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ABSTRACT 

The analysis of the microenvironment in CLL-like monoclonal B 

cell lymphocytosis (MBL) and early-stage chronic lymphocytic 

leukemia (CLL) is relevant for understanding the natural history of 

CLL. To this end, a total of 58 MBL, 54 early-stage CLL and 31 

healthy subjects were extensively characterized by various 

immunological and molecular methods. Purified CD4+ and CD8+ 

mononuclear cells from peripheral blood were subjected to gene 

expression studies and T cell receptor (TR) repertoire analysis, 

whereas cytokine immunoassays were performed in serum 

samples. Gene expression studies in CD4+ cells revealed 

increased cytotoxic and inflammatory pathways, which were 

higher in MBL than in early-stage CLL. Gene dysregulation was 

not remarkable in CD8+ cells. Increased serum levels of 

cytokines such as IL8, IFNγ and TNFα were also observed in 

MBL, while early-stage CLL generally displayed lower cytokine 

levels, especially amongst cases bearing somatically 

hypermutated IGHV genes. TR analysis demonstrated 

oligoclonality in both entities with persisting T cell clones over time 

and increasing clonality within CD4+ T cells concurrently with the 

expansion of neoplastic B cells. Besides, identical T cell clonotypes 

were identified in different MBL/CLL cases. All these findings 

implicate inflammatory processes and antigenic elements in the 

immune background of CLL, whose effects are significantly 

altered during progression from MBL to CLL. 
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RESUMEN 
 
El estudio del microambiente en la linfocitosis B monoclonal (LBM) 

de tipo LLC y en estadios iniciales de la leucemia linfática crónica 

(LLC) tiene gran relevancia para entender la historia natural de la 

enfermedad. Con este objetivo se caracterizaron 58 casos de LBM, 

54 de LLC en fases iniciales y 31 sujetos sanos. Se analizó la 

expresión génica y el repertorio del receptor de células T (TR) en 

fracciones de células mononucleares CD4+ y CD8+ purificadas a 

partir de sangre periférica. Además, se realizaron inmunoensayos 

para medir niveles de citoquinas en suero. Los estudios de 

expresión génica revelaron patrones citotóxicos e inflamatorios 

aumentados en células CD4+, superiores en LBM con respecto a 

LLC en fases iniciales. En las células CD8+ no se observó 

ninguna disfunción remarcable en la expresión génica. Se 

detectaron niveles aumentados de citoquinas como IL8, IFNγ y 

TNFα en sueros de sujetos con LBM, mientras que en LLC en 

fases iniciales los niveles de citoquinas fueron generalmente 

inferiores, principalmente debido a los casos con 

hipermutaciones del gen IGHV. El análisis del TR mostró la 

existencia de oligoclonalidad en ambas entidades y de clones T 

persistentes en el tiempo, así como niveles de clonalidad en la 

fracción T CD4+ que aumentan conjuntamente con la expansión 

de las células B malignas. Asimismo, se identificaron clonotipos 

comunes en diferentes casos con LBM/LLC. Todos estos 

hallazgos implican un papel clave de los procesos inflamatorios 

y de los elementos antigénicos desde las etapas más 

tempranas de la enfermedad, cuyos efectos varían 

notablemente durante la progresión desde LBM a LLC. 
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PREFACE 
 
Chronic lymphocytic leukemia (CLL) is the most common leukemia 

of adults in Western countries. Over the last decades, extensive 

research has been performed in order to elucidate why some 

patients remain asymptomatic for long periods of time whereas 

others experience rapid progression and aggressive disease. 

Concurrently with advances in the knowledge about the molecular 

mechanisms of the disease, different therapy options have been 

developed, improving response rates and life expectancy. 

However, CLL still remains incurable. 

In recent years, several investigations reported that interactions 

between CLL cells and tumor microenvironment are crucial for 

disease development. On the other hand, a pre-leukemic condition 

of CLL named CLL-like monoclonal B cell lymphocytosis (MBL) 

was formally defined in the 2008 Classification of Tumors of the 

Haematopoietic and Lymphoid Tissues of the World Health 

Organization as the presence of circulating CLL-like cells below the 

cut-off value (<5.0×109/L) required for establishing the diagnosis of 

CLL, in the absence of other clinical features of the disease. 

Although this entity attracted great scientific interest, the role of 

microenvironmental interactions in MBL remains uncharacterized, 

although it obviously appears as highly relevant for understanding 

the molecular mechanisms underlying the etiology of CLL as well 

as potentially the indolent course of non-progressive CLL clones. 

In the present study, an increased inflammatory response was 

demonstrated in MBL. Strikingly, this inflammation was decreased 

in early CLL, revealing a different pathophysiology between both 

entities. Besides, the identification of antigen-mediated T cell 
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restrictions highlights the role of antigens from the first stages of 

the disease. 

All these findings offer novel insights into MBL and CLL, which will 

allow the development of future investigations addressed to 

completely understand the natural history of the disease and, 

ultimately, to develop pre-emptive strategies. 
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1. INTRODUCTION 
 

1.1. Chronic lymphocytic leukemia 
 
 

1.1.1. General aspects 
 
Chronic lymphocytic leukemia (CLL) is a lymphoproliferative 

disorder characterized by the proliferation and accumulation of 

mature, typically CD5+ B cells within the peripheral blood, bone 

marrow, lymph nodes and other lymphoid tissues (Rozman et al, 

1995). It is the most common type of leukemia of adults in Western 

countries and 95% of cases are diagnosed in individuals aged 50 

years or older, with a median age at diagnosis of 71 years (Miller et 

al, 2016). Clinical features are very variable. Although most 

patients are asymptomatic, some of them present with fatigue, 

autoimmune hemolytic anemia, infections, splenomegaly, 

hepatomegaly, lymphadenopathy or extra-nodal infiltrates 

(Swerdlow et al, 2008). The median survival time from diagnosis is 

around 10 years; however, it presents a highly variable clinical 

course. Whereas some cases are stable and asymptomatic, other 

patients undergo a rapidly progressive and aggressive disease. 

This heterogeneity has an impact on clinical approaches and 

determines survival times from diagnosis, ranging from some 

months to a normal life span (Cramer et al, 2011). Its etiology is still 

considered unknown, although the presence of restricted B cell 

receptors (BCR) argues in favor of a limited set of antigens which 

promote division of precursor cells and clonal evolution (Fais et al, 

1998; Agathangelidis et al, 2012). 
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1.1.2. Diagnosis 
 

The 2008 World Health Organization (WHO) classification includes 

CLL in the category of mature B cell lymphoid neoplasms 

(Swerdlow et al, 2008). As most patients are asymptomatic at 

presentation, CLL is often diagnosed incidentally after routine blood 

tests. However, it is essential to perform an accurate diagnosis and 

verify that the patient has CLL and not another mature B cell 

neoplasm. In order to achieve this, the blood count, blood smear 

and phenotype of the peripheral lymphoid cells must be evaluated 

(Hallek et al, 2008). 

 
 

1.1.2.1. B cell counts and morphology 
 

A requirement for CLL diagnosis is the detection of at least 5×109/L 

clonal B cells (5000/μL) in the 

peripheral blood for a minimum 

period of three months. In 

addition, the blood smear 

typically shows small and 

mature lymphocytes with scanty 

cytoplasm and densely 

compacted chromatin (Hallek et 

al, 2008) (Figure 1).   

Figure 1. Peripheral blood 
smear showing typical B cells 
found in CLL. 

 

1.1.2.2. Immunophenotype 
 

The clonality of the B cells needs to be verified by flow cytometry, 

disclosing a specific phenotype. In particular, CLL cells display an 
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aberrant expression of the T cell antigen CD5, besides the B cell 

surface markers CD19, CD20, CD23 and CD79b. The levels of 

surface immunoglobulins (sIg), as well as those of CD20 and 

CD79b, are lower than in normal B cells. A restriction of either 

kappa or lambda immunoglobulin light chains must be also 

identified (Ginaldi et al, 1998; Hallek et al, 2008). Some cases may 

have an atypical immunophenotype (for instance, CD5-, CD23- or 

strong sIg) (Swerdlow et al, 2008).  

A variant of CLL in which clonal B cells with the same 

immunophenotype are mainly found in solid lymphoid tissues 

(<5×109/L in peripheral blood) and with no cytopenias due to bone 

marrow infiltration is referred as small lymphocytic lymphoma 

(SLL). It implies the presence of lymphadenopathy and/or 

splenomegaly; thus, histopathologic evaluation of the affected 

tissues is required (Hallek et al, 2008; Swerdlow et al, 2008).  

 
 
1.1.3. Prognostic factors 

 
1.1.3.1. Clinical staging 

The clinical heterogeneity of CLL prompted the development of two 

independent clinical risk stratification approaches, the Rai and 

Binet staging systems (Rai et al, 1975; Binet et al, 1981). They are 

based on different clinical parameters, summarized in Table 1, 

which can be easily assessed in routine clinical practice and allow 

the stratification of patients in distinct risk categories: low (median 

survival: 10 years), intermediate (median survival: 5-7 years) and 

high risk (median survival: 2-3.5 years) (Table 1).  
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RAI Clinical features Risk 
0 Lymphocytosis only Low 

I Lymphocytosis with lymphadenopathy 
Intermediate 

II 
Lymphocytosis with splenomegaly and/or 
hepatomegaly (with or without adenopathy) 

III Anemia (hemoglobin <11 g/dL) 
High 

IV Thrombocytopenia (platelets <100x10
9
/L) 

BINET   

A 
No anemia or thrombocytopenia, <3 
enlarged lymphoid areas 

Low 

B 
No anemia or thrombocytopenia, ≥3 
enlarged lymphoid areas 

Intermediate 

C 
Anemia (hemoglobin <10 g/dL) and/or 
thrombocytopenia (platelets <100x10

9
/L) 

High 

 
Table 1. Rai and Binet staging systems and risk stratification (Rai 
et al, 1975; Binet et al, 1981). 
 
 
 
1.1.3.2. Serum and phenotypic markers 

 
Many studies in the past decades identified several serum and 

immunophenotypic markers with associated prognostic value, 

among them: 

o Serum markers: Elevated serum levels of beta-2 microglobulin 

(B2M), lactate dehydrogenase (LDH), thymidine kinase and 

soluble CD23 were reported to predict an adverse prognosis in 

CLL (Han et al, 1985; Reinisch et al, 1994; Hallek et al, 1996; 

Hallek et al, 1999). More recently, increased serum levels of the 

cytokines CCL3 and CCL4 were also correlated to aggressive 

disease (Burger et al, 2009; Sivina et al, 2011).    

o Immunophenotypic markers: Overexpression of phenotypic 

markers such as CD38, ZAP-70 and CD49d were also 

associated with a poor prognosis in patients with CLL (Damle et 

al, 1999; Crespo et al, 2003; Gattei et al, 2008).  
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1.1.3.3. IGHV gene somatic hypermutation status 
 

Somatic hypermutations within the variable domain of the  

immunoglobulin genes constitute a physiological process during B 

cell development. Circulating mature B cells that are exposed to 

antigens migrate to germinal centers of peripheral lymphoid 

tissues, where somatic hypermutations occur (Jaffe et al, 2008). In 

CLL, mutations within the immunogloibulin heavy variable (IGHV) 

genes are closely linked to the biology of tumor B cells with a 

relevant impact on prognosis. In 1999, two independent groups first 

reported that CLL patients with mutated IGHV (M-CLL, >2% 

nucleotide differences from the most similar germline gene) usually 

show an indolent disease, as opposed to CLL cases with 

unmutated IGHV (U-CLL, ≤2%), associated with a poor prognosis 

(Damle et al, 1999; Hamblin et al, 1999). The molecular basis 

underlying these distinct clinical outcomes is related to the BCR 

signaling pathways: CLL B cells with mutated IGHV display 

attenuated BCR signaling and less proliferation. On the other hand, 

cases with unmutated IGHV activate key signal transduction 

pathways in response to BCR stimulation, which confers a higher 

proliferative potential (Zenz et al, 2010). In this regard, U-CLL has 

been correlated to increased CD38 and ZAP-70 expression levels 

(Damle et al, 1999; Crespo et al, 2003) (Figure 2). 
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Figure 2. Association between the IGHV mutational status, the 
BCR signaling pathway and the prognosis (adapted from Chiorazzi 
et al, 2005). 
 
 
 
The mutational status is not the only feature of the IGHV gene 

related to prognosis in CLL. An important restriction of the heavy 

chain complementary determining region 3 (CDR3) sequences (the 

BCR region mainly involved in antigen binding) is observed in CLL, 

with approximately one third of cases harboring stereotyped BCR. 

Remarkably, some of these subsets of patients with quasi-identical 

BCR represent distinct subgroups associated with specific clinical 

courses and outcomes (Agathangelidis et al, 2012; Agathangelidis 

et al, 2014). For instance, IGHV3-21 gene usage confers an 

aggressive disease and poor prognosis independently of the 

mutational status when belonging to subset #2 (Baliakas et al, 

2015). 
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1.1.3.4. Genetic aberrations 
 
The identification of cytogenetic subgroups (Döhner et al, 2000) 

defined by fluorescence in situ hybridization (FISH) that are 

associated with distinct prognosis constituted another turning point 

in the prognostic stratification of CLL patients. The Döhner 

hierarchical model established four chromosomal aberrations 

evaluated by FISH, namely deletions of 11q, 13q, 17p as well as 

trisomy 12, which have been the gold standard to determine 

prognosis in routine practice. Poor clinical outcome is associated 

with cases that show deletion of 17p and 11q, whereas a good 

prognosis is correlated to cases harboring deletion of 13q as a sole 

abnormality. Finally, trisomy 12 cases display an intermediate risk 

(Döhner et al, 2000; Van Dyke et al, 2016). 

Besides cytogenetic abnormalities, mutations in several genes 

were also associated with prognosis in CLL. Thus, mutations within 

TP53, NOTCH1, BIRC3, SF3B1 and ATM genes were reported to 

confer an inferior prognosis in CLL (Puente et al, 2011; Rossi et al, 

2013; Nadeu et al, 2016). Combination of mutations and 

cytogenetic aberrations resulted in an integrated model to stratify 

CLL patients in different risk groups (Rossi et al, 2013) (Figure 3). 
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Figure 3. Overall survival in CLL according to the integrated 
mutational and cytogenetic model proposed by Rossi et al in 2013 
(adapted from Rossi et al, 2013). 
 
 
 
Finally, the identification of complex karyotypes, defined as the 

presence of three or more chromosomal abnormalities by 

conventional cytogenetics, has recently gained traction as a useful 

prognostic tool in CLL, since it confers poor clinical outcome even 

in TP53 altered cases (Delgado et al, 2014; Blanco et al, 2016; 

Puiggros et al, 2017). 

Some other parameters correlated to poor prognosis in CLL, as 

well as the most relevant prognostic factors previously detailed, are 

summarized in Table 2.  
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Older Predict for poor prognosis 

Clinical staging  Advanced (Rai III-IV, Binet C) 

Lymphocyte doubling time 
(LDT) 

<6 months (when lymphocyte  
counts >30×10

9
/L) 

Bone marrow infiltration  Diffuse pattern 

Serum beta-2 microglobulin Elevated (≥3.5 mg/L) 

Serum lactate dehydrogenase Elevated (≥2x normal) 

Serum thymidine kinase Elevated (>10 U/L) 

ZAP-70 expression  High (≥20%) 

CD38 expression  High (≥30%) 

IGHV gene mutational status U-CLL (≤2% of mutations) 

FISH cytogenetics 17p or 11q deletion 

Newer 
 

CD49d expression High (≥30%) 

Gene mutations 
TP53, NOTCH1, BIRC3,  

SF3B1 or ATM 

Conventional cytogenetics Complex karyotype 

Stereotyped BCR Specific subsets (#1, #2, #8) 

Micro-RNA 155 expression High 

CCL3 and CCL4 in serum  Elevated levels  

 
Table 2. Older and newer prognostic factors in CLL (adapted from 
Rai et al, 2016). 

 
 
 

1.1.4. Treatment  
 

1.1.4.1. Treatment criteria 

The biological heterogeneity of CLL cases results in a broad range 

of clinical presentations and evolutions. Thus, approximately one 

third of all CLL patients will never require treatment. Those patients 

newly diagnosed and with early-stage disease (Rai 0 or Binet A) 

and even intermediate risk patients (Rai I-II or Binet B) should be 

monitored without treatment until they become symptomatic or 

show evidence of progressive disease, since there is no proof of 

benefit after an early therapy intervention. Criteria for treatment 
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administration in CLL include (Hallek et al, 2008; Wierda et al, 

2017): 

- Anemia and/or thrombocytopenia. 

- Massive (>6 cm), progressive or symptomatic 

splenomegaly. 

- Massive (>10 cm), progressive or symptomatic adenopathy. 

- Lymphocyte doubling time (LDT) of less than 6 months or a 

lymphocytosis increase of more than 50% after a two-month 

period. 

- Autoimmune anemia and/or thrombocytopenia 

unresponsive to corticosteroids. 

- Presence of disease-related symptoms (B-symptoms), such 

as weight loss, fatigue, fevers or night sweats. 

 
1.1.4.2. Current treatment strategies 
 
Throughout the last decades, therapeutic strategies have evolved 

significantly due to improved understanding of the biology of CLL. 

Nonetheless, although treatment administration can prolong 

progression-free and overall survival, CLL is still considered an 

incurable disease. 

In the past, chemotherapy (chlorambucil, cyclophosphamide, 

fludarabine or bendamustine) and monoclonal antibodies (anti- 

CD52 such as alemtuzumab and anti-CD20 such as rituximab or 

more recently, obinutuzumab or ofatumumab) were administrated 

as sole agents or in combination to treat CLL patients. However, 

the relevant percentage of refractory cases, which was even higher 

in patients with TP53 deletion and/or mutation, prompted the 

development of new drugs. In this context, the TP53 independent 
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kinase inhibitors ibrutinib and idelalisib, as well as the BCL-2 

inhibitor venetoclax, are currently available to treat patients with 

TP53 alterations, which has led to a new era of therapeutic 

approaches in CLL (Hallek, 2017; Wierda et al, 2017) (Figure 4).  

 

 
Figure 4. Current first-line therapeutic strategies in CLL (adapted 
from Sakr et al, 2017). FCR: fludarabine + cyclophosphamide + 
rituximab; BR: bendamustine + rituximab. 
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1.2. CLL-like monoclonal B cell lymphocytosis 
 

1.2.1. Description and epidemiology 
 

In the early 2000s, CLL-like monoclonal B cell lymphocytosis (MBL) 

was formally described as the presence of a small population of 

clonal B lymphocytes with a phenotype consistent with CLL in the 

peripheral blood of healthy subjects. The established diagnostic 

criteria included (Rawstron et al, 2002; Ghia et al, 2004; Marti et al, 

2005; Strati et al, 2015): 

- Identification of a stable clonal B cell population over a 

three-month period. 

- Clonal B cell count <5x109 cells/L.  

- Presence of a CLL-specific immunophenotype. 

- No other features of lymphoproliferative disorder or 

autoimmune disease such as: 

o Lymphadenopathy or organomegaly. 

o B-symptoms (fatigue, weight loss or night sweats).  

o Autoimmune or infectious disease. 

 

Although the first studies reported that this newly defined entity was 

present in approximately 3.5% of healthy adult population 

(Rawstron et al, 2002), its frequency increases with age and is 

highly dependent on the sensitivity of the flow cytometry method of 

detection (Nieto et al, 2009; Scarfò et al, 2010; Shanafelt et al, 

2010). Thus, the reported CLL-like MBL frequency in healthy 

population studies ranges from 0.14% to 12% when all ages are 

included and up to 20% when the analysis is restricted to 

individuals older than 60 years (Nieto et al, 2009; Shanafelt et al, 

2010) (Figures 5 and 6). 
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Figure 5. Frequency of CLL-like MBL based on age groups (Scarfò 
et al, 2010). 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 6. Relationship between the frequency of MBL detection 
and the number of acquired events (sensitivity) in the flow 
cytometric analysis (Scarfò et al, 2010). 
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Finally, it is worth noting that in addition to CLL-like MBL, there are 

two other groups of MBL depending on the immunophenotype of 

the B cell clone: MBL with atypical CLL phenotype and CD5- MBL 

(Lanasa et al, 2011) (Table 3).  

 

Type of 
MBL 

Immunophenotype Relative 
proportion CD19 CD5 CD20 CD23 sIg 

CLL-like + + Dim + Dim 69% 

Atypical CLL + + + +/Dim + 9% 

CD5
-
 + - + - + 22% 

 

Table 3. Subtypes of MBL (Lanasa et al, 2011). 

 
 

1.2.2. Risk factors 
 

Healthy subjects who have first-degree relatives with CLL have a 

risk of developing the disease that is two to seven times greater 

than the general population (Capalbo et al, 2000; Goldin et al, 

2009). Thus, family history of CLL must be considered as a risk 

factor and is associated with the presence of single-nucleotide 

polymorphisms, which were detected in over twenty genes after 

performing familial CLL studies (Sellick et al, 2007; Slager et al, 

2011). Two additional risk factors are age and infections. As 

mentioned above, MBL frequency in the general population 

increases with age (Rawstron et al, 2002). On the other hand, prior 

investigations showed that MBL is significantly more frequent in 

subjects who experienced common infections and less frequent in 

those who were vaccinated against the related pathogens (Fazi et 

al, 2010; Casabonne et al, 2012). However, it should be noted that 

MBL is not perceived as an inherited condition nor directly 

associated with specific infections as causative factors and its 

etiology is still considered unknown. 
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1.2.3. Types, relation to CLL and risk of progression  
 
Two different types of CLL-like MBL can be distinguished. Thus, 

“low-count” MBL (LC-MBL) usually shows <500 clonal cells/µL of 

peripheral blood, can be detected in the general population only 

through high-sensitivity methods and has relevant differences from 

CLL. In addition, it carries extremely reduced, if any, risk of 

progression to CLL. On the contrary, most cases with “clinical” or 

“high-count” MBL (HC-MBL) show >500 clonal cells/µL of 

peripheral blood. Besides, HC-MBL has very similar biological 

features with early-stage CLL (Rai 0/Binet A) and can potentially 

evolve to CLL requiring therapy with a progression rate of 1% to 

2% per year (Table 4) (Rawstron et al, 2008; Rawstron et al, 2010; 

Vardi et al, 2013; Strati et al, 2015).     

Some of the biological features that distinguish LC-MBL from HC-

MBL are the different distribution of poor prognosis genetic 

abnormalities (deletion of 11q, 17p and NOTCH1 mutations), which 

are infrequent in LC-MBL whereas they are detected in HC-MBL at 

almost similar frequencies to those observed in early-stage CLL 

(Rawstron et al, 2010; Fazi et al, 2011; Lionetti et al, 2014). Both 

subtypes of MBL have similar IGHV mutational status (more than 

75% of cases harboring somatic hypermutations); however, the 

IGHV gene repertoire of LC-MBL shows significant differences 

compared to HC-MBL, such as reduced IGHV1-69, IGHV4-34 and 

IGHV3-23 and increased IGHV4-59/61 gene frequencies. By 

contrast, HC-MBL displays a very similar IGHV gene repertoire to 

that of early-stage CLL, with higher frequencies of IGHV1-69, 

IGHV3-23 and IGHV4-34. Besides, stereotyped BCR are not a 

common feature of LC-MBL, whereas they are detected at similar 

frequencies (20%) in both HC-MBL and early-stage CLL (Vardi et 
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al, 2013). All these findings strongly support that, as opposed to 

HC-CLL, LC-MBL is likely an age-related process associated with 

immune senescence instead of a truly preleukemic condition (Table 

4).  

 

Characteristics 

CLL all  
stages 

CLL  
Rai 0 

HC-MBL LC-MBL 

% 

Annual risk of 
progression 

- 5.2 1.1 0 

13q deletion 50 ~40 ~40 ~30 

Trisomy 12 16 ~20 ~20 ~10 

11q deletion 18 ~5 ~5 0 

17p deletion 7 2–3 0–3 0 

Unmutated  
IGHV genes 

~45 ~25 ~25 ~25 

IGHV1-69 ~13 ~5 ~8 ~3 

IGHV4-59/61 <5 ~5 <5 ~20 

BCR stereotypy ~30 ~20 ~20 ~5 

NOTCH1 mutation >15 13 11 0 

 

Table 4. Main clinical, cytogenetic and molecular characteristics of 
the general CLL population, CLL Rai 0, HC-MBL and LC-MBL 
(adapted from Kalpadakis et al, 2014). 

 
 
 

1.2.4. Clinical management of MBL 
 

LC-MBL is only detected when employing high-sensitivity methods 

in population-screening studies. As previously detailed, subjects 

with this condition do not have a higher risk of progression to CLL 

than the general population and, consequently, they do not require 

further evaluation or follow-up. As for HC-MBL, most cases (around 

85%) are diagnosed after the identification of an abnormal blood 

count and, since they can potentially progress to CLL, they require 
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further evaluation by a hematologist. However, as the risk of 

progression to CLL requiring treatment is very low (1-2% per year), 

only an annual follow-up is recommended unless symptoms or 

signs of progression appear (Shanafelt et al, 2010) (Figure 7). 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 7. Time from diagnosis to treatment for subjects with 
clinical MBL and Rai-0 CLL patients with an absolute 
lymphocyte count (ALC) below or greater than 10x109 cells/L 
(adapted from Shanafelt et al, 2009). 

 

 

Of note, currently there are no tools to predict those MBL cases 

that will progress to CLL. Although in previous small series some of 

the prognostic parameters in CLL were found to be useful to predict 

the need for treatment in clinical MBL, such as 17p deletion or high 

CD38 expression (Rossi et al, 2009; Shanafelt et al, 2009), outside 

of research purposes there is no evidence to recommend routine 

prognostic testing in MBL. 
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1.3. T cell mediated immunity 

As components of the adaptive immune system, T cells play a 

major role in the specific detection and neutralization of pathogens 

and abnormal cells, such as those from tumors. In order to perform 

their function, T cells harbor highly specialized receptors (T cell 

receptors, TR) that specifically bind antigens exposed by antigen-

presenting cells (APC) on the surface of major histocompatibility 

complex (MHC) molecules. Once antigen recognition by TR occurs, 

T cells are activated, which triggers their proliferation and the 

initiation of several immune responses (Figure 8) (Janeway et al, 

2001). 

 

Figure 8. Antigen-dependent T cell activation. APC: antigen-
presenting cell; MHC: major histocompatibility complex; TCR: T cell 
receptor (TR) (adapted from Sewell, 2012).  

 
 

1.3.1. Genetic and protein organization of the TR 

The TR is a complex formed by one each alpha (α) and beta (β) or 

one each gamma (γ) and delta (δ) chain. The TR loci are always 
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rearranged and expressed in the same order; if delta and gamma 

rearrangements, which occur first, are not functional, the T cell will 

rearrange the beta and alpha loci. If these last rearrangements are 

functional, αβ T cells are generated, accounting for the great 

majority of all circulating T cells. Both α- and β-chains are 

associated with other invariant molecules that form the CD3 

complex, which is essential for TR stability and signaling (Figure 9) 

(Janeway et al, 2001). 

 

Figure 9. Protein structure of the αβ TR. V: variable region; C: 
constant region (adapted from Sadelain et al, 2003). 

 

An extremely high diversity of TR is required to specifically 

recognize all the possible pathogens to which an individual can be 

CD3 molecules 
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exposed. In order to achieve this, the immune system has 

developed mechanisms for the somatic diversification of the TR. 

Thus, in addition to the invariant molecules that form the TR, α- and 

β-chains harbor variable domains (Figure 9) (Janeway et al, 2001).  

Concerning the genomic organization, the TR beta locus (TRB) is 

composed by four types of genes: V (variable), D (diversity), J 

(joining) and C (constant). V, D and J genes code for the variable 

segment of the β-chain whereas the C genes code for the invariant 

region. During T cell development, extensive recombination occurs 

between the V, D, and J genes; since there are several genes of 

each type and only one of them is present in the functional V-D-J 

rearrangement, a wide range of different rearrangements can 

occur. Besides, random addition of nucleotides in the junction of 

the V, D and J genes results in additional increased diversity 

(Figure 10). A similar rearrangement process occurs for the TR 

alpha locus (TRA). Collectively, this results in a vast TR repertoire, 

which is estimated to be around 2.5x107 unique αβ TR per 

individual (Arstila et al, 1999; Janeway et al, 2001). 

As a consequence of the different gene combinations and random 

nucleotide insertions, the region of the TR β-chain that spans the 

V-D-J junction is the most variable part and governs antigen 

recognition. Thus, the specificity of the TR mainly depends on this 

region, which is called “complementarity determining region 3” 

(CDR3) (Figure 10). In addition, it is unique not only to each TR β-

chain but also to each T cell (as only one rearranged β-chain is 

expressed). Consequently, the CDR3 region is frequently 

employed as a measure of T cell diversity. On the other hand, TR 

α-chain is less appropriate for T cell repertoire characterization due 

to the possibility of dual-receptors: up to 30% of rearranged T cells 

express two distinct functional α-chains as opposed to only one β-
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chain (Padovan et al, 1993; Janeway et al, 2001; Freeman et al, 

2009; Li et al, 2013). 

 

 

 
Figure 10. Genomic organization of the TR beta locus (TRB) at 
chromosome 7q34. It harbors around 50 TRBV (green), 2 TRBD 
(dark blue), 13 TRBJ (yellow) and 2 TRBC (light blue) genes. 
Addition of random nucleotides in the rearranged TRBV-TRBD-
TRBJ junction is represented by red lines (adapted from Freeman 
et al, 2009). 

 
 
 

1.3.2. Antigen-presenting cells and HLA molecules 
 
Since T cells are not able to directly recognize pathogens, antigen 

processing and presentation by APC must occur. Thus, APC 

present peptide fragments derived from the pathogen on the 

surface of MHC molecules. The most important APC are highly 

specialized dendritic cells, whose only known function is antigen 

internalization and presentation. Macrophages and B cells can also 

function as APC (Janeway et al, 2001). 

The MHC proteins are encoded by the human leukocyte antigen 

(HLA) system. The different HLA genes can be categorized into 

two main groups: 

https://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A3039/
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 HLA class I (A, B, and C), whose proteins present peptides 

from inside the cell. 

 HLA class II (DP, DQ and DR), whose proteins present 

peptides from outside of the cell. 

Each HLA protein can bind a different range of peptides. Besides, 

HLA genes are extremely polymorphic and each individual is 

equipped with several of them. Altogether, this variability allows the 

presentation of a broad range of antigens within each individual 

(Figure 11) (Janeway et al, 2001).  

 

          Year 

Figure 11. Number of estimated HLA Class I and Class II alleles 
(adapted from HLA Nomenclature; http://hla.alleles.org/ 
nomenclature). 
 

The different genes of the HLA system are closely linked and are 

inherited as haplotypes (groups of genes). Of note, distinct 

combinations of HLA genes within each individual and within 

populations make them more susceptible or resistant to the 

development of different diseases, including infections, 
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autoimmune processes and tumors (Sette et al, 2001; Matzaraki et 

al, 2017). 

 

1.3.3. Diversity and function of T cells 
 

Once naïve T cells are stimulated by antigen exposure, they 

become effector T cells. Peptides that are presented into MHC 

class I molecules are exposed to T cells that harbor the TR co-

receptor CD8, which differentiate into cytotoxic T cells. These CD8+ 

cytotoxic T lymphocytes (CTL) kill abnormal cells such as infected 

(particularly with viruses), damaged or cancer cells. In order to 

perform their function, they release a subset of cytotoxic molecules 

(perforin, granzymes and granulysin) that eventually trigger target 

cell death (Janeway et al, 2001; Golubovskaya et al, 2016). 

On the other hand, those peptides presented into MHC class II 

molecules are exposed to T cells that express the TR co-receptor 

CD4. These cells differentiate into T helper cells, since they help 

the function of other immune cells by releasing different cytokines, 

modulating immune responses. Naïve CD4+ T cells can 

differentiate into several subtypes of T helper cells after TR 

activation, co-stimulation signaling and different types of cytokine 

stimuli. Thus, T helper cells with different effector commitment can 

arise, including Th1, Th2, Th17, follicular helper (TFH) and 

regulatory (Treg) cells. Besides, CD4+ T cells can also differentiate 

into cells with cytotoxic properties (CD4+ CTL, producing granzyme 

and perforin). Each of these subsets is characterized by specific 

functional properties and cytokine profiles and has been found to 

play distinct roles not only in infectious or immune disorders (Figure 

12) but also in several types of tumors (Figure 13) (Janeway et al, 

2001; Swain et al, 2012; Kim et al, 2014). 



 

24 

 

Figure 12. Polarizing cytokines, effector mediators and effector 
functions related to the different CD4+ T cell subsets (Swain et al, 
2012).  

Figure 13. Contribution of the different CD4+ T cell subsets to 
tumor immunity. APC: Antigen-presenting cell; CTL: Cytotoxic T 
lymphocyte; TIL: Tumor-infiltrating lymphocyte (adapted from Kim 
et al, 2014).  
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1.3.4. Interaction between T cells and B cells 
 

B cells can act as APC by exposing peptides on the surface of 

HLA-II molecules, which present peptides coming from outside of 

the cell. Thus, after specific BCR antigen-recognition, the antigen is 

internalized, processed and linked to HLA-II molecules that are 

finally exposed on the cell surface. The peptide-HLA complex can 

be recognized by helper T cells that, in turn, trigger B cell 

proliferation and differentiation into antibody-secreting cells, which 

initiates the humoral immune response (Figure 14). Notably, IGHV 

gene somatic hypermutation depends on the interaction of antigen-

stimulated B cells with helper T cells (Janeway et al, 2001).  

 

Figure 14. Autologous interaction between T and B cells (adapted 
from Edwards et al, 2006). 
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1.4. Tumor microenvironment (TME) in CLL  
 

The tumor microenvironment (TME) is composed by all the 

accessory cells, soluble factors and extracellular matrix that 

interact and co-evolve together with the clonal B cells. Prior 

investigations supported that TME confers a protective niche for 

CLL cells, promoting cell survival and drug resistance. This, 

together with several evidences of an antigenic drive in CLL 

etiology, highlights the importance of the TME in the pathogenesis 

and evolution of CLL (Agathangelidis et al, 2012; Ten Hacken et al, 

2014). 

 
 

1.4.1. Supportive effects of the TME 
 

Despite the fact that CLL cells circulate freely in peripheral blood, 

they are attracted to stromal microenvironments in the bone 

marrow and secondary lymphoid tissues. There, CLL cells interact 

with multiple cellular types, including bone marrow stromal cells, 

monocyte-derived nurse-like cells, follicular dendritic cells, 

endothelial cells and T cells. All these cellular components interact 

with the clonal B cells through direct cell-to-cell interactions, 

antigen-mediated interactions and cytokines. As a consequence, 

CLL cells obtain nourishment, protection from drugs, cytotoxic 

agents and apoptosis, chemotaxis towards germinal centers and 

survival signals. A summary of the main components of the TME 

that contribute to CLL cell survival is shown in Figure 15 (Fabbri et 

al, 2016). 
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Figure 15. Cell types and molecules involved in the supportive 
interactions between CLL and TME (Fabbri et al, 2016). BMSC: 

bone marrow stromal cell; NLC: monocyte-derived nurse-like cell; 

FDC: follicular dendritic cell. 

 
 
1.4.2. Alterations of the TME  

 
As a consequence of the CLL-TME cross-talk, the clonal B cells 

are able to modify the components of the TME, which is essential 

for their survival. Nonetheless, reflecting the well known 

heterogeneity of CLL, alterations in the TME can differ among 

patients and some of them have been associated with a prognostic 

value.  

First, CLL cells trigger modifications in the cellular components of 

the protective microanatomical sites. For instance, bone marrow 
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stromal cells co-cultured with CLL cells acquire a phenotype 

reminiscent of cancer-associated fibroblasts and activate NF-κB 

signaling, which promotes survival of malignant B cells (Lutzny et 

al, 2013). Nurse-like cells of CLL patients express higher levels of 

the hepatocyte growth factor receptor, which activates STAT3 

signaling and ultimately favors tumor evasion (Giannoni et al, 

2014). CLL cells are also able to stimulate follicular dendritic cells 

through lymphotoxin-β-receptor activation, resulting in increased 

CXCL13 secretion that contributes to homing of CLL cells (Heinig 

et al, 2014). 

Second, as a consequence of chronic exposure to tumor burden, 

several alterations in the immune system are elicited, leading to 

immune suppression that allows tumor expansion. In this sense, T 

cells were extensively reported to have an abnormal function in 

CLL (Scrivener et al, 2003). Thus, despite the presence of elevated 

absolute T cell counts and oligoclonal expansions (Rezvany et al, 

1999; te Raa et al, 2012; Palma et al, 2017), T cells from CLL 

patients show different gene expression profiles (Görgün et al, 

2005), are not capable to form functional immune synapses 

(Ramsay et al, 2008; Ramsay et al, 2012), display a reduced 

motility (Ramsay et al, 2013; Ysebaert, 2013) and an increased 

expression of exhaustion markers such as programmed cell death-

1 (PD1) (Riches et al, 2013). Notably, elevated numbers of CD4+ 

PD1+ T cells in the peripheral blood of CLL patients were correlated 

with a shortened time to the first treatment and advanced disease 

(Rusak et al, 2015). Moreover, T cell tolerance induced by CLL 

seems to be critical for clonal expansion and, interestingly, could 

potentially be reverted by immunomodulating drugs (Ramsay et al, 

2012). 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Heinig%20K%5BAuthor%5D&cauthor=true&cauthor_uid=25252690
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A bias in the CD4+ T cell subpopulations was also described in 

CLL. Regarding this, prior studies identified increased levels of 

Th17 cells, mainly in early-stage and good prognosis patients (Jain 

et al, 2012; Hus et al, 2013). During disease progression, Treg 

cells are expanded, which promotes immune suppression and 

allows the proliferation of the malignant clone (Jadidi-Niaragh et al, 

2013). Thereby, increased Treg levels were associated with 

advanced CLL (Lad et al, 2013). In addition, previous studies 

detected a switch from Th1 to Th2 predominance during disease 

evolution (Podhorecka et al, 2002). Cytotoxic CD4+CD28- T cells, 

expressing granzyme and perforine, have been observed to be 

increased in CLL patients as well (Porakishvili et al, 2001; 

Porakishvili et al, 2004). 

Defects in other immune cells were also reported in CLL. Thus, 

natural killer cell function is impaired in CLL, with a defective 

cytotoxicity that promotes evasion of malignant cells from antitumor 

responses (Reiners et al, 2013). Non-cytotoxic innate lymphoid 

cells, a heterogeneous group of cells with lymphoid morphology 

and without rearranged antigen receptors, were recently reported 

to be functionally altered in CLL as well (de Weerdt et al, 2016). 

Besides, an elevated number of monocytes was detected in the 

peripheral blood of CLL patients, displaying a deregulation of 

genes involved in phagocytosis and inflammation (Maffei et al, 

2013). Myeloid-derived suppressor cells (MDSC), a subtype of 

myeloid cells with strong immunosuppressive activities, were 

shown to be increased in CLL, contributing to tumor expansion by 

inhibiting T cell responses and promoting Treg (Jitschin et al, 

2014). 

As expected, serum cytokine levels in patients with CLL are 

altered, too (Yan et al, 2011). Interestingly, increased levels of 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Podhorecka%20M%5BAuthor%5D&cauthor=true&cauthor_uid=12008083
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jitschin%20R%5BAuthor%5D&cauthor=true&cauthor_uid=24850760
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some cytokines, such as CCL3 and CCL4, were associated with a 

worse outcome and with U-CLL cases (Sivina et al, 2011; Sivina et 

al, 2016). 

Remarkably, while in CLL B cell expansions are accompanied by 

immune suppression that restrains antitumor immunity, prior 

investigations showed that the function of T cells in MBL is only 

slightly deviated. Thus, although immunosuppressive features are 

already detectable in MBL and evolve toward a more and more 

suppressive profile across the disease stages, the functional T cell 

compartment may play relevant roles in the first stages of the 

disease (Figure 16) (Rissiek et al, 2014; Liu et al, 2015). 

 

 

 

 

 

 

 

Figure 16. Schematic illustration of the gradual changes in the 
immune microenvironment with the progression of the disease. 
 

 

1.4.3. Role of antigens  
 
1.4.3.1. Common infections and self-antigens 

 
Infections are the cause of death in 30-50% of cases with CLL and 

are mainly due to immune dysregulation. First, aberrant B cells that 

accumulate and replace normal B cells are not able to properly 

produce immunoglobulins. Thus, hypogammaglobulinemia is a 

common feature in CLL that consequently leads to higher risk of 

infections. Besides, the defects in the TME previously described, 

 MBL                                        Early-stage CLL                                 Advanced CLL 

Immune suppression 

T cell function 
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which generally increase over time after diagnosis, contribute to 

immune dysfunction as well. Finally, immunosuppressive therapies 

are another source of opportunistic infections in CLL; for this 

reason, prophylactic strategies are essential in CLL patients who 

undergo immunosuppressive or innovative therapies. Some of the 

most common infections related to treatment are those caused by 

common bacterial pathogens (Streptococci, Staphylococci, enteric 

GRAM-negative bacteria), opportunistic infections (Candida, 

moulds, Pneumocystis jiroveci), herpesviruses (in particular 

cytomegalovirus) and other sporadic viral infections (Nosari et al, 

2012; Barr et al, 2014; Whitaker et al, 2014). Concerning MBL, 

even though the immune system of these subjects is not so 

disturbed, some studies demonstrated that MBL individuals have 

also an increased risk of infections, although to a lesser extent 

(Rossi et al, 2009; Moreira et al, 2013). 

Importantly, in addition to being a consequence of the tumor, 

infectious processes were proposed to have a causative role in 

MBL/CLL. On these lines, previous studies showed that MBL was 

significantly less frequent in individuals who had been subjected to 

vaccination against common infections such as influenza or 

pneumococcal disease (Casabonne et al, 2012) and more frequent 

in individuals infected with hepatitis C virus (Fazi et al, 2010). 

Furthermore, an increased risk of CLL was reported in subjects 

with a personal history of pneumonia (Landgren et al, 2007). All 

these findings suggest that B cell stimulation by particular 

pathogens could play a role in leukemogenesis (Figure 17). 

Lastly, in addition to foreign antigens, antigens derived from the 

patient (self-antigens) were also proposed to have a role in CLL 

development (Catera et al, 2008; Chu et al, 2008; Lanemo 

Myhrinder et al, 2008) (Figure 17). Moreover, the binding of 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Whitaker%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=25322324
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intrinsic BCR motifs was proposed as an autostimulatory 

mechanism related to CLL pathobiology (Dühren-von Minden et al, 

2012; Binder et al, 2013).  

Figure 17. Hypothetical pathogenic model for MBL (adapted from 
Scarfò et al, 2010). 
 
 
 
1.4.3.2. Molecular evidences of antigen restriction 

 
Antigen selection has been strongly demonstrated in CLL, in which 

tumor B cells show a remarkable restriction of the 

immunoglobulins (IG) expressed by the BCR (Fais et al, 1998), 

including the existence of subsets with quasi-identical, stereotyped 

BCR IGs in one third of all CLL cases (Figure 18) (Agathangelidis 

et al, 2012; Agathangelidis et al, 2014). Recently, a role for antigen 

selection has also emerged for T cells in CLL, with oligoclonality 

and T cell clones that persist over time and are shared by different 

patients. These T cell clones were proposed to be disease-
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specific, since they were not found in healthy individuals neither 

public databases (Vardi et al, 2016; Vardi et al, 2017). All these 

findings further extend the implication of antigen selection in the 

natural history of CLL. 

 

Figure 18. Stereotyped BCR in one third of all CLL cases. Major 
subsets account for a relevant proportion (12%) of the IG 
repertoire (Agathangelidis et al, 2012). 
 
 
 
Besides, HC-MBL displays a very similar IGHV gene repertoire to 

that of early-stage CLL, as well as stereotyped BCR, both findings 

supporting antigenic restriction from the first stages of the disease 

(Vardi et al, 2013). 

Finally, the importance of antigenic determinants in CLL is also 

supported by a bias in HLA usage, mainly concerning the 

development of severe disease (Shah et al, 2011; Di Bernardo et 

al, 2013; Gragert et al, 2014).  
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2. HYPOTHESIS AND AIMS 
 

2.1. Hypothesis 
 

CLL-like HC-MBL is generally perceived as a requisite precursor 

of CLL. Although in recent years many studies have been 

performed to characterize MBL, many aspects of its biology are 

still unknown, mainly concerning the TME. In CLL, prior 

investigations have reported dysfunctional CD4+ and CD8+ T 

cells (Görgün et al, 2005) and altered cytokine patterns (Yan et 

al, 2011). Gradual changes in the TME following clinical 

progression as well as numerical increases of clonal B cells have 

also been reported (Jadidi-Niaragh et al, 2013; Sivina et al, 2016). 

Besides, antigen-mediated interactions between the aberrant B 

cells and T cells are crucial for disease evolution. In this sense, 

antigenic elements are known to play a major role in CLL 

pathogenesis and shape not only the malignant clone 

(Agathangelidis et al, 2012) but also the T cell repertoire (Vardi et 

al, 2017). However, although MBL shares biological 

characteristics with CLL, it is an asymptomatic entity and 

displays a low progression rate to CLL (Rawstron et al, 2008). 

Therefore, it could be hypothesized that TME in MBL may 

harbor different biological features. In addition, as an early-

stage of CLL ontogeny, MBL may hold important clues about 

leukemogenesis.  

On these grounds, the hypotheses of the present study are:  

1. As described in CLL, the TME plays an important and 

probably different role in MBL, which is reflected in the gene 

expression profile of T cells and in serum cytokine patterns. 
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2. There is a restricted set of antigens that shapes not only the 

malignant clone but also the T cell population in MBL, which can 

be detected by analyzing the TR repertoire. 

 

 
2.2. Aims 
 

The general aim is to characterize the TME, focusing on CD4+ 

and CD8+ T cells, in CLL-like HC-MBL. 

 

The more specific aims are: 

 

1. To define the gene expression profiles of CD4+ and CD8+ T 

cells from MBL subjects and compare them with those from 

early-stage CLL patients and healthy controls. 

 

2. To describe the serum cytokine patterns of MBL subjects and 

compare them with those observed in early-stage CLL and 

healthy controls. 

 

3. To characterize the TR repertoire of the CD4+ and CD8+ T 

cell subpopulations in MBL and early-stage CLL. 

 



 

36 

 

3. PATIENTS AND SAMPLES  
 

3.1. Patients 
 

A total of 58 subjects with CLL-like HC-MBL and 54 untreated 

early-stage CLL patients (Binet A/Rai 0-I and <23 x109 clonal B 

cells/L) were included in this study. All cases met the iwCLL 

diagnostic criteria (Hallek et al, 2008). In addition, 31 healthy 

subjects were studied as controls.  

Taken together, samples from 143 different individuals were 

collected. No case had evidence of infection at sampling. In order 

to obtain a large number of study subjects (mainly MBL), different 

centers collaborated in the present study:  

o Hospital del Mar (Barcelona): 25 MBL and 18 CLL. 

o Hospital Vall d’Hebron (Barcelona): 6 MBL and 5 CLL. 

o The Feinstein Institute for Medical Research (New York): 27 

MBL and 31 CLL. 

The distribution of the total study cohort into different types of 

experiments was as follows:  

o Gene expression arrays: 15 MBL, 14 CLL and 9 controls. 

o qPCR validation: The same cohort as that of the gene 

expression arrays and an additional independent cohort 

consisting of 10 MBL and 5 CLL cases.   

o Cytokine immunoassays: 41 MBL (8 of these subjects were 

also included in the gene expression arrays, one of them 
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categorized as MBL in the cytokine immunoassays but as 

CLL in the gene expression arrays studies due to the 

employment of different longitudinal samples with an 

increase of lymphocytosis; 2 of them also included in the 

qPCR independent cohort), 45 CLL (7 of them also 

characterized by gene expression arrays and 2 of them 

belonged to the qPCR independent cohort as well) and 24 

healthy controls (2 of them also studied by gene expression 

arrays). 

o TR repertoire analysis by subcloning/Sanger sequencing: 

16 MBL (the same 15 MBL cases included in the gene 

expression arrays and an additional case) and 13 CLL (all 

of them also characterized by gene expression arrays).  

The demographic, clinical and immunogenetic characteristics of the 

subjects included in each part of the study are shown in the 

respective sections of the Results. 

The study was performed in accordance with national and 

international guidelines (Professional Code of Conduct, Declaration 

of Helsinki) and approved by the Ethics Committee of Hospital del 

Mar (2011/4317/I). Cytokine studies were approved by the 

Northwell Health IRB. 

 

 

 

 

 

 

 

https://academic.oup.com/jcem/article/91/2/471/2843322/Clinical-and-Immunogenetic-Characteristics-of
https://academic.oup.com/jcem/article/91/2/471/2843322/Clinical-and-Immunogenetic-Characteristics-of
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3.2. Samples  
 

Depending on the methodology, different samples were employed, 

as follows: 

o Gene expression arrays: Purified CD4+ and CD8+ T cell 

fractions obtained from peripheral blood. 

o qPCR validation: Purified CD4+ T cell fractions from 

peripheral blood. 

o Cytokine immunoassays: Serum samples obtained from 

peripheral blood. In 4 selected cases, sequential serum 

samples were also studied after 6 (stable M-CLL), 19 

(aggressive U-CLL), 24 (stable MBL) and 60 (MBL that 

progressed to M-CLL) months. 

o TR repertoire analysis by subcloning/Sanger sequencing: 

Purified CD4+ and CD8+ T cell fractions from peripheral 

blood. In 3 MBL cases, purified CD4+ and CD8+ T cells were 

analyzed over time (median sampling interval: 19 months; 

range: 3.5-32 months).  

 
A schematic representation of the different subjects and samples 

employed in each part of the study is shown in Figure 19. 

 
 
 



 

39 

 

 
Figure 19. Schematic illustration showing the different subjects and 
samples employed in each part of the study. Overlapping areas 
represent individuals whose samples were analyzed by different 
methodologies. 
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4. METHODS 
 

4.1. Clinical and biological data collection 
 

For all subjects included in the different studies, demographic (sex 

and age) and clinical data (clonal B cell counts, absolute 

lymphocyte counts, Binet and Rai stages) were collected whenever 

possible, if applicable. Of note, age, cell counts and clinical staging 

were registered at the time point of the analysis. 

Data regarding IGHV gene somatic hypermutation status was also 

collected when available. Concerning this, the 98% cut-off value for 

IGHV gene identity to germline was followed, which is used to 

discriminate between M-CLL and U-CLL (Damle et al, 1999). 

For the group of MBL and CLL individuals included in the TR 

subcloning analysis, genetic data regarding the HLA-A, -B and -C 

loci and the HLA-DRB1 locus was also collected. 

 
 

4.2. Gene expression studies 
 

4.2.1. Isolation of purified CD4+ and CD8+ T cell fractions 
 

For all studied subjects (MBL, CLL or healthy controls), a specific 

protocol was designed in order to simultaneously purify four 

different cell fractions: malignant B cells (MBL and CLL) or normal 

B cells (healthy controls), CD4+ T cells, CD8+ T cells and NK cells.  

Although only the CD4+ and CD8+ T cell fractions were included in 

this study, the methodological procedure will be explained together 

(Figure 20). In addition, as detailed in the section 4.2.5, the gene 

expression results of the B cell fraction were employed to filter the 

raw CD4+ and CD8+ T cell data. All the purification steps were 
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based on positive selection methods employing immunomagnetic 

beads and autoMACS technology, both from Miltenyi Biotec. 

 

 

Figure 20. Designed procedure for the simultaneous purification of 
B cells (malignant or normal), CD4+ T cells, CD8+ T cells and NK 
cells. The final cell fractions employed for gene expression arrays 
are highlighted with blue solid lines. *Not employed for healthy 
controls. #Final cell fraction for healthy controls instead of 
CD19+CD5+. PBMC: Peripheral blood mononuclear cells. 
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In order to obtain a sufficient amount of RNA from each of these 

cell fractions, a total of 25 mL of fresh peripheral blood in EDTA 

tubes were collected for each subject included in the analysis. The 

complete procedure is described below: 

1. Peripheral blood was diluted (1:1) with phosphate-buffered 

saline (PBS) 1x. 

2. In 15 mL tubes, 5 to 7 mL of the diluted blood were added very 

carefully over 3 mL of Ficoll (Lymphoprep, Axis-Shield) at room 

temperature. Importantly, two different and not mixed phases were 

obtained, as represented in Figure 21. 

3. All tubes were centrifuged for 20 minutes at 2000 rpm. After this 

step, four different phases were obtained, as shown in Figure 21. 

 

Figure 21. Representation of the Ficoll-based density-gradient 
centrifugation technique. PBMC: peripheral blood mononuclear 
cells. 
 

 

4. The PBMC phases of all tubes from the same subject were 

isolated and placed in a new 15 mL tube, which was filled with PBS 

1x. 
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5. The tube was centrifuged for 7 minutes at 1700 rpm. 

6. The supernatant was discarded and the PBMC pellet was 

resuspended in 2-3 mL of PBS 1x. 

7. PBMC were measured using a hematology analyzer coulter 

(Beckman Coulter) and divided in two halves that were placed in 

two different 15 mL tubes.  

8. Both tubes were centrifuged for 7 minutes at 1700 rpm. 

Supernatants were discarded and PBMC pellets resuspended. 

9. As represented in Figure 20, one of the tubes was incubated 

with CD8 MicroBeads, human (20 µL/10x106 cells) and BSA/EDTA 

buffer (80 µL/10x106 cells). The other tube was incubated with 

MultiSort CD19 MicroBeads (20 µL/10x106 cells), CD5-Biotin, 

human (10 µL/10x106 cells) and BSA/EDTA buffer (80 µL/10x106 

cells). In the case of healthy subjects, only CD19 MicroBeads, 

human (20 µL/10x106 cells) and BSA/EDTA buffer (80 µL/10x106 

cells) were added into the second tube. After mixing all the 

reagents, samples were incubated at 4ºC for 15 minutes. 

10.  After incubation, both tubes were filled with BSA/EDTA (3/4 of 

the 15 mL tube) and centrifuged for 10 minutes at 1800 rpm.  

11. Supernatants were discarded and cell pellets were 

resuspended in 1 mL of BSA/EDTA buffer. Samples were then 

subjected to magnetic separation using autoMACS. 

12. The CD8+ cell fraction was measured using Hematology 

Analyzer Coulter and afterwards centrifuged (7 minutes at 1700 

rpm). The obtained pellet was resuspended in 350 or 600 µL of 1% 

β-mercaptoethanol (BME) RLT-plus buffer (when obtaining <5x106 

cells or 5-10x106 cells, respectively) and stored at -80ºC until RNA 

extraction. The CD8- cell fraction was employed to obtain CD3-

CD56+ NK cells, as shown in Figure 20.  
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13. In the case of healthy controls, the CD19+ cell fraction was 

measured, centrifuged and stored at -80ºC in 1% BME RLT-plus 

buffer as described in the previous step. In the case of MBL and 

CLL subjects, magnetically selected CD19+ cells were mixed with 

MultiSort Release Reagent (20 µL/mL) and incubated for 10 

minutes at 4ºC. 

14. After this incubation, the tube was centrifuged (7 minutes at 

1700 rpm), the supernatant was completely removed and the cell 

pellet was resuspended in MultiSort Stop Reagent (30 µL/10x106 

cells). Samples were mixed actively. 

15. Streptavidin MicroBeads (10 µL/10x106 cells) and BSA/EDTA 

buffer (90 µL/10x106 cells) were added to the previous sample. The 

tube was incubated for 15 minutes at 4ºC.   

16. After incubation, the tube was filled with BSA/EDTA (3/4 of the 

15 mL tube) and centrifuged for 10 minutes at 1800 rpm.  

17. The supernatant was discarded and the cell pellet was 

resuspended in 1 mL of BSA/EDTA buffer. The sample was then 

subjected to magnetic separation using autoMACS.  

18. After this separation step, two cell fractions were obtained 

(Figure 20): CD5- and CD5+. As previously described, both cell 

fractions were measured, centrifuged and stored at -80ºC in 1% 

BME RLT-plus buffer (instead of discarding the CD5- samples, they 

were stored as well for possible future applications). 

19. In all cases (healthy controls, MBL and CLL), the CD19- cell 

fraction was measured using Hematology Analyzer Coulter and 

centrifuged (7 minutes at 1700 rpm).  

20. After centrifugation, the supernatant was removed and the cell 

pellet was resuspended in a mix containing CD4 MicroBeads, 

human (20 µL/10x106 cells) and BSA/EDTA buffer (80 µL/10x106 
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cells). After mixing all the reagents, samples were incubated at 4ºC 

for 15 minutes. 

21.  After incubation, the tube was filled with BSA/EDTA (3/4 of the 

15 mL tube) and centrifuged for 10 minutes at 1800 rpm.  

22. The supernatant was discarded and the cell pellet was 

resuspended in 1 mL of BSA/EDTA buffer. The sample was then 

subjected to magnetic separation using autoMACS. 

23. The CD4+ cell fraction was measured employing Hematology 

Analyzer Coulter and centrifuged (7 minutes at 1700 rpm). Right 

after and as previously described, the pellet was resuspended in 

1% BME RLT-plus and stored at -80ºC. The CD4- cell fraction was 

discarded. 

For 11 of the 53 purified CD4+ T cell fractions subjected to gene 

expression analysis (38 by gene expression arrays and all 53 

samples by qPCR), the isolation process was performed by directly 

incubating PBMC, and not CD19- cells, with anti-CD4 antibodies.  

Prior to resuspending the final purified cell fractions in 1% BME 

RLT-plus for storage, 100000 cells of each sample were isolated to 

check the efficacy of the purification procedure by flow cytometry. 

According to this, the panel detailed in Table 5 was applied. 

 

Fraction 
FITC 

(10µL) 
PE 

(10µL) 
PerCP-Cy5.5 

(10µL) 

PBMC Control Control Control 

CD8+ T cells CD8 - CD3 

NK cells CD56 - CD3 

CD4+ T cells - CD4 - 

B cells - CD5 CD20 
 

 

Table 5. Flow cytometry panel applied to check the purification 
procedure. All the antibodies were from Becton Dickinson. For the 
control tube, the tested sample was the initial unselected PBMC. At 
least 10000 events were acquired for each case. 
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The median purity of the CD4+ and the CD8+ cell fractions included 

in the gene expression studies was 95%, for both cases. 

 
 
4.2.2. RNA extraction, quantification and quality analysis 
 
Once the purified CD4+ and CD8+ T cell fractions were obtained 

and after storing at -80ºC in 1% BME RLT-plus buffer, RNA was 

extracted following the RNeasy Plus Mini Kit protocol (QIAGEN) as 

follows (Figure 22): 

 

 
Figure 22. RNA extraction protocol (adapted from RNeasy Plus 
Mini Handbook, QIAGEN). 
 

 

1. The homogenized lysed samples were transferred to the gDNA 

eliminator spin columns provided by the kit, which were placed into 

2 mL collection tubes. 
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2. Samples were centrifuged for 30 seconds at ≥10000 rpm. 

Columns with the gDNA were then discarded and the flow-through 

with the total RNA corresponding to each sample was mixed with 

one volume (350 or 600 µL) of 70% ethanol. 

3. Up to 700 µL of each sample were transferred to an RNeasy 

Mini spin column supplied by the kit placed into a 2 mL collection 

tube. Columns were centrifuged for 15 seconds at ≥10000 rpm. 

4. After centrifugation, flow-through was discarded and 700 µL of 

RW1 buffer were added to the columns, which were centrifuged for 

15 seconds at ≥10000 rpm. 

5. Once again, flow-through was discarded and 500 µL of RPE 

buffer were added to the columns that were then centrifuged for 15 

seconds at ≥10000 rpm. 

6. After discarding the flow-through, 500 µL of RPE buffer were 

added again to the columns and centrifugation for 2 minutes at 

≥10000 rpm was performed. 

7. Columns were placed into new 2 mL collection tubes and 

centrifuged at full speed for 1 minute to further dry the membrane. 

8. Finally, the columns were placed into 1.5 mL collection tubes 

and 30 to 50 µL of RNase-free H2O were directly added to the 

column membrane. Centrifugation for 1 minute at ≥10000 rpm was 

performed to elute the RNA. 

 

Once extracted, RNA quantity and purity was determined on the 

ND-2000 Spectrophotometer (NanoDrop Technologies) and RNA 

integrity was assessed by nanoelectrophoresis on the Nano and 

Pico lab-on-a-chip assays for total eukaryotic RNA using Agilent 

2100 Bioanalyzer (Agilent Technologies). All samples had RNA 

integrity number (RIN) >7 and were subsequently employed for 

microarray experiments.  
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4.2.3. Gene expression arrays 
 

To perform gene expression arrays, processing was designed to 

equilibrate batches including a representative number of samples 

of each condition. Samples were processed by the Microarray 

Analysis Service (SAM) from the Hospital del Mar Medical 

Research Institute (IMIM).  

Array processing was performed with GeneChip Human Gene 2.0 

ST arrays (Affymetrix), which provides a sensitive, accurate and 

comprehensive measurement of protein coding and long intergenic 

non-coding RNA transcripts. Briefly, total RNA from each sample 

was processed, labeled and hybridized to the array according to 

the NuGEN Ovation Pico WTA System V2 (M01224 v2) and 

Encore Biotin Module (M01111 v6) (NuGEN) and Affymetrix 

Expression Wash, Stain and Scan User Manual (P/N 702731 Rev. 

3) (Affymetrix). The different steps are explained below: 

 

Ribo-SPIA process for cDNA amplification 

The Ribo-SPIA process, based on NuGEN’s Single Primer 

Isothermal Amplification (SPIA) technology, is a three-step process 

that generates amplified cDNA from input RNA, as follows (Figure 

23):  

 

1. First strand cDNA synthesis: First strand cDNA was prepared 

from 30 ng of total RNA using reverse transcriptase (RT) and two 

types of DNA/RNA chimeric primers, random and oligo(dT). With 

this primer mix,  priming occurred across the whole transcript. RT 

extended the 3’ DNA end of each primer generating first strand 

cDNA. The resulting cDNA/RNA hybrid molecule contained a 
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unique RNA tag sequence (SPIA tag) at the 5’ end of the cDNA 

strand which was used as a priming site for the SPIA process. 

 

2. Generation of a DNA/RNA Heteroduplex Double Strand cDNA: 

Fragmentation of the RNA within the cDNA/RNA complex created 

priming sites for DNA polymerase to synthesize a second cDNA 

strand, which included DNA complementary to the 5’ SPIA tag 

sequence from the first strand chimeric primers. The result was a 

double-stranded cDNA with a DNA/RNA heteroduplex 

corresponding to the SPIA tag at one end. Prior to cDNA 

amplification, the mix was purified using Agencourt RNAClean XP 

beads (Beckman Coulter).  

 

3. SPIA Amplification: SPIA technology is a rapid amplification 

process developed by NuGEN that uses a DNA/RNA chimeric 

primer (SPIA primer), DNA polymerase and RNase H in an 

isothermal assay. First, RNase H removed the RNA portion of the 

heteroduplex SPIA tag sequence, revealing a site for binding the 

SPIA primer. Then, DNA polymerase synthesized cDNA starting at 

the 3’ end of the primer, displacing the existing forward strand. 

Priming with the chimeric SPIA primer recapitulated the 

heteroduplex SPIA tag, creating a new substrate for RNase H and 

the initiation of the next round of cDNA synthesis. The process of 

SPIA DNA/RNA primer binding, DNA replication, strand 

displacement and RNA cleavage was repeated in a highly 

processive manner, resulting in rapid accumulation of micrograms 

of amplified cDNA from picograms of total RNA. 
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Figure 23. Representation of the Ribo-SPIA process for cDNA 
amplification (Watson et al, 2008).  
 

 

cDNA fragmentation and labeling 

The SPIA cDNA product was purified using MinElute Reaction 

Cleanup Kit (QIAGEN) and cDNA yield and purity were measured 

using the ND-2000 Spectrophotometer. Afterwards, 5 µg of cDNA 

were subsequently fragmented by employing a chemical and 

enzymatic process to obtain cDNA products in a 50-100 base 
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range. Finally, labeling was performed via enzymatic attachment of 

a biotin-labeled nucleotide to the 3-hydroxyl end of the fragmented 

cDNA. 

 
Hybridization 

The fragmented and biotinylated cDNA was added to the 

hybridization cocktail, loaded on a GeneChip Human Gene 2.0 ST 

array and hybridized for 16 hours at 45ºC and 60 rpm in an 

Affymetrix GeneChip Oven 645. Following hybridization, the array 

was washed and stained in the Affymetrix GeneChip Fluidics 

Station 450. The stained array was scanned using an Affymetrix 

GeneChip Scanner 3000 7G, generating CEL files for each array. 
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4.2.4. qPCR 
 
Validation of 13 selected genes (CCL2, CLU, CXCL5, DEFA1, 

FGFBP2, GZMH, ITGAM, NEXN, NKG7, PPBP, RAB31, TUBB1 

and VSTM1) that were previously found to be differentially 

expressed in CD4+ cells was performed by qPCR. In addition, 

ACTB, GUSB and GAPDH were initially selected as housekeeping 

genes. The Taqman Low Density Arrays (TLDA, Life Technologies) 

was the platform used for qPCR analysis in the 16-assay format (8 

samples per card were interrogated for the expression of 16 genes; 

each gene was assayed in triplicate). The analysis was performed 

by the SAM service from the IMIM. A summary of the 

methodological procedure is represented in Figure 24 and detailed 

below: 

1. cDNA was reversely transcribed from 400 ng of total RNA using 

the SuperScript VILO cDNA Synthesis Kit (Life Technologies), as 

described by the manufacturer.  

2. Next, cDNA samples were subjected to TaqMan qPCR reactions 

using TaqMan Universal PCR Master Mix II on the TLDA platform, 

according to the manufacturer’s instructions. Specifically, 100 ng of 

cDNA were loaded per reservoir and a total of 45 PCR cycles were 

performed. Fluorescence was detected employing an ABI PRISM 

7900 HT system (Life Technologies).  
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Figure 24. Workflow of the qPCR analysis (adapted from the 
TaqMan handbook). 
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4.2.5.  Gene expression data analysis 
 

Gene expression arrays 

Quality Assessment was carried out in two steps. First, the 

Expression Console (Affymetrix, Santa Clara, CA) was used to 

check hybridization and processing controls. In the second step 

performed in R (v 3.1.1), scanned raw images and several quality 

plots were generated and checked. In particular, density plots, 

boxplots (raw and normalized intensities), Normalized Unscaled 

Standard Errors (NUSE) plots, Relative Log Expression (RLE) 

plots, dendrograms and Principal Component Analysis (PCA) were 

performed. After this first assessment, all CD4+ and CD8+ samples 

from the 38 subjects previously mentioned were considered for 

further analysis. 

A Robust Multi-array Average (RMA) algorithm, included in the 

aroma.affymetrix package, was used for data normalization (Irizarry 

et al, 2003). To correct for batch effects, ComBat, implemented in 

the R package SVA, was employed (Johnson et al, 2007).  

Differential expression analysis was performed using the Limma R 

package (Ritchie et al, 2015), which briefly applies linear models to 

detect differences between studied conditions. Pairwise t-test and 

Fisher's exact test showed none of the contrasts was influenced by 

age, but significant differences concerning sex were observed 

between CLL and healthy controls (P=0.036); therefore, sex was 

included in the linear model. In order to control for multiple testing, 

False Discovery Rate (FDR) adjustment was applied (Benjamini et 

al, 1995). However, non-adjusted P-values were finally considered 

in order to have enough and more robust results in all the 

comparisons. Thus, P-values <0.05, together with a Log Fold 

Change |logFC| >0.58 cut-off value (FC>1.5 or <-1.5), were used to 
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get the list of differentially expressed genes. Gene annotation was 

obtained from the Affymetrix annotation file Human Gene 2.0 ST 

array (NetAffix version na34, hg19). UCSC database was 

employed (Feb. 2009 hg19, GRCh37) to complement Affymetrix 

annotations. 

Since the analysis of both CD4+ and CD8+ cell fractions revealed 

several genes typically expressed by B cells, the effect of a 

possible B cell contamination was corrected. With this purpose, the 

results of the gene expression arrays from B cells of the same 

cohort of subjects were used. Thus, those differentially expressed 

genes that were present in CD4+ or CD8+ cells and also showed a 

significant variation in the B cell fraction with the same logFC sign 

were excluded for further analysis. This filter was separately 

applied for the different comparisons (MBL vs. control, CLL vs. 

control and CLL vs. MBL). 

In order to perform a functional analysis of the genetic signature of 

CD4+ cells, Ingenuity Pathway Analysis (IPA) was employed, a 

software application that enables the integration of data from gene 

expression studies.  

 

qPCR analysis 

A first analysis of the three housekeeping genes (ACTB, GUSB 

and GAPDH) revealed that GUSB and GAPDH presented less 

variability and were subsequently selected for further analysis. 

Outlier replicates, defined by a standard deviation (SD) >0.5 and a 

qPCR threshold cycle (Ct) >40, were excluded. The ΔCt measures, 

defined as the mean of the expression of a studied gene minus the 

mean of the expression of the selected housekeeping genes, were 

compared using t-test. P-values <0.05 were considered significant. 
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4.3. Cytokine immunoassays 
 

4.3.1. Sample processing 
 
Peripheral blood was collected in tubes containing serum 

separation gel. After centrifuging for 15 minutes at 3700 rpm, two 

different phases separated by the gel were obtained. The upper 

phase, were the serum was located, was isolated, aliquoted and 

stored at -80ºC until used. 
 

 

 

 

4.3.2. Immunoassays 
 
The levels of the following 20 cytokines were measured: IL1β, 

IL2, IL4, IL5, IL6, IL8, IL10, IL12, IL15, IL17, IFNα, IFNγ, TNFα, 

GM-CSF, CCL3, CCL4, CCL19, CXCL10 and CXCL11 using the 

U-PLEX Platform (Meso Scale Discovery) and CXCL9 using the 

Human CXCL9/MIG Quantikine ELISA Kit (R&D Systems).  

The assays performed with the U-PLEX Platform are based on 

biotinylated capture antibodies that are coupled to U-PLEX 

linkers, which self-assemble onto unique spots on the U-PLEX 

plate. These capture antibodies bind the analytes of the sample. 

Finally, detection antibodies conjugated with 

electrochemiluminescent labels bind the analytes to complete 

the sandwich immunoassay (Figure 25). Once completed, the 

plate is loaded into an instrument in which a voltage is applied, 

causing the captured labels to emit light. The intensity of the 

emitted light is proportional to the amount of analyte in the 

tested sample. 
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Figure 25. Representation of the sandwich immunoassay on a 
U-PLEX plate (obtained from the MSD U-PLEX Platform 
handbook). 

 

The detailed procedure is described below: 

1. All the reagents were brought to room temperature. 

2. To create individual U-PLEX-coupled antibody solutions, 200 

µL of each biotinylated antibody were added to 300 µL of the 

assigned linker. After mixing by vortexing, samples were 

incubated for 30 minutes at room temperature. 

3. A total of 200 µL of Stop Solution were added to the previous 

samples. After vortexing, samples were incubated for 30 

minutes at room temperature. 

4. To prepare the multiplex coating solution, 600 µL of each U-

PLEX-coupled antibody solution were combined into a single 

tube and vortexed. Up to 10 U-PLEX-coupled antibodies could 

be pooled. If combining less than 10 antibodies, Stop Solution 

was added to reach a final volume of 6 mL. The final solution 

was mixed by vortexing. 

5. To coat the U-PLEX plate, 50 µL of the previous solution 

were added to each well of the U-PLEX plate, which was then 

sealed and incubated with shaking at room temperature for 1 

hour. 
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6. Each well of the plate was washed 3 times with at least 150 

µL of 1x PBS-T (PBS plus 0.05% Tween-20). The plate was 

then coated and ready for use. 

7. To prepare the solutions required to obtain the calibration 

curve (Figure 26), the stock Calibrator solution was brought to 

room temperature and each vial was reconstituted by adding 

250 µL of Diluent 43 (assay diluent). The reconstituted solution 

(5x) was equilibrated for 15-30 minutes at room temperature 

and then vortexed briefly. 

8. To generate the Calibrator Standard 1 solution (1x, the high 

Standard), 50 µL of the reconstituted stock Calibrator solution 

were mixed with 200 µL of Diluent 43 and vortexed. 

9. The subsequent 6 dilutions required to create the calibration 

curve were prepared by adding 75 µL of each previous solution 

to 225 µL of Diluent 43 (total volume: 300 µL). Between each 

serial dilution, tubes were vortexed. 

10. The last solution for the calibration curve (zero 

Calibrator/blank) was prepared only with 300 µL of Diluent 43 

(Figure 26).  

Figure 26. Preparation of the required dilutions to create the 
calibration curve. Standard 8 tube only had Diluent 43 (blank) 
(adapted from the MSD U-PLEX Platform handbook). 
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11. To prepare the detection antibody solution, 60 µL of the 

100x stock solution were mixed with Diluent 3 to bring the final 

volume to 6 mL (1x working solution).  

12. To prepare the read buffer T solution, 10 mL of the 4x stock 

were mixed with 10 mL of deionized H2O (2x working solution).  

13. To bind the analytes (cytokines) to the capture antibodies 

linked to the plates, firstly 25 µL of Diluent 43 were added to 

each well of the plate. The plate was gently tapped on all sides.  

14. Then, 25 µL of each serum sample or the prepared 

Calibrator Standard were added to each well. Notably, two 

replicates of each sample were assayed. The plate was sealed 

and incubated at room temperature with shaking for 1 hour. 

15. The plate was washed (x3) with ≥150 µL/well of 1x PBS-T. 

16. A total of 50 µL of detection antibody solution were added to 

each well. The plate was sealed and incubated at room 

temperature with shaking for 1 hour. 

17. The plate was washed (x3) with ≥150 µL/well of 1x PBS-T. 

18. Finally, 150 µL of 2x read buffer T were added to each well. 

The plate was then ready to be analyzed on SECTOR Imager 

2400 (Meso Scale Discovery). 

 

A similar principle, based on a sandwich immunoassay 

technique, was applied for CXCL9 measurement as well. 

However, as opposed to the MSD U-PLEX technology, 

detection antibodies were not linked to electrochemiluminescent 

labels but to an enzyme. After adding a substrate that could be 

processed by the enzyme, color developed in proportion to the 

amount of CXCL9. The detailed procedure was as follows: 

1. Reagents and samples were brought to room temperature.  

2. Work solutions were prepared as follows: 
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o Wash Buffer: 20 mL of Wash Buffer Concentrate were added to 

deionized H2O to prepare 500 mL of Wash Buffer work solution.  

o Substrate Solution: Color Reagents A and B were mixed 

together in equal volumes within 15 minutes of use and 

protected from light.  

o Calibrator Diluent RD5P: 10 mL of RD5P Concentrate were 

added to 10 mL of deionized H2O to prepare 20 mL of RD5P 

(diluted 1:2).  

o Human MIG (CXCL9) Standard: The Human MIG Standard was 

reconstituted with deionized H2O, following the amount detailed 

in the vial label. As a result, a stock solution of 20000 pg/mL 

was produced. The Standard was mixed and sat for a minimum 

of 15 minutes with gentle agitation. 

o Calibrator Standard dilutions: 900 μL of Calibrator Diluent RD5P 

were mixed with 100 μL of the stock Standard solution at 20000 

pg/mL. As a result, the high Standard (2000 pg/mL tube) was 

generated. Then, 500 μL of the Calibrator Diluent RD5P were 

pipetted into the remaining tubes and a dilution series as shown 

in Figure 27 was produced. Calibrator Diluent RD5P served as 

the zero Standard (0 pg/mL). 

Figure 27. Dilution schema to create the calibration curve 
(obtained from the CXCL9/MIG Quantikine ELISA Kit 
handbook). 
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3. A total of 100 μL of Assay Diluent RD1W were added to each 

well of the plate.  

4. Next, 100 μL of the sample or Standard were added to each 

well. The plate was covered with adhesive strip and incubated 

for 2 hours at room temperature. Samples were assayed in 

duplicate. 

5. Each well was aspired and washed with 400 μL of Wash 

Buffer. The same process was repeated 3 times. After the last 

wash, the plate was inverted and blotted against clean paper 

towels.  

6. Afterwards, 200 μL of Human MIG (CXCL9) Conjugate were 

added to each well. The plate was covered and incubated for 2 

hours at room temperature.  

7. The aspiration/wash step was repeated as in step 5.  

8. Right after, 200 μL of Substrate Solution were added to each 

well. The plate was incubated for 30 minutes at room 

temperature, protected from light.  

9. Next, 50 μL of Stop Solution were added to each well. The 

color in the wells changed from blue to yellow.  

10. The optical density of each well was determined within the 

next 30 minutes using a microplate reader set to 450 nm 

(BioLinx 2.22, Dynex Technologies). Wavelength correction was 

set at 570 nm.  
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4.3.3. Data analysis 
 
For each measured cytokine, three different plates had to be 

used due to the large number of studied cases. In order to 

check the reproducibility among plates, aliquots of the same 

sample from one U-CLL case were loaded onto the three plates.   

All values were given in pg/mL. Since samples were assayed in 

duplicate, mean values were considered. 

Calibration curves were created using the values of the 

Standard solutions as shown in Figure 28. Those values below 

the lower limit of detection were replaced with the value of the 

lower limit of detection.  

 

 

 

 

 

 

 

 
 
 
 
 
 
 

 
 
 
 
Figure 28. Calibration curve for CXCL10 (IP-10) measured in one 
plate. Values from Standard solutions are shown with blue dots. 
The created calibration curve is depicted as a blue line. Red dots 
correspond to the values of the tested samples. Blue dotted lines 
correspond to the limits of detection. 

Concentration (pg/mL) 

S
ig

n
a

l 



 

63 

 

Concerning the statistical analysis, the Kruskal-Wallis test was 

used to compare multiple groups (healthy controls vs. MBL vs. CLL 

or MBL vs. M-CLL vs. U-CLL). In this case, P<0.05 was considered 

significant. Pairwise group comparisons were carried out using the 

Mann-Whitney test. In this case, in order to account for multiplicity 

in carrying out all the three pairwise comparisons on 20 cytokines, 

a Bonferroni-like adjustment was applied (P<0.017 was considered 

significant). Statistical analyses were performed using SPSS v.22 

software (SPSS Inc., Chicago, IL, USA) and SAS, v9.3 (Cary, NC, 

USA). 

 

 

4.4.  TR repertoire analysis by subcloning/ 
Sanger sequencing 

 
Subcloning is a useful strategy when characterizing a polyclonal or 

oligoclonal lymphoid cell population, since it allows the insertion of 

unique PCR products (in this case, unique TRBV-TRBD-TRBJ 

amplified rearrangements corresponding to unique T cells) into 

plasmid vectors. Then, vectors with the insert will transform 

competent E.coli bacteria in such a way that each bacterium will 

harbor a unique vector with a unique TRBV-TRBD-TRBJ 

rearrangement. After culturing the bacteria, isolated colonies will 

grow (each colony coming from a unique transformed bacteria), 

allowing the isolation of distinct TRBV-TRBD-TRBJ 

rearrangements which represent the clonal distribution of the T cell 

population of each analyzed individual. Once isolated and after re-

amplification and purification steps, the insert of interest can be 

subjected to Sanger sequencing. The whole workflow of the TR 

subcloning analysis is shown in Figure 29. 
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Figure 29. Workflow of the TR subcloning analysis. 
 
 
4.4.1. Sample processing, RNA extraction and cDNA synthesis 

 
Peripheral blood processing, purification of CD4+ and CD8+ cell 

fractions, RNA extraction and retrotanscription were performed as 

previously detailed (sections 4.2.1 to 4.2.3) even for the additional 



 

65 

 

MBL case not included in the gene expression arrays studies. 

However, for this additional MBL case, as well as for 3 of the 4 

CD4+ samples analyzed in sequential time points (not included in 

the gene expression arrays), the CD4+ cell isolation process was 

performed by directly incubating PBMC, and not CD19- cells, with 

anti-CD4 antibodies.  The median purity of all CD4+ and the CD8+ 

cell fractions included in the TR subcloning analysis was 95%. 

 

For all sequential samples, the retrotranscription step was 

performed differently, as follows: 

1. 1000 ng of RNA were diluted in 19 µL of DEPC H2O. 

2. RNA was denatured at 65ºC for 5 minutes. 

3. 12 µL of M-MLV RT (200U/µL) and 6 µL of RNAsin (40U/µL) 

were added to 175 µL of the retrotranscription mix detailed in Table 

6 (final volume: 193 µL). 
 

 

 

 

 

 

Reagent Volume (µL) 

DEPC H2O 420 

Buffer 5x first strand 428 

DTT 0.1M 21.5 

dNTPs 25 mM 85.5 

Hexanucleotide mix 65 

Total volume: 1020 µL 
 

 
 

Table 6. Retrotranscription mix 
 

 

 

 

 

 

 

4. A total of 21 µL of the obtained solution were mixed with the 19 

µL of the previously denatured RNA (final volume: 40 µL). 

5. Retrotranscription was achieved after subjecting the samples at 

37ºC for 2 hours and 65ºC for 10 minutes. The obtained cDNA 

samples were held at 4ºC or at -20ºC for long storage. 
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4.4.2.  PCR of TRBV-TRBD-TRBJ gene rearrangements 
 
 

PCR reaction 

PCR amplification of TRBV-TRBD-TRBJ gene rearrangements was 

performed according to the BIOMED2 protocol (Van Dongen et al, 

2003) as follows: 

1. The tube with the mix of primers and other reagents to amplify 

the different TRBV-TRBD-TRBJ rearrangements (TCRB Tube A – 

Unlabeled, Invivoscribe) and the tube with the positive control for 

clonality (IVS-0009 Clonal Control DNA, Invivoscribe) were melted 

at room temperature. 

2. On ice, 45 µL of Tube A solution were mixed with 5 µL of the 

previously obtained cDNA and 0.5 µL of AmpliTaqGold (Applied 

Biosystems). Additional tubes with 5 µL of clonal control DNA or 5 

µL of H2O were used as positive and negative controls, 

respectively. 

3. The obtained solutions were subjected to thermal cycling, as 

follows: 

94ºC 5 min 

94ºC 45 sec 

60ºC 45 sec           x35 

72ºC 90 sec 

72ºC 10 min 

Hold at 18ºC  

 
 

Gel purification of the PCR products  

Next, PCR products were gel-purified (QIAquick Gel Extraction Kit, 

QIAGEN) according to the following procedure:  

1. A 1% agarose gel with BrEt staining was prepared. The total 

volumes of the samples with the PCR product (50.5 µL) as well as 
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the positive and negative control samples were loaded into the gel. 

Samples run for 90 minutes at 100V. 

2. Once finished, the gel was visualized with UV illumination 

(Figure 30). Specific PCR products (240-285 bp) were then excised 

and placed individually into Eppendorf tubes.  

 

Figure 30. Visualization of the electrophoresis gel in which the 
amplified TRBV-TRBD-TRBJ rearrangements were loaded. The 
rectangle with dotted lines represents the slice of gel that was 
excised in a particular case. PC: positive control for clonality; L: 
ladder; S: test sample; NC: negative control; bp: base pairs. 
 

 

 

 

 

 

3. A total of 600 µL of QG buffer were placed into each Eppendorf 

tube with the gel fragments. After vortexing, tubes were placed in a 

bath at 50ºC for 20 minutes or until the gel slices were completely 

dissolved.  

4. From 200 to 600 µL of isopropanol were added to each tube and 

mixed until DNA precipitation. 

5. Then, the samples were introduced into the columns provided by 

the kit, which were placed into 2 mL collection tubes and 

centrifuged for 2 minutes at full speed. 

6. The flow-through was discarded and the columns were placed 

into the same collection tubes. Right after, 500 µL of QG buffer 

were added again to definitely dissolve all traces of agarose. Tubes 

were then centrifuged for 2 minutes at full speed. 
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7. After discarding the flow-through, samples were washed by 

adding 750 µL of PE buffer into each column. After 5 minutes of 

incubation at room temperature, tubes were centrifuged for 2 

minutes at full speed. 

8. In order to completely remove residual buffer, the flow-through 

was discarded and the same centrifugation step was performed. 

9. The columns were placed into new Eppendorf tubes and 40 µL 

of elution buffer (EB) were added. After incubating for 5 minutes at 

room temperature, samples were centrifuged for 2 minutes at full 

speed. 

10. DNA concentrations were measured and samples were held at 

4ºC or at -20ºC for long storage. 

 

4.4.3.  Subcloning and Sanger sequencing 
 

Ligation and transformation 

Both steps were performed employing the TA Cloning Kit, with 

pCR2.1 Vector and One Shot TOP10F' Chemically Competent E. 

coli (Invitrogen). In order to insert separately each amplified TRBV-

TRBD-TRBJ rearrangement into a plasmid vector, the following 

procedure was applied: 

1. For each case, a ligation mix as detailed in Table 7 was 

prepared (reagents were supplied by the kit mentioned above). 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Reagent Volume (µL) 

Sterile H2O 3 to 4 µL 

5x T4 DNA ligase buffer 2 

pCR2.1 vector (25 ng/µL) 2 

T4 DNA ligase 1 

PCR product 1 to 2 µL 

Total volume: 10 µL 
 

 
 

Table 7. Ligation mix. 
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2. The ligation reaction was then incubated at 14ºC overnight. 

Once finished, samples were stored at -20ºC or subjected to 

transformation. 

 

To achieve the transformation of the competent E.Coli, the protocol 

below was followed:  

1. The vials with the competent E.Coli provided by the kit were 

thawed on ice. 

2. After a brief centrifugation, 2 μL of each ligation mix were added 

to 25 μL of the competent cells and stirred gently with the pipette. 

3. The obtained samples were then incubated on ice for 30 

minutes.  

4. Right after, a heat shock step was applied: the samples were 

placed for 30 seconds at 42°C. Once finished, the vials were 

immediately transferred back to ice and incubated there for 10 

minutes.  

5. A total of 125 μL of room temperature S.O.C. medium were 

added to each vial.  

6. The samples were then incubated horizontally at 37°C for 90 

minutes in a shaking incubator at 200 rpm.  

7. After incubation, the 152 μL of each sample were spread on LB 

agar (Invitrogen) plates containing 100 μg/mL of ampicillin. Before 

adding the sample, 20 μL of both X-Gal (40 mg/mL) and IPTG (100 

mM) were spread over the agar plates. Ampicillin, X-Gal and IPTG 

were required for the selective isolation of the colonies, as 

explained in Figure 31. 

8. Plates were incubated overnight at 37ºC. Before the isolation of 

the colonies, plates were placed at 4°C for 2-3 hours to allow for 

proper color development.  
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Figure 31. Schematic representation of the selective isolation 
method. In addition to LB agar, plates had IPTG (which induces 
LacZ transcription), X-gal (substrate of the enzyme codified by 
LacZ) and ampicillin. A) E.coli in which transformation did not occur 
do not grow since they do not have ampicillin resistance. B) E.coli 
transformed with the empty vector have ampicillin resistance and 
metabolize X-gal; as a result, colonies will grow with a blue color. 
C) E.coli transformed with the inserted vector have ampicillin 
resistance but do not metabolize X-gal, since the insert disrupts 
LacZ gene; as a consequence, colonies will grow with a white 
color. 
 

 

Isolation of the colonies and the vector DNA 

Once the colonies acquired the proper white or blue color, white 

colonies were picked up and the vector DNA was isolated as 

follows: 

1. With a sterile pipette tip, each different colony was transferred to 

a unique well of a 96 multi-well culture plate with 200 μL of LB 

broth base (Invitrogen) containing 100 μg/mL of ampicillin. For 
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each sample (CD4+ or CD8+) of each analyzed subject, a total of 48 

white colonies were picked up, if possible. 

2. Once finished, the plate was cultured at 37ºC overnight. 

 

The following day, in order to isolate the vector DNA, the protocol 

below was applied: 

1. With a multi-pipette, the medium of each well of the culture plate 

was mixed and then transferred to a MW96 PCR plate.  

2. The MW96 PCR plate was covered with a film and centrifuged 

for 10 minutes at 3700 rpm. 

3. After centrifugation, precipitated DNA could be observed at the 

bottom of each well (vector + bacterial DNA). The supernatants 

were discarded and 40 μL of H2O were added to each well to clean 

up. The plate was covered with film again and centrifuged for 10 

minutes at 3700 rpm. 

4. The film was removed and the supernatant discarded. 20 μL of 

H2O were added to each well, but this time by mixing and 

resuspending the DNA pellet.  

5. The plate was covered with sterilization tape and incubated for 

10 minutes at 99°C followed by 10 minutes at 4°C. 

6. After the incubation, the plate was centrifuged for 10 minutes at 

3700 rpm. 

7. As a result of steps 5 and 6, a supernatant with the vector DNA 

and a pellet with the bacterial chromosome were obtained. The 

sterilization tape was removed from the plate and the supernatants 

of each well, with the plasmid DNA, were isolated and transferred 

to a new MW96 PCR plate.   
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PCR re-amplification of the TRB V-D-J insert 

Prior to sequence, the TRB V-D-J rearrangement must be re-

amplified. Since at this point it is inserted into the LacZ region of 

the vector, specific M13 primers, located at both sides of the insert, 

were employed. The performed protocol was as follows: 

1. On ice, a master mix as detailed in Table 8 was prepared: 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 

 

  

2. On ice, 23 µL of master mix were added into each well of a 

MW96 PCR plate.  

3. Then, 2 µL of the samples with isolated vector DNA were added 

separately to each well of the MW96 PCR plate. 

4. The plate was subjected to thermal cycling, as follows: 
 

 

 

 

 

95ºC 4 min 

94ºC 40 sec 

60ºC 30 sec         x35 

72ºC 90 sec 

72ºC 10 min 

Hold at 4ºC  
 

 

 

 

5. The PCR products were checked prior to sequencing in a 1% 

agarose gel with BrEt staining as shown in Figure 32. 

Reagent 
Volume (µL) 
x1 reaction 

Buffer 10x 2.5 

MgCl2 (25 mM) 0.75 

Primer M13 F (10 μM) 1.5 

Primer M13 R (10 μM) 1.5 

dNTPs (10 mM) 0.5 

TaqPlatinum (Invitrogen) 0.25 

H2O 16 

Total volume (x1): 23 µL  
 
 
 
 

Table 8. M13 PCR master mix. 
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Figure 32. Visualization of the electrophoresis gel in which the re-
amplified TRB V-D-J rearrangements were loaded. Notably, in 
addition to the 240-285 bp fragment corresponding to the TRB V-D-
J rearrangement, these amplicons also have 199 bp from the 
pCR2.1 vector, resulting in a PCR product of approximately 450 bp. 
All the cases of this example (A1-A7) were correctly amplified 
except for A2, in which the vector did not have the insert of interest. 
L: ladder; bp: base pairs. 
 
 

Purification of the PCR product and Sanger sequencing  

Only the correctly amplified PCR products were subjected to 

purification and Sanger sequencing, as follows: 

1. A total of 75 μL of 0.01M Tris-EDTA buffer were added to each 

well. 

2. After mixing, the content of each well was transferred to a filter 

plate (MultiScreen-PCRμ96 Filter Plates, Millipore).  

3. The filter plate was then connected to the vacuum system and 

filtered for 7 minutes. 

4. After this, 25 μL of H2O were added to each well, the plate was 

covered with parafilm and shaken for 10 minutes at 500 rpm. 

5. The content of each well was then transferred to a new MW96 

PCR plate and covered with film.  

 

 



 

74 

 

Once finished, the plate was stored at -20ºC until Sanger 

sequencing, which was performed as described below: 

1. A master mix as detailed in Table 9 was prepared. 
 

 
 
 
 
 
 

 
 

 
 
 
 

2. On ice, 9.85 µL of the master mix were placed into each well of a 

PCR MW96 plate. 

3. Later, 0.15 µL of the purified PCR product (5-10 ng) were 

separately added to each well of the plate with the master mix. 

4. The plate was covered with sterilization tape and subjected to 

thermal cycling, as follows: 
 

 

 

 

94ºC 3 min 

96ºC 10 sec 

50ºC 5 sec        x40 

60ºC 4 min 

Hold at 4ºC  
 

 

 

 

5. The produced samples were submitted to the Genomics Core 

Facility of the Universitat Pompeu Fabra (Barcelona) for capillary 

electrophoresis.  

 

 

 

Reagent Volume (µL) x1 reaction 

BigDye mix (Thermo Fisher) 0.25 

DNA Sequencing Buffer 5x 2 

Primer M13 F (1 μM) 3.2 

H2O 4.40 

Total volume (x1): 9.85 µL 
 
 
 
 

Table 9. Master mix for Sanger sequencing. 
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4.4.4.  Data analysis, definitions and interpretation  
 

After removing the nucleotides corresponding to the pCR2.1 vector, 

subcloned sequences were introduced into the IMGT/V-QUEST 

tool (http://www.imgt.org) from the international ImMunoGeneTics 

information system for analysis. Only productive TRBV-TRBD-

TRBJ rearrangements were considered (n= 2567).  

Some definitions are required for the analysis and interpretation of 

the obtained data (Figure 33): 

 

o Clonotype: Unique rearrangements carrying identical TRBV-

TRBJ genes and CDR3 amino acid sequence. 

o Expanded clonotype: When corresponding to ≥2 sequences 

within a sample (in clusters). 

o Immunodominant (predominant) clonotype: The most 

expanded clonotype within each sample. 

o Relative frequency of each clonotype within a sample: The 

number of rearrangements corresponding to a specific 

clonotype divided by the total number of rearrangements 

sequenced for that specific sample.  

o Cumulative (relative) frequency of all expanded clonotypes 

within a sample: The number of rearrangements corresponding 

to all expanded clonotypes divided by the total number of 

rearrangements sequenced for that specific sample. 

 

For TRBV gene repertoire studies, clonotypes instead of single 

rearrangements were considered in order to avoid skewing due to T 

cell expansions after antigenic stimulation (Figure 33).  

 
In order to compare the results among independent groups (MBL 

vs. CLL), the Mann-Whitney test was applied, whereas CD4+ and 
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CD8+ T cell fractions, both belonging to the same subject, were 

compared using the Wilcoxon test. Simple linear regression 

analysis and Spearman correlation were calculated to analyze the 

relationship between T cell clonality and B cell clonal size. In all 

cases, P<0.05 was considered statistically significant. Statistical 

analyses were performed using SPSS v.22 software (SPSS Inc., 

Chicago, IL, USA). 
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4.4.5.  Comparison to public data 

Clonotype comparison across all MBL and CLL individuals was 

performed. Clonotypes extracted from CD4+ and CD8+ T cell 

samples or sequential time points of the same individual were 

concatenated in order to include all clonotypes belonging to the 

same subject in the comparison analysis. A panel of 5264 

productive, unique and well-annotated TRBV-TRBD-TRBJ 

rearrangements from T cell clones of different entities (available to 

Dr. Stamatopoulos group, n=1262; or extracted from the 

IMGT/LIGM-DB sequence database, n=4002, 

http://www.imgt.org/IMGTindex/LGM.html) was also compared with 

all the clonotypes of this series.    
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5. RESULTS 
 

5.1. Gene expression and cytokine studies  
 

5.1.1. Gene expression arrays 
 

5.1.1.1. Patient characteristics 

The demographic, clinical and immunogenetic characteristics of the 

subjects included in the gene expression arrays studies are detailed 

in Table 10.  

 
Healthy 

controls (n=9) 
MBL 

(n=15) 
CLL 

(n=14) 

Age (years) 64 (60-80) 76 (60-83) 71.5 (59-88) 

Males* 2/9 (22.2%) 5/15 (33.3%) 10/14 (71.4%) 

Absolute  
lymphocyte count 

(x10
9
/L) 

1.2 (0.5-1.8) 5 (1.2-7.2) 11.2 (8-18.5) 

Clonal B cells 
(x10

9
/L) 

_ 1.7 (0.2-4.3) 8.5 (5.8-15.9) 

Rai 0 _ _ 14/14 (100%) 

IGHV mutated _ 12/14 (85.7%) 12/14 (85.7%) 

Table 10. Characteristics of the cohort analyzed by gene expression 
arrays. Values are shown as median (range) or number of cases/total 
number of evaluated cases (percentage). *Significant differences 
were observed between CLL and healthy controls (P=0.036); 
therefore, the analysis was adjusted by sex. 

 

5.1.1.2. Clustering analysis 
 

As a first approach to the gene expression data obtained by the gene 

expression arrays, an unsupervised hierarchical cluster analysis was 

performed using the Ward's linkage method and correlation based 
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distance. This analysis showed the association among the CD4+ and 

CD8+ samples of all studied subjects. The produced dendrogram is 

represented in Figure 34. 

 

Figure 34. Dendrogram showing the association among all samples 
included in the gene expression arrays using the Ward’s clustering 
method. CD4+ and CD8+ samples were clearly separated into two 
distinct groups. A CD4+ healthy case that atypically grouped together 
with MBL and CLL is labelled in red, whereas a CD4+ MBL case that 
atypically appeared in the same branch as CD8+ samples is labelled 
in blue. 
 
 
As observed, CD4+ and CD8+ samples could be clearly differentiated 

into two distinct groups. When focusing on the diagnosis (healthy 

subjects, MBL or CLL), differences between the two studied cell 
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fractions were found (Figure 34). Within the CD4+ cell fraction, 

healthy controls grouped separately from MBL and CLL cases, except 

for one healthy case that appeared together with MBL and CLL. CD4+ 

samples from MBL and CLL subjects were mixed together and 

separated from healthy controls, except for a MBL sample that 

grouped closer to healthy controls and actually belonged to the CD8+ 

branch of the dendrogram. However, no clinical, biological or other 

reasons related to sample processing such as purity could be found 

to explain the distinct association of these CD4+ samples and thus 

they could not be excluded from the analysis. As for the CD8+ cell 

fraction, although groups of samples belonging to the same 

diagnostic category were detected, a mixed pattern was generally 

observed (Figure 34). 

The CD4+ MBL case that grouped closer to the CD8+ samples could 

also be identified as an outlier by performing a principal component 

analysis (PCA). Notably, with this approach, it could be appreciated 

that this sample actually grouped separately from either CD4+ or 

CD8+ cases, as shown in Figure 35. 
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Figure 35. Principal component analysis (PCA) of the CD4+ and 
CD8+ samples included in the gene expression arrays. Although both 
cell types could be clearly differentiated, diagnostic groups appeared 
mixed. The CD4+ MBL outlier that grouped closer to the CD8+ 
samples in the dendrogram produced using the Ward’s clustering 
approach is labeled in red. 

 
 

5.1.1.3. Analysis of the differentially expressed genes among 
groups 

 

Next, a gene expression comparison among the different diagnostic 

categories was carried out. Supervised heatmaps corresponding to 

pairwise comparisons are shown in Figures 36 (CD4+) and 37 (CD8+). 

Regarding the CD4+ cell fraction, the best discrimination was 

observed for MBL vs. healthy controls. The separation between CLL 

vs. healthy subjects and CLL vs. MBL was not so clear (Figure 36). 

Concerning the CD8+ cell fraction, the best discrimination was 
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detected for CLL vs. healthy controls, followed by MBL vs. healthy 

controls and finally CLL vs. MBL (Figure 37). 

As for the CD4+ cell fraction, a total of 247 genes were found to be 

differentially expressed (P<0.05 and FC>1.5 or <-1.5) between MBL 

and healthy controls, 90 between CLL and healthy controls and 59 

between CLL and MBL. Concerning the CD8+ cell fraction, 132 genes 

were differentially expressed between MBL and healthy controls, 138 

between CLL and healthy controls and 126 between CLL and MBL 

(Figure 38). The detailed number of overexpressed and 

underexpressed genes for each comparison is summarized in Table 

11.   

 

 

 CD4+ CD8+ 

 
Over 
Exp. 

Under 
Exp. 

Total 
Over 
Exp. 

Under 
Exp. 

Total 

MBL vs. 
healthy 
controls 

214 33 247 89 43 132 

CLL vs. 
healthy 
controls 

69 21 90 107 31 138 

CLL vs. 
MBL 

38 21 59 97 30 126* 

 
Table 11. Number of differentially overexpressed and 
underexpressed genes for each cell type and comparison. *TRDV3 
showed two different AffyIDs in this comparison, one of them 
overexpressed and the other underexpressed. 
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Figure 38. Venn diagrams showing the number of differentially 
expressed genes for the CD4+ (A) and CD8+ (B) cell fractions. Each 
pairwise comparison is represented by an independent circle. 
Overlapping areas represent the shared number of differentially 
expressed genes between independent comparisons. 
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Detailed analysis of the differentially expressed genes for the CD4+ 

cell fraction revealed that many of them were expressed by myeloid 

cells rather than CD4+ T cells. This is reasonable taking into account 

that in addition to helper T cells, myeloid cells such as monocytes and 

macrophages also express CD4+ molecules. A detailed list of genes 

related to the inflammatory response and cell migration that were 

found to be differentially expressed between groups for the CD4+ cell 

fraction is summarized in Table 12. As observed, most of the 

differentially expressed genes were detected in the MBL vs. healthy 

controls comparison, being overexpressed in MBL compared to 

controls. Some of these genes, such as IL1B, CXCL8 (coding for IL8), 

IL18 or TREM1, are key mediators of inflammatory pathways. A few 

of them were also upregulated in CLL compared to controls, although 

the number of differentially expressed genes and their FC values 

were lower than in the previous comparison. In this sense, CCL2, 

CXCL10, VNN1 and NEXN were upregulated in MBL compared to 

CLL (Table 12).  

Compared to healthy controls, CD4+ cells of MBL and CLL also 

displayed upregulated genes related to cytotoxic pathways (GZMB, 

PRF1, GNLY, FGFBP2, FCRL6 or NKG7). Again, FC values were 

higher in MBL vs. control than in CLL vs. control (Table 13).  

Finally, several genes previously associated with a Th1 gene 

signature (Ono et al, 2014) were also upregulated in CD4+ cells of 

both MBL and CLL compared to healthy subjects (Table 14).  
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Table 12. Differentially expressed genes related to the inflammatory 
response and cell migration for the CD4+ cell fraction. 

 
 

 
Gene Description 

Fold Change 

 
MBL vs. 
control 

CLL vs. 
control 

CLL vs. 
MBL 

S
o

lu
b

le
 f

a
c
to

rs
 

IL1B Interleukin 1, beta 2.19 
  

CXCL8  Interleukin 8 1.91 1.86 
 

IL18 Interleukin 18 1.57 
  

CCL2 
Chemokine (C-C motif)  

ligand 2 
2.07 

 
-1.76 

CCL4 
Chemokine (C-C motif)  

ligand 4 
2.69 1.82 

 

CCL5 
Chemokine (C-C motif) 

ligand 5 
1.68 

  

CXCL5 
Chemokine (C-X-C motif) 

ligand 5 
2.46 

  

PPBP 
Chemokine (C-X-C motif) 

ligand 7 
3.17 2.81 

 

CXCL10 
Chemokine (C-X-C motif) 

ligand 10   
-1.65 

R
e
c
e
p

to
rs

 

TLR2 Toll-like receptor 2 1.50 
  

IL18RAP 
Interleukin 18 receptor 

accessory protein 
1.94 1.73 

 

TREM1 
Triggering receptor expressed 

on myeloid cells 1 
1.56 

  

CCR1 
Chemokine (C-C motif) 

receptor 1 
1.61 

  

CX3CR1 
Chemokine (C-X3-C motif) 

receptor 1 
1.53 

  

FCGR1A 
Fc fragment of IgG, high 

affinity Ia, receptor (CD64) 
1.51 

  

C
e
ll
 d

y
n

a
m

ic
s

 

RAB31 
RAB31, member RAS 

oncogene family 
2.54 1.81 

 

MYL9 
Myosin, light chain 9, 

regulatory 
2.73 2.12 

 

VNN1 Vanin 1 1.97 
 

-1.79 

NEXN 
Nexilin (F actin binding 

protein) 
1.68 

 
-1.53 

TUBB1 Tubulin, beta 1 class VI 2.93 2.02 
 

ITGAM Integrin, alpha M 1.83 
  

ITGB3 Integrin, beta 3 2.23 
  



 

89 

 

Gene Description 

Fold Change 

MBL vs. 
control 

CLL vs. 
control 

GZMB Granzyme B 2.27 1.80 

GZMH Granzyme H 4.06 3.44 

PRF1 Perforin 1 1.64 1.55 

GNLY Granulysin 2.55 1.96 

NKG7 Natural killer cell group 7 sequence 2.91 2.60 

FCRL6 Fc receptor-like 6 1.86 1.71 

KLRC4-
KLRK1 

KLRC4-KLRK1 readthrough 1.85  

FGFBP2 
Fibroblast growth factor binding 

protein 2 
3.24 2.40 

 
 

 

Table 13. Differentially expressed genes related to cytotoxic pathways 
identified in the CD4+ cell fraction. None of the detailed genes was 
found to be differentially expressed in the CLL vs. MBL comparison. 

Gene Description 

Fold Change 

Th1 vs. Th2 
(Ono et al, 

2014) 

MBL vs. 
control 

CLL vs. 
control 

CCL5 
Chemokine (C-C motif) 

ligand 5 
23.7 1.68  

GZMH Granzyme H 7.6 4.06 3.44 

IL18RAP 
Interleukin 18 receptor 

accessory protein 
5.3 1.94 1.73 

NKG7 
Natural killer cell group 7 

sequence 
3.7 2.91 2.60 

CTSW Cathepsin W 2.9  1.51 

CST7 Cystatin F (leukocystatin) 2.8 1.55 1.50 

MAP3K8 
Mitogen-activated protein 

kinase kinase kinase 8 
2.6 2.12 1.84 

TARP 
TR gamma alternate 
reading frame protein 

2.3 2.05 1.71 

GNLY Granulysin 2.3 2.55 1.96 

ADRB2 
Adrenoceptor beta 2, 

surface  
2.1 1.75  

CFH Complement factor H 2.1 1.74 1.66 

PLEK Pleckstrin 2.0 1.85  
 
 
 

Table 14. Matches with overexpressed genes in CD4+ Th1 cells 
compared to CD4+ Th2 cells of healthy subjects according to Ono et 
al. No matches were found for CLL vs. MBL. 
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Next, Ingenuity Pathway Analysis (IPA) was employed in order to 

obtain insight into the possible functional significance of the genetic 

signature of CD4+ cells in MBL and early-stage CLL. All differentially 

expressed genes (P<0.05 and FC>1.5 or <-1.5) were included for IPA 

analysis. IPA recognized 209/247 genes for MBL vs. control, 69/90 

for CLL vs. control and 36/59 for CLL vs. MBL. Since the number of 

included genes in the last comparison was very low for meaningful 

analysis, results are not shown. Relevant results concerning the other 

two comparisons are detailed below following the different IPA 

sections. 

 

Diseases and disorders 

The top five disorders summarized by IPA for both comparisons are 

detailed in Table 15. 
 

 

 

Diseases and 
Disorders 

MBL vs. control CLL vs. control 

P-value Genes P-value Genes 

Inflammatory 
response 

<0.0003 77 <0.012 27 

Hematological 
disease 

<0.0004 72 _ _ 

Infectious  
diseases 

<0.0002 50 _ _ 

Immunological 
disease 

<0.0004 79 <0.012 23 

Connective tissue 
disorders 

<0.0004 53 <0.012 16 

Inflammatory  
disease 

_ _ <0.012 22 

Organismal injury and 
abnormalities 

_ _ <0.012 41 

 
 

Table 15. Top five diseases and disorders summarized by IPA for the 
CD4+ cell fraction of MBL or CLL vs. control comparisons. 
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Canonical pathways 

Some canonical pathways highlighted by IPA that are relevant for the 

pathobiology of MBL and CLL are detailed in Table 16. 
 

 

Canonical 
Pathway 

MBL vs. control CLL vs. control 

P-
value 

Z-
score 

Genes 
P-

value 
Z-

score 
Genes 

Granulocyte 
adhesion and 

diapedesis 

2.0 
x10

-13
 

_ 17 
1.2 

x10
-3

 
_ 4 

Agranulocyte 
adhesion and 

diapedesis 

7.9 
x10

-11
 

_ 15 
1.5 

x10
-3

 
_ 4 

Communication 
between innate 
and adaptive 
immune cells 

6.9 
x10

-9
 

_ 10 
1.9 

x10
-3

 
_ 3 

TREM1 signaling 
2.4 

x10
-7

 
2.8 8 

1.7 
x10

-2
 

_ 2 

Differential 
regulation of 

cytokine 
production in 

macrophages and 
T helper cells by 
IL17A and IL17F 

1.9 
x10

-5
 

_ 4 
5.0 

x10
-2

 
_ 1 

Role of pattern 
recognition 
receptors in 

recognition of 
bacteria and 

viruses 

2.8 
x10

-5
 

2.2 8 NS _ 1 

Inflammasome 
pathway 

3.6 
x10

-5
 

2.0 4 NS _ 1 

IL8 signaling 
8.2 

x10
-5

 
3.0 9 

2.3 
x10

-3
 

2.0 4 

Role of NFAT in 
regulation of the 

immune response 

2.7 
x10

-4
 

1.9 8 NS _ 2 

IL10 signaling 
4.2 

x10
-4

 
_ 5 NS _ 1 

Toll-like receptor 
signaling 

6.2 
x10

-4
 

2.0 5 _ _ _ 
 

 
 

Table 16. Relevant canonical pathways highlighted by IPA for the CD4+ 

cell fraction of MBL or CLL vs. control comparisons. Z-score ≥2 predicts 
activation. NS: not significant. 
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Upstream regulators 

Table 17 shows some of the most relevant upstream regulators 

detailed by IPA for MBL vs. control, obtained by integrating the gene 

expression results of CD4+ cells. Of note, inflammatory regulators 

related to Th1 responses, such as TNF, IFNG or IL2, were predicted to 

be activated. Receptors and co-receptors involved in pathogen 

recognition, such as TLR2, TLR4 or CD14, were also predicted as 

activated, as well as CCL5, which plays an important role in recruiting 

leukocytes into inflammatory sites, and IL1A, which initiates many 

immune responses that trigger inflammation. The transcription factor 

STAT3 and the NF-B complex, both important triggers of survival and 

differentiation, were predicted to be activated as well. Interestingly, 

PDCD1 (coding for PD1) and CTLA4, both negative regulators of T cell 

function, were predicted to be inhibited (Table 17). 

Concerning the CLL vs. control comparison for CD4+ cells, only PDCD1 

was listed as an upstream regulator with significant P-value (P= 

6.6x10-10) and Z-score ≥2 or ≤-2. As well as in the previous case, 

PDCD1 was predicted to be inhibited (Z-score= -2.4, 6 target genes). 
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Table 17. Upstream regulators generated by IPA for CD4+ cells of the 
MBL vs. control comparison. The 20 cases with lowest P-value and Z-
score ≥2 or ≤-2 are shown. Last column corresponds to the target 
genes of a specific regulator that were found to be differentially 
expressed in the MBL vs. control comparison. 
 
 

Gene networks 

IPA also offers the possibility of visualizing gene interactions. An example 

of a gene network related to the inflammatory response obtained with the 

gene expression results of CD4+ cells for the MBL vs. control comparison 

is represented in Figure 39. 

 

Upstream 
regulator 

Predicted 
state 

Z-score P-value 
Target 
genes 

PDGF BB Activated 3.4 2.20 x10-13 13 

TGM2 Activated 3.8 4.36 x10-13 18 

TNF Activated 3.8 2.47 x10-10 22 

TLR2 Activated 2.6 3.64 x10-10 10 

CCL5 Activated 2.8 3.06 x10-9 8 

SELPLG Activated 2.6 6.21 x10-9 7 

CAMP Activated 2.6 8.03 x10-9 8 

CD14 Activated 2.4 9.04 x10-9 6 

IL2 Activated 2.0 1.02 x10-8 14 

TLR4 Activated 2.6 2.71 x10-8 9 

PDCD1 Inhibited -2.6 3.15 x10-8 7 

IFNG Activated 2.3 3.28 x10-8 16 

JUN Activated 2.4 3.90 x10-8 11 

CTLA4 Inhibited -2.4 8.18 x10-8 6 

VIPAS39 Activated 2.0 9.94 x10-8 4 

CEBPA Activated 2.6 2.09 x10-7 10 

STAT3 Activated 2.6 2.59 x10-7 11 

NFkB (complex) Activated 2.4 3.03 x10-7 13 

IL1A Activated 2.2 5.63 x10-7 8 

PTGS2 Activated 2.4 5.81 x10-7 7 
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Figure 39. Inflammatory gene network related to NF-B obtained with 
the results of CD4+ cells. Those genes in red are overexpressed 
whereas those in green are underexpressed in MBL compared to 
controls. The intensity of the color is proportional to the expression 
value. The molecules coded by the different genes are indicated in 
their cellular or extracellular location.  

 
 

Other type of networks focusing on the predicted global effect of the 

differentially expressed genes on specific functions can also be 

generated by IPA, as shown in Figure 40. 
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With regard to CD8+ cells, despite obtaining more than 125 

differentially expressed genes for each comparison, neither the 

detailed analysis of those genes nor the functional analysis with IPA 

gave promising hints in the studied cohort. This could be attributed to 

the fact that, although the median purity for the CD8+ cell fraction was 

95% and despite filtering raw data to avoid possible B cell 

contamination as explained in section 4.2.5, many of the differentially 

expressed genes were found to be typically expressed by B cells. The 

possible reasons of these results are further discussed in section 

6.1.3. 
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5.1.2. Gene expression validation by qPCR 
 

Since concrete results were not obtained after performing gene 

expression arrays of CD8+ cells, gene expression validation by qPCR 

was only carried out for the CD4+ cell fraction. 

 
 

5.1.2.1. Patient characteristics 

The demographic, clinical and immunogenetic characteristics of the 

individuals included in the qPCR analyses to validate the gene 

expression arrays results of CD4+ cells are detailed in Table 10 

(same cohort as the one characterized by gene expression arrays) 

and Table 18, shown below (independent cohort).  

 

 

 
MBL 

(n=10) 
CLL 
(n=5) 

Age (years) 76 (51-90) 79 (60-89) 

Males 8/10 (80%) 3/5 (60%) 

Absolute  
lymphocyte count 

(x10
9
/L) 

3.9 (2.1-7.6) 11.2 (10.2-14) 

Clonal B cells 
(x10

9
/L) 

1.3 (0.07-3.7) 9.6 (7.7-10.1) 

Rai 0 _ 5/5 (100%) 

IGHV mutated 1/2 (50%) 3/3 (100%) 

Table 18. Characteristics of the independent cohort analyzed by 
qPCR. Values are shown as median (range) or number of cases/total 
number of evaluated cases (percentage).  
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5.1.2.2. Gene expression validation results 
 

A group of 13 genes (CCL2, CLU, CXCL5, DEFA1, FGFBP2, GZMH, 

ITGAM, NEXN, NKG7, PPBP, RAB31, TUBB1 and VSTM1) which 

were differentially overexpressed (P<0.05 and FC>1.5) by gene 

expression arrays in CD4+ cells of MBL subjects compared to healthy 

controls was selected for qPCR validation. With the exception of 

CCL2 and VSTM1, all other genes (84.6%) were also significantly 

more expressed in MBL than in healthy individuals by qPCR.  

Of the 13 selected genes, 6 (FGFBP2, GZMH, NKG7, PPBP, RAB31 

and TUBB1) were also differentially overexpressed by gene 

expression arrays in CD4+ cells of CLL patients compared to healthy 

controls. In this case, only 2 of the 6 genes (FGFBP2 and NKG7, 

33.3%) were significantly more expressed in CLL than in healthy 

controls by qPCR.  

Finally, 4 of the selected 13 genes (CCL2, CLU, NEXN and VSTM1) 

were found to be differentially overexpressed by gene expression 

arrays in CD4+ cells of MBL subjects compared to CLL patients. In this 

case, 2/4 genes (CLU and NEXN, 50%) were also significantly more 

expressed in MBL than in CLL by qPCR. Besides, PPBP and TUBB1 

were also significantly more expressed in MBL than in CLL by this 

technique, although these differences were not observed by gene 

expression arrays. 

The detailed list of validated genes and P-values is shown in Table 

19, whereas boxplots representing qPCR expression levels for those 

cases with significant differential expression are depicted in Figures 

41 (MBL vs. control) and 42 (CLL vs. control and MBL vs. CLL). 
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 P-value 

Gene 
MBL vs. 
control 

CLL vs. 
control 

CLL vs.  
MBL 

CCL2 0.301 0.481 0.095 

CLU 0.006 0.880 0.003 

CXCL5 0.011 0.081 0.181 

DEFA1 0.020 0.075 0.302 

FGFBP2 0.010 0.036 0.550 

GZMH 0.033 0.052 0.735 

ITGAM 0.041 0.999 0.151 

NEXN 0.012 0.615 0.023 

NKG7 0.018 0.022 0.903 

PPBP 0.010 0.249 0.024 

RAB31 0.012 0.737 0.190 

TUBB1 0.007 0.383 0.006 

VSTM1 0.258 0.875 0.339 

% validated 84.6% 33.3% 50% 

Total 
validated 

65.2% 

 
Table 19. Validation results of the CD4+ gene expression arrays by 
qPCR. P-values corresponding to the analysis of the qPCR results 
are detailed, and those that are significant (<0.05) are highlighted in 
bold. Boxes in grey correspond to those genes that were differentially 
overexpressed by gene expression arrays for each comparison. 
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Figure 41. Boxplots corresponding to the qPCR expression levels of 
those genes with significant differential expression between CD4+ cells 
of MBL and healthy controls. Ct: threshold cycle (lower Ct values 
indicate higher amounts of targeted nucleic acid and thus, higher gene 
expression). 
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Figure 42. Boxplots corresponding to the qPCR expression levels of 
those genes with significant differential expression between CD4+ 
cells of CLL and controls or MBL and CLL. Ct: threshold cycle.  
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5.1.3. Protein validation and further characterization by cytokine 
immunoassays 
 
 

5.1.3.1. Patient characteristics  

The demographic, clinical and immunogenetic characteristics of the 

subjects included in the cytokine immunoassays studies in serum are 

detailed in Table 20.  

 

 
Healthy 

controls (n=24) 
MBL 

(n=41) 
CLL 

(n=45) 

Age* (years) 64 (43-88) 68 (45-89) 63 (37-92) 

Males 10/24 (41.7%) 20/41 (48.8%) 26/45 (57.8%) 

Absolute  
lymphocyte count 

(x10
9
/L) 

2.4 (1.7-3.4)***
 

4.3 (0.9-9.5) 14.6 (9.1-26) 

Clonal B cells 
(x10

9
/L) 

_ 2.1 (0.13-4.8) 11.8 (6.4-22.4) 

Rai 0** _ _ 34/45 (75.5%) 

IGHV mutated _ 9/9 (100%) 25/45 (55.5%) 

 
Table 20. Characteristics of the cohort analyzed by cytokine 
immunoassays. Values are shown as median (range) or number of 
cases/total number of evaluated cases (percentage). *MBL was 
significantly (P<0.011) older than the CLL group. **The remaining 
cases were Rai I. ***Only available data from 9/24 cases. 
 

 

Despite the fact that the MBL group was significantly older than the 

CLL group, adjusting the analysis for age was not required due to the 

following reasons: 
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o Since MBL is invariably discovered serendipitously when a 

complete blood count is analyzed for other reasons, MBL 

subjects will likely be older than CLL patients in the normal 

aging population. 

o There is no indication in the literature suggesting a major 

difference in cytokine levels within individuals in the aging 

population as the subjects included in this analysis.   

 

Besides, in 4 selected cases, sequential serum samples were studied 

after 6 (stable M-CLL), 19 (aggressive U-CLL), 24 (stable MBL) and 

60 (MBL that progressed to M-CLL) months.  

 

 

5.1.3.2. Comparison of cytokine levels among groups 
 

The levels of 8/20 measured cytokines (IL5, IL8, IFNγ, TNFα, 

CCL3, CXCL9, CXCL10 and CXCL11) were found to be 

significantly different among healthy controls, MBL and CLL 

(Table 21). Of note, healthy subjects displayed lower median 

levels of these 8 cytokines than MBL and CLL. Besides, with the 

exception of CXCL11 that was increased in CLL compared to 

MBL, and CXCL9 that displayed similar levels, for the other 6 

cases, median cytokine levels were higher in MBL than in CLL 

(Table 21, Figure 43). 
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Table 21. Serum cytokine levels of healthy controls, MBL subjects 
and CLL patients. Cytokine values (median) are reported in 
picograms per milliliter (pg/mL). Significant P-values (<0.05) are 
highlighted in bold. 

 
 

Cytokine Control MBL CLL P-value 

IL1β 0.26 0.30 0.47 0.208 

IL2 1.49 1.49 1.66 0.613 

IL4 0.21 0.21 0.08 0.430 

IL5 1.44 1.99 1.53 0.007 

IL6 2.04 3.60 2.86 0.071 

IL8 22.05 179.49 24.83 0.020 

IL10 0.74 0.93 0.95 0.081 

IL12 1.07 1.07 1.07 0.466 

IL15 3.21 2.95 2.90 0.971 

IL17 2.51 2.52 2.52 0.414 

IFNα 1.23 1.76 2.20 0.582 

IFNγ 11.24 16.66 13.36 0.028 

TNFα 2.25 5.00 3.30 0.030 

GM-CSF 0.23 0.40 0.26 0.407 

CCL3 22.67 46.80 39.20 0.010 

CCL4 114.53 171.99 157.49 0.054 

CCL19 109.36 131.83 108.49 0.157 

CXCL9 70.98 163.00 158.80 0.003 

CXCL10 188.10 309.17 231.02 0.041 

CXCL11 32.37 45.60 55.69 0.042 
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Next, pairwise comparisons were carried out for those cytokines 

with significant different levels among controls, MBL and CLL. 

Interestingly, 7/8 cytokines were significantly increased in MBL 

compared to controls; however, in the CLL vs. control comparison 

only the levels of CXCL9 significantly differed. Concerning MBL vs. 

CLL, only IL5 achieved statistical significance (Table 22).    

 

 
Table 22. Pairwise comparisons for those cytokines whose levels 
were significantly different among healthy controls, MBL and CLL. 
Significant P-values (<0.017) are highlighted in bold. 

 
 

Finally, in order to address if the cytokine profile could vary 

depending on the mutational status of IGHV genes, CLL cases were 

separated into two groups (M-CLL and U-CLL) and compared with 

MBL. Differences in IL5, IL8 and CCL3 levels were identified 

(Table 23). Of note, for IL8 and CCL3, these differences were 

mainly due to decreased levels in M-CLL compared to MBL and U-

CLL. In the case of IL5, similar levels were observed for both M-

CLL and U-CLL, which were lower than those of MBL (Table 23, 

Figure 44). 

 

 

 

Cytokine 
MBL vs. 
control 

CLL vs. 
control 

MBL vs. 
CLL 

IL5 0.005 0.483 0.012 

IL8 0.009 0.940 0.027 

IFNγ 0.013 0.500 0.043 

TNFα 0.012 0.131 0.122 

CCL3 0.001 0.058 0.424 

CXCL9 0.004 0.001 0.785 

CXCL10 0.019 0.504 0.058 

CXCL11 0.016 0.033 0.700 
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Table 23. Differences in cytokine levels among MBL, M-CLL and U-
CLL. Only those cytokines whose levels were significantly different 
(P<0.05) among the three groups are detailed. Cytokine values 
(median) are reported in pg/mL. 
 

 
 
Figure 44.  Boxplots depicting 
cytokine levels in MBL, M-CLL 
and U-CLL. Only those 
cytokines whose levels were 
significantly different (P<0.05) 
among the three groups are 
detailed. Cytokine values 
(pg/mL) represented in the y-
axis were transformed into 
logarithmic scale. 
 
 

 
 
 
 
 

Cytokine MBL M-CLL U-CLL P-value 

IL5 1.99 1.53 1.49 0.042 

IL8 179.49 15.40 138.35 0.013 

CCL3 46.80 32.14 70.26 0.007 
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When performing pairwise comparisons, no differences were 

observed between MBL and U-CLL. However, MBL displayed 

significantly higher levels of IL8 and CCL3 than M-CLL. Besides, 

CCL3 levels of U-CLL were significantly increased compared to M-

CLL (Table 24, Figure 44). 

 

 
Table 24. Pairwise comparisons for those cytokines whose levels 
were significantly different among MBL, M-CLL and U-CLL. For 
pairwise comparison, significant P-values (<0.017) are highlighted in 
bold. 
 

 
5.1.3.3. Longitudinal cytokine assessment 

 
Results concerning sequential cytokine assessment are summarized 

in Table 25 and Figure 45. Fluctuations of the cytokine levels over 

time were identified, mainly involving IL8, CXCL9, CXCL10, CXCL11, 

CCL19 and IFNγ. Interestingly, whereas the aggressive U-CLL case 

experienced an increase of these cytokine levels between the two 

time-points, the stable M-CLL presented a decrease of the levels of 

these cytokines, with the exception of IL8. Regarding MBL studies, an 

increase of the levels of this subset of cytokines was identified for the 

stable case, whereas in the MBL subject that progressed to M-CLL 

this group of cytokines experienced a decrease of their levels (Table 

25, Figure 45). 

Cytokine 
MBL vs. 
M-CLL 

MBL vs. 
U-CLL 

M-CLL vs. 
U-CLL 

IL5 0.029 0.056 0.873 

IL8 0.002 0.730 0.098 

CCL3 0.010 0.119 0.011 
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Figure 45. Longitudinal cytokine studies. Sequential serum samples 
were studied after 6 (stable M-CLL), 19 (aggressive U-CLL), 24 
(stable MBL) and 60 (MBL that progressed to M-CLL) months. Only a 
subgroup of cytokines that underwent notable variations is shown. 
Cytokine values (pg/mL) represented in the y-axis are transformed 
into logarithmic scale. T1: first time-point; T2: second time-point. 
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5.2. TR repertoire analysis 
 

5.2.1. Patient characteristics 
 

The demographic, clinical and immunogenetic characteristics of 

the individuals included in the TR repertoire analysis are detailed 

in Table 26.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table 26. Characteristics of the MBL and CLL cases subjected to 
TR repertoire analysis. Values are shown as median (range) or 
number of cases/total number of evaluated cases (percentage).  

 

 

 

Three MBL subjects were longitudinally studied. In detail, purified 

CD4+ and CD8+ T cell samples were analyzed over two sequential 

time points (median follow-up: 18 months) for two MBL cases and 

over three sequential time points for another MBL case (after 15 

and 19 months). 

 

 

 
MBL 

(n=16) 
CLL 

(n=13) 

Age (years) 76 (60-83) 73 (59-88) 

Males 5/16 (31.3%) 9/13 (69.2%) 

Absolute  
lymphocyte count 

(x10
9
/L) 

5 (1.2-7.2) 11.5 (8-18.5) 

Clonal B cells 
(x10

9
/L) 

2.1 (0.2-4.3) 9 (5.8-15.9) 

Rai 0 _ 13/13 (100%) 

IGHV mutated 13/15 (86.7%) 12/13 (92.3%) 
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5.2.2. Clonality analysis 

A total of 2567 productive rearrangements were obtained (average: 

39 rearrangements/sample, range: 21-62), corresponding to 1337 

distinct clonotypes (887 from MBL, 449 from CLL and one shared 

by MBL/CLL). Expanded clonotypes were detected in all 65 

samples analyzed. The number of expanded clonotypes/sample 

ranged from 1 to 13 (median: 6) whereas the cumulative frequency 

of all expanded clonotypes ranged from 9% to 97% (median: 64%). 

Further information regarding the numbers and frequencies of 

sequences and clonotypes for each group and cell type is shown in 

Table 27. 
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Concerning CD4+ T cells, the MBL group exhibited a significantly 

lower cumulative frequency of all expanded clonotypes compared to 

CLL (median: 41.4% vs. 60%, P=0.033) (Table 27, Figure 46). In 

line with these observations, a significant positive correlation 

between the absolute count of clonal B cells and the cumulative 

frequency of all expanded CD4+ T cell clonotypes was noted 

(P=0.015, ρ=0.46) (Figure 47). As for the CD8+ T cell compartment, 

no differences in clonality between MBL and CLL or correlation with 

clonal B cell counts were identified. CD8+ T cell samples showed a 

significantly higher cumulative frequency of all expanded clonotypes 

than CD4+ T cell samples both in MBL (median: 79.2% vs. 41.4%, 

P=0.001) and CLL (median: 79.6% vs. 60%, P=0.010) (Table 27, 

Figure 46).   

 

 

 

 

 

 

 

 

 

 

 

Figure 46. Percentage cumulative frequency of all expanded CD4+ 
and CD8+ T cell clonotypes in MBL subjects and CLL-A(0) patients. 
Horizontal lines correspond to the median value for each case. 
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Figure 47. Correlation between the absolute count of malignant B 
cells and the percentage cumulative frequency of all expanded 
CD4+ T cell clonotypes per sample. ρ: Spearman's rho correlation 
coefficient. 
 

 

5.2.3. TRBV gene repertoire analysis 
 

As for the TRBV gene repertoire of the CD4+ T cell fraction, 34 

functional genes were identified (Table 28). A remarkable bias in the 

TRBV gene usage was observed both for MBL and CLL, with only 

four genes (TRBV10-3, TRBV6-1, TRBV28 and TRBV19) 

accounting for the 40% of the entire repertoire in each group. 

However, when expanded clonotypes were considered, the 

frequencies of certain TRBV genes differed among groups (Figure 

48A, Table 28). In detail, the TRBV6-2 or 6-3 gene was 

overrepresented in MBL compared to CLL (frequencies: 5.8% vs. 

0% respectively, P=0.037) whereas TRBV20-1 was less frequent in 
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MBL than in CLL (frequencies: 2.3% vs. 10.3% respectively, 

P=0.031). 

The TRBV gene repertoire of the CD8+ T cell compartment was also 

skewed. A total of 32 functional genes were identified (Table 29). 

Similar to the CD4+ T cell fraction, only few genes (TRBV6-5, 

TRBV10-3, TRBV28, TRBV6-2 or 6-3, TRBV27 and TRBV19) 

amounted for almost half of all clonotypic rearrangements in both 

MBL and CLL. When focusing on the expanded clonotypes, the 

frequencies of some TRBV genes were also different between the 

two groups. The main differences concerned higher frequencies of 

the TRBV10-3 and TRBV28 genes in MBL compared to CLL 

(frequencies: 14.3% vs. 6.6%, P=0.030 and 12.2% vs. 4.0%, 

P=0.024, respectively) (Figure 48B, Table 29).  

Interestingly, the expanded clonotype repertoire also exhibited 

differences in TRBV gene usage between CD4+ and CD8+ T cells 

(Figure 48, Tables 28 and 29). In particular, the CD4+ T cell fraction 

of MBL cases displayed higher TRBV6-1 and lower TRBV28 gene 

frequencies compared to the respective CD8+ T cell fraction 

(frequency: 16.3% vs. 5.1%, P=0.036 and 4.7% vs. 12.2%, 

P=0.045, respectively). No significant differences were observed 

within the CLL group. 



 

117 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 48. TRBV gene repertoire analysis of the CD4+ (A) and CD8+ 

(B) expanded T cell clonotypes in the MBL and CLL groups. The 15 

most frequently detected genes within the expanded clonotypes of the 

MBL group are detailed in a decreasing order in the x-axis. Significant 

differences (P<0.05) are shown with *. 
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Gene 
All clonotypes 

Expanded 
clonotypes 

MBL CLL MBL CLL 

 TRBV10-3 13.57 10.51 9.30 12.64 

TRBV6-1 11.09 12.06 16.28 10.34 

 TRBV28 8.37 8.95 4.65 6.90 

 TRBV19 7.01 10.12 9.30 13.79 

TRBV6-2 or 6-3 6.11 3.11 5.81 ND 

TRBV27 6.11 7.00 6.98 9.20 

 TRBV6-5 5.66 5.06 6.98 2.30 

TRBV20-1 5.20 7.39 2.33 10.34 

TRBV6-6 5.20 5.06 6.98 2.30 

TRBV2 4.75 4.67 4.65 3.45 

 TRBV7-9 4.52 4.67 4.65 8.05 

TRBV24-1 3.85 4.67 4.65 5.75 

TRBV29-1 3.17 3.50 3.49 1.15 

TRBV12-3 or 12-4 2.26 5.45 2.33 4.60 

TRBV7-8 2.26 2.33 1.16 3.45 

TRBV7-2 2.04 0.78 2.33 2.30 

TRBV12-5 1.58 1.17 1.16 ND 

 TRBV11-2 1.36 0.78 3.49 ND 

TRBV5-1 1.36 0.39 1.16 ND 

 TRBV14 0.90 0.39 1.16 ND 

 TRBV5-4 0.45 ND ND ND 

 TRBV30 0.45 0.78 ND 2.30 

 TRBV11-1 0.45 ND ND ND 

TRBV15 0.45 ND ND ND 

 TRBV6-4  0.45 ND ND ND 

 TRBV13 0.23 ND ND ND 

 TRBV5-5 0.23 ND ND ND 

 TRBV6-8 0.23 ND ND ND 

 TRBV10-1 0.23 ND 1.16 ND 

TRBV10-2 0.23 0.39 ND ND 

 TRBV6-9 0.23 ND ND ND 

 TRBV18 ND 0.39 ND 1.15 

 TRBV7-6 ND 0.39 ND ND 

 
Table 28. TRBV gene repertoire of the CD4+ T cell fraction when all 
clonotypes or only expanded clonotypes were considered. The 
frequencies (%) of all detected genes are shown for each case. In 
addition, TRBV11-3 was identified in a sequential MBL sample. ND: 
not detected. 
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Gene 
All clonotypes 

Expanded 
clonotypes 

MBL CLL MBL CLL 

 TRBV6-5 10.99 11.28 12.24 14.47 

 TRBV10-3 10.64 9.23 14.29 6.58 

 TRBV28 9.22 7.69 12.24 3.95 

 TRBV6-2 or 6-3 7.80 8.21 7.14 6.58 

 TRBV27 7.80 8.21 9.18 11.84 

 TRBV7-9 7.45 4.62 8.16 9.21 

 TRBV19 7.09 11.28 3.06 9.21 

 TRBV6-1 5.67 5.13 5.10 2.63 

 TRBV12-3 or 12-4 3.90 2.05 2.04 1.32 

 TRBV6-6 3.90 5.64 2.04 6.58 

 TRBV20-1 3.90 7.69 4.08 10.53 

 TRBV24 3.55 5.13 6.12 5.26 

 TRBV2 3.19 3.08 3.06 2.63 

 TRBV29-1 2.48 1.03 1.02 ND 

 TRBV7-8 2.13 1.54 3.06 1.32 

 TRBV14 1.42 1.03 1.02 1.32 

 TRBV12-5 1.42 ND 2.04 ND 

 TRBV5-1 1.42 ND 2.04 ND 

 TRBV7-2 1.42 1.03 ND 2.63 

 TRBV6-4 1.06 ND ND ND 

 TRBV18 0.71 ND ND ND 

 TRBV7-7 0.71 ND ND ND 

 TRBV11-2 0.71 1.54 1.02 1.32 

 TRBV30 0.71 0.51 1.02 ND 

 TRBV7-6 0.35 1.03 ND 1.32 

 TRBV15 0.35 1.03 ND ND 

 TRBV4-3 ND 0.51 ND ND 

 TRBV10-2 ND 0.51 ND ND 

 TRBV11-3 ND 0.51 ND 1.32 

TRBV5-4 ND 0.51 ND ND 

 
Table 29. TRBV gene repertoire of the CD8+ T cell fraction when all 
clonotypes or only expanded clonotypes were considered. The 
frequencies (%) of all detected genes are shown for each case. In 
addition, TRBV10-1 and TRBV13 were identified in sequential MBL 
samples. ND: not detected. 
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5.2.4. Longitudinal analysis 
 

Three MBL cases were longitudinally studied to investigate whether 

the small-sized MBL clones (<5000 cells/µL) would persistently 

affect T cell clonal dynamics.  

With the exception of one case where the CD4+ T cell fraction 

exhibited a relative stable TRBV gene repertoire, fluctuation in 

TRBV frequencies were detected over time in both CD4+ and CD8+ 

compartments, suggesting clonal drift (Figure 49). Regarding 

clonotype distribution, except for one case, a pronounced clonal drift 

was observed (Figure 50). Interestingly, in case #1, a highly 

expanded immunodominant clonotype of the CD8+ T cell fraction 

persisted after 32 months (detected frequency at the first and 

second time point: 85% and 66% respectively). In case #11, the 

immunodominant clonotype of the CD4+ T cell compartment at the 

first time point was detected in the other two sequential samples as 

well, being also the predominant clonotype after 19 months. In the 

remaining cases, the immunodominant clonotype at each time point 

differed, although at least one clonotype persisted over time (Figure 

50).  
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Figure 49. TRBV gene repertoire dynamics over time in three 
selected MBL cases for the CD4+ and CD8+ T cell fractions. Only the 
five most frequent genes are represented. Sequential time points are 
indicated in the x-axis whereas the frequency (%) of each gene is 
shown in the y-axis. 
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Figure 50. Clonal fluctuations over time in three selected MBL 
cases for the CD4+ and CD8+ T cell fractions. Each horizontal bar 
illustrates a different time point. White cylindrical parts of the bars 
account for the different clonotypes among the distinct time points 
whereas darker cubic parts represent persistent clonotypes. The 
frequency (%) of each clonotype is shown along the x-axis. 
Clonotypes shared by different time points, as well as their CDR3 
amino acid sequence, are depicted in the same color.     
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5.2.5. Clonotype comparison among cases 
 

All the obtained TRB CDR3 amino acid sequences were next 

compared across all the MBL and CLL subjects included in the 

study. Notably, two identical TRB CDR3 used by pairs of cases and 

another one shared by three MBL individuals were found (Table 30). 

In all but one case, shared CDR3 were also accompanied by 

identical TRBV genes, thereby consisting of “public” (“stereotyped”) 

clonotypes. Of note, the nucleotide sequences coding for two of the 

three shared CDR3 amino acid sequences were different, excluding 

the possibility of cross-contamination and highlighting the role of 

antigenic selection at the CDR3 amino acid level. Restricted HLA 

usage was confirmed between all cases sharing the same CDR3 

regions (Table 30).    



 

124 

 

 

H
L

A
 h

a
p

lo
ty

p
e

 H
L

A
-D

R
B

1
 

1
1
:0

1
, 

1
1
:0

4
 

0
3
:0

1
, 

0
7
:0

1
 

0
4
:0

8
, 

0
7
:0

1
 

0
1
:0

2
, 

0
7
:0

1
 

0
3
:0

1
, 

1
1
:0

4
 

0
1
:0

1
, 

0
1
:0

1
 

0
3
:0

1
, 

0
7
:0

1
 

T
a
b

le
 3

0
. 
G

ro
u
p
s
 o

f 
c
a
s
e

s
 t

h
a
t 

s
h

o
w

e
d
 c

o
m

m
o

n
 C

D
R

3
 a

m
in

o
 a

c
id

 s
e

q
u

e
n

c
e
s
. 

T
h
re

e
 d

is
ti
n

c
t 
c
lo

n
o

ty
p

e
s
 (

id
e
n

ti
c
a
l 

T
R

B
V

-T
R

B
J
 g

e
n

e
s
 a

n
d
 C

D
R

3
 a

m
in

o
 a

c
id

 s
e

q
u

e
n

c
e
) 

w
e

re
 s

h
a
re

d
 b

e
tw

e
e

n
 c

a
s
e
s
 #

6
 a

n
d
 #

1
6

, 
#

1
2

 a
n

d
 #

2
2
 a

n
d

 #
7
 

a
n
d

 #
1

6
. 
C

a
s
e
 #

1
 d

is
p

la
y
e

d
 t

h
e
 s

a
m

e
 C

D
R

3
 b

u
t 
d

if
fe

re
n
t 

T
R

B
V

 g
e
n

e
 t

h
a
n

 c
a

s
e

s
 #

7
 a

n
d
 #

1
6

. 
A

 r
e
m

a
rk

a
b

le
 H

L
A

 

re
s
tr

ic
ti
o

n
 w

a
s
 o

b
s
e

rv
e

d
 b

e
tw

e
e
n

 c
a

s
e

s
 h

a
rb

o
ri
n
g

 i
d
e

n
ti
c
a

l 
C

D
R

3
; 

s
im

ila
ri
ti
e
s
 a

re
 h

ig
h
lig

h
te

d
 i
n

 b
o
ld

. 

 

H
L

A
-C

 

1
2

, 
1

6
 

0
5

, 
0

7
 

1
2

, 
1

6
 

0
8

, 
0

8
 

0
5

, 
0

6
 

0
7

, 
0

7
 

0
5

, 
0

7
 

 

H
L

A
-B

 

1
8

, 
4

4
 

0
7

, 
1

8
 

3
5

, 
4

4
 

1
4

, 
4

4
 

1
8

, 
4

9
 

0
7

, 
0

7
 

0
7

, 
1

8
 

 

H
L

A
-A

 

0
2

, 
1

1
 

0
2

, 
3

0
 

0
3

, 
1

1
 

2
4

, 
3

3
 

0
2

, 
3

0
 

2
4

, 
2

5
 

0
2

, 
3

0
 

 

S
h

a
re

d
 C

D
R

3
 

a
m

in
o

 a
c
id

 

s
e
q

u
e
n

c
e

 

A
S

S
H

G
G

S
N

Q
P

Q
H

 

A
S

S
Y

S
G

T
G

N
T

G
E

L
F

 

A
S

S
L

E
G

D
Q

P
Q

H
 

 

T
R

B
V

-D
-J

 g
e

n
e

 r
e

a
rr

a
n

g
e
m

e
n

t 

T
R

B
J
 

T
R

B
J
1

-5
 

T
R

B
J
2

-2
 

 

T
R

B
J
1

-5
 

 

 

T
R

B
D

 

T
R

B
D

1
 

T
R

B
D

1
 

T
R

B
D

2
 

T
R

B
D

2
 

T
R

B
D

1
 

 

T
R

B
V

 

T
R

B
V

6
-5

 

T
R

B
V

6
-5

 

T
R

B
V

2
7

 

T
R

B
V

5
-1

 

T
R

B
V

5
-1

 

 

D
ia

g
n

o
s

is
 

M
B

L
 

M
B

L
 

M
B

L
 

C
L
L

 

M
B

L
 

M
B

L
 

M
B

L
 

 

C
a

s
e
 

#
6

 

#
1
6

 

#
1
2

 

#
2
2

 

#
1

 

#
7

 

#
1
6

 



 

125 

 

 
5.2.6. Clonotype comparison with public databases 

 
Finally, in order to obtain insight into the nature of the selecting 

antigens, all the clonotypes from the MBL and CLL cases (n=1337) 

were cross-compared with a panel of 5264 unique and productive 

TRBV-TRBD-TRBJ rearrangements from several entities obtained 

from the IMGT/LIGM-DB sequence database or from the database 

at CERTH supervised by Dr. Stamatopoulos. Nine hits sharing 

100% CDR3 amino acid sequence identity were identified (Table 

31): (i) a match between one MBL case and a CLL patient belonging 

to subset #2, both cases displaying the same TRBV gene, thus 

carrying a shared clonotype; (ii) a CLL case matched with an 

Epstein-Barr virus-specific T cell clone; (iii) a MBL case matched 

with a hepatitis C virus specific T cell clone; (iv) the aforementioned 

MBL case also showed a match with a T cell large granular 

lymphocyte leukemia patient, although with distinct TRBV genes. 

The remaining hits, mainly related to immunological disorders, as 

well as detailed information about CDR3 sequences and TRBV-

TRBD-TRBJ genes, are summarized in Table 31. 

When a less restrictive threshold (>85%) for CDR3 amino acid 

sequence identity was applied, additional matches were identified, 

including hits with CDR3 sequences of specific T cell clones in the 

context of human herpesvirus 2 infection, multiple sclerosis and 

cervical intraepithelial neoplasia (Table 31). 
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6. DISCUSSION 

 
6.1. Gene expression and cytokine studies  

 
 

6.1.1. CD4+ cells of MBL show increased inflammatory and 
cytotoxic pathways that are higher than in early-stage 
CLL 

 
 
 
 

 
 
 
 

Several studies concerning CD4+ T cells in CLL reported an altered 

function of this cell fraction, including dysfunctional gene expression 

patterns leading to decreased Th1 differentiation (Görgün et al, 

2005), increased levels of CD4+ PD1+ T cells (Riches et al, 2013; 

Rusak et al, 2015) and impaired actin polymerization resulting in 

defective immunological synapses (Ramsay et al, 2008). In addition, 

in contrast to many malignancies where the numbers of circulating T 

cells are decreased, CLL shows an increased absolute number of T 

cells (te Raa et al, 2012; Palma et al, 2017). Unexpectedly, CD4+ 

cells of the MBL and early-CLL subjects included in the present 

study did not display a similar dysfunctionality as previously 

described. In this sense, activation of cytotoxic and inflammatory 

pathways was identified in CD4+ cells of the studied benign cases. 

Notably, prior investigations in MBL reported that T cell subset 

alterations are clone-size dependent and not present in MBL (te 

Raa et al, 2012). Rissiek et al detected an increasingly suppressive 

regulatory function already initiated at the MBL stage, although the 

effector function was impaired only after transition to CLL (Rissiek et 

al, 2014). In the aforementioned study, T cells from CLL patients 

poorly upregulated cytoplasmic IFNγ in response to specific 

stimulation, displaying a lower increment than healthy controls; on 

the contrary, T cells from MBL showed slightly increased IFNγ 

compared to healthy subjects (Rissiek et al, 2014). The gene 
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expression analysis of CD4+ cells in MBL and early-stage CLL 

performed herein further supports these previous investigations, 

including the decreased T cell function in CLL compared to MBL. 

However, since CD4+ T cells and monocytes/macrophages were 

studied together and many of the upregulated genes were typically 

expressed by myeloid cells, the activated cytotoxic and 

inflammatory pathways could reflect alterations of the T cell or 

monocytic subsets, or probably both. In this sense, the analysis of 

highly purified, preferentially sorted, CD4+ T cells and 

monocytes/macrophages would be of interest, either by performing 

gene expression or targeted functional studies.   

Although cytotoxicity is typically observed in CD8+ T cells, some 

CD4+ T cell subsets have cytotoxic properties as well. Along these 

lines,   CD4+CD28-  cytotoxic T cells may accumulate to up to 45% of 

total CD4+ T cells in healthy individuals older than 65 years (Vallejo 

et al, 1998). These cells are a unique type of pro-inflammatory and 

cytotoxic T cells that play important roles in many immune-mediated 

and infectious diseases (Maly et al, 2015). They typically express 

granzyme B, perforin, as well as NK and Toll-like receptors such as 

those coded by TLR2 and KLRC4-KLRK1, which were upregulated 

in the CD4+ cells of the present study. However, CD28 did not show 

significant differences in gene expression. Interestingly, previous 

investigations in CLL reported that up to 50% of blood CD4+ T cells 

had a cytotoxicity-related CD28- phenotype with high content of both 

granzyme B and perforin, which were able to kill autologous CLL 

cells via a perforin-mediated mechanism (Porakishvili et al, 2001; 

Porakishvili et al, 2004). In this sense, the increased cytotoxic 

pattern in CD4+ cells of the MBL and CLL cases studied here could 

reflect an antitumor function. On the other hand, this CD4+ cytotoxic 

population was also associated with human cytomegalovirus 
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infection in CLL (Walton et al, 2010). Related to this, increased viral 

infections were reported both in MBL and CLL (Fazi et al, 2010; 

Casabonne et al, 2012; Criado et al, 2017). 

Another possibility could be that the increased cytotoxic function 

was due to CD4+ macrophages. Remarkably, prior investigations 

described cytotoxic macrophages with tumoricidal activity whose 

function could be enhanced by lymphocyte mediators (Cameron et 

al, 1979). Interestingly, mice injected with a myeloma cell line were 

able to develop tumoricidal macrophages that expressed granzyme 

B in addition to other cytotoxic molecules (Haabeth et al, 2011). 

Lysis of leukemic cells by monocyte-derived macrophages activated 

by IFNγ was also previously reported (Kakita et al, 1989). In the 

context of CLL, antitumor effects of macrophages were described in 

a mouse model of the disease (Wu et al, 2009) and activated 

macrophages were able to kill CLL cells in the presence of rituximab 

(Lefebvre et al, 2006). Considering all these findings, another 

possibility would be that the cytotoxic pattern observed in the CD4+ 

cells analyzed in the present study was due to 

monocytic/macrophagic involvement, with potential antitumor 

effects. 

On the other hand, many of the CD4+ upregulated genes involved 

inflammatory pathways, mainly in MBL. Among them, key mediators 

of inflammation such as IL1B, CXCL8 or IL18 were detected. In 

addition, most of the pathways, functions and upstream regulators 

identified by IPA were associated with inflammatory disorders. 

Concerning these results, it was previously demonstrated that the 

immune system has a dual role in tumors, both promoting and 

suppressing cancer (Shalapour et al, 2015). Thus, although chronic 

inflammation and pro-inflammatory cytokines such as IL1 are 

considered to be tumor promoting, B cell lymphoma models in mice 
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reported successful immunosurveillance related to elevated levels of 

both pro-inflammatory and Th1-associated cytokines (Haabeth et al, 

2011). Specifically, the aforementioned study by Haabeth et al 

reported that cancer eradication was achieved by collaboration 

between tumor-specific Th1 cells and antigen-presenting 

macrophages, concluding that inflammation, when triggered by 

tumor-specific Th1 cells, may prevent rather than promote cancer. 

On the contrary, chronic inflammation was related to progression 

and advanced disease in many types of tumors, including CLL, in 

which drugs such as ibrutinib can arrest the inflammatory drive that 

supports malignant B cells (Bachireddy et al, 2016). However, the 

benign and non-progressive clinical courses that generally 

characterize MBL and early-stage CLL suggest that the increased 

inflammatory response identified herein may reflect an effective 

immune surveillance rather than a supporting inflammatory TME. 

This lack of immune dysfunction, together with the reduced BCR 

signaling and proliferative capacity of the small B cell clones that are 

found in MBL, may account for the low progression rates to CLL. 

Finally, it is worth considering the hypothesis that, since many 

common cancers develop after years of chronic inflammation due to 

persistent infections by microorganisms (Moss et al, 2005; Afrasiabi 

et al, 2015), the high inflammation detected in the present study 

could have started before MBL, facilitating the emergence of the 

neoplastic B cell clone. Functional validation is currently underway 

in order to confirm all the hypotheses previously discussed.  
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6.1.2. CD4+ cells of both MBL and early-stage CLL exhibit 
overexpression of Th1-related genes  
 
 
 
 

Several genes previously associated with a Th1 gene signature 

(Ono et al, 2014) were upregulated in CD4+ cells of both MBL and 

CLL compared to healthy subjects. Thus, 11 and 9 gene matches 

were identified when comparing our results with the Th1 specific 

gene signature reported by Ono et al for MBL or CLL vs. control, 

respectively (Table 14). However, the Th2 specific gene signature 

described by Ono et al could not be confirmed in our study. Besides, 

IPA analysis revealed inflammatory regulators related to Th1 

responses, such as TNFα, IFNγ or IL2. All these results suggest that 

CD4+ cells of the MBL and early-stage CLL subjects analyzed here 

were Th1 deviated. This is in contrast with previous data showing 

dysfunctional gene expression patterns in CD4+ T cells leading to a 

decreased Th1 differentiation (Görgün et al, 2005) as well as 

increased levels of IL10 in CLL (Fayad et al, 2001), which inhibits 

Th1 type cytokines such as IFNγ or IL2 (Fiorentino et al, 1989). 

Nonetheless, other investigations aimed to characterize the 

progressive alterations in the CD4+ T cell subsets with the 

expansion of CLL clones revealed a Th1 dominance that is shifted 

towards Th2 during disease progression (Podhorecka et al, 2002). 

This data agrees with the results of the present study, where very 

early stages of the disease, including MBL, show an expression 

profile suggesting a Th1 polarization. As previously mentioned, Th1 

cells were described to interact with macrophages to induce a 

specific antitumor response (Haabeth et al, 2011). Along these 

lines, Th1 infiltration was associated with a good prognosis in many 

types of cancers (Fridman et al, 2012). All these findings suggest 

that the Th1 and macrophagic features observed in the CD4+ gene 

expression studies, together with the low proliferative activity of the 
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small B cell clones, could be related to the benign clinical courses 

typically observed in MBL and early-stage CLL. However, functional 

validation is required to confirm previous results and hypotheses. 
 
 
 
 

 
6.1.3. Gene expression profiles of CD8+ cells suggest no 

significant involvement of this cell fraction 
 
 
 
 

 
 
 
 

Unexpectedly, gene expression analysis concerning CD8+ cells was 

not very informative as to implicated genes and/or pathways. Thus, 

despite the fact that purity of the CD8+ cell fraction was high and 

filters were applied in order to solve the effect of possible B cell 

contamination, many of the differentially expressed genes were 

found to be typically expressed by B cells. This was not observed 

for the CD4+ cell fraction and could be likely due to the different 

method of purification, since CD4+ cells were selected from 

previously CD19-depleted PBMC, whereas CD8+ cells were directly 

purified from total PBMC (Figure 20). However, since in the 

analyzed cell fractions the great majority of cells were CD8+ (median 

purity: 95%), these results suggest that CD8+ cells of both studied 

entities were not really altered at a gene expression level. In line 

with the aforementioned, previous investigations reported no 

significant deviation of CD8+ cells in MBL (te Raa et al, 2012) and 

showed that the effector T cell function was impaired only after 

transition to CLL (Rissiek et al, 2014). Besides, a B cell count 

threshold of 10x109 cells/L was reported to best stratify aberrant 

CD8+ T cell numbers (te Raa et al, 2012). All these findings agree 

with the failure to detect relevant alterations in the CD8+ cell 

compartment of the MBL and early-stage CLL cases with low 

lymphocytosis included in the present study. Nonetheless, highly 

purified, preferentially sorted, CD8+ T cells should be studied and 
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functional validation should be performed to definitely draw this 

conclusion. 

 
 
 
 

6.1.4. MBL subjects display increased levels of cytokines 
related to a Th1-macrophagic response  
 
 

 

 

 

 

In order to validate previous gene expression results that pointed to 

an increased inflammatory response in MBL, the levels of 20 

cytokines in serum were measured. Among the cytokines that were 

significantly increased in MBL compared to healthy subjects, IFNγ, 

IL8 and TNFα were detected. IFNγ is mainly produced by NK cells, 

CTL and CD4+ Th1 cells and is an important activator of 

macrophages (Schoenborn et al, 2007). IL8 is chiefly produced by 

macrophages and induces chemotaxis in target cells, primarily 

neutrophils, in which also induces degranulation (Arango Duque et 

al, 2014). TNFα is mainly produced by activated macrophages as 

well, although other cell types such as CD4+ T cells or neutrophils 

can also produce it. It is an important orchestrator of immune 

responses, inducing the recruitment of lymphocytes, neutrophils and 

monocytes to the inflammation sites by regulating chemokine 

release (Grivennikov et al, 2005; Arango Duque et al, 2014). 

CXCL9, CXCL10 and CXCL11, which were also higher in MBL than 

in healthy subjects, are produced by macrophages after stimulation 

with IFNγ and mediate T cell recruitment (Arango Duque et al, 

2014). CCL3, whose levels were significantly higher in MBL than in 

controls, can be produced by a broad range of cell types, including 

monocytes/macrophages, T and B cells, NK cells and neutrophils. 

This cytokine is a very potent chemoattractant for monocytes, 

although it affects many cell types and induced chemotaxis was 

demonstrated in vitro for T cells, NK cells and granulocytes, among 

https://en.wikipedia.org/wiki/CD4
https://en.wikipedia.org/wiki/Macrophages
https://en.wikipedia.org/wiki/Chemotaxis
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others (Menten et al, 2002). Finally, IL5, which was also significantly 

increased in MBL, is mainly produced by T cells and granulocytes 

and leads to maintenance of survival and functions of B cells and 

eosinophils (Takatsu, 2011). A schematic representation of the 

possible interplay between all these immune components is 

represented in Figure 51. 

Figure 51. Schematic representation of the possible interactions 
mediated by the cytokines that were found to be increased in MBL. 
 

 

Remarkably, most of the cytokines mentioned above are Th1 

related. Th1 cells produce IFNγ which activates macrophages and 

evokes cell-mediated immunity and phagocyte-dependent protective 

responses (Romagnani, 1999). Phagocytes include several types of 

leukocytes, such as monocytes, macrophages, neutrophils and 

mastocytes. Taken together, this data suggests an increased Th1-

macrophagic immunity in MBL, which could be potentially related to 

the asymptomatic and stable clinical course that characterizes this 

https://en.wikipedia.org/wiki/White_blood_cell
https://en.wikipedia.org/wiki/Monocyte
https://en.wikipedia.org/wiki/Macrophage
https://en.wikipedia.org/wiki/Neutrophil
https://en.wikipedia.org/wiki/Mast_cell
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entity. In this sense, several arguments support the potential 

antitumor effect of this characteristic TME detected in MBL. Among 

them, it is worth noting: (i) as previously mentioned, collaboration 

between tumor-specific Th1 cells and macrophages induced 

successful immunosurveillance in B cell lymphoma models in mice 

(Haabeth et al, 2011); (ii) Th1 infiltration was related to better 

outcome in many types of cancers (Fridman et al, 2012); (iii) T cell 

function in MBL was not reported to be really deviated (te Raa et al, 

2012; Rissiek et al, 2014); (iv) TNFα was initially described for its 

ability to induce necrosis in tumors (Carswell et al, 1975) and (v) 

besides pathogens, phagocytic cells can also destroy dying and 

tumor cells, and CLL cells could be killed by activated macrophages 

in the presence of rituximab (Lefebvre et al, 2006). The fact that the 

increased cytokine levels are due to monocytes/macrophages 

displaying ‘trained immunity’ after antigen stimulation (Stevens et al, 

2016), typically producing proinflammatory cytokines and showing 

effector functions such as phagocytosis, could also be 

hypothesized. 

However, these interactions may not be as simple as depicted in 

Figure 51, and other immune cell types may also participate. Along 

these lines, IL5 can be produced by Th2 cells, which could also play 

a role in MBL. Dual functions with counteracting effects were also 

described for many cytokines; for instance, despite its name, TNFα 

(tumor necrosis factor) was associated with both cancer 

development and progression (Mocellin et al, 2008) and IFNγ was 

reported to inhibit apoptosis in CLL cells (Buschle et al, 1993). 

Supportive effects of T cells and macrophages in CLL were also 

largely described in the literature (Lad et al, 2013; McClanahan et 

al, 2015; Hanna et al, 2016; van Attekum et al, 2017). In this sense, 

although advanced CLL and MBL may have a very different 
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pathophysiology, supportive effects of T cells and myeloid cells may 

be already present in MBL to a lesser extent. Besides, Th1 cells 

were described to induce CLL cell proliferation and survival (Os et 

al, 2013) as well as CD38 expression in CLL cells (Bürgler et al, 

2015); therefore, similar effects could be already present in MBL. In 

addition, both Treg and MDSC were detected to be increased in 

MBL, although to a lesser extent compared to CLL (Rissiek et al, 

2014; Liu et al, 2015). Additionally, since many of the cytokines that 

were found to be increased in MBL subjects were previously 

described to play supportive roles in CLL and increased levels of 

some of them conferred poor prognosis and shorter times to 

treatment in CLL patients (Yan et al, 2011), the possibility that they 

also exert tumor promoting effects in MBL cannot be discarded. 

Nonetheless, the indolent clinical courses that characterize this 

entity suggest that other mechanisms may be acting to avoid tumor 

progression. As mentioned above, pleiotropic functions of cytokines, 

exerting both pro- and antitumor actions in different contexts 

(Rodriguez-Vita et al, 2010), may partially account for these 

observations. Finally, it is worth noting that a previous investigation 

also detected increased inflammatory cytokines in subjects with 

MBL (Aguilar-Santelises et al, 1992). Regarding the aforementioned 

study, Bürgler et al hypothesized that the inflammatory features 

associated with MBL could be a consequence of emerging 

supportive interactions between malignant and Th1 cells, which 

could allow progression from MBL to CLL (Bürgler et al, 2015).  

Despite all these clues, whether Th1 cells display pro- or antitumor 

functions in MBL, as well as the exact role of 

monocytes/macrophages, is still unknown. Besides, serum levels 

can be affected by distinct circulating cell subsets in different 
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individuals; therefore, functional studies on specific cell subsets 

should be performed to address all these questions.   

 
 

6.1.5. Serum cytokine levels may differ depending on the 
tumor burden and the IGHV mutational status 
 
 
 
 
 
 

 

The analysis of 20 cytokines in serum revealed significant 

differences in the levels of IL5, IL8, IFNγ, TNFα, CCL3, CXCL9, 

CXCL10 and CXCL11 among healthy subjects, MBL and CLL. 

Remarkably, healthy individuals showed lower levels of these 8 

cytokines than MBL and CLL. Pairwise comparisons revealed that 

with the exception of CXCL10, all the other cytokines were 

significantly increased in MBL compared to controls. However, for 

CLL vs. control comparison only the levels of CXCL9 were 

significantly higher in CLL.  

These results validate the previous gene expression studies in CD4+ 

cells, in which MBL cases displayed increased inflammatory 

pathways compared to healthy individuals, being higher than in CLL 

as well. Taken together, all this data alludes to an increased 

inflammatory response at the MBL stage that decreases with the 

progression to CLL.  

When MBL and CLL cases were compared taking into account the 

IGHV mutational status, differences in the levels of IL5, IL8 and 

CCL3 arose. Although both M-CLL and U-CLL displayed similarly 

lower levels of IL5 than MBL, striking results were observed for IL8 

and CCL3. Thus, despite of the fact that most of MBL cases are 

IGHV mutated, MBL and U-CLL displayed high levels of both 

cytokines, whereas M-CLL showed lower levels. Related to this, it 

was previously reported that U-CLL had higher cytokine levels than 

M-CLL. Sivina et al described that increased levels of CCL3 in CLL 

patients were associated with a worse outcome as well as high 
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CD38 expression and unmutated IGHV genes (Sivina et al, 2011). 

In this sense, BCR stimulation after interaction with the TME was 

related to CCL3 and CCL4 production by neoplastic B cells, which 

could be reduced by disrupting BCR signaling with ibrutinib (Burger 

et al, 2009; Ponader et al, 2012). Interestingly, in the present study 

CCL4 levels were also higher in U-CLL than in M-CLL, although 

differences were not significant. Thereby, BCR signaling, which is 

higher in U-CLL than in M-CLL, may induce the production of 

cytokines by the malignant clone to create a supportive TME. 

Concerning IL8, increased levels were associated with advanced 

disease and risk of death in CLL (Wierda et al, 2003). Interestingly, 

although IL8 is a cytokine typically produced by macrophages, CLL 

cells were described to express IL8 as well, likely reflecting the 

activation state of the neoplastic population (di Celle et al, 1994). 

Besides, expression of ZAP-70 in CLL cells increased BCR-induced 

IL8 production (Pede et al, 2013). Taken together, the abnormal 

production of CCL3 and IL8 by malignant B cell clones may be a 

pathological mechanism to promote their survival.  

As previously mentioned, M-CLL typically shows a slower 

progression and longer survival, whereas U-CLL has a more 

unfavorable clinical course (Damle et al, 1999; Hamblin et al, 1999). 

Many data supports that these differences in clinical behavior are 

due to differences in BCR responsiveness to external signals. More 

specifically, M-CLL cells are thought to be stimulated by a restricted 

set of antigens, which may occur infrequently and induce anergy 

due to high-affinity binding. As a consequence, the M-CLL clone 

expands at a slower rate and remains overall stable. On the 

contrary, U-CLL cases harbor a polyreactive and low-affinity BCR 

that is able to recognize various environmental and auto-antigens in 

the TME. Therefore, BCR stimulation can occur more frequently in 
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U-CLL, leading to a more proliferative malignant clone (Stevenson 

et al, 2004; Burger et al, 2013). The results reported here 

concerning lower cytokine levels in M-CLL than in U-CLL are in line 

with the previous findings in the sense that cytokine production by 

malignant cells may depend on their capacity to interact with the 

TME. A schematic representation of this hypothesis is depicted in 

Figure 52. 

 

Figure 52. Different cytokine production by the malignant clone 
could depend on the BCR responsiveness to microenvironmental 
signals and therefore, on the IGHV mutational status. 
 
 
 
Concerning MBL, increased cytokine levels were observed, even 

higher than in U-CLL for several of these cytokines. This could be 

surprising taking into account that most of MBL subjects show 

mutated IGHV genes as well as indolent and stable clinical courses, 

as opposed to U-CLL. Different arguments suggest that in MBL 
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cytokines may be actively produced by the TME rather than by the 

emerging B cell clone, among them: (i) the low tumor burden that 

defines MBL, (ii) previous investigations reporting that the TME in 

MBL is only slightly altered (te Raa et al, 2012; Rissiek et al, 2014), 

(iii) the fact that most MBL cases are IGHV mutated, and therefore, 

MBL clones may resemble anergic B cells, (iv) the gene expression 

results of the CD4+ cell fraction of the present study, showing 

increased inflammatory pathways and the upregulation of genes 

coding for several cytokines, including IL8. Notably, IL8 was 

downregulated in malignant B cells of the same MBL cases 

analyzed by expression arrays (data not shown), although it may 

play a pivotal role orchestrated by the TME. In this sense, besides 

being overexpressed in CD4+ cells of MBL and immunoassays 

revealed increased cytokine levels in serum, proteomic analysis in 

serum also revealed increased IL8 in MBL subjects (data not 

shown). Summarizing, the same cytokine may be produced by 

different cell compartments and may play different roles depending 

on the tumor burden (MBL vs. CLL) and the IGHV mutational status. 

Taken together, two different models of progression from MBL to 

CLL could be hypothesized depending on the IGHV mutational 

status of the B cell clone. Regarding IGHV mutated clones, the TME 

may actively produce certain cytokines at the MBL stage, such as 

IL8 and IFNγ, which together with the low proliferative B cell clones 

may underlie the benign clinical courses that generally characterize 

this entity. In this sense, one could hypothesize that this increased 

inflammatory response could reflect an attempt of the TME to 

control neoplastic expansions. The progression to CLL implies 

suppression of the functional immunity together with a relative 

increase of the proliferative rate of the CLL-like MBL cells, although 
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the generally anergic state that usually characterizes mutated IGHV 

clones would produce a decrease in cytokine levels (Figure 53). 

Concerning IGHV unmutated clones, information regarding MBL 

cases was not available. One could argue that the increased 

proliferation that unmutated B cell clones typically undergo may 

produce a rapid progression from MBL to CLL, which would account 

for the low frequency of unmutated MBL cases. Despite the immune 

suppression that occurs concurrently with clonal expansion, the 

IGHV unmutated clone interacts more actively with the TME in a 

BCR-dependent manner, which increases the levels of certain 

cytokines with supportive effects. Both hypothetical models are 

represented in Figure 53. 

However, since the different cell populations may differ in 

composition between different subjects, also affected by 

concomitant diseases as well as other individual factors, cytokine 

levels may not depend exclusively on the IGHV status and the 

tumor burden. Consequently, functional studies focusing on specific 

cell subsets are required in order to confirm and further characterize 

this hypothetical model. 
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Figure 53. Hypothetical models of progression from MBL to CLL 
taking into account the IGHV mutational status. 
 
 
 
6.1.6. Cytokine fluctuations over time may be associated with 

distinct clinical courses and outcomes 
 

 

 

Fluctuations of the cytokine levels over time were identified for the 4 

longitudinal studied cases, after 6 (stable M-CLL), 19 (aggressive U-

CLL), 24 (stable MBL) and 60 (MBL that progressed to M-CLL) 

months. Interestingly, the stable M-CLL case showed a remarkable 

decrease of IFNγ, CXCL9, CXCL10, CXCL11 and CCL19 between 

the two analyzed time points. On the other hand, in the aggressive 

U-CLL case that deceased due to disease progression after 9 
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months of testing the second serum sample, levels of these 5 

cytokines strongly increased. In line with these findings, Yan et al 

reported that high serum levels of a cluster of cytokines that 

included these 5 molecules correlated with shorter overall survival in 

CLL (Yan et al, 2011). As previously mentioned, IFNγ induces 

macrophage production of CXCL9, CXCL10 and CXCL11. CXCR3 

is a common receptor for these three cytokines and was reported to 

be highly expressed on CLL cells. The consequences of CXCR3 

stimulation in CLL cells could include regulation of tumor 

localization, chemotaxis or adhesion of tumor cells to protective 

microenvironments that ultimately induce tumor survival (Trentin et 

al, 1999; Jones et al, 2000). In CLL studies in mice, T cells were 

also reported to increase CXCR3 expression concurrently with 

increased levels of CXCL9 in monocytes (Hanna et al, 2016), 

contributing to the recruitment of supportive cells. In the aggressive 

U-CLL case, the concurrent remarkable increase of both absolute 

lymphocytosis (from 15.3 to 134 x109 cells/L) and cytokine levels 

suggests that malignant cells could also be the source of some of 

these cytokines, supporting the idea that clonal B cells may directly 

contribute to the increased inflammatory TME that promotes their 

survival. In line with this, previous studies in CLL suggested that the 

malignant cells were able to synthesize IFNγ, contributing to clonal 

accumulation (Buschle et al, 1993). 

Regarding longitudinal analysis in the MBL subjects, the stable case 

displayed an increase of the levels of the aforementioned 5 

cytokines. Thus, it could be argued that maintenance of increased 

cytokine levels may contribute to control malignant expansions at 

the MBL stage, where the BCR signaling and therefore the 

proliferation of the small B cell clone is still reduced. In this sense, 

Gustafsson et al described that monocyte-derived cells from CLL 
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patients that matured in vitro in the presence of IFNγ produced high 

amounts of CXCL9, CXCL10 and CXCL11 and showed an 

increased capacity to recruit cytotoxic lymphocytes, alluding to an 

antitumor response (Gustafsson et al, 2011). Concerning the MBL 

subject that progressed to M-CLL, a decrease of the levels of these 

5 cytokines was noted, which could reflect a loss of this monocyte-

derived immunity in the context of immune suppression that typically 

occurs concurrently with disease progression. 

In summary, although sequential studies were performed in a limited 

number of cases, it seems that different cytokine fluctuations over 

time may be predictive of distinct clinical courses. It is worth noting 

that, as proposed by Yan et al, the pleiotropic nature of cytokines 

implies that cytokine clusters instead of individual cytokine levels 

must be considered to predict outcomes (Yan et al, 2011). However, 

as suggested by the present study, the possibility that similar 

changes in the same cluster of cytokines have distinct prognostic 

value depending on the stage of clonal development (MBL vs. CLL) 

must be considered and further evaluated in larger cohorts.  



 

145 

 

6.2. TR repertoire analysis 
 

Molecular characterization of the TR confers a powerful tool for the 

detection of T cell clones potentially involved in immune surveillance 

and leukemogenesis. Although the T cell compartment was 

demonstrated to be dysfunctional in CLL (Görgün et al, 2005; Palma 

et al, 2017), allowing tumor expansion and disease progression, the 

indolent clinical courses observed in MBL and early-stage CLL may 

reflect a different T cell behavior, potentially underlying the 

molecular mechanisms of non-aggressive CLL cases. That said, 

MBL may represent an early-stage of CLL ontogeny, most likely 

concealing important clues about leukemogenesis. In the present 

study, the TR repertoire was analyzed, separately for both CD4+ and 

CD8+ T cell subpopulations, in the largest cohort of MBL subjects 

and early-stage CLL patients in order to gain insight into the role of 

T cells in CLL evolution.  

 
 

6.2.1. The T cell repertoire of MBL and early-stage CLL is 
restricted, with persisting clones over time     
 

The CD4+ T cell fraction in CLL exhibited a significantly higher 

clonality than in MBL. In line with this, CD4+ T cell clonal expansions 

followed the numerical increase of malignant B cells. These findings 

suggest that CD4+ T cell repertoire restriction may be influenced by 

the extent of B cell clonal expansions, occurring early in clonal 

evolution and increasing concurrently with tumor progression, which 

possibly alludes to tumor-related selecting antigens. Prior 

investigations in CLL showed increasing frequencies of Treg cells 

accompanying tumor development (Dasgupta et al, 2013; Jadidi-

Niaragh et al, 2013), contributing to the immunosuppressive TME 

that allows the neoplastic B cells to proliferate. Interestingly, 
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increased numbers of Treg have been detected in MBL as well, 

albeit to a lesser extent (D'Arena et al, 2011; Rissiek et al, 2014). 

However, in the present study the progressive increase of CD4+ T 

cell clonality could not be demonstrated to be caused by Treg 

expansion. On the other hand, a recent investigation showed that 

the Bruton's tyrosine kinase inhibitor ibrutinib, a highly effective new 

therapy for CLL, increased T cell repertoire diversity in these 

patients (Yin et al, 2017), which was associated with immune 

reconstitution. Although cases reported in the present study are 

clinically very different from patients who receive ibrutinib therapy, 

the fact that MBL cases showed a lower restriction in their T cell 

repertoire compared to CLL could reflect a more effective T cell 

function in MBL. Concerning the CD8+ T cell fraction, differences in 

clonality were not detected between MBL and CLL. However, this 

could be possibly attributed to the increased extent of clonality in the 

CD8+ T cell compartment, which may not allow the discrimination of 

small variations when performing the methodology employed in this 

study. The CD8+ T cell fraction exhibited more expanded clones 

compared to CD4+ T cells, which was also recently confirmed in CLL 

patients by high-throughput immunoprofiling (Vardi et al, 2017) and 

consolidates subcloning as a useful tool for clonality analysis. 

Besides, a previous investigation that employed the same 

methodology as in the present study did not find T cell oligoclonality 

in age-matched healthy controls (median cumulative frequency of all 

expanded T cell clonotypes: 5%) (Vardi et al, 2016), which further 

supports that clonal CD4+ and CD8+ T cell expansions may occur in 

the presence of neoplastic B cells and are already detectable in 

MBL. Distinct TRBV gene usage between MBL and CLL groups was 

also identified, including significantly increased TRBV10-3 and 

TRBV28 frequencies in the expanded CD8+ T cell repertoire of MBL 
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cases compared to CLL. Along this line, a previous subcloning study 

found that TRBV10-3 and TRBV28 genes were under-represented 

in CLL in comparison to healthy subjects (Vardi et al, 2016). 

Altogether, these findings provide evidence of progressive 

modifications in the architecture of the T cell compartment that may 

occur following clonal B cell expansions.  

The persistence of certain T cell clones over time in all MBL 

samples longitudinally analyzed was also demonstrated. This is in 

agreement with previous studies in CLL (Vardi et al, 2016; Vardi et 

al, 2017) and extends the findings to MBL, suggesting that the 

selecting antigens may persist even from the early stages of CLL 

ontogeny. Of note, the CD8+ T cell fraction of one MBL case 

displayed a significantly expanded immunodominant clonotype 

which persisted at similar frequency after 32 months. One might 

argue that it could correspond to a T cell expansion related to an 

infectious event. Indeed, infections are described to be more 

frequent in MBL with unclear role in its biology (Fazi et al, 2010; 

Casabonne et al, 2012; Criado et al, 2017). However, the 

significantly long follow-up time (almost three years) makes this a 

rather unlikely hypothesis. Potentially, it could represent a MBL-

specific T cell clone restricting the expansion of the aberrant B cells. 

 

 

6.2.2. Shared clonotypes and CDR3 regions between distinct 
cases, mostly MBL/CLL-specific  

 

Another important finding concerned the identification of shared 

(“public”) clonotypes between different MBL and/or CLL cases. 

Relevant to mention, the possibility of cross-contamination was 

essentially discarded due to several reasons, including subcloning 

experiments performed in different times or laboratories and distinct 
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nucleotide sequences of shared amino acid clonotypes. The 

possibility that unrelated individuals harbor shared clonotypes by 

chance is extremely low; hence, these public clonotypes may be 

associated with the pathophysiology of MBL/CLL, either by 

recognizing tumor-specific antigens or within the context of immune 

responses against as yet unidentified infectious agents with a 

potential relevance in the development of the disease (Fazi et al, 

2010; Casabonne et al, 2012; Criado et al, 2017). These antigenic 

triggers likely occur very early in the natural history of CLL and may 

persist along with B cell clonal expansions, which was demonstrated 

herein by those shared clonotypes between MBL subjects but also 

between MBL and CLL cases. Of note, these public clonotypes 

were not detected in public databases, alluding to common 

antigenic stimulation that may be MBL/CLL-specific. Whether they 

correspond to the same antigens that are implicated in the selection 

of the malignant clone remains to be elucidated. 

As expected, HLA restrictions were identified between cases with 

shared clonotypes. A bias in HLA usage, mainly concerning the 

development of severe disease, was reported in CLL (Shah et al, 

2011; Di Bernardo et al, 2013; Gragert et al, 2014). In addition, a 

very recent study associated HLA specificities with prognosis in 

MBL (García-Álvarez et al, 2017), pointing to the existence of HLA-

restricted T cell interactions involved in the control of tumor 

expansion. In line with this, two of the MBL cases with a shared TR 

CDR3 region also shared five of the eight analyzed HLA loci. 
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6.2.3.   Matches with infectious and immune disorders 
 

Several matches with infectious and immune disorders were also 

detected. Interestingly, a similar study performed with the same 

methodology in 58 CLL patients only found one match with a 

reactive CD8+ Epstein-Barr virus-specific T cell clone (Vardi et al, 

2016). The fact that considerably more matches were identified 

within the MBL and early-stage CLL cohort of the present study 

could reflect a potential role of infectious agents and immune 

alterations in the pathogenesis of the disease. Interestingly, the 

detection of a clonotype in a MBL case that matched a T cell clone 

found in an early arthritis patient and that persisted after 32 months 

might also be relevant considering several reports that CLL BCR 

IGs often exhibit rheumatoid factor reactivity (Sthoeger et al, 1989; 

Borche et al, 1990; Kostareli et al, 2012). All these findings suggest 

that chronic exposure to self or exogenous antigens could trigger 

immune reactions and processes leading to CLL-like clonal 

expansions. 
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6.3. Integration of the results 
 

Taken together, increased inflammation, mostly Th1 and 

macrophagic related, as well as antigen restriction, were detected in 

MBL. These findings highlight a role of immune alterations and 

antigenic drivers from the very early stages of the disease. Although 

it was not directly assessed in this study, these antigenic elements, 

whose effects were reflected in the restricted TR repertoire, may 

potentially account for the increased inflammation observed in MBL.  

In this sense, the role of antigens in the pathogenesis of MBL/CLL 

has been extensively explored. Prior investigations showed clear 

correlations between infections and MBL/CLL (Anderson et al, 2009; 

Fazi et al, 2010) and a key role of antigens in the development of 

CLL was highly supported (Fais et al, 1998; Catera et al, 2008; Chu 

et al, 2008; Lanemo Myhrinder et al, 2008; Agathangelidis et al, 

2012; Hatzi et al, 2016). The present study corroborated these prior 

investigations and further characterized the antigenic drives in MBL 

and early-stage CLL. Related to this, several TR CDR3 matches 

with different antigen-related entities were identified in the MBL and 

early-stage CLL cohort studied here. These and/or other antigenic 

elements, including foreign antigens, self-antigens and/or potentially 

tumor-specific antigens, may cause a strong and initial inflammatory 

response, presumably with involvement of both adaptive (Th1) and 

innate immune cells (monocytes/macrophages). As observed both 

in the gene expression studies of CD4+ cells and in the cytokine 

assessments in serum, this inflammatory response is decreased 

with progression to CLL, probably due to immune suppression that 

typically occurs concurrently with clonal expansions. At the MBL 

stage, the non-dysfunctional TME, as observed in the expression 

results of CD4+ cells as well as in the less restricted CD4+ TR 
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repertoire, may restrain B cell clonal expansions. Progressive T cell 

alterations, as those observed in CD4+ T cells subjected to TR 

repertoire analysis, may contribute to impaired immune surveillance, 

allowing the progression from MBL to CLL.  

Moreover, as suggested here by those T cell clonotypes shared by 

distinct MBL/CLL cases and not found in public databases, some of 

these antigenic elements may be MBL/CLL-specific. Whether these 

antigens are the same that interact with the neoplastic cells remains 

to be elucidated. 

On the other hand, the proliferative capacity of the malignant clone 

may also be crucial for progression to CLL. In this sense, BCR 

responsiveness to external signals is influenced by the IGHV gene 

mutational status. Thereby, BCR binding in U-CLL clones can occur 

more frequently, leading to increased BCR signaling. As suggested 

in the present study, these differences in BCR signaling may also 

alter the inflammatory molecules of the TME.  

Summarizing, a balance between external (microenvironmental) 

factors, with a remarkable role of antigens, and intrinsic properties 

of the emerging B cell clone, may be decisive from the first stages of 

the disease both in inducing and maintaining neoplastic expansions.   
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7.  CONCLUSIONS 

 

Concerning gene expression studies, the following conclusions can 

be drawn: 

 

1. Gene expression arrays showed that the expression profile of 

CD4+ cells from MBL subjects is characterized by an upregulation of 

genes related to the inflammatory response and cytotoxicity, many 

of them concerning myeloid cells. This overexpression pattern was 

higher in MBL than in early-stage CLL. A Th1 expression signature 

was also observed in CD4+ cells of both entities by this technology. 

These results probably reflect a deviation in the architecture of CD4+ 

mononuclear cells towards Th1 and monocytic/macrophagic cell 

subsets. 

 

2. Expression results from CD4+ cells were validated by qPCR in the 

same cohort studied by arrays and in an independent cohort. A 

subset of genes related to inflammation and cytotoxicity were 

selected for qPCR validation. A high number of genes were 

validated for MBL vs. control, whereas in the other two comparisons 

gene expression results were only partially validated. Globally, 

these results reaffirm that the increased inflammatory and cytotoxic 

pattern is higher in MBL than in early-stage CLL.  

 

3. CD8+ T cells did not show a clear alteration of their function 

when performing gene expression arrays as detailed in the 

present study and in the analyzed cohort of MBL and early-stage 

CLL subjects. 

 

4. Functional validation is required to draw definitive conclusions.   
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Concerning cytokine immunoassays, the conclusions are: 

 

1. The high cytokine levels detected in a larger MBL cohort 

confirmed that an increased inflammatory response 

characterizes this entity. In particular, the significantly higher 

levels of IL8 (typically produced by macrophages) and the 

Th1/macrophage related cytokines IFNγ and TNFα, together with 

the gene expression results of CD4+ cells (including the 

upregulation of CXCL8, coding for IL8, besides other monocytic 

and Th1-related genes), reaffirm the increased inflammation in 

MBL and suggest a Th1 deviated response with involvement of 

monocytes/macrophages. 

 

2. For those cytokines which showed significant differences in 

their serum levels among healthy controls, MBL and CLL, lower 

levels were mainly detected in early CLL compared to MBL, 

including IL8, IFNγ and TNFα. These results point to a decrease 

in the inflammatory response during disease evolution and 

confirm the decreased inflammation in early CLL compared to 

MBL as detected by expression studies.  

 

3. The different cytokine profile of early M-CLL and U-CLL could 

reflect a different immune environment related to the progression 

to each condition.  

 

4. Similar cytokine fluctuations over time are likely associated 

with distinct clinical courses and outcomes depending on the 

stage of clonal development (MBL vs. CLL), although sequential 

analyses must be performed in larger cohorts.  
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5. Since cytokine levels can be affected by different circulating 

cell subsets with variable distribution among individuals, 

functional validations focusing on specific cell populations are 

required to definitively confirm the previous results. 

 

 

Concerning TR subcloning analysis, the conclusions are: 

 

1. CD4+ and CD8+ T cells of MBL and early-stage CLL harbor 

oligoclonal TR repertoires, with persisting T cell clones over time 

and increasing clonality within the CD4+ T cell subpopulation 

concurrently with the expansion of neoplastic B cells.  

 

2. The identification of the same clonotypes in different MBL/early-

stage CLL cases points to selection of T cell clones by common 

antigenic elements, very early in the clonal evolution process 

leading to CLL. The fact that these shared T cell clonotypes were 

not found in public databases alludes to common antigenic 

stimulation that may be potentially considered MBL/CLL-specific.  
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9.  ABBREVIATIONS 
 
 

APC: Antigen-presenting cell 
 
BCR: B cell receptor 

CDR3: Complementarity-determining region 3 
CLL: Chronic lymphocytic leukemia 
 
CTL: Cytotoxic T lymphocyte 
 
FC: Fold change 
 
FISH: Fluorescence in situ hybridization 
 
HC-MBL: High-count CLL-like monoclonal B cell lymphocytosis 
 
HLA: Human leukocyte antigen complex 

 
IFNγ: Interferon gamma 

 
IG: Immunoglobulins 

 
IGHV: V gene region of the immunoglobulin heavy chain 
 
IL8: Interleukin 8 
 
IPA: Ingenuity Pathway Analysis 

 
LC-MBL: Low-count CLL-like monoclonal B cell lymphocytosis 
 
MBL: CLL-like monoclonal B cell lymphocytosis  
 
M-CLL: Chronic lymphocytic leukemia with mutated IGHV 
 
MDSC: Myeloid-derived suppressor cells  
 
MHC: Major histocompatibility complex 
 
PBMC: Peripheral blood mononuclear cells 
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PD1: Programmed cell death-1 
 

sIg: Surface immunoglobulins 
 
Th1: Type 1 helper T cell 
 
Th2: Type 2 helper T cell 
 
TME: Tumor microenvironment 
 
TNFα: Tumor necrosis factor alpha 
 
TR: T cell receptor 
 
TRB: T cell receptor beta locus 
  
TRBD: T cell receptor beta diversity gene 
 
TRBJ: T cell receptor beta joining gene 
 
TRBV: T cell receptor beta variable gene 
 
Treg: Regulatory T cell  
 
U-CLL: Chronic lymphocytic leukemia with unmutated IGHV 

 


