce the formation ex novo of 

mesenteric lymphoid clusters, the ablation of TNF signalling blocks the 

newly formation of FALCs indeed, but not the migration of myeloid 

cells [42]; moreover, also iNKT-derived inflammatory stimulation 

through CD1d-glycolipids binding is able to induce FALCs, it has been 

demonstrated indeed by Caamano’s group that CD1d knockout mice do 

not develop any mesFALC [48]. Adipose tissue can also participate in 

FALCs formation. The reason why also this tissue is such a candidate 

is that adipose tissue resident stromal cells secrete a discrete amount of 

TNF [50] (it has been described indeed a direct correlation between 

obesity and sera TNF) and given that FALCs arise from mesenteric 

fat tissue, also the latter can play a role in the formation of these 

lymphoid clusters.  

1.2. THE CANCER MICROENVIRONMENT 

 

In general, tumours are composed of cells that bypass classical cell 

cycle checkpoints and proliferate, but still retain some features of the 

original tissue from which they arose. Tumours result from continuous 

cell insults that transform more and more this tissue unit to give rise to 
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cancer initiating cell. There are two mayor kinds of insults that can 

occur: DNA damage or chronic inflammation. These two tumourigenic 

mechanisms can occur concomitantly or sequentially during cancer 

onset and progression. Tumours are usually defined as heterogeneous 

populations of cancer cells that modify the microenvironment to 

increase their survival and chemoresistance [51].  

 

 

 

Figure i6. The cancer hallmarks. 

Cancers deregulate several pathways to survive and expand; 

moreover, tumours interact with microenvironment components and 
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cause changes in the milieu that increase their survival. Myeloid cells, 

endothelial cells and stromal cells, educated by cancer cells, activate 

pathway that contribute to the expansion of malignancies and the 

metastasis [52]. 

 

 

Along with the multistep development of a tumour, cancers acquire 

skills that improve their survival. In order to remain alive, a tumour 

should proliferate, despite adverse conditions, or at least resist to cell 

death, other than activating invasive mechanisms in later stages [53]. 

Although the mechanisms described in the previous picture seem to be 

sufficient, cancer needs the microenvironment to improve survival, 

chemoresistance and to satisfy its metabolic demand. 

Recently, attention has focused on the tumour microenvironment, so 

that the mutual dependency between tumour and its surrounding milieu 

actually becomes crucial in cancer research. There are indeed several 

reports claiming that targeting the microenvironment improves routine 

therapies. The tumour microenvironment is generally composed by 

CD45+ cells such as i) lymphoid and myeloid cells, ii) secreted factors 

including exosomes, chemokines and cytokines, iii) ECM proteins, iv) 

blood endothelial cells, and v) CD45- stromal cells.  

 

1.2.1 THE SOLID TUMOUR MICROENVIRONMENT 

 

Solid tumours develop in tissues with diverse microenvironment 

depending on the tissue itself. Along with disease progression, tissue 

microenvironment undergoes remodelling, and this is based on the 
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cancer specific requirements, given that every cancer depends on a 

proper microenvironment for sustaining its survival, its growth and 

finally its invasion and metastasis. From this perspective, tumours can 

be seen as organs with eventually high level of complexity. The 

increasing interest in the tumour microenvironment arising in last 

decade is due to the continuous observations that the disease phenotype 

is not only the result of cancer cells, but it is also the result of the 

corrupted microenvironment. 

The long work of microenvironment “instruction” operated by 

malignant cells creates a collaborative situation in which both resident 

and BM-derived stroma support the formation of a neoplastic tissue 

[52]. Altogether, tumour microenvironment (TME) is becoming a new 

broad field of investigation, given that it is genetically stable and the 

targeting of TME with chemotherapeutic drugs appears to be an 

attractive method to co-adjuvate the proper anti-cancer therapies [54]. 
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Figure i7. The cancer microenvironment. 

The cancer microenvironment is constituted by different kind of cells 

that exert different functions. T-reg lymphocytes and M2 tumour 

associated macrophages (TAMs) that determine the formation of an 

immunosuppressive microenvironment; stromal cells participate in 

cancer chemoresistance and in tumour support. Moreover, these cell 

types are able to recruit endothelial cells to the tumour burden and 

remodel the native ECM to further support tumour growth and 

metastasis [53]. 
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The solid tumour microenvironment is usually constituted by a 

consistent population of M2-like macrophages, which are considered 

by the most the tumour associated macrophages (TAMs), that 

contribute to neo-vasculogenesis and immune-suppression [55] [56], T-

reg cells, that abolish T-cell mediated anti-cancer immunity, 

endothelial cells, allowing tumour nourishing and spreading in other 

tissues, and stromal cells, usually called cancer-associated fibroblasts 

(CAFs). Fibroblasts associate to cancer from its onset to the terminal 

metastatic phase [57]. 

CAFs are always found associated to tumour burden and can also 

localize within the tumour mass; while on one hand, pre-CAFs show an 

anti-tumoural activity, mature CAFs sustain tumour foci in different 

ways. CAF refers to a category that includes mainly two kinds of 

stromal cells: the myofibroblasts, the activated fibroblasts, and the 

activated adipocytes [58] [59]. Each of these two stromal population 

are associated to a more aggressive disease, since they proved to be 

involved in several functions important for malignant cells: CAFs 

exhibit pro-angiogenic functions through the secretion of VEGFs and 

the MMP-driven ECM proteolysis of fragments with angiogenic 

functions through MMP-9 and MMP-2 action (also for the release of 

VEGFA bound to ECM) [60]. Moreover, activated stroma can recruit 

immune cells to tumour site that in turn are modulated by the immune-

suppressive environment to a cancer-permissive phenotype. 

One other important function of the stroma is the secretion of ECM 

proteins; if the functional parenchyma insult is chronic, CAFs can 

secrete ECM-related proteins as normal stromal cells do, although they 

either secrete abundant ECM with the forming tumoural tissue, creating 
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the so called desmoplastic stroma, or remodel the normal organ 

architecture to create a more favourable niche to cancer cells. Only 

activated fibroblasts participate in the creation of a tumour 

microenvironment (TME). 

The primum movens for the recruitment, proliferation and activation of 

resident parenchymal and BM recruited stroma is the secretion of 

TGFβ, PDGF/ and FGF2 in solid cancers, as exhaustively explained 

by Elenbaas and Weinberg in 2001 [61]. These factors are both released 

by fibroblasts themselves, so that these factors act in paracrine and 

autocrine fashion, and by epithelial cells (e.g. in breast cancer). Other 

key molecules for fibroblast activation in malignancies are IL-1, that 

induces NF-kB and promotes its pro-inflammatory function, and LIF, 

that in turn has been associated with myofibroblast functions with an 

invasive profile [62]. Concerning the mature CAFs phenotype, in 

general they are referred to as SMA+ and Vimentin+ fibroblasts that 

express VCAM-1 on their surface and secrete chemokines related to the 

tissue of origin and factors like TGF; moreover, they usually secrete 

ECM-related proteins such as collagen I, III and IV, fibronectin and 

tenascin C [57]. 
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Figure i8. The fibroblast differentiation to cancer-associated 

fibroblast. 

Cancers-associated fibroblasts (CAFs) arise from resident fibroblasts 

that, depending on stimuli received, transform into a tumour-prone 

stromal cell. CAFs sustain cancer progression through ECM 

remodelling, endothelium recruitment and cancer cell sustenance [57]. 

 

 

CAFs, as reported in an overwhelming number of papers, are able to 

produce large amount of ECM and to remodel native ECM scaffolds. 

The role of the stromal-secreted ECM and ECM-related proteins in 
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cancer progression have been demonstrated. Indeed  ECM determines 

the formation of a pro-survival and chemo-resistant cancer niche. 

A remodelled ECM can directly affect cell transformation and 

metastasis [63]; moreover, an aberrant ECM also affects stromal cells 

by promoting a fibroblast conversion to CAF-like phenotype. During 

cancer progression, several ECM proteins are deregulated, as a result 

of a microenvironment reprogramming. This sort of “soil priming” is a 

hallmark of quite all solid tumour lesions [64], but before becoming a 

fully formed solid tumour microenvironment, cancer cells need to 

prime tumour foci. Primary malignant mass and pre-metastatic niches 

are initially characterized by the secretion of collagen I and IV, by the 

expression of fibronectin, and by the upregulation of LOX enzymes. 

These lysyl oxidase enzymes have been demonstrated to play a crucial 

role in the formation of pre-metastatic foci, where hypoxic malignant 

cells (and perhaps activated fibroblasts). LOXes cross-link collagen IV 

fibers in basal lamina [65], thus increasing matrix stiffness, that in turn 

allows leukocytes adhesion. Then, leukocytes secrete MMPs (in 

particular MMP-2) that cleave collagen to release portions that recruit 

cells to the forming focus, exacerbating the microenvironment 

modification. Of note, serum collagen I cleaved fraction has proved to 

be a prognostic factor, so that the presence of soluble form of this 

protein in solid tumour patients in sera correlates with bad prognosis in 

recurrent breast cancer (amino-terminal pro-peptide of type I 

procollagen, PINP) [66]. 

There are other ECM related proteins frequently found overexpressed 

in cancer that can be proteoglycan, such as nidogen I, receptor like 

heparan sulfate - that binds VEGF to sequestrate it from circulation - 
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and glycoproteins such as CD44 that play a role in cell-cell interactions 

[63]. New therapies recently developed focus on modulating the pro-

inflammatory microenvironment and on resolving the ECM 

remodelling to better deliver drugs, avoiding in this way the 

microenvironment-derived chemoresistance, and to prevent relapses 

due to a cancer-conditioned tissue [57]. Some examples are the addition 

of anti-TGF therapy to the usual chemotherapy for modulating the 

immunosuppressive malignant environment, or the use of CP4H 

(collagen prolyl-4-hydroxylases, an enzyme responsible for the correct 

biosynthesis of collagens) inhibitors that decrease or even abrogate the 

formation of breast and lung cancer metastasis [67]. 

 

1.2.2 THE BLOOD CANCER MICROENVIRONMENT 

 

Blood malignancies are tumours involving circulating cells of 

hematopoietic origin, both myeloid and erythroid lineages, and 

lymphoid origin. As such, blood malignancies are proper tissues, 

although they usually rely on organ-specific microenvironment for 

maintenance and expansion. Blood cancers, defined as leukaemia, arise 

from different stage of myeloid and lymphoid maturation and every 

blood cellular constituents can develop in cancer.  
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Figure i9. The leukaemia classification. 

Leukaemia can affect every blood cell type. The two main classification 

of leukaemia are based on developmental evidences: a blood cancer 

can be either acute or chronic, and it can derive from a lymphoid 

lineage (lymphoblastic/lymphocytic) or from myeloid [68]. 

 

 

Leukaemia in USA accounts for about 3% of all cancer, with a clear 

prevalence of onset on white male as compared to white female and 

Afro-American population [69]; moreover, the most of leukaemia are 

diagnosed in adulthood, after 40 years. The classification of blood 

malignancies is based on the onset and trend of progression (acute or 

chronic) and the cell lineage affected (lymphoid or myeloid). The most 

common blood cancers are: acute myeloid leukaemia (AML), acute 

lymphoblastic leukaemia (ALL), chronic myeloid leukaemia (CML) 

and chronic lymphocytic leukaemia (CLL) [68]. 
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The leukaemia microenvironment is constituted by quite the same kind 

of cells that form the solid tumour microenvironment, although the 

development of this blood malignancy occurs in lymphoid organ niches 

that usually host hematopoietic precursors or mature cells. The link 

between lymphoid organs and leukaemia is strong, bone marrow 

infiltration is indeed one of the diagnostic parameter used in patients. 

The microenvironment is fundamental in these blood cancers, and it is 

found differentially modulated in all blood malignancies; as example 

for explaining this phenomenon, I will briefly talk about hairy cells 

leukaemia (HCL) and multiple myeloma (MM), two pathologies highly 

related to their microenvironment. 

Hairy cell leukaemia (HCL) belongs to the CLL group, in which a still 

debated mature B-cell subtype (thought to arise from splenic marginal 

zone B-cells, SMZB) evolves towards a malignant phenotype 

characterized by the presence of an irregular cell surface with hair-like 

protrusions [70]. 

HCL is characterized by the BM and spleen infiltration, but not lymph 

node. The HCL spreading is only the reflex of the pattern of adhesion 

molecules found on the surface of these malignant cells; they 

consistently express VLA-4 (α4β1) and αvβ3 [71] [72]. The integrins 

α4β1 and αvβ3 are the ligands for VCAM-1 and Vitronectin, where the 

first is a classical marker for fibroblasts and the second is a typical 

fibroblast-secreted ECM protein, in particular splenic red pulp 

fibroblasts and BM sinusoid fibroblasts, and that partially addresses the 

question of HCL preferential localization within organs. To further 

confirm this data, HCL shows also strong binding to fibronectin, that is 

another important fibroblast-secreted glycoprotein. HCL cells migrate 
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to sinusoidal part of lymphoid organ towards a CXCL12 gradient, 

expressed in part by endothelial cells, where they adhere to vascular 

cell membrane for extravasating and reaching the most favourable 

niche [73]. In this process, HCLs modify the microenvironment for 

creating a more leukaemia-prone local milieu; HCL is indeed 

characterized by profound remodelling of sinusoidal vasculature, where 

hairy cells attach to laminins of the basal lamina and where they 

displace endothelial cells, thus forming the so-called “pseudosinuses” 

[74]. The most important microenvironment modification occurring in 

HCL is the BM fibrosis. The HCL-induced BM fibrosis is a mechanism 

caused by release of FGF-2 and TGFb1 by HCLs that act on HCL itself 

(the first) and on resident fibroblasts (the second) by determining an 

increased production of fibronectin and “reticulin fibers”, that are 

mainly composed by collagen III fibres [75] [76] [77]. This reticulum 

differs from the one of myelofibrosis because of the excessive presence 

of collagen III instead of collagen I and for no evident signs of 

fibroblasts proliferation. 

Multiple myeloma (MM) is characterized by accumulation of leukemic 

B-cell, at the stage of plasma cells, in the BM. MM can develop ex novo 

or it arises from benign monoclonal gammopathy of undetermined 

significance (MGUS), that indeed has a milder phenotype as compared 

to MM, so that it has a mild marrow plasmacytosis but there is absence 

of bone lesions and other leukaemia features. MM is a pathology that, 

along with the disease progression, is associated with high levels of 

monoclonal antibody proteins [78], anaemia and osteolytic lesions. In 

addition to this, MM can further progress in acute myelogenous 

leukaemia  [79]. Given that, normal plasma cells usually localize within 
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bone marrow and that also MM cells house in the marrow, BM 

microenvironment appear to be fundamental for the malignancy 

sustainment. BM stromal cells are relevant sources of IL-6, SDF-1, 

FGF and VEGF, that are in turn up-regulated in the presence of MM 

cells. The engagement of myeloma integrins with VCAM-1 and ICAM-

1 on stromal cells triggers the NF-kB pathway on the latter [80], and 

furthermore MM cells secrete relatively high amount of TGF and 

TNF that induces stromal cells to produce and remodel the 

surrounding ECM; moreover, bone marrow mesenchymal cells express 

SDF-1 and VEGF that are important in MM homing to BM and their 

level are also regulated by in situ MM cells [81]. The interactions 

between stroma and cancer cells activate proliferation and anti-

apoptotic signalling, thus creating a supportive MM niche, although the 

release of IL6, IL1, VEGF, SDF1α by BM stromal cells stimulates 

osteoclastogenesis [82]. 

 

1.2.3 THE RETINOIC ACID PATHWAY IN LYMPHOID 

HOMEOSTASIS AND IN THE CANCER 

MICROENVIRONMENT 

 

The retinoic acid is a vitamin A and -carotene metabolite whose intake 

comes primarily from the diet. The retinoic acid (RA) is metabolized 

by specific retinaldehyde dehydrogenases (Raldhs) that catalyse its 

reaction from retinaldehyde, that in turn is synthesized by the 

conversion of retinol into its aldehydic form, thank to retinol 

dehydrogenases (Rdhs) [83].  
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Figure i5. The retinoic acid pathway. 

The RA pathway is constituted by different kind of proteins like serum 

transporters (RBPs), transmembrane receptors (STRA6), synthesizing 

and degrading enzymes (RALDHs and CYP26s) and nuclear receptors 

(RARs and RXRs) that bind retinoic acid responsive elements (RARE). 

The binding of RA with its receptors causes the release of the inhibitory 

complex bound to RARs proteins, and this triggers the transcription 

[83]. 

 

 

During embryonic development, RA is important in the development 

of a plethora of organs; to do that, RA is distributed along embryonic 

axis in gradients finely regulated [84] [85]. Moreover, RA pathway is 

still important in adulthood, since it regulates fertility, maintains the 
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ocular steady state and it is important for immunity. The central role of 

RA in immunity is well known and well established. It is involved both 

in proliferation and in cell fate specification; for example, RA 

determines the innate lymphoid cell (ILC) specification towards the 

ILC3 phenotype through the RORt receptor engagement [86]. 

The ablation of vitamin A signalling in adult immunity impairs several 

mechanisms [87], such as the normal regeneration of mucosa after 

infections, it decreases the effects of neutrophils, macrophages and NK 

cells, and it also impairs the normal B and T-cell differentiation and 

proliferation [88] [89]. RA acid signalling is also described to be 

important for 47 integrin expression; this integrin plays a crucial role 

for gut-homing BM-derived progenitors (mostly phagocytes with a 

immuno-suppressive potential, albeit lymphocytes also express 47), 

that in turn regulate the gut inflammation, so that lack of 47 for RA 

pathway inhibition can result in increase in intestinal inflammation, for 

example colitis [90]. Of note, it has been shown that RA causes B1 

cells, localized in the peritoneal cavity, to undergo Ig isotype switching 

from IgM to IgA in the presence of RA and TGF- [91], and that RA 

can alter T-mediated immunity both via inducing generation of T-reg 

cells and by favouring the evolution of type 2 T-helper cells instead of 

Th1, which play a crucial role in immunity against parasitic worms 

[92]. This further underlines the importance of RA in also triggering 

different kind of immune responses. 

The retinoic acid pathway shows its importance also in regulating the 

development and the maintenance of secondary lymphoid organs. RA 

is involved in the formation of lymphatic and blood endothelial cells 

layers; the increase in RA signalling indeed induces the formation of 
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large waving vessels with less sproutings, as compared to normal RA 

signalling condition, and in addition, this increase determines the up-

regulation of SMA in mural cells outside the vessel beds [93]. 

The lymphatic system transports body fluids towards lymphoid tissues; 

LECs arise from blood vasculature, RA on BECs induces an increased 

proliferation and a decreased differentiation [94], but on the other hand, 

another paper showed how the retinoic acid signalling determined the 

differentiation from precursors to mature LECs; the block of RA 

signalling indeed produced an expansion of lymphatic cell precursors 

at the expenses of mature lymphatic vasculature [95]. 

A finely tuned retinoids concentration and gradient is fundamental in 

SLOs formation. For lymph nodes development, retinoic acid acts on 

the two cell types involved in the generation of the lymph node anlage: 

the hematopoietic lymphoid tissue inducer (LTi) and the mesenchymal 

lymphoid tissue organizer (LTo). LTi cells are described to belong to 

type 3 innate lymphoid cell (ILC3) lineage and RA induces the 

maturation in LTi of ILC precursors through RORt engagement [86]. 

Secondly, LTo cells, the mesenchymal precursors of adult stromal cells, 

express CXCL13 and CCL19/21 to recruit LTi cells (albeit CXCL13 

has a preeminent role in SLOs bud formation); CXCL13 has been 

proved to be under the control of LT pathway, but also RA. In vitro RA 

challenge proved to consistently improve CXCL13 as compared to 

control situation. In vivo assays showed that Raldh2 is highly enriched 

in the neuronal structures near the LN anlage and that, nerves 

stimulation caused the increase in Cxcl13 expression in mesenchymal 

cell, probably caused by the local release of RA by neurons [96]. Of 

note, vitamin A deficit in maternal dietary regimen causes the reduction 
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in SLOs size and moreover some LNs do not form [86]. On the other 

hand, the spleen forms in a quite different way, but it is also dependent 

on RA. 

The development of the spleen from E10.5 onward (in mouse) is a 

matter of sequential transcription factors activation that affects 

mesenchymal cell migration, cell fate specification and proliferation 

[13] [6] [97]. Very recently, we have demonstrated the role of RA in 

spleen formation and that RA signalling must be precisely tuned, since 

the absence or the over-activation of this pathway show exactly the 

same phenotype, the absence of the organ [5]. Taken together, all these 

data obtained so far by many different groups shed light on the crucial 

role of RA in both immunity and the evolution of secondary lymphoid 

organs and this can suggest that RA should play a role in malignancies 

affecting cell immunity or affecting SLO microenvironment. 

The retinoic acid pathway is involved in a plethora of cellular and tissue 

maturation and maintenance steps that also occur in cancer. Cancer 

cells, as well as normal cells, need to finely tune RA signalling in order 

to maintain their state, and it is commonly thought that malignancies 

suffer high RA levels. Together with cancer cells, the tumour 

microenvironment has to regulate in a very precise way the RA content 

in the milieu. RA importance in malignancies has been deeply 

investigated on different kind of pathologies for its properties in 

inducing maturation in incompletely differentiated tumour cells, thus 

inducing a proliferation stop and indirectly causing apoptosis [98]. 

Retinoids and rexinoids are actually used both solely or in synergistic 

combination with other chemotherapeutic drugs to directly affect 

cancer growth and survival. It has been demonstrated that retinoids 
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actively inhibit breast cancer proliferation promoting a senescent cell 

phenotype in a p53/p21-indipendent manner [99]. The intriguing fact is 

that RA exploits its anti-tumoural activity independently from breast 

cancer back-ground; it blocks indeed carcinogenesis and affects the 

formation of a second cancer focus in the contra-lateral breast after 

surgery of the primary tumour both on estrogen receptor positive (ER+) 

and in ER- breast cancers. Of note, there is a report underlining the 

opposite functions of two RAR isoforms in breast cancer, where 

RAR is down-modulated and on the other hand RAR isoform is up-

regulated, so that this data, together with the RAR conformation, 

suggests a potential role for this latter isoform as a negative regulator 

of the RA pathway [100]. 

Many other solid malignancies show sensitivity to retinoid-mediated 

chemotherapy [101], while it has also been found that many cancers 

show the loss of RARs for gaining proliferative advantage; for example, 

pancreatic adenocarcinoma shows a consistent loss of the isoform 

RAR2 that is important in controlling proliferation and senescence in 

normal pancreatic cells, thus underlining the role of RA signalling in 

controlling the expression of genes related to several processes [102]. 

Moreover, the control of RA pathway by tumour cells is also a blood 

cancer milestone, where RA treatment is approved for therapy; for 

example, acute lymphoblastic leukaemia (ALL) and acute 

promyelocytic leukaemia (APL) patients show in several cases 

complete remission from cancer upon atRA treatment, throught the 

differentiation of blasts [103] [104]. The RA pathway has been deeply 

explored with its functions on cancer cells, albeit very few papers 
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talking about the relationship between the retinoic acid signalling and 

the TME. 

The retinoic acid pathway is implicated in the development and the 

functions of immune system [88], so given its importance in 

inflammatory response, an inflammatory TME should have increased 

levels of RA to enhance cell-mediated tumour rejection, at least in the 

early phases. It has indeed found that there is a great increase in the 

content of RA in the TME in a melanoma mouse model [105]. In this 

case, the RA signalling in the TME (but not the tumour itself, where no 

signalling was found) has the function of tumour rejection, since this 

vitamin A active metabolite drives CD8+ T-cells clonal expansion, that 

in turn exert the proper anti-tumoural activity. 

There are also TME in which there is the suppression of the RA 

signalling, because in some cases tumours suffer of differentiation 

stimuli induced by RA. That is the case of MM BM microenvironment, 

in which human BM stromal cells express high levels of CYP26A1 

mRNA, that is part of the cytochrome p450 family and it metabolizes 

the RA in non-active compounds [106]. MM-like Bortezomib resistant 

cells are responsible for CYP26A1 induction in stroma through a bi-

directional crosstalk, so that the stromal cells of the TME protect 

leukaemia niche maintaining a MM undifferentiated phenotype. The 

RA signalling in the TME has not only an anti-cancer activity, it is also 

reported for Erb2 mammary gland carcinoma that the presence of a 

functional RAR in stromal cells of the breast TME characterize a 

stromal subset capable to support tumour growth [107]. The ablation of 

the RAR-mediated signalling in stromal cells determines indeed the 

suppression of mammary gland carcinoma. These data support the 
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notion that RA is important in the tumour microenvironment, although 

different type of malignancies are characterized by different sensitivity 

and different use of the RA pathway.  
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1.3. B-CELL CHRONIC LYMPHOCYTIC 

LEUKAEMIA 

 

B-cell chronic lymphocytic leukaemia is the western world most 

common leukaemia, taking account, for example, of almost 1% of all 

malignancies in UK (referred to 2014, Chronic lymphocytic leukaemia 

(CLL) statistics, Cancer Research UK). It develops as an indolent 

malignancy prevalently affecting the elderly, with major incidence for 

male subjects, that along the blood cancer progression becomes more 

invasive and more lethal [108]. CLL is usually preceded by a previous 

asymptomatic phase called monoclonal B-cell lymphocytosis (MBL), 

in which the only observable phenotype is the presence in the peripheral 

blood of monoclonal CLL-like cells [109]. 

The B-CLL progression is characterized by the expansion of a 

monoclonal malignant B-cell with feature of anergic, mature, self-

reactive lymphocyte. The precise origin of the CLL cell is still debated 

since it is still unclear whether this blood cancer originates from 

marginal zone B-lymphocytes or from B1 cells or from lymphoid 

precursors [110]. The expression profile of leukemic cells resembles 

the one of the mature antigen-experienced memory B-cells [111] since 

the CD19+/CD5+ CLL population consistently expresses CD23 as 

compared to the normal CD19+/CD5+ counterpart of age-matched 

donor; on the other hand, monoclonal CLL cells express lower levels 

of CD20, CD40L, CD79b and IgD as compared to the normal donor. 

The diagnosis of this kind of leukaemia involves first of all a high count 

of monoclonal B-lymphocytes (higher that 5x109/L) in peripheral 

blood, the cell morphology and the immunophenotype, prevalently 
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defined as CD19+ CD5+ CD23+ CD20low SmIglow [112] [113]. Once 

established the presence of this blood cancer, prognostic markers are 

assessed, to determine the tumour load on involved subjects. Usually, 

molecular assays are useful prognosis tests. The interphase FISH is 

generally exploited to predict CLL outcome; 11q and 17p genetic 

aberrations are usually associated with a bad prognosis [114], while on 

the other hand 13q deletion correlates with a better outcome. Other 

prognostic factors usually evaluated are the mutational status of IgVH 

gene, in which the mutation correlates with a good prognosis, and the 

expression of ZAP-70 and CD38, that in turn are found to correlate with 

IgVH mutations: the more expression of ZAP-70 and CD38 are found 

in unmutated patients (bad prognosis), hence are also markers for the 

determination of the general outcome, as TCL1 is [115]. These are the 

most frequent parameters analysed to determine the prognosis for B-

CLL patients: 

IgVH mutational status 

The somatic mutation that involves Ig V-D-J loci is a characteristic of 

mature B-cells that occurs in GC microenvironment [116]. The finding 

of IgVH mutations was quite in contrast in the late ’90 with the 

conventional association between B-CLL to naïve B-cell making 

reconsider CLL as a mature B-cell blood cancer. IgVH mutational status 

is considered as one of the elective markers for determining the 

prognosis of this kind of leukaemia, together with CD38 expression. 

The unmutated IgVH gene is indeed considered a bad prognosis factor, 

as CD38 expression is. 
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Figure i10. The IGVH mutational status and its molecular 

consequences. 

The IGVH mutational status is one of the elective prediction markers for 

human B-CLL. The IGVH unmutated locus is associated with bad 

prognosis and it accounts for roughly 40% of CLL patients [117]. 

 

 

CD38 expression 

CD38 is a marker for the determination of the prognosis of CLL 

patients. During normal development, CD38 is expressed in B-cell 

precursors present in the bone marrow, but it is also expressed in GC 

B-cells and in plasma cells [118]; moreover, it has been found 

expressed also in a plethora of other cell types such as thymocytes, 

monocytes, platelets, erythrocytes and surprisingly also some kind of 

solid tumours [119]. CD38 is one of the markers associated with bad 
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prognosis and it does not correlate with mutational status of IgVH gene 

[118], although the presence of both CD38 expression and unmutated 

IgVH causes a clear reduction in the overall survival (OS) of CLL 

patients. In addition to this, CD38 expression may vary during disease 

progression. CD38 is expressed in actively proliferating lymphocytes 

where it blocks apoptosis in GC B-cells. In this way, leukemic B-cells 

may acquire, together with CD38 expression, proliferation and anti-

apoptotic stimuli that can be either given from outside (e.g. binding 

with CD31) or by inside, since it has been reported that CD38 can be 

found both on the external portion of the cytoplasmic membrane, and 

in cellular organelles (e.g. nucleus) [120]. 

 

ZAP-70 expression 

ZAP-70 is a signalling molecule normally associated with T-cells 

involved in the TCR signalling pathway. This 70kDa ζ-chain CD3 

receptor–associated protein tyrosine kinase (PTK) is the homologous 

of Syk, which is involved in the B-cell maturation through BCR 

stimulation. Both flow cytometry analyses and gene expression 

profiling showed how a CLL subgroup also expresses ZAP-70 [121]. 

More interestingly, ZAP-70+ patients show an adverse prognosis and 

this marker also has a weak correlation with mutation of IgVH, therefore 

strengthening its association with a more aggressive form of B-CLL. 

Functional observations revealed that ZAP-70 associates with BCR 

complex in CLL probably to positively modulating the BCR signalling. 

It was also discovered that, in aggressive CLL cases expressing ZAP-

70, ZAP-70 phosphorilates Syk, which in turn activates Bruton’s 

tyrosine kinase (BTK) to regulate proliferation, survival and apoptosis 
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through NFAT and NF-kB [122]. This data further underlines the 

importance of BCR signalling in B-CLL. 

 

13q deletion 

The 13q deletion is the most frequent genetic aberration found in CLL 

patients, and it accounts for about 50% of B-CLL cases [123]. This 

patient subgroup is associated with good prognosis and longer overall 

survival rate as compared to the other patients carrying chromosomal 

aberration such as 17p and 11q. The 13q is frequently mutate in solid 

and blood malignancies, thus implying the presence in this region of 

oncosuppressors. Along with this, additional studies shed light on 

deleted the locus and the minimal deleted region (MDR) for 13q14 

correspond to the sequence encoding for the cluster with the presence 

of two particular micro-RNA: the miR-15a and the miR-16-1 (the 

cluster is DLEU2/miR-15a/16-1) [124]. These two miRNA are 

frequently found either deleted or down-modulated in CLL. Since 

miR15a/16-1 are cell cycle regulators, affecting in a negative way 

proliferation, and they also are able to promote apoptosis, their deletion 

causes the dysregulation of cell cycle control. Moreover, miR15a/16-1 

are found to control the cell cycle also by inhibiting the expression of 

genes such as BCL2 that is indeed found overexpressed in 13q del CLL 

patients. Its inhibition results in harbouring high-risk genetic 

aberrations [125]. Albeit DLEU2 is the host gene for the two miRNAs, 

Ulf Klein and colleagues described [126] how DLEU2 can be spliced 

into other RNA forms that may have other regulatory functions. This is 

important to underline that the deletion of the locus of the cluster affects 

B-cell normal development to give rise to an indolent CLL. 
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11q deletion 

The 11q deletion is the second most frequent chromosome abnormality 

found in CLL patients [127] and it appears mostly as an acquired 

modification. The subset of 11q deleted CLL patients are characterized 

by extensive SLOs involvement and an adverse prognosis with an 

accelerated disease progression as compared to the other CLL subsets. 

Interestingly, 11q deletions are more frequent than expected, since 

other blood malignancies, for example T-cell prolymphocytic 

leukaemia (T-PLL) and mantle zone lymphoma (MCL), harbour the 

same kind of aberration in the 11q23 region, thus suggesting the 

presence of a hot spot cluster [128]. Further analyses of the region 

showed that in this breakpoint is located the ataxia telangiectasia 

mutated (ATM) gene that is an oncosuppressor that normally acts during 

the cell cycle and DNA repair [88]. Since the deletion involving the 11q 

chromosomal arm is quite wide (from 2 to 20 Mb), it has been 

investigated the presence of other potential genes involved in the CLL 

pathogenesis and exacerbation. These studies highlighted the deletion 

of BIRC3 locus, which encodes for a protein that acts on Nf-kB 

modulating its activity by down-modulating the non-canonical 

pathway. This data, together with the knowledge of the maintained 

membrane receptors implicated in immune signalling, strengthen the 

idea of a leukaemia with high dependency on the microenvironment for 

getting survival and proliferation stimuli. 

 

12 trisomy 
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Although he trisomy of chromosome 12 has been previously associated 

to a high-risk leukaemia, it is actually included in the low-intermediate 

risk CLL. The 12 trisomy is one of the least studied genetic aberrations 

in CLL. One possible mechanism underlying the effect of this 

modification to B-CLL is the genic over-dosage of MDM2. MDM2 acts 

through indirectly degrading TP53 and this can lead to cell cycle 

deregulation [129]. It has been found that the 12 trisomy and an 

upregulation of GLI1 lead to the over-activation of the hedgehog 

pathway, so that this leukemic subgroup is more sensitive to HH 

pathway blockers [130]. 

 

17p deletion 

The 17p deletion occurs in quite a third of refractory CLL (Puiggros A., 

2014) [123], while on the other hand it marks only a minority of newly 

diagnosed CLL patients. It is associated with the highest risk for very 

low overall survival of patients. 17p deletion, as like the 11q23, is found 

in several blood malignancies, since it impairs TP53 function and its 

crucial role in cell cycle and DNA repair. In addition to this, the bad 

prognosis for patients bearing this mutation is worsened by the 

inefficacy of conventional CLL treatments in this subgroup [131]. The 

adverse prognosis for this subgroup is indeed confirmed by the 

expression profile of these patients showing high level of CD38 and 

ZAP-70, other than that most of 17p have an unmutated IGHV gene. 

 

1.3.1 MOUSE MODELS FOR B-CLL 
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Since the interest in CLL grew, laboratories have started generating 

mouse models mimicking the human disease. The search for the B-CLL 

mouse model included transgenic mice with genetic lesion found in 

humans: the 13q14 deletion, the overexpression of TCL1, APRIL, 

BCL2 and ROR1 and the ectopic expression of oncogenes [132]. 

Actually, the preferred leukemic model is the E-TCL1 transgenic 

mouse, since it recapitulates features of progressive CLL rather than 

indolent. The expansion sites for leukaemia cells in this mouse model 

are the same as patients and the histology resemble the patient biopsies 

[133], although in human patients the major sites for expansion are 

thought to be LN and BM. The first group represents mutation in the 

human 13q14, whose locus in mouse is situated in 14qC3. 

 

 

 

Figure i11. The 13q deletion region and it homologue in mouse. 

The deletion of 13q14 in human patients involves the deletion of 

DLEUs loci, among which DLEU2 and DLEU5. The mouse homologue 

for those loci is on 14C3, although in this region some DLEUs 

homologues are missing as compared to human model [132]. 
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Five different mice have been engineered to recapitulate the CLL 

phenotype which are the mir-15a/16-1-/- and mir-15a/16-1floxed CD19-

Cre [126] that display normal features until 12 months of age when they 

start developing MBL and then B-CLL, the 14qC3-MDR-/- and 

MDRfloxedCD19-Cre, developed also those two by Dalla-Favera’s group 

in the same paper and displaying the same phenotype, and the 14qC3-

CDRfloxedCD19-Cre that is developed 2 years later by the same group; 

the latter is characterized by having a greater chromosomal deletion as 

compared to previous mouse models, in addition to the minimal deleted 

region (MDR) of 110kb it has the deletion of the common deleted 

region (CDR) of 690kb. This further deletion causes the worsening in 

CLL phenotype, thus suggesting that the longer deletion is present in 

the chromosome, the worse CLL phenotype is present.  

The E-TCL1 transgenic mouse was created by cloning the human 

TCL1 gene into plasmid containing promoters of mouse 

immunoglobulin, and then the construct TCL1 plus promoter region 

and terminal region without vector sequences was injected into 

fertilized oocytes [133]. This mouse model represents the aggressive 

form of CLL and it is the one with higher degree of similarities to this 

human blood cancer. 

The APRIL transgenic mouse has been created with the rational that 

CLL patients show increased level of APRIL in the sera; since APRIL 

belongs to the TNF family and causes enhanced T-cell survival and B-

cell proliferation, other than reported proliferative stimuli in solid 

tumours cells, this transgenic mouse was first generated to determine 
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the role of APRIL in immunity, and then to autoimmunity [134]. Of 

note, this mouse displays, from 9 months onwards, a B1 derived 

neoplasia resembling CLL [135], albeit these cells maintain the 

expression of B220 on the membrane, that on the contrary it is absent 

in patients. 

The BCL2 X traf2dn transgenic mouse is a double positive mouse strain 

for the transgene for the expression of human BCL2 that mimics the 

translocation of BCL2 in the IgH locus, and the mouse expressing a 

dominant negative form of Traf2 which lack the RING domain and that 

mutation causes Traf2 to resemble Traf1; the mouse develops a CLL-

like malignancy that is age dependent and recapitulates some important 

CLL characteristics [136]. 

The ROR1 transgenic mouse was developed in 2013 based on the 

evidence that CLL cells express this embryonic-restricted marker; this 

mouse has a transgene constituted by the human ROR1 under the 

control of promoter and enhancer region of murine IgH. This model is 

characterized by the insurgence of a CLL-like disease after 15 months; 

of note, crossing E-TCL1 with ROR1 results in accelerated pathology 

as compared to both single transgenic mouse models [137]. 

The E-mir-29 transgenic mouse model, which expresses mir-29 under 

the control of IgH-E promoter, was generated since miR-29 is 

overexpressed in CLL, but in particular in indolent non-aggressive 

forms, so that the overexpression of this miRNA produces a mouse 

model slowly developing leukaemia [138]. 

The Vh11 X irf4-/- model was created by crossing a knock-in mouse for 

immunoglobulin heavy chain Vh11, that give rise to great expansion of 

B1 cells with the irf4 knock-out, a gene that has recently been identified 
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to be down-regulated in CLL. The mouse model is characterized by an 

early B-CLL onset, mostly within the spleen. Interestingly, the 

restoration of irf4 expression determines an increased apoptosis, 

shedding light on the possible role for IRF4 in CLL [139]. 

The IgH.TE model displays a very aggressive form of leukaemia with 

a great expansion of CD5+ B-cell clones, although in a big portion of 

mice it has V(D)J rearrangements in Ig heavy chains as a critical 

difference with aggressive forms of CLL. In this model, the SV40 T 

antigen, a very powerful oncogene, is inserted in the IgH locus and 

unmutated IgVH showed preferential Vh11 family members [140]. 
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Figure i11. The developed mouse models for human CLL. 

Mouse models for human CLL developed are based on human 

mutations and deregulation, although some of these models do not 

develop only CLL [132]. 

Mouse model
Disease 

penetrance

Appearance 
circulating 

leukaemia

Age of 
death

Ig gene 
rearrangements

mir-15a/16-1-/-

and

mir-15a/16-1floxed

CD19-Cre

~20% CLL
~8% MBL

~2%CD5-

NHL

12-18 mo.
15-18 
mo.

Unmut. and 

stereotypic IGHV 

genes

14qC3-MDR-/- and
MDRfloxedCD19-

Cre

~22% CLL
~12% MBL

~6%CD5-

NHL

6-18 mo.
12-18 
mo.

Unmut. and 

stereotypic IGHV 

genes

14qC3-
CDRfloxedCD19-

Cre

~50% CLL
~3% MBL

6-18 mo.
12-18 
mo.

Unmut. and 
stereotypic IGHV 

genes

Eµ-TCL1 tg
100% CLL 6 mo.

12-18 
mo.

Unmut. IGHV 
and stereotypic 

IGHV and IGHV 
genes

APRIL tg 40% CLL Not analysed
12-15 
mo.

Not analysed

BCL2 X traf2dn tg 80% CLL 9-15 mo.

>80% 
dead 

at 14 
mo.

Clonal IGHV 
rearrangements

ROR1 tg 5% CLL >15 mo.
>15 
mo.

Clonal IGHV 
rearrangements

Eµ-mir-29 tg 20% CLL 12-24 mo.
24-26 
mo.

Clonal IGHV 
rearrangements

Vh11 X irf4-/-

100% CLL 
(preceded 

by MBL in 
>40% 

cases)

5-10 mo. >9 mo.

Clonal IGHV 
rearrangements 

(determined by 
flow cytometry)

IgH.TEµ
100% CLL <5 mo.

Killed 
at 2-10 

mo.

Unmut. IGHV 
genes 

(preferentially 
Vh11) and some 
highly mutated
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1.3.1.1 The E-TCL1 Transgenic Mouse Model 

 

The E-TCL1 transgenic mouse is the most used mouse model in CLL. 

It was first developed in Croce’s lab in 2002 [133] by integrating the 

TCL1 human gene together with the 3’end and the untranslated human 

b-globin gene under the control of the promoter of the murine IGHV 

and the E enhancer. Indeed, TCL1 gene has been found up-regulated 

in the vast majority of hCLL. The overexpression of the human TCL1 

gene into mouse strain gave rise to a CLL form highly resembling the 

aggressive form of the human pathology, thus highlighting the 

importance of TCL1 in B-CLL. It has been proved indeed that only a 

minority of hCLL are negative for TCL1 and that TCL1 expression is 

correlated with the leukaemia proliferative status [115]. 

 

 

Figure i12. The E-TCL1 transgene. 

The E-TCL1 transgene allows the overexpression of human TCL1, 

found overexpressed in the vast majority of human CLL patients, in 

mice that will develop an aggressive form of human CLL [133]. 

 

 

The E-TCL1 homozygous transgenic mice are characterized by the 

accumulation of monoclonal or at least oligoclonal CD19+CD5+IgM+ 

leukaemia in the peritoneal cavity, spleen, lymph nodes and bone 

marrow, comparable to hCLL. In peripheral blood, CLL cells starts to 
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be detectable at around 5-6 months, while from 12 months onwards B-

CLL infiltrates other organs, such as liver and lymph nodes [133] [141]. 

CLL patients frequently develop secondary cancers not CLL associated 

(both solid and blood malignancies), and that is the same for the E-

TCL1 model. This mouse strain is prone to develop in particular skin 

cancer and other kind of tumours like histiocytic sarcoma and this is 

related to the overexpression of TCL1 [142]. Moreover, this useful 

model demonstrated further similarities to hCLL, since fludarabine 

treatment showed efficacy in TCL1 in reducing whole-blood 

lymphocyte count (as in patients) and spleen size, but it also showed 

another important hCLL feature, the in vivo emergence of 

chemoresistance [141]. The E-TCL1 model has another important 

characteristic; its B-CLL is transplantable, so that it can be expanded 

and transplanted mice can be used for treatment schedule trials. 

 

1.3.2 THE B-CLL MICROENVIRONMENT 

 

In CLL, leukemic B cells survive and expand primarily in lymphoid 

tissue, such as LNs, spleen and BM, where they establish a leukaemia-

supportive niche by interacting with different population of cells, like 

T-cells, monocytes (that are described to become NLC upon CLL 

engagement), macrophages, neutrophils, endothelial cells and stromal 

cells, that all together constitute the lymphoid microenvironment. The 

dependency of CLL on lymphoid niches was confirmed by Messmer 

and colleagues [143], as they found that human leukemic cells in 

peripheral blood circulation are in a resting state, while, in their own 

niches, show a proliferation rate of approximated 1% per day.  
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The lymphoid microenvironment of B-CLL, plays a crucial role 

creating these niches in which leukemic B-cell were progressively 

recruited, and where different stimuli promote B-CLL proliferation and 

survival. Among these stimuli, that influence normal and leukemic B 

cell, were chemokines, such as CXCL12 and CXCL13, and the Toll 

Like Receptors (TLRs) [144] [145]. In support to the idea that B-CLL 

is a blood cancer heavily dependent on the microenvironment, comes 

from the evidence that CLL cells in vitro without either stromal cells or 

monocyte-derived nurse-like cells (NLCs) do not proliferate and 

undergo apoptosis within few days [108].   
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Figure i14. The B-CLL microenvironment components. 

The B-CLL cell in its microenvironment interacts with different cell type. 

In these interactions, different CLL receptors are exploited, based on 

the interacting cell type. In the CLL milieu, leukemic B-cell cross-talks 

with stromal cells, T-cells, macrophages (NLCs) and endothelial cells. 

Moreover, CLL cells exploits also ECM. These cross-talk determine 

transcription regulation on each cell type and induces a survival 

advantage for leukaemia in direct or indirect way 

[117]. 
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In B-CLL, the most studied SLO milieu components are T-cells and 

NLCs, and recently the stromal cells. In BM and LNs patients’ biopsies, 

a great predominance of CD4+ T-cells with a T-helper phenotype has 

been observed, as in other kind of autoimmune diseases like rheumatoid 

arthritis and Sjögren's syndrome [146] [147]; it has been strongly 

suggested that CD4+ T-cells can also be forced to differentiate into T-

reg cells by CLL, since in leukemic mice B-CLL induces the formation 

of CD4+CD25+Foxp3+/CTLA4+ thymocytes [148]. Regarding NLCs, 

these cells are found both in lymphoid niches and in peripheral blood 

(PB) and in CLL-infiltrated tissues, NLCs shown a macrophage-like 

shape and are positive for CD45 and CD68, thus indicating their 

myeloid origin [149]. NLCs are also positive for markers such as 

vimentin, CXCL13 and CXCL12 (SDF-1), markers also found in 

stromal cells [150]. Of note, this last chemokine (CXCL12) was 

secreted by NLCs in vitro, and in vivo it has a relevant role for the 

attraction of B-cells and for protection of CLL cells from undergoing 

apoptosis.  

Finally, the last cell type crucially involved in CLL survival and 

proliferation is the non-hematopoietic mesenchymal-derived stromal 

cell type. In healthy condition, stromal cells play a fundamental role 

providing a supportive microenvironment for lymphoid cells, and 

creating a scaffold for resident cells by secreting the extracellular 

matrix factors and proteins. In leukemic lymphoid tissues, CLL B-cells 

actively cross-talk with stromal cells, shaping the microenvironment 

and creating a favourable supportive malignant niche through the 

secretion of chemokines and cytokines. These stimuli were in part 

secreted by the different stromal cell populations. The FDCs through 
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the secretion of CXCL12 and CXCL13 recruit B-CLL cells that in turn 

express high level of CXCR4 and CXCR5, the receptors for those 

chemokines [149]; the FRCs secrete CCL19 and CCL21 that determine 

CLL homing towards chemokine gradients. Moreover, stromal cells 

express on their surface adhesion molecules such as VCAM-1 and 

ICAM-1, and in turn leukemic cells express their own integrin ligands 

(e.g. VLA-4). Lastly, stromal cells have an active role in creation and 

modification of ECM networks that can be exploited by malignant B-

cells for migration.  

Although the knowledge about the stromal cell role in CLL is currently 

limited, it has been described a bi-directional cross talk between stroma 

and leukaemia that affects the microenvironment to develop a CLL-

permissive niche. In human BM biopsies was   described that CLL cells 

are in close contact with stromal cells, instead in spleen or LNs human 

biopsies it is still unknown.  

However, in vitro experiments on human samples showed that stroma 

is crucial for CLL homing, maintenance and proliferation. hCLL cells 

cultured solely remain in the supernatant fraction and slowly die for 

apoptosis; while on the other hand, hCLL cells cultured with BM-

derived stromal cells show increased survival and spontaneous 

migration, as well as adhesion to stromal cells through the so called 

“pseoudoemperipolesis” [151]. This phenomenon is clearly visible 

using a contrast phase microscopy and highlights the need of the CLL 

to remain in close contact with stromal cells.  

In human LNs biopsies, and in fewer cases in patients’ splenectomies, 

CLL is associated with the creation of proliferation centres (also known 

as pseudofollicle) that resemble ectopic GC. This finding further 
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suggests that CLL impacts on microenvironment and then also favours 

the formation of niche ex novo [152]. The tumour cells are able to 

activate stromal cell proliferation and modulate stromal secretome to 

sustain cancer progression. More evidences of stromal cell activation in 

CLL context are shown through in vitro experiments culturing either 

BM MSC lines or primary cells from patients’ BM biopsies in presence 

of conditioned medium from CLL cultured alone., In this conditions, 

for example, stromal cells upregulate PDGFRs, that in turn activate 

stroma proliferation [153]; this experiment demonstrates that CLL can 

activate the microenvironment through small molecules/factors (PDGF, 

VEGF), secreted in the conditioned medium, in a paracrine fashion. 

Although the CLL secreted proteins and exosomes appear to be 

important for shaping the microenvironment, right now stroma-CLL 

bidirectional cross-talk was explored as cell-to-cell contact 

mechanisms. In literature is reported that direct contact of leukaemia 

cells with stromal cells causes the protection from spontaneous 

apoptosis, other than chemotherapy-driven apoptosis [154], and mouse 

fibroblasts induce the upregulation of anti-apoptotic molecules upon 

CLL engagement. The cell-to-cell contact in this malignancy is 

important for example in re-constructing the lymphoid niche through 

the protective role of the VLA-4 engagement. In detail, B-CLL is found 

to express high levels of 41 [155] that can bind ECM fibronectin, 

which confers drug resistance to CLL, or can bind VCAM-1. The 

VCAM-1/VLA-4 binding determines on B-CLL the expression of 

MMP-9 that helps in microenvironment remodelling through ECM 

digestion [156]; this digestion allows the deposition of ECM molecules 

ex novo and the release of factors normally bound to the ECM, for 
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example VEGFs and FGFs. Also, stromal cells are important in 

metabolic sustenance of CLL cells. Usually, cancer cells reprogram 

their metabolism with a glycolytic metabolism shift to support a 

different growth rate and to acquire chemoresistance, and this is known 

as the Warburg effect. In literature was reported that BM resident 

stromal cells are able to decrease CLL drug sensitivity in situ and as the 

stroma-CLL cross-talk causes a Notch-dependent metabolic shift that 

increase the aerobic glycolysis in stromal cells [157].  

Among the stromal cells, seems that one of the most important player 

in CLL-microenvironment cross-talk is the FDC. In human, very little 

is known about the role of FDCs in CLL onset and progression. FDCs 

are lymphoid tissue accessory cell that sustain B-cell homeostasis, 

through adhesion molecule signals and chemokines secretion (e.g. 

CXCL13, a potent B-chemoattractant), and antigen presentation-

mediated B-cell responses within follicles. FDC networks in CLL are 

often found reduced in size and in numbers, and remodelled [158] 

[159]. The only mechanism-related study on FDC is based on HK cells, 

which are a FDC-like cell line derived from human tonsils; the authors 

demonstrated that FDCs, through cell-cell contact, protect the CLL 

cells against chemotherapy, as BM MSCs [160]. In leukemic mouse 

models, such as in E-TCL1, different studies suggested SLO FDCs as 

major stromal players in B-CLL, given that these cells play a crucial 

role in the B-cell maturation and in the antigen presentation. In mouse, 

it has been demonstrated that FDCs are exploited by B-CLL cells for 

survival and proliferation [110]. Indeed, FDCs are the main producer 

within the follicle of CXCL13, one of the most important B-

chemoattractant; moreover, they capability as antigen presenting cell 
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(APC) can trigger the BCR signalling through heterologous 

stimulation, so that CLL proliferates.  

 

 

 

Figure i15. The LTR-based stroma-leukaemia cross-talk model. 

The LTbR-based stroma-leukaemia cross-talk that affect the follicle 

and more precisely the FDC and the CLL. CLL cells migrate to FDC 

networks towards CXCL13 gradients, where they interact with FDCs 

and in turn they activate a positive feedback loop based on LTR-LT 

engagement. This engagement determines an increase in proliferation 

and an increase in chemokines secretion [161]. 

 

 

Heinig and collaborators described that at first B-CLL cells goes 

towards the follicle to take contact with FDCs, and then leukemic cells 
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get survival stimuli. This fast migration mechanism is CXCR5 

mediated, thus confirming the importance of CXCL13, its ligand. One 

other important issue of this paper is that the FDC-CLL cross-talk is 

LT-mediated. The block of LT pathway with a specific antibody in 

immunodeficient mice indeed caused a delay in CLL onset and 

progression, together with a strong decrease of stromal markers such as 

CXCL13 and CD35 (FDC markers). Although these results are 

convincing, several questions remain unclear: since immunodeficient 

mouse models are characterized by immature stromal cells, what 

happens to stroma if you treat normal leukemic mice with the LT 

antibody? What happens to the leukaemia in normal mice with LTβR–

Ig treatment? And the last but most important question, what happens 

in later CLL stages to stromal compartment?  

There is another player in CLL microenvironment that can play a role 

in leukaemogenesis and in its progression and it is the ECM. The actual 

knowledge about the role of ECM in CLL is currently limited. Actually, 

the ECM role in CLL is still controversial, since different reports that 

investigated ECM pattern and composition showed opposite results. On 

one hand, there is the report on reticulin fibres (that are composed in 

large majority by type III collagen structures) and BM in which they 

screened more than 170 patient biopsies and they found that the degree 

of reticulin fibrosis inversely correlates with the OS and directly 

correlates with both mortality and the presence of bad prognostic 

markers, so that the more fibrotic the marrow is, the bad prognosis the 

patient has [162]. On the other hand, Colombo’s group shed light on the 

role of SPARC in LNs of CLL biopsies [163], as SPARC is thought to 

have a role in the collagen fibers assembly.  Indeed, SPARC KO shows 
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a disorganized ECM that also causes a disorganization in lymphoid and 

myeloid compartmentalization; and moreover, this mouse model is 

more prone to develop lymphoproliferative autoimmune disease. On 

the same line, CLL-affected mice have a decrease in SPARC content 

and hCLL biopsies show less ECM as compared to reactive LNs and 

other kind of non-Hodgkin lymphoma (NHL) malignancies. Taken 

together, the role of ECM remodelling in CLL is still controversial and 

there is the need to clarify its role since ECM in steady state condition 

and in malignancies plays a crucial role in the homeostasis and in 

progression. 

 

1.3.3 B-CLL THERAPEUTIC TREATMENTS 

 

The CLL is mostly an indolent pathology affecting elderly. Since the 

CLL usually appears in a non-aggressive form, treatments are assessed 

based on diagnosis and prognostic factors. As treated before, CLL 

develops from the more indolent MBL, that of note is found in about 

5% of 40-70 years old adults; this initial phase in the leukaemia onset 

is not included into treatments and clinical trials [109]. Treatment of 

early indolent CLL proved to be ineffective against leukaemia 

progression, although it palliates secondary symptoms [164]. Treatment 

of CLL includes four kind of agents that act at different levels: the 

cytostatic agents, the monoclonal antibodies, the BCR-signalling 

inhibitors and the immunomodulating drugs [165]. 

 



 66 

 

 

Figure i13. BCR receptor pathway and targeting molecules. 

The BCR signalling has actually been targeted by different 

chemotherapeutic drugs, since in CLL BCR appears to be active and 

to induce proliferation. The BCR signalling have been targeted in each 

of its components with the same final effect, thus highlighting the 

importance of BCR signalling in CLL survival [165]. 

 

 

The cytostatic agents are compounds that block the cell proliferation 

and so they stabilize the pathology, but the most of them do not 

eradicate it. Since the most of cytostatic agents do not show complete 

remission in treating patients with those drugs, they are usually 

prescribed in combination with other chemotherapeutic compounds. 

Examples of alkylating cytostatic agents are chlorambucil, one of the 

first cytostatic drug used in CLL, and fludarabine, whose monotherapy 

is able to induce more remission than other conventional 
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chemotherapies [166], so that in the last decade it has become the CLL 

treatment gold standard. 

The monoclonal antibody used in CLL are mainly antibody against 

CD20, with the exception of Alemtuzumab, an anti-CD52, that proves 

to be effective against bad prognosis CLL patients that also are resistant 

to classical chemotherapy [167]; anti-CD20 therapy, for example 

rituximab therapy, shows higher efficacy when combined to other 

therapies (e.g. fludarabine), thus demonstrating a synergistic 

combinatorial effect. 

The BCR signalling inhibitors arise from the knowledge that BCR 

signalling in CLL is still active, the continuous BCR stimulation 

induces leukaemia survival and proliferation [168]; the most famous in 

drug in this group is ibrutinib, a BTK inhibitor [169]. BTK is a kinase 

whose downstream targets are NF-kB and MAPK and the block of this 

signalling determines partial remission in every CLL patient category, 

also in relapse and in refractory CLL. 

The immunomodulatory drugs, for example lenalidomide, are able to 

modulate immune responses other than having an effect on 

microenvironment through the exertion of anti-angiogenic functions. 

Although there are plenty of chemotherapeutic drugs targeting CLL, 

actually there is still the need of compound modulating the leukemic 

microenvironment, that can cause chemoresistance through the 

metabolism of drugs and the creation of protective niches. Indeed, 

growing evidences suggest a strong role for microenvironment in 

tumour progression, and the impairment of the niche milieu appears to 

be an attractive target, in combination with classical therapies. 
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1.3.3.1 The Role Of The Microenvironment In B-CLL 

Chemotherapy 

 

The microenvironment in tumours and most of all in blood 

malignancies are often reported to damper the immune response against 

cancer cells and it is also the main player in determining the 

chemoresistance [170], through either the metabolism of drugs or 

making the cancer niche less accessible to therapeutic compounds. 

Recently, new therapies targeting the tumour-microenvironment cross-

talk have been developed. Since CLL is a blood cancer heavily 

dependent of the milieu, the interest in the disruption of the cross-talk 

affecting CLL-microenvironment is growing. CLL cells exploit their 

niches through receptors and ligands, where the most characterized are 

the receptors, because they directly act on the leukemic cell itself to 

allow proliferation and migration. The BCR signalling pathway has 

been targeted in many of its constituents: Lyn, a TK belonging to the 

Src family important in BCR signal transduction, is blocked by 

compound like dasatinib; it has recently been discovered that Lyn is 

important for CLL pathogenesis mostly for its action in leukemic 

lymphoid niches macrophages and possibly stromal cells. The absence 

of Lyn signalling in B-CLL reduces the BCR activity, but this does not 

impair the leukaemia proliferation [171]; conversely, its block in the 

microenvironment determines the delay of the malignancy, which 

expansion relied on cell-to-cell contact. Btk, on the same line, is a TK 

phosphorylated by Lyn, important in CLL onset and progression and it 

is blocked by drugs like ibrutinib. Like Lyn, Btk is actually known to 

exert its function also in the microenvironment, since Btk-/- recipients 
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show a reduction in CLL progression and in spleen involvement as 

compared to WT cohorts. CXCR4 is the lymphoid receptor for myeloid 

and stromal CXCL12 and it is the perfect example of how targeting the 

CLL-microenvironment cross-talk is an effective strategy, albeit still it 

is a matter of targeting malignant cell that per se can change in a more 

plastic way as compared to the microenvironment. CXCR4 directly 

orchestrates chemotaxis and the phosphorylation of MAPK and 

STAT3, and indirectly exerts anti-apoptotic functions [172]. CXCR4 

inhibitors were first created for chemotherapy against HIV-1 infections, 

since it was found a strain exploiting this receptor in a T-cell lineage, 

thus blocking the virus entry in these thymocytes [173]. AMD3100 is 

one of the CXCR4 inhibitors. The inhibition of CXCL12 principal 

receptor interferes with the stroma-leukaemia cross-talk, blocking the 

CLL migration towards niches and causing the release of these cells 

from stromal milieu, as a readout of initial lymphocytosis. The efficacy 

of anti-CXCR4 drugs can only be evaluated in combination with other 

chemotherapeutic drugs, since the CLL release from lymphoid tissues 

itself does not cause either remission or partial remission, but 

determines an increase in therapy sensitivity for leukemic cells. This is 

the meaning of targeting the microenvironment, it allows to the 

dramatic increase in the efficacy of classical chemotherapies, since 

there is no more the protective role of the microenvironment. There are 

other compound targeting different pathways, either in clinical trials or 

in translational research phase, that affects the microenvironment and 

inducing effects on CLL directly or indirectly: the PI3K inhibitor, 

CAL-101, that inhibits CLL chemotaxis towards CXCL12 and 

CXCL13 gradients and also impairs the stromal secretion of these 
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chemoattractants [174]; HIF-1 inhibitor, EZN2208, that inhibits CLL 

migration to lymphoid niches and determines the release of leukemic 

cells from lymphoid organs to the peripheral blood, since this 

compound indirectly blocks the CXCR4-CXCL12 axis and induces the 

down-modulation of integrins such as Itg1 and Itg4 [175]. Taken 

together, several groups are exploiting the possibility to target the 

microenvironment instead of targeting the CLL cell solely, since the 

microenvironment is more genetically stable as compared to the 

leukaemia, and because the block of the CLL-microenvironment cross-

talk will damper all the chemoresistance mechanisms exploited by the 

milieu; the microenvironment targeting will also allow the release of B-

CLL cells from niches to enhance their sensitivity to common 

chemotherapy and further increase the CLL remission rate. 

 

1.3.4 IS THERE A ROLE FOR THE RETINOIC ACID 

PATHWAY IN B-CLL? 

 

The retinoic acid pathway is involved in several physiologic 

mechanisms and it is also involved in cancer, either in anti-tumoural 

activity or in pro-tumourigenic activity; regarding the B-CLL, is there 

any role for the RA pathway in either B-CLL oncogenesis and 

progression or against B-CLL? Actually, there is no answer to this 

question. There are some data in CLL mouse models and in human 

experiments that suggest that RA can participate somehow in CLL 

tumourigenesis. In mouse models, CLL is thought to arise from the B1a 

sub-population, given that B1a and B-CLL share site of expansion and 

surface markers. B1a subpopulation has the RA signalling up-
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modulated as compared to other B-cell population, for instance the RA 

receptor RAR2 [47], so that retinoids may exert some functions also 

in B-CLL. Leukemic B-cells are also positive for CD11b, an integrin 

normally present in the myeloid compartment; this integrin is under the 

control of RARE elements, so that in the presence of RA CD11b is 

expressed [176] and this suggests that murine B-CLL cells up-regulates 

CD11b in response to a RA-enriched milieu. In human PB samples, it 

has been assessed that hCLL B-cells have ALDHs activity. To do that, 

the Carson D.A. group exploited the Aldefluor assay on progressive 

(ZAP-70+ or unmutated IgVH) and stable (ZAP-70- or mutated IgVH) 

patients’ PB [177]. Aldefluor assay is commonly used to identify stem 

cells, and usually solid tumour cells result positive for this assay, at least 

a part of their cell population. Moreover, Aldefluor positivity is 

associated with activity of RALDH enzymes, so that an increase in 

Aldefluor positivity should correspond to increased vitamin A/-

carotene metabolism to obtain RA. The finding that aggressive forms 

of hCLL show an increase in RA pathway as compared to non-

aggressive forms suggests that RA signalling is involved in the 

progression of leukaemia. It has been also demonstrated that the 

addition of RA together with IL-21 determines an increase in CpG-

mediated proliferation of hCLL cultures in vitro, further strengthening 

the importance of RA signalling in CLL B-cells. What about human 

stromal compartment? It has been described by Burger J.A. group in 

human CLL LN biopsies the presence of NLCs CXCL13+ [149]. Since 

it is known by developmental literature that CXCL13 expression is 

driven by different pathways among which the RA pathway, where 

indeed RARE elements were found in its promoter region, and given 
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that lymphoid organ stromal cells are the main producer of CXCL13, it 

is plausible that in CLL there is the activation of RA signalling that 

leads to an increase of the stromal CXCL13 secretion. Altogether, these 

findings suggest that CLL cells, by exploiting the lymphoid niches, 

activate a RA-based stroma-leukaemia cross-talk that affects both the 

microenvironment and the leukaemia itself to create a favourable CLL 

niche that in turn helps CLL to survive and progress. 
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CHAPTER 2. SCOPE OF THE 

THESIS 

 

B-CLL is a blood cancer that strongly depends on the supportive 

microenvironment of lymphoid organs for survival, chemoresistance 

and disease progression. Non-hematopoietic stromal cells of lymphoid 

tissues have been implicated in CLL pathogenesis, however their role 

in disease onset and progression is still largely unknown. 

Understanding how the stromal compartment changes during disease 

evolution, which stromal cell subsets cross-talk to leukaemia cells at 

different disease stages, and what signalling pathways are involved is 

crucial to elucidate the contribution of the stromal compartment in CLL 

pathogenesis, and to design therapeutic strategies aiming to target the 

microenvironment. 

To this end, the aim of my work is: 

1) to define the changes occurring in the lymphoid microenvironment 

during B-CLL onset and progression in E-TCL1 transgenic mice, 

a model that recapitulates the progressive CLL;  

2) to unravel the molecular pathways induced in stromal cells upon 

CLL interactions that are involved in disease progression, through 

in vitro and ex vivo approaches; 

3) to validate candidate pathways in mouse models and determine 

whether they are conserved between mouse and human CLL. 
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CHAPTER 4. Transcription factor 

TLX1 controls retinoic acid signalling 

to ensure spleen development 
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MATERIALS AND METHODS 

 

Mice 

C57BL6 Eμ-TCL1, Rag2−/−γc
−/−[1] and Pdgfrgfp/+ mice have been 

previously described [1] [2] [3]. Animals were maintained in a 

specific pathogen-free animal facility and treated in accordance with 

European Union and Institutional Animal Care and Use Committee 

guidelines. 

For leukemia propagation, ETCL1 mice were euthanized when 

CD19+CD5+ cells reached 90% in PB. A total of 1x107 leukemic cells 

purified form the spleen were injected intraperitoneally into syngeneic 

C57BL6/N or Rag2−/−γc
−/− recipients. Treatment with the BMS493 

inhibitor was performed by oral gavage at 5mg/Kg dosage (in corn oil) 

3 times a week for 6 consecutive weeks. For ex vivo organ cultures, 

animals were euthanized when terminally sick.  

Labeling of B-lymphocytes with CellTracker™ Green CMFDA Dye 

(ThermoFisher Scientific) was performed by incubating 1x107 cells 

/mL for 20 minutes at 37°C according to manufacture instructions. 

Labeled cells were injected intraperitoneally and mice sacrificed at the 

indicated time points. Vitamin A Deficient mice were generated as 

previously described [4].  

 

HPLC/UV analysis of retinyl ester (RE) and retinol (ROL)  

Vitamin A depletion was assessed by measurement of retinol and 

retynil palmitate with UV-HPLC as previously described [5]. Solvents 

and controls were purchased from Sigma-Aldrich. 300-500mg of tissue 

were frozen immediately after harvesting and were kept at -80°C until 
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assay. Samples were extracted as previously described with some 

modifications Immediately before the analysis, 5l of internal standard 

(IS, 20M retinyl acetate) were added to each sample. Then tissues 

were homogenized on ice using a Heavy Duo Stirrer motorized potter 

in 1.5ml of cold 0.9% NaCl. 1.5 ml of 0.025 M KOH in ethanol was 

added to tissue homogenates and mixed at 1100 rpm, RT for 30 

minutes. Then 5 ml hexane was added to the aqueous ethanol phase. 

The samples were vortexed and centrifuged for 10 min at 1200 rpm. 

The hexane phase containing ROL and RE was recovered. The 

extraction was repeated twice, the hexane phase collected and dryed 

under nitrogen. ROL/RE extracts were resuspended in 500l 

acetonitrile. 100l portions were analyzed by high pressure liquid 

chromatography (HPLC). Separations were obtained on a LiChrospher 

100 RP18 column (5 μm, 250 × 4 mm; Merck) and were quantified by 

UV absorbance at 325 nm. Elution was carried out at a flow rate of 1 

mL/min, with gradient formed by the solvent A, consisting of water, 

solvent B, consisting of acetonitrile, and solvent C consisting of 

acetonitrile with 0.1% dichloromethane. The gradient elution program 

was as follows: 19 min 30% A and 70% B, 11 min linear gradient to 

11% A and 89% B, 1 min 11% A and 89% B, 1 min linear gradient to 

100% B, 8 min to 100%, 2 min linear gradient to 100% C, 8 min linear 

gradient to 100% B, 5 min linear gradient 30% A and 70% B.  

 

Immunofluorescence staining 

Tissues were harvested and fixed for 5 minute in 4% (w/v) PFA (Sigma-

Aldrich), then washed in PBS 1X and dehydrated overnight in 30% 

sucrose (Sigma-Aldrich) at 4°C. Samples were embedded in Tissue-
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Tek OCT compound (Bio-optica) and frozen in ethanol dry-ice bath 

(using Dehyol 95 (Bio-optica)). 8-10 m thick sections were placed 

onto glass slides (Bio-optica), fixed in cold acetone for 5 minutes, dried, 

and kept at -80C until used. Slides were incubated 30 minutes with a 

blocking solution of PBS at 0.5%FBS and 0.05% Tween (VWR) (PBS-

T 0.05%), followed by primary specific antibodies. Primary antibodies, 

secondary antibodies and streptavidin reagents (listed in supplementary 

materials) were diluted in blocking solution PBS-T 0.05% and 

incubated for 1hour and 30 minutes, respectively. For anti-mouse and 

biotin-conjugated primary antibodies, additional incubation with MoM 

(Vector Lab) and Avidin/Biotin blocking solution (Vector Lab), 

respectively, were performed following the manufacturer’s 

instructions. Nuclei were visualized with DAPI (Fluka), and mounting 

was performed with Mowiol (Calbiochem). For detection of 

MAdCAM-1, CXCL13 and gp38 antibodies Tyramide Signal 

Amplification kit (Perkin Elmer) was used. For CXCL13 stainings on 

human samples, goat anti-human CXCL13 (BLC/BCA-1), clone 

AF801 (R&D Systems) was used. To visualize proliferating cells, 

Click-iT® EdU Imaging Kits (Invitrogen) was employed accordingly to 

manufacturer's protocol. Confocal images were acquired using Leica 

TCS SP2 and Leica TCS SP8 microscopes. Digital images were 

recorded in separately scanned channels with no overlap in detection of 

emissions from the respective fluorochromes. Final image processing 

was performed with Adobe Illustrator CS4 and Adobe Photoshop CS4.  

 

Isolation, purification and characterization of B cells 
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Eμ-TCL1, transplanted and control mouse tissues (peripheral blood, 

lymph nodes, omentum, mesentery and femoral bone marrow) were 

collected from mice either alive (PB) or euthanized (other tissues). 

Solid tissues were smashed and filtered on a 40m cell strainer 

(Corning). Single-cell suspensions were washed in PBS and 

erythrocytes were depleted using an ammonium chloride solution 

(ACK) lysis buffer (NH4Cl 0.15M, KHCO3 10mM, Na2EDTA 0.1 mM, 

pH 7.4). For flow cytometry analyses, samples were incubated for 15 

minutes at RT with Mouse BD Fc Block™ (purified rat anti-mouse 

CD16/CD32; BD Bioscience Pharmingen). Then cells were washed and 

incubated for 15 minutes at 4°C with conjugated antibodies 

(Supplementary table 1) and finally data were acquired on 

FACSCanto™ II (BD Biosciences) and analyzed using FlowJo 

software (Tree Star). For culture experiments, B-lymphocytes were 

collected from the spleen, purified and enriched by negative depletion 

(EasySep™ Mouse B Cell Enrichment Kit; StemCell Technologies). 

The purity of all B-cell samples was always more than 90%. 

Leukemic cells were purified immediately after blood withdrawal, by 

negative depletion using the RosetteSep B-lymphocyte enrichment kit 

(StemCell Technologies). The purity of all preparations was always 

more than 99% and the cells co-expressed CD19 and CD5 on their cell 

surface as checked by flow cytometry (FC500; Beckman Coulter); 

preparations were virtually devoid of natural killer cells, T 

lymphocytes, and monocytes. Human primary samples were obtained 

from RAI stage 0-1CLL patients, after informed consent as approved 

by the Institutional committee (protocol VIVI-CLL) of San Raffaele 
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Scientific Institute (Milan, Italy in accordance with the Declaration of 

Helsinki).  

 

 

Cell cultures and treatments 

A mouse spleen-derived stromal cell line (mSSC) expressing yfp was 

generated as previously described from Nkx2-5Cre;R26YFP mice [6]. 

F9-RARE-LacZ cell line was previously described [7] [8]. Cells were 

cultured at 37°C, 5% CO2 in DMEM (Gibco) supplemented with 10% 

heat-inactivated FBS (Euroclone), 2mM L-glutamine (L-Glu; Gibco), 

100U/ml penicillin and 100μg/ml streptomycin (Pen/Strep; Gibco).  

For experiments in Vitamin A deficient medium, the FBS serum was 

substituted with B27 supplement normal and without retinyl acetate 

(B27-normal and B27-vitA-; Invitrogen). 

Stromal cells were treated for 24 or 48 hrs with different stimuli: 1M 

all-trans Retinoic Acid (in DMSO; Sigma-Aldrich), 1M BMS493 (in 

DMSO; Tocris Bioscience [9]) or vehicle (DMSO). 

 

In vitro co-culture system and GEP 

Co-culture experiments were performed using purified B-lymphocytes 

in combination with either mSSC or F9-RARE LacZ reporter cell line. 

For the co-culture experiments with F9-RARE LacZ reporter cell line, 

1x107 B-lymphocytes were seeded on top of 2.5x105 of F9-RARE LacZ 

cells in poly-L-Lysine-coated 48-well plate (Costar) [7] [8]. After 48 

hours, floating cells were discarded while remaining adherent cells 

were lysed and -gal activity assay was assessed.  Co-culture 

experiments were conducted in triplicate, and cells were maintained in 
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complete DMEM with 5% CO2 at 37°C. Assessment of βgal activity 

was performed as previously described [7]. 

For microarray analysis, 2x107 purified B-lymphocytes (20x106 cells) 

were seeded on top of 7.5x105 mSSC in 60mm dishes (Costar). After 

40-48hrs, floating B-lymphocytes were collected with the supernatant 

by gently flushing, instead stromal cells and stroma-adherent B 

lymphocytes were separated by sorting using MoFlo™ XDP (Beckman 

Coulter) cell sorter. mRNA from all cell populations was further 

analyzed by Microarray or qPCR analysis. Total RNA was extracted 

from murine and human samples (murine and human purified B-

lymphocytes and murine tissues) with RNeasy Micro or Mini kit 

(Qiagen). Reverse transcription of 0.2-2g of total RNA was performed 

with the ImProm-II Reverse Transcription System kit with random 

primers (Promega). qPCRs were performed using Universal Probe 

Library system (Roche) on a LightCycler480 (Roche). The Ct of Rpl13 

or GAPDH (housekeeping genes for mouse and human, respectively) 

was subtracted from the Ct of the target gene, and the relative 

expression was calculated as 2−ΔC
t. qPCRs were performed in triplicate 

or quadruplicates and mean ± SD represented as relative expression 

(primer sequences are described in Table 1). For microarray analysis, 

cRNA preparation and amplification was performed using Illumina® 

TotalPrep™ RNA Amplification Kit, and then the analysis was 

performed using Illumina® Whole-Genome Gene Expression Direct 

Hybridization Assay system (Illumina).  

For RNA-seq analysis, RNeasy Mini kit (Qiagen) was used to extract 

RNA from cells. Small aliquots were used to check the quality of the 

RNA with Agilent RNA 6000 Nano chip, and run on Bioanalyzer 2100 
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(Agilent). Briefly, library preparation was performed using the Illumina 

TrueSeq Stranded mRNA kit (Illumina), starting from 300 ng of total RNA. 

After barcoding, the RNA libraries were pooled, denatured and diluted 

to an 8 pM final concentration. Cluster formation was performed on 

cBot (Illumina) using flow cell v.3. The SBS (sequencing by synthesis) 

was performed according to TruSeq SR protocol (Illumina) for the 

HiSeq 2500 (Illumina) set to 100 cycles, yielding an average of 18x106 

clusters for each sample. Raw sequences (fastq) were filtered for good 

quality scores using FastQC software (REF: Andrews S. (2010). 

FastQC: a quality control tool for high throughput sequence data. 

Available online at: 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc). 

Sequences obtained were aligned to the Mouse genome (mm10 release) 

using STAR aligner (version 2.3.0e_r291) [10]. Only uniquely mapped 

reads were used to estimate gene counts using the reported Ensembl 

gene annotations (v85) using Rsubread Bioconductor package [11]. 

Subsequent to mapping the gene count, data were normalized using the 

“weighted trimmed mean of M-values” described elsewhere [12]. After 

normalization, differential gene expression was performed using the 

limma package in R [13]. 

For spheroid formation, immortalized Stromal cells (iSC) and leukemic 

B-lymphocytes were used. Specifically, iSCs and Leukemic B-cells 

were mixed in a ratio 1:20 (specifically 4x106 cells and 80x106 cells, 

respectively), pelleted and re-suspended in 1ml of 0.9% type I rat tail 

collagen solution. This solution was prepared, on ice, with the 

following components:  360µl of DMEM, 14µl of PBS 10X, 3µl of 

NaOH 1M and 125µl of Collagen I (Corning), and was used 
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immediately after the preparation. 5µl drops of the resulting cell 

suspension were spotted on the lid of a petri dish, as hanging drops, and 

were incubated for 20-25 minutes in humidified incubator with 5% CO2 

at 37°C, to favor collagen polymerization. Next, the polymerized cells-

collagen drops were transferred into a petri dish with 10ml of DMEM. 

After 24 hrs, the organoids were formed by collagen contraction [14]. 

For BMS493 treatment experiments: mSSCs and murine leukemic cells 

were pre-treated individually before the organoids formation for 24hrs 

with 1µM of BMS493 (in DMSO; Sigma) and vehicle (DMSO). Then 

the organoids were prepared, as previously described, and BMS453 or 

vehicle treatment was repeated for the next 48 hrs, with one 

administration per day. At the end of the treatments, pools of 4 

organoids were digested in 60μl of 0.225 mg/ml Liberase (Roche) 

solution for 10 minutes at 37°C, agitating. Digested organoids were 

analyzed at FACS, counting live cells (DAPI negative) and further 

analysis was performed using FlowJo software (Tree Star). 

 

Statistical analysis 

Illumina microarray data were processed in the R environment. 

Normalization was obtained with the lumi package [Du P et al 2008, 

PMID: 18467348], and differential analysis was performed by applying 

a permutation-based non-parametric method implemented in the 

RankProd package [15]. Differential expressed genes were selected 

according to the threshold FDR q-value <0.05.  

Statistical analysis using a 2-tailed unpaired student’s t test or 2-way 

Anova or Log-rank (Mantel-Cox) test was performed with GraphPad 

Prism 5.0c (GraphPad Software), and values were expressed as mean  
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SD. Differences were considered statistically significant at p less than 

0.05.  

 

Study approval 

All CLL cells and tissues biopsies were obtained with the approval of 

the institutional review board at San Raffaele Hospital (Milan, Italy). 

Informed consent was obtained in accordance with the Declaration of 

Helsinki. 
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RESULTS 

Leukemic cells expand within follicular areas in contact with FDC 

networks 

Recent work in mice demonstrated that upon injection into wild-type 

recipients, E-TCL1 B-CLL cells migrate to follicles in a CXCR5-

dependent manner and engage a cross-talk with FDCs via LTR, 

resulting in CXCL13 secretion, leukemia activation and proliferation 

[16]. However, in this mouse model that recapitulates the progressive 

form of human CLL, it remains unknown whether FDC-CLL 

interactions persist at later stages, and FDCs are involved in disease 

expansion. To test this, we first injected labeled Eμ-TCL1 leukemic 

cells into wild type recipients and analyzed their distribution relative to 

FDC networks. Forty-eight hours post injection, leukemic cells 

localized within the CD35+ FDC networks, and in the outer follicular 

region in proximity to the marginal zone (Figure S1A). We then 

assessed leukemic distribution relative to FDC networks at later time 

points. To this end, we injected CD45.2 CD19+CD5+ leukemic cells 

into CD45.1 wild-type recipients and analyzed leukemia dissemination 

in the spleen at one and two weeks after adoptive transfer. Interestingly, 

one week after transplantation we found that leukemic cells were 

increased in number and localized predominantly to the B-cell follicle 

contacting CD35+ FDC networks, and the outer follicular region 

adjacent to the marginal zone (Figure 1). Interestingly, two weeks later, 

leukemic cells were still mainly expanding in the white pulp, 

particularly within CD35+ FDC networks (Figure 2B). At two weeks, 

we also found few clusters of leukemic cells at the border of the T- and 

B-cell zone and in the red pulp area (not shown). These findings clearly 
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demonstrate that E-TCL1 leukemic cells localized within the FDC 

networks of the B-cell zone during disease onset.  

 

Remodeling of stromal cells and the extracellular matrix correlates 

with leukemia progression in E-TCL1 mice 

To address whether FDCs networks are maintained during tumor 

development, we assessed the presence and distribution of these 

specialized stromal cells in Eμ-TCL1 transgenic mice and in wild-type 

mice transplanted with Eμ-TCL1 leukemic cells, at different stages of 

disease progression. Confocal mosaic imaging demonstrated a splenic 

progressive loss of CD35+ FDCs networks during disease evolution 

(Figure 2A). This phenotype was already evident in mice with 

intermediate (10-20%) leukemia infiltration, and it was more 

pronounced in mice with advance leukemia accumulation (50-60%) 

that for the large majority showed absence or rare CD35+ FDC 

networks, with only few mice that had disorganized but distinct CD35+ 

FDCs clusters (Figure 2A). Consistent with the disruption of the 

follicular stromal architecture, Ki67+ B-cell networks also gradually 

disappear along with disease evolution (Figure 2B). We then aimed at 

testing whether loss of FDCs may in part result from altered 

lymphotoxin (LT)-signaling that is known to be crucial to maintain 

FDC networks [17]. To this end, we performed qPCR analysis on 

purified E-TCL1 leukemic cells and found that, whereas Lt 

expression does not significantly change as compared to control B cells, 

the mRNA levels of Lt are strongly reduced (Figure S1B). Altogether, 

these findings are coherent with the observation in human CLL, that 

FDC networks differ according to the growth pattern of the tumor, and 
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are disorganized and gradually lost during CLL progression [18] [19].  

 

In addition, we uncovered that remodeling of the splenic stromal cell 

compartment during disease progression of E-TCL1 mice correlates 

with increased deposition of collagen I (COLL-I), collagen IV (COLL-

IV) and nidogen-2 (NID-2). This was particularly evident in the areas 

corresponding to FDC networks that are largely devoid of 

collagen/nidogen deposition (Figure 2C, arrowheads). In these mice, 

we also found disease evolution was associated with disorganized NID-

2 distribution at the edge between the marginal zone and the white pulp 

(Figure S2A). In addition, analysis of podoplanin (PDPN), a marker of 

the T-cell zone FRCs revealed that the area occupied by PDPN+ stromal 

cells was strongly reduced in leukemia-bearing mice as compared to 

controls (Fig S2B). Overall, these data demonstrate that disease 

progression is associated with structural alterations of the ECM along 

with the cellular components of the stromal compartment. These 

findings are in line with previous work showing that remodeling of 

stromal/ECM compartment occurs in mice depleted of splenic FDCs 

[20]. 

 

Leukemic cells promote CXCL13 in non-hematopoietic stromal 

cells different from FDCs 

FDCs are the major stromal cell type secreting CXCL13, a B-cell 

chemoattractant promoting the homing of the CXCR5+ B-cells to the 

follicle [21]. Based on this notion, we hypothesized that loss of FDCs 

during leukemia progression may cause a contraction of the CXCL13+ 

domains. To test this, we first performed confocal mosaic imaging to 
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analyze the distribution of CXCL13 in the spleen of E-TCL1 mice 

with low, intermediate and high leukemia infiltration. The analysis 

revealed that CXCL13 distribution did not diminish during 

leukemogenesis, and in some cases increased despite the gradual loss 

of CD35+ FDC networks (Figure 3A). We then analyzed transplanted 

mice with low, intermediate and high leukemia splenic infiltration, and 

found a significant increase in CXCL13 signal localized throughout the 

entire white pulp, and in the outer region of the follicle corresponding 

to the area occupied by marginal reticular cells (MRCs) (Figure 3A, 

bottom panels). In transgenic mice with intermediate and high 

infiltration the distribution pattern of CXCL13 was more disorganized 

and less rounded as compared to that of transplanted mice (Figure 3A, 

upper panels).  

In the spleen, MAdCAM-1+ marginal reticular cells (MRCs) localize at 

the edge of the B-cell follicles and produce CXCL13 [22]. We analyzed 

the spleen of transplanted mice and found a disorganized reticular 

expansion of MAdCAM-1+ stromal cells in the area corresponding to 

the MRC layer (Figure S2B). Of note, by employing an in vitro co-

culture system, we showed that murine CLL cells, but not control B 

cells, up-regulate Madcam-1 expression in stromal cells (Figure S2C). 

Altogether, these findings demonstrate that CLL cells induce a 

profound remodeling of the stromal compartment including the MRC 

pool.  

 

To address whether CXCL13 is also present in stromal cells, we 

performed immunohistochemistry analysis and found CXCL13+ non-

hematopoietic stromal cells in LN biopsies of CLL patients (Figure S3). 
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Altogether, these findings demonstrate that CLL cells induce a 

profound remodeling of stromal cells including the MRC pool, and that 

CXCL13 can be also expressed in non-hematopoietic cells of human 

CLL biopsies beside macrophages (Burkle, Niedermeier et al. 2007). 

 

To assess whether murine CLL cells can induce CXCL13 in stromal 

cells, we injected E-TCL1 leukemic cells into Rag2−/−γc−/− mice 

lacking CXCL13 and mature FDCs [23]. We found that, besides being 

capable inducing the formation of small foci of CD35+ FDC networks, 

to a higher extent, leukemic cells promoted the formation of large 

clusters of CXCL13+ stromal cells (Figure 3B). Based on this, we 

assessed whether the increase in CXCL13 signal observed during 

leukemogenesis may result from the expansion of CXCL13+ stromal 

cells different from FDCs, or from induction of CXCL13 expression in 

non-hematopoietic stromal cells that previously did not express the 

chemokine. To this end, we took advantage of the Pdgfrgfp/+ knock-in 

mouse model in which the Pdgfrpromoter drives the expression of 

nuclear GFP [3]. In this model, a large majority of FRCs and MRCs, 

and a fraction of FDCs can be visualized by nuclear GFP expression, 

thus allowing a more precise visualization of stromal cells. We 

transplanted Pdgfrgfp/+ mice with Eμ-TCL1 leukemic cells, and then 

injected them with 5-ethynyl-2 deoxyuridine (EdU) to assess 

proliferation. The immunofluorescence analysis on the spleen revealed 

that the number of CXCL13+GFP+ cells increased during disease 

progression; however, this was not associated with a statistically 

significant increase in proliferation of preexisting GFP+ stromal cells 

(Figure 3C). In line with this, we observed that despite the increase in 
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spleen cellularity observed in mice with high leukemia infiltration, the 

density of GFP+ stromal cells per mm2 diminished instead of increasing, 

further pointing towards a mechanism of induction CXCL13 expression 

rather than to an increase in stromal cell proliferation (Figure 3C).  

These data indicate that leukemic blasts induce a chemokine-rich 

stromal microenvironment that favors the recruitment and 

accumulation of neoplastic cells in peripheral lymphoid tissues. 

 

Fat-associated lymphoid clusters are niches that support leukemia 

expansion in the peritoneal cavity  

Fat-associated lymphoid clusters (FALCs) are atypical lymphoid 

tissues of the mesentery and omentum [24]. Recent work showed that 

FALCs are induced by inflammation and contain different cell subsets 

including B-1 and CXCL13+ non-hematopoietic stromal cells [25].  

Given that leukemic cells from E-TCL1 mice share features of B-1 

cells, we hypothesized that peritoneal FALCs may represent supportive 

niches for CLL expansion. To test this, we first assessed the homing of 

leukemic cells to the omental FALCs by injecting green-labeled E-

TCL1 leukemic cells into the tail vein of wild-type recipients. 

Immunofluorescence confocal analysis performed 48 hrs post injection 

revealed a substantial accumulation of CLL cells in this site (Figure 

4A). We then analyzed the peritoneal cavity of E-TCL1 transgenic 

mice with a high percentage of leukemia cells in their peripheral blood. 

In these mice, we found an increased number of mesenteric FALCs 

containing a high percentage of CD19+CD5+ leukemic cells as 

compared to control mice in which mesenteric FALCs were barely 

detected (Figure 4C). Moreover, FALCs from E-TCL1 mice were 
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significantly larger and characterized by a considerable expansion of 

CXCL13+ stromal cells distributed within a network of collagen IV 

(Figure 4B and C, left panel). These findings indicate that in this mouse 

model, peritoneal FALCs are supportive niches for the growth of 

leukemia. 

 

Leukemic cells induce stromal remodeling through retinoid 

signaling 

To investigate the mechanisms underlying remodeling of the stromal 

microenvironment during CLL progression, we performed a microarray 

analysis using mRNA purified from a murine spleen stromal cell line 

cultured for 48 hrs with either E-TCL1 leukemia or control splenic B 

cells. Up-regulated transcripts in stromal cells cultured with CLL B 

cells revealed significant enrichment for interferon regulatory factor 

(IRF) targets, genes related to extracellular region, exosomes and 

inflammatory responses (Figure 5A, bottom panels). Up-regulated IRF 

targets contain the bone marrow stromal cell antigen 2 (BST2) gene, a 

membrane protein expressed in bone marrow stromal cell lines that was 

reported to support the stromal cell-dependent growth of the murine 

pre-B-cell line DW34 [26]. Stromal cells co-cultured with leukemia 

showed also the over-expression of actin alpha 2 smooth muscle 

(Acta2/SMA), a mesenchymal marker characteristic of cancer 

associated fibroblasts (CAFs) [27]. Among deregulated genes 

annotated for extracellular region, we also discovered the up-regulation 

of Aldh1a1, Cyp1b1, and Aldh3a1, all genes encoding for retinoic acid 

(RA)-synthetizing enzymes (Figure S4). Differentially expressed genes 

were overall found significantly enriched for extracellular matrix 
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(ECM) genes as annotated in the Matrisome-DB atlas, which represents 

an effort toward the characterization of global composition of the ECM, 

collecting not only structural components but also genes encoding 

proteins that can interact with ECM or be involved in its remodeling 

[28]. They are categorized in core matrisome genes, comprising ECM 

glycoproteins, collagens and proteoglycans and ECM-associated 

proteins including ECM-affiliated proteins, ECM regulators and 

secreted factors (Figure 5A). 

Consistent with the EdU labeling results, we found down-regulation of 

gene-signatures related to cell cycle and cell division, indicating that 

leukemic cells do not promote stromal cell proliferation (Figure 5A, 

bottom panels).  

 

Retinoids have been implicated in regulating different cellular 

processes and target genes, including Cxcl13 expression in stromal 

progenitors [29] [30]. Based on these findings, we hypothesized that 

during leukemogenesis, enhanced RA-activity in the microenvironment 

may contribute, at least in part, to induce Cxcl13 in stromal cells. We 

first evaluated whether CLL cells could modulate the RA-signaling in 

the microenvironment by exploiting an in vitro system, in which F9 

cells, expressing LacZ under the RA responsive elements (RARE) are 

cultured with leukemia or control cells (Figure 5B). We found that gal 

activity, indicative of the RA-signaling activation, was significantly 

higher in the presence of leukemic, as compared to control B-cells 

(Figure 5B, left panel). To confirm that this effect was RA-dependent, 

we treated the cultures with the RA-signaling inhibitor BMS493 [9], 
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and found that this significantly abrogated gal activity (Figure 5B, 

right panel).  

Given the induction of CXCL13 observed in vivo, we tested the 

possibility that retinoids released by stromal cells upon leukemia 

interaction activate the expression of Cxcl13 in stromal cells in an 

autocrine manner. Gene expression profile analysis revealed a 

significant increase in Cxcl13 mRNA levels in stromal cells cultured 

with leukemia as compared to control cells (Figure 5C).  Notably, 

treatment with the RA-signaling inhibitor BMS493 abrogated the 

induction of Cxcl13 and Rar, a known target of the RA-signaling 

(Figure 5C). To corroborate these findings in a more controlled setting, 

we cultured stromal cells in a vitamin A deficient media, either in the 

presence or absence of exogenous RA. Under these conditions, we 

found significant induction of Cxcl13 and Rarb expression by RA, 

which was blocked by BMS493 treatment (Figure 5D).  

Recent work showed that RA can activate Madcam-1 promoter [31] 

(showed that RA increases Madcam1), and in line with this, we found 

a significant up-regulation of Madcam-1 expression upon RA 

treatment; again, this effect was blocked by BMS493 (Figure S5B). We 

then sought to test whether RA inhibition can affect the distribution of 

CXCL13 and MAdCAM-1 proteins in vivo. To this end, we assessed 

CXCL13 and MAdCAM-1 in the spleen of wild-type mice following 

exposure to BMS493. The analysis revealed a modest but consistent 

reduction of CXCL13 distribution particularly in the outer follicular 

region corresponding to the MRC layer that appeared more 

disorganized as compared to controls (Figure S5A, upper panels). In 

this region, the distribution of MAdCAM-1 was similar to controls; 
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however, in BMS-treated mice we observed loss of MAdCAM-1 in the 

region corresponding to FDCs (Figure S5A, lower panels). 

Together, these findings indicate that leukemia promote a retinoic acid-

enrich microenvironment that contribute to stromal remodeling. 

 

Antagonizing RA-signaling in stromal cells restore the expression a 

large fraction of genes induced by leukemic cells  

To assess the effect of RA-signaling inhibition in stromal cells, we 

performed RNA-seq on cells treated with BMS493 or control vehicle 

(Figure 6A). Transcriptome analysis revealed a significant down-

regulation in the expression of genes involved in cellular adhesion, 

ECM-receptor interactions, and migration (Figure 6A). Among the 

deregulated signatures, we validated a set of genes involved in cellular 

adhesion (e.g. Vcam-1 and Itg1); migration (e.g. Cxcl12); and genes 

involved in stromal cell activation (e.g. Acta2/Sma) (Figure S6). 

Ablation of the RA-signaling also significantly reduced the expression 

of genes involved in ECM remodeling, including Loxl2, Lama5, 

Nidogen2, Col1a1, Col3a1, and Col4a6 (Figure S6). Notably, we found 

that 30% of the genes deregulated in stromal cells after leukemia co-

culture were modulated in the opposite manner following BMS493 

treatment of stromal cells (Figure 6B), confirming that in these cells, 

retinoids control a large subset of genes involved in different biological 

processes. 

 

Based on the transcriptomic analysis of murine stromal cells treated 

with BMS493, we decided to functionally validate the possibility to 

alter stroma-leukemia cell adhesion through inhibition of retinoid-
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signaling. To this end, we first quantified the number of E-TCL1 CLL 

cells adherent to a monolayer of BMS493-treated murine stromal cells 

(Figure 6C). Quantification analysis revealed that RA-signaling 

inhibition reduces adhesion of CLL cells to the stroma as compared to 

control (Figure 6C). To further test this under conditions that more 

closely mimic the native lymphoid compartment, we set up a 3D co-

culture model, in which stromal and leukemic cells treated with 

BMS493 or control vehicle, were aggregated to form a lymphoid cluster 

(Figure 6D). Under these conditions, we observed that while the overall 

number of stromal cells did not significantly change during the 3D co-

culture period, the number of CLL cells that took part to the lymphoid 

aggregate was significantly reduced upon BMS493 treatment (Figure 

6D). These functional data are consistent with the RNA-seq results, and 

indicate that retinoid-signaling strengthen stroma-leukemia interactions 

by promoting cell adhesion.  

 

Increased expression of RA nuclear receptors correlates with worse 

prognosis in murine and human CLL 

Previous work showed that RA induces the expression of different 

target genes including RA-nuclear receptors [32] [7]. Based on these 

findings, we hypothesized that increased RA synthesis in the 

microenvironment may promote induction of RA-associated genes in 

responder murine CLL cells. To test this hypothesis, we first performed 

gene expression profile (GEP) analysis of genes belonging to the RA 

pathway in leukemic cells freshly isolated from the spleen of E-TCL1 

mice. Among different genes tested, we found that expression of Rar 
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was significantly increased in leukemia as compared to control B cells 

(Figure S7A). 

We then analyzed expression of RA-nuclear receptors in a previously 

published data set of CLL patient samples [33], and found that leukemic 

cells express higher levels of RXR as compared to control B cells 

(Figure S7B, left panel). Additionally, we screened a pool of 60 CLL 

cases with different genomic aberrations, and found a significant 

increase in RXR expression in patients with del(17p) and/or del(11q) 

deletions and worse prognosis, as compared to those with del(13q) and 

better outcome (Figure S7B, right panel). Moreover, we found RXR 

expression is independent from other parameters such as IGHV gene 

mutational status, CD38 and ZAP70 (Figure S7C). These data 

demonstrate that RA nuclear receptors are up-regulated in CLL, and 

that their expression levels identify a subset of patients with bad 

prognosis. 

 

Targeting the RA-signaling pathway as therapeutic strategy in 

CLL  

Taken together our data suggest that inhibition of the RA-signaling 

might affect disease progression by interfering with the chemokine 

networks and with the stroma/ECM-leukemia interactions. To test this 

possibility, we exploited three different approaches to block RA 

signaling in vivo. First, we generated vitamin A deficient (VAD) mice, 

and transplanted them at 2 months of age with E-TCL1 leukemic cells. 

We observed that leukemia engraftment was strongly suppressed in the 

spleen and bone marrow (BM) of VAD mice, as compared to mice fed 

with a control diet (data not shown). We then established a more 
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physiological model, in which retinoids were gradually depleted over 

time. To this end, we fed 2 months old E-TCL1 mice with VAD or 

control diet before leukemia onset. Long-term survival analysis 

revealed that VAD E-TCL1 mice survived longer (Figure 7A, left 

panel), and this corresponded to significantly reduced levels of retinoic 

acid precursors as compared to control mice (Figure 7A, right panel).  

Lastly, we aimed to establish the therapeutic potential of retinoid-

antagonist therapy on leukemia progression. To this end, we treated 

wild-type mice with the BMS493 or control vehicle after 

transplantation of leukemic cells. We found that inhibition of RA-

signaling significantly delayed leukemia onset and reduced tumor 

expansion as compared to control by interfering with the accumulation 

of leukemic cells in the spleen, bone marrow, peritoneal cavity and 

peripheral blood (Figure 7B). Notably, annexin V and Ki67 staining did 

not reveal differences in apoptosis or proliferation respectively in mice 

treated as compared to controls (Figure 7C). 

Interestingly, gross morphology analysis revealed that inhibition of 

RA-signaling significantly suppressed induction of mesenteric FALCs 

in transplanted mice. Altogether, these findings demonstrate that 

retinoid-signaling might be a therapeutic target suitable to control 

disease onset and progression. 
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FIGURE LEGENDS  

Figure 1.  E-TCL1 leukemic cells localize and expand within FDC 

networks. 

Representative confocal images of the spleen from CD45.1 wild-type 

mice transplanted with CD45.2 Eμ-TCL1 leukemic cells.  Tissues were 

harvested at 7 and 15 days post leukemia injection and stained with 

CD35 (green) to visualized FDC networks, CD45.2 (red) to detect 

leukemic cells, and collagen IV to label the ECM. Scale bars indicate 

50μm. Each staining is representative of five mice analyzed. 

 

Figure 2.  Disease progression is associated with loss of FDC 

networks and germinal centers. 

A) Representative confocal mosaic images of spleen sections from 

transgenic Eμ-TCL1 (upper images) and leukemia-transplanted mice 

(lower images).  Tissues isolated from mice with low (<5%), 

intermediate (10-20%) and high (>60%) leukemia infiltration were 

stained for CD35 (green) to visualized FDCs.  

B) Representative confocal images of wild-type mice transplanted with 

Eμ-TCL1 CLL cells.  Tissues were stained with CD35 and Ki67 to 

visualized germinal centers in mice with different percentage of 

leukemia infiltration.  

C) Representative images of the spleen from wild-type and transgenic 

Eμ-TCL1 mice with intermediate infiltration of leukemia. with Scale 

bars indicate 200μm (A), and 50μm (B). Each staining is representative 

of four to five mice analyzed. 

 

Figure 3. Leukemia development induces CXCL13 in stromal cells 
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different from FDCs.  

A) Representative confocal mosaic images of the spleen from 

transgenic Eμ-TCL1 (upper images) and leukemia-transplanted mice 

(lower images).  Tissues were stained for CXCL13 to visualized 

stromal cells. Each staining is representative of four to five mice 

analyzed. 

B) Representative confocal images of spleen sections from 

Rag2−/−γc−/− mice injected with leukemic cells, and stained three-

weeks after with CD35 (green) or CXCL13 (red) to visualized stromal 

cells. Each staining is representative of three mice analyzed. 

C) Representative confocal images of the spleen from PdgfrGFP/+ mice 

injected with EdU to assess proliferation at different stages of leukemia 

development. Tissues were stained for GFP (green) to visualized 

PDGFR+ stromal cells, and CXCL13 (red). Graphs represent: i) the 

number of EdU+PDGFR+ proliferating stromal cells; ii) the number of 

CXCL13+ PDGFR+ stromal cells; and iii) the number (density) of 

PDGFR+ stromal cells. Each count represents the mean ± SD of cells 

from seven to ten fields analyzed for each tissue.  

*** p<0.001. Scale bars indicate 200μm (A) and 50μm (B and C). Each 

staining is representative of one out of three to five mice analyzed.  

 

Figure 4. Fat-associated lymphoid clusters support leukemia 

expansion in the peritoneal cavity. 

A) Representative confocal images of omental FALCs from wild type 

mice injected with CMFDA-labeled E-TCL1 leukemic B-cells (green) 

and stained for collagen IV (red).  

B-C) Representative bright-field images, flow cytometry plots showing 
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CD5 and CD19 staining, and representative confocal images stained for 

CXCL13 and Coll-IV of control or leukemic E-TCL1 mice. Scale bars 

represent 50m. Data are representative of one out of five mice 

analyzed.  

 

Figure 5. Leukemic cells promote Cxcl13 expression through 

retinoid-signaling. 

A) Experimental design of stromal cells cultured with leukemia or 

control B-cells. Illumina microarray heat maps, and annotations of 

stromal-associated genes are shown.  

B) Experimental design of RA-reporter cells cultured with CLL B-cells 

or control cells (left). RA-signaling was measured by quantifying the 

-gal activity (absorbance after ONPG staining) (left) after co-cultures 

and treatments with vehicle (DMSO) or with BMS493 (right). Data are 

representative of six independent experiments.   

C) qPCR analysis of Cxcl13 expression on stromal cells cultured with 

CTRL or CLL B-cells, and after treatment with DMSO or BMS493. 

Expression of Rar after BMS493 treatment was used as control. 

D) Representative qPCR analysis of Cxcl13 expression on mRNA from 

stromal cells cultured in vitamin A deficient media and treated with 

vehicle (DMSO), retinoic acid (RA), or BMS493. Expression of Rar 

after BMS493 treatment was used as control. qPCRs data are 

representative of one out of three independent experiments. The mean 

of triplicates and ± SD are shown, * p < 0.05, ** p <0.01, ***p < 0.001. 

 

Figure 6. Inhibition of the RA-signaling pathway in stromal cells 

affects multiple biological processes. 
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A) Experimental design of RNA-seq analysis performed on mRNA 

obtained from stromal cells treated with either vehicle (DMSO) or 

BMS493 (left), and most down-regulated gene-signatures (right).  

B) Interpolation of gene expression profiles between microarray and 

and RNA-seq data.  

C) Quantification of leukemic cell adherence to stromal cells after 

BMS493 or vehicle (DMSO) treatment. 

D) Aggregation of stroma and leukemic cells in spheroid assay. The 

percentage of aggregation results from the number of leukemic cells 

that contribute to spheroid formation after treatment with BMS493 or 

vehicle (DMSO). Data are from one out of four to five independent 

experiments. The mean of triplicates and ± SD are shown, * p < 0.05, 

** p < 0.01. 

 

Figure 7. Targeting Ra-signaling controls disease development.  

A) Survival curve for Eμ-TCL1 mice (n. 10 each group) fed with 

vitamin A deficient (VitA-) or control (VitA+) diet. Quantification of 

the RA-precursors retinol and retinyl palmitate in the liver of selected 

Eμ-TCL1 VitA+ or VitA- mice. Statistical analysis was performed 

using the Mantel-Cox log rank. 

B) Analysis of leukemia progression over time in CLL transplanted 

mice (n.11) treated with vehicle (DMSO) or BMS493. Flow cytometry 

analysis of leukemia cell infiltration in different tissues at 20 or 30 days 

after BMS493 treatment. * p < 0.05, ** p < 0.01, *** p < 0.001. 

C) Percentage of annexin V+ and Ki67+ leukemic cells from the spleen 

and bone marrow (BM) at 20 or 30 days after the indicated treatment. 

* p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure S1. Leukemic cells localize in the follicular region after 

transplantation.  

A) Representative confocal images of the spleen from wild-type mice 

transplanted with CMFDA labeled E-TCL1 leukemic B-cells (green). 

Mice were sacrificed and analyzed 48 hours (panel A) after leukemia 

injection. Tissues were stained for laminin (blue) to visualize the ECM, 

CD35 (red) to indicate FDC networks, and CXCL13 (red) a marker for 

FDCs and MRCs. 

B) Representative qPCR analysis of Lt and Lt expression in 

leukemia and control B cells.  

Data are the mean values of four to five mice analyzed. The mean of 

triplicates and ± SD are shown, *** p < 0.001. 

 

Figure S2. ECM and follicular-zone remodeling accompanies 

leukemia development. 

A) Representative confocal images of the spleen from transgenic Eμ-

TCL1 mice with low, intermediate and high infiltration of leukemic 

cells. Tissues were stained for NID-2 (green) to visualize the ECM. 

Data are representative of one out of five mice analyzed for each 

condition. Scale bars represent 100μm. 

B) Representative confocal images of the spleen from transplanted or 

transgenic Eμ-TCL1 mice with high infiltration of leukemic cells. 

Tissues were stained for podoplanin (green) to visualize the T-zone 

stromal cells, and nidogen-2 to (red) to label the ECM. Data are 

representative of one out of five mice analyzed for each condition. Scale 

bars represent 100μm. 
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C) Representative confocal images of the spleen from transplanted mice 

with high infiltration of leukemic cells in the spleen. Tissues were 

stained for MAdCAM-1 to visualize MRCs (green). Nuclei are 

visualized with DAPI staining (blue). Scale bars indicate 50μm and 

25μm. Representative qPCR analysis of Madcam-1 expression in 

stromal cells cultured with CTRL and CLL B-cells (left). Data are 

representative of three independent experiments. The mean of 

triplicates and ± SD are shown, ** p < 0.01. 

 

Figure S3. CXCL13 protein in the lymph node of CLL patients and 

expression of RA-associated genes in human CLL cells. 

Representative images of lymph node sections obtained from CLL 

patients and immunostained for CXCL13 (brown). Original 

magnification: 40x and 100x (insets). 

 

Figure S4. Leukemic cells induce the expression of genes involved 

in RA-synthesis and tissue remodeling.  

List of selected gene-signatures deregulated in stromal cells after the 

co-culture with B-CLL or CTRL B cells. In red are highlighted Cyp1b1 

and Aldh1a1 two genes involved in RA synthesis that were validated 

by qPCR analysis. Data are from one out of four independent 

experiments with similar results. The mean of triplicates and ± SD are 

shown,  

** p < 0.01. 

 

Figure S5. The RA-signaling inhibition affects CXCL13 and 

MAdCAM-1 distribution. 
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A) Representative confocal images of the spleen from wild-type mice 

treated with either DMSO (left) or BMS493 (right). Tissue sections 

were stained for laminin (gray) and CXCL13 (red, upper panels) or 

MAdCAM-1 (red, lower panels). Yellow arrowheads indicate the MRC 

layer; white dash-line indicate MAdCAM-1+ staining corresponding to 

the FDCs. Images are representative of one out of three mice analyzed. 

Scale bars indicate 50μm. 

B) Representative qPCR analysis of Madcam-1 expression on mRNA 

from stromal cells cultured in vitamin A deficient media and treated 

with vehicle (DMSO), retinoic acid (RA), or BMS493. Data are from 

one out of three independent experiments with similar results.  

The mean of triplicates and ± SD are shown, *** p < 0.001. 

 

Figure S6. Inhibition of RA-signaling in stromal cells causes down-

modulation of genes involved in stromal cell activation and tissue 

remodeling. 

qPCR analysis for validation of RNA-seq data. Expression levels of 

selected stromal gene-signatures after vehicle (DMSO) or BMS493 

treatment. Data are representative of four independent experiments; * p 

< 0.05, ** p < 0.01, *** p < 0.001. 

 

Figure S7. Increased expression of RA-nuclear receptors in hCLL 

cells correlates with bad prognosis. 

A) qPCR analysis of Rar2 expression in control B and Eμ-TCL1 

leukemic cells. Data are representative of one out of five mice analyzed. 

The mean of triplicates and ± SD are shown, * p < 0.05. 

B-C) Relative RXR expression data of purified B-cells from healthy 
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donors and CLL patients (panel B, left) from public repository. 

Correlation analysis of RXR expression from purified CLL cells from 

patients with different genetic aberrations (panel B, right), mutational 

status, CD38 and ZAP70 expression.  The mean of triplicates and ± SD 

are shown, * p < 0.05 and *** p < 0.001 
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Figure 6. 
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Figure 7. 
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Figure S1. 
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Figure S2. 
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Figure S3. 
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Figure S5. 
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Figure S6. 
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Figure S7. 
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Antigen Species Conjugation Company Dilution 
factor 

Clone / 
cat. # 

BP-3 Mouse PE BD pharmingen 1:100 552814 

CD19 Rat PE BD pharmingen 1:50 1D3 / 
553786 

CD3 Hamster PE BD pharmingen 1:100 145-2C11 
/ 553064 

CD35 Rat biotinilated BD pharmingen 1:100 8C12 / 
553816 

Collagen 
IV 

Rabbit -  Abcam 1:500 Ab19808 

CXCL13 Goat - R&D systems 1:100 AF470 

Podoplanin Syrian 
Hamster 

- eBioscience 1:200 8.1.1 / 14-
53814 

Nidogen 2 Rabbit - Abcam 1:500 Ab14513 

Laminin Rabbit - Sigma Aldrich 1:300 L9393 

MadCAM-1 Rat biotinilated BD pharmingen 1:50 MECA-
367 / 
553808 

MOMA-1 Rat biotinilated Abcam 1:500 Ab51814 

Collagen I Rabbit - Abcam 1:500 Ab34710 

CD21/35 Rabbit PE  eBioscience 1:100 eBio4E3 / 
12-0212 

CD45.2 Mouse PE Biolegend 1:200 104 

F4/80 Rat APC Biolegend 1:200 123115 
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MOMA-1 Rat biotinilated Abcam 1:500 Ab51814 

ER-TR7 Rat  Acris (Duotech) 1:500 BM4018 

 
Supplementary table 1 

 
 
 
 
 

Antigen Fluorochrome Company Dilution 
factor 

Clone /  
cat. # 

Anti-Syrian 

Hamster 

Biotinylated Vector 1:500 BA9100 

Anti-goat  Biotinylated Vector 1:500 BA-5000 

Anti-rabbit Alexa Fluor 546 Invitrogen 1:500 A-11035 

Anti-rabbit Alexa Fluor 488 Invitrogen 1:500 A-21441 

Anti-rabbit Alexa Fluor 647 Invitrogen 1:500 A-31573 

Anti-rat Alexa Fluor 488 Invitrogen 1:500 A21208 

Streptavidin HRP Perkin Elmer 1:500 NEL750 

Streptavidin Alexa Fluor 546 Invitrogen 1:500 S11225 

Streptavidin Alexa Fluor 488 Invitrogen 1:500 S11223 

Streptavidin  Alexa Fluor 647 Invitrogen 1:500 S21374 

 
Supplementary table 2 

 
 
 
 

Antigen Fluorochrome Company Volume/
sample 

Clone /  
cat. # 

Anti-CD19 PE-Cy7 Biolegend 1 L 6D5 
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Anti-CD5 APC BD Pharmingen 1 L 53-7.3 

Anti-Ki67 FITC BD Pharmingen 12 L 556026 

Anti-

CD45.2 

FITC BD Pharmingen 1 L 104 

Anti-CD3 PE eBioscience 1 L 145-2C11 / 
553064 

Annexin V APC  5L 550475 

Anti-CD5 FITC BD Pharmingen 1 L 53-7.3 

 
Supplementary table 3 

 
 
 
 
 

Gene name Forward primer  Reverse primer  Probe #  

Aldh1a1 caccatggatgcttcagaga actttcccaccattgagtgc 84 

Cyp1b1 ggaaaccacgcttcatcg aggacggagaagagtagcagaa 49 

Cxcl13 cagaatgaggctcagcacag atgggcttccagaataccg 34 

Cyp26b1 acatccaccgcaacaagc gggcaggtagctctcaagtg 41 

Madcam-1 gggcaggtgaccaatctgta ataggacgacggtggagga 72 

Rarβ tgaggctcagcacagcaa atgggcttccagaataccg  63 

Rarγ1 tttccaccaggtccctcac ctgtccagtgggtttccaag 64 

Rarγ2 tcgccggacttgagtcttt ctggtgctctgtgtctccac 104 

Rpl13a ccctccaccctatgacaaga gtaggcttcagccgaacaac  108 

Acta2 agagacaccaccggacatct caagggatcacttcaatttgtg 58 

Col1a1 acctaagggtaccgctgga gagctccagcttctccatctt 18 

Col3a1 acctcctggtgctcttggt cacgctctccaggtcgtc 58 

Col4a6 cagcctctggatcggatact actagggactggcctccac 3 

Lama5 gagtctgtgcgagctgtgg tcgccagacggtaccaag 80 
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Loxl2 agcttttcttctgggcaacc ctccatccttgtcctgtgct 104 

RXR 

(human) 

aagcggatcccacacttct gaaggaggcgatgagcag 18 

GAPDH 

(human) 

agccacatcgctcagacac gcccaatacgaccaaatcc 60 

 
Supplementary table 4 
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CHAPTER 6. FINAL CONCLUSIONS 

 

6.1 SUMMARY 

 

In chronic lymphocytic leukemia (CLL), the non-hematopoietic stromal 

microenvironment plays a critical role in promoting tumor cell 

activation, survival and expansion. However, the nature of stromal cells 

and signaling pathways involved remain largely unknown. Using the 

Eμ-TCL1 mouse model, which recapitulates the progressive form of 

human CLL (hCLL), we show that leukemia development induces a 

dynamic remodeling of the stromal compartment characterized by loss 

of follicular dendritic cells (FDCs) maturation markers, and expansion 

of a CXCL13+ stromal cell subset. Gene expression profile analysis 

revealed that leukemia promotes tissue remodeling and chemokine 

secretion by inducing retinoid synthesis and signaling in stromal cells. 

We found that mouse and human leukemia cells could be distinguished 

from normal B-cells by their increased expression of Rar and RXR 

respectively. Notably, reducing retinoic acid precursors from the diet or 

inhibiting RA-signaling through retinoid-antagonist therapy prolong 

survival by preventing accumulation of leukemia cells into peripheral 

lymphoid tissues. These findings establish a role for retinoids in CLL 

pathogenesis, and provide new therapeutic strategies to target the 

stromal microenvironment and to control disease progression. 
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6.2 CONCLUSIONS  

 

In mouse and human CLL, the crosstalk between leukemia and the 

surrounding microenvironment promotes tumor cell survival and 

disease progression  [1] [2] [3]. Our findings using E-TCL1 mice 

which recapitulates the progressive form of human CLL reveal that 

leukemia development is associated with profound changes in the 

composition and distribution of stromal cells and their associated ECM, 

and that the RA-signaling pathway contributes to such changes. Our 

data demonstrate that CLL-FDC interactions persist within the B-cell 

zone, and that this causes disorganization and gradual loss of CD35+ 

FDC networks during diseases progression. We show that these stromal 

alterations are already present in the large majority of mice with an 

intermediate percentage of leukemic cell infiltration. These findings 

indicate that, at least in this mouse model, leukemia modifies the 

follicular stromal microenvironment at early stages of disease 

evolution, and suggest that mature CD35+ FDCs are dispensable for 

CLL progression, and may play a role only in the early phase disease, 

as previously proposed [4]. Our findings are also consistent with the 

notion that disruption and loss of FDC networks occurs in a large 

fraction of human cases of progressive CLL [5] [6]. 

Previous work showed that ablation of FDCs is associated with a 

reduction of the CXCL13+ domains, with only the outermost region of 

the B-cell zone showing CXCL13 signal after FDC depletion [7]. 

Unexpectedly, we found that loss of CD35+ FDCs is associated with an 

increase in CXCL13 distribution. This is particularly evident in 

transplanted mice, in which CXCL13+ stromal cells are spread 
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throughout the white pulp, including the outer follicular region 

corresponding to the MRC layer. Expansion of CXCL13+ stromal cells 

results from induction of CXCL13 in stromal cells previously negative 

for this chemokine, rather than to an increase in stromal proliferation. 

However, we cannot exclude the possibility that a slow-rate 

proliferation of CXCL13+ stromal cells takes place during disease 

progression and may contribute to CXCL13 expansion. Notably, FDCs 

and CXCL13 maintenance relies on the continuous homeostatic 

signaling through the LTR and TNFR1 [8]. Our findings show that 

while Lt expression is similar between CLL and control spleen B cells, 

the expression of Ltwas significantly reduced in E-TCL1 CLL cells. 

This reduction may cause an insufficient stimulation of the LTR and 

a defect in FDC maintenance. Alternatively, FDCs may undergo 

phenotypic alterations under the pressure of leukemia-derived factors, 

and may loose differentiation markers such as CD35. Nevertheless, our 

data support a scenario in which leukemic cells induce CXCL13 in cells 

different from mature FDCs. Of note, recent work showed that during 

inflammation, B-cell follicles expanding into the T-cell zone convert 

pre-existing stromal cells, positioned at the B-T border, into CXCL13+ 

secreting cells [9]. These cells, different from conventional T-zone 

FRCs, were termed versatile stromal cells. A similar mechanism might 

operate during CLL progression, where leukemic cells expanding into 

the T-cell zone change the phenotype of local stromal cells. In support 

of this hypothesis, we found that concomitantly with the increase in 

CXCL13+ stromal cells, the distribution of PDPN+ FRCs is 

significantly reduced in mice with high splenic infiltration of leukemia. 

In contrast to what we found in E-TCL1 mice, previous work in 
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EMyc transgenic mice, a model for MYC-driven lymphomagenesis, 

showed that lymphoma cells migrate to and interact preferentially with 

T-zone stromal cells [10]. These findings clearly indicate that unique 

stromal niches characterize different lymphoid malignancies. 

 

Our data also show that in addition to stromal remodeling, leukemia 

development in E-TCL1 mice is characterized by an increase in ECM 

deposition and an overall disorganization of its architecture. ECM 

deposition and remodeling is already evident in mice with an 

intermediate percentage of leukemia infiltration, and in the areas of the 

B-cell zone corresponding to the FDC networks that are normally 

devoid of collages and nidogens [9]. Of note, recent work using 

lpr/lpr/sparc deficient mice, a mouse model that more closely 

recapitulates the indolent instead of the progressive form of CLL, 

showed that lymphomagenesis is associated with reduced collagen IV 

deposition [11]. These differences likely reflect the distinctive behavior 

of the leukemia in different mouse models. Notably, efficient collagen 

signaling was shown to be a driving factor in malignant Hodgkin/Reed-

Sternberg cells in human Hodgkin lymphoma [12]. Although it remains 

unclear whether lymphoid tissues from CLL cases with different 

prognosis have a distinctive stromal/ECM organization, recent work 

showed a positive correlation between poor outcome and advanced 

grade of BM reticulin fibrosis in the microenvironment of CLL patients 

carrying the 11q deletion [13] [14]. Notably, altered stroma/ECM 

composition may also contribute to the immunosuppression described 

in E-TCL1 mice [15]. This hypothesis is in line with recent data 

demonstrating that following exposure to cancer-derived factors LN 
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stromal cells undergo remodeling and exhibit features of 

immunosuppression [16]. Altogether, these findings strenthen the 

notion that defective stroma/ECM composition and organization may 

contribute to cancer progression [17]. 

 

Consistent with the notion that leukemic cells modify the 

microenvironment, GEP analysis of stromal cells cultured with E-

TCL1 leukemic cells revealed deregulation of genes involved in 

inflammation and stroma/extracellular matrix remodeling. Among 

those genes, we found up-regulation of Sma/Acta2, a marker of 

activated and cancer-associated fibroblasts, and Nidogen-2, Lamb2 and 

Prelp, which encode for ECM-associated proteins. Notably, NID-2 was 

indeed found increased in the follicular areas of leukemic mice. In 

addition, PRELP and its family member FMOD are two ECM secreted 

glycoproteins overexpressed in CLL cells, and whose role in CLL 

remains unknown [18] [19]. Our GEP analysis also revealed that E-

TCL1 leukemic cells stimulate RA synthesis and signaling in stromal 

cells of the microenvironment, and that RA-signaling is involved in 

stroma/ECM remodeling. During lymph node development, retinoids 

regulate Cxcl13 expression in stromal progenitors, and in line with this, 

we found that treatment of our stromal cell line with RA induces Cxcl13 

expression. Our work demonstrates that the CLL-dependent induction 

of Cxcl13 in stromal cells is indeed retinoid-dependent. Consistent with 

this, inhibition of RA-signaling causes a slight but consistent reduction 

and disorganization of CXCL13 distribution. Based on these findings, 

we suggest that RA acts in an autocrine fashion in stromal cells to 

stimulate chemokine secretion, possibly in combination with other 
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pathways such as toll-like receptor signaling, as previously 

demonstrated [20]. In addition, we propose that RA may function in a 

paracrine manner to activate target genes in both neoplastic and other 

non-tumoral cells of the microenvironment. Although future work is 

required to further support this hypothesis, our findings reveal that 

mouse and human leukemic cells could be distinguished from normal 

B-cells by their increased expression of Rar and RXR respectively, 

thus indicating they are equipped with the machinery to activate target 

genes upon ligand-binding. At present, the meaning of the correlation 

between increase expression of RXR in a subset of patients carrying 

high-risk genetic aberrations and bad prognosis remains unclear. 

Nevertheless, emerging data point to a critical contribution of RXR in 

lymphoid malignancies [21]. In support of this, loss of Rxr protects 

mice from developing leukemia [22]. It is worth mentioning that RXR 

is a dimerization partner for other nuclear receptors such LXRs, VDRs 

and PPARs, and thus it might be involved in the regulation of other 

signaling pathways implicated in CLL.  

 

Given that retinoids have been shown to affect multiple biological 

processes including chemokine secretion, cell adhesion and 

stroma/ECM remodeling, we hypothesized that inhibition of RA-

signaling could be a strategy to reduce chemokine expression and 

modulate stroma-leukemia interactions at multiple levels.  Indeed, 

murine stromal cells treated with the RA-signaling inhibitor showed 

repression of genes involved in adhesion, ECM-cell interactions, 

migration and tissue remodeling. Interestingly, our findings indicate 

that 30% of the genes deregulated in stromal cells after leukemia co-
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culture are controlled by RA-signaling. As predicted from the RNA-seq 

data, retinoid-antagonist therapy reduces the adhesion and aggregation 

of E-TCL1 CLL cells to stromal cells, and in line with this, inhibition 

of RA-signaling in vivo prolongs survival by preventing the 

accumulation and expansion of leukemic cells in lymphoid tissues. Our 

findings also reveal that FALCs represent additional leukemia-

supportive niches, and that retinoid-antagonist therapy prevents FALC 

formation, and consequently the expansion of leukemia in the 

peritoneal cavity. At present, the role of retinoids in FALC development 

remains unclear. Still, given the high retinoids content of the peritoneal 

adipose tissue, it is possible that RA-signaling is required to induce 

Cxcl13 expression and consequently FALC formation. Of note, 

peritoneal infiltration and enlargement of abdominal LNs occurs in 

CLL and other blood malignancies [23]. Although several reports have 

linked omental FALCs with solid tumor metastasis, it is unknown 

whether FALCs are induced in human CLL, and function as supportive 

niches promoting disease progression.  

In conclusion, our findings indicate that retinoid-signaling plays an 

important role in the pathogenesis of murine CLL, and that retinoid-

antagonist therapy may represent an effective strategy to target CLL-

microenvironmental interactions at multiple levels in order to control 

disease progression. 

 

6.3 FUTURE PERSPECTIVES 

 

Combined therapies aiming to target cancer cells and the 

microenvironment are currently studied for enhancing therapeutic 
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efficacy. Although limited, there are examples of this kind of combined 

therapies, across different type of cancers [24].  

The inhibition of hyaluronan synthesis in combination with 

cyclophosphamide exacerbates the immune-response against colorectal 

carcinoma [25]. In melanoma, curcumin-mediated tumour 

microenvironment targeting combined with tumour vaccines increases 

efficacy of cancer rejection [26]. In addition, in multiple myeloma 

phase I study, heparanases inhibitors (e.g. Roneparstat) combined with 

dexamethasone or bortezomib therapy is effective in blocking multiple 

myeloma growth through immune-mediated killing, inhibition tumour 

neo-angiogenesis and bone metastasis [27] [28].  

In this work, I demonstrated that CLL induces a profound change in the 

stromal compartment that is characterized by chemokine secretion and 

stroma/ECM remodelling. I further showed that retinoic acid signalling 

is involved in such changes and that blocking this pathway is an 

effective strategy to control disease progression. 

Hence, given the high expression of RA nuclear receptors found in both 

murine and human CLL cells, and the possible activation of the RA-

signalling pathway in CLL patients, the development of a combined 

therapy that could include retinoid-antagonists together with classical 

chemotherapeutic drugs that target B-CLL cells may result in an overall 

increase in therapeutic efficacy. Indeed, my work showed that targeting 

RA-signalling effects multiple pathways, which include adhesion, 

chemokine secretion and ECM remodelling that are likely involved in 

CLL pathogenesis. Of note, Ibrutinib a recently approved and effective 

drug for the treatment of CLL has been also shown effective in a model 

of pancreatic cancer by limiting stromal cell activation and ECM 
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remodelling including fibrosis. This finding suggests that great efficacy 

of Ibrutinib in CLL may also result from targeting the non-

hematopoietic stromal microenvironment. Retinoid-antagonist therapy 

indeed may also function in a similar manner - that is to target 

downstream pathways implicated in CLL pathogenesis that affect 

adhesion, migration, stromal cell activation and ECM remodelling. 

Emerging data from the literature clearly indicate that stromal cell 

activation and ECM deposition contribute to chemoresistance by 

limiting drug diffusion. In light of this, it will be intriguing to assess 

whether anti-fibrotic treatment can also have an effect by counteracting 

stromal cell activation and ECM remodelling thus favouring 

mobilization of leukaemia cells from their supportive niches. However, 

in relation to retinoid-antagonist therapy further work is needed to 

better understand i) which stromal cells produce retinoids in vivo, and 

at which stage of disease progression, ii) how retinoid-antagonist 

therapy during CLL progression affect the distribution of stromal cells 

and the ECM, and finally iii) what is the role of retinoids in CLL cells 

survival and expansion.  
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