
  

	   	    

 

 

The role of the NK cell receptor CD160 in the 

diagnosis, differentiation and function of chronic 

B-cell malignancies. 

 

 

 

 

Timothy William Farren 

 

A thesis submitted for the degree of 

Doctor of Philosophy at the University of London 

 

 

Centre for Haematology 

Pathology Group & Experimental Medicine 

Blizard Institute 

Queen Mary University of London 



  Declaration 

	   	   1 

 
 

Declaration 

 

I hereby declare that the author Timothy William Farren has undertaken the work 

detailed within this thesis. A list of contributors and the nature thereof is described in 

Appendix A. 

 



   Abstract 

	   	   2 

 

Abstract 

Chronic Lymphocytic Leukaemia (CLL) remains the most abundant leukaemia in those 

aged over 65 years. It is characterised by the expansion of malignant monoclonal B-

lymphocytes that were originally described as being functionally incompetent. 

Identified by immunophenotypic expression of monoclonal light chain restriction, it 

falls into the classification of chronic B-cell lymphoproliferative disorders (B-LPD). 

This thesis aims to demonstrate that CD160, an activating NK cell receptor, is 

aberrantly expressed in B-LPD and can function as a tumour specific antigen, which has 

clear translation roles within the clinical environment, aiding in the diagnosis of CLL 

and monitoring of minimal residual disease (MRD). More so, this study aims to provide 

an insight into the potential biological roles of CD160 within chronic B-cell 

malignancies. 

 

CD160 is an activating NK cell receptor whose major form is a 

glycosylphosphatidylinositol (GPI)-anchored cell surface molecule with a single 

immunoglobulin domain. In-vitro studies on a large cohort of B-LPD patients 

demonstrated that CD160 was primarily restricted to cases of CLL (98%) and Hairy 

Cell Leukaemia (HCL, 100%) with only a minor population of other B-LPDs 

expressing the antigen. More so, within the B-cell lineage, CD160 can be considered a 

tumour specific antigen (TSA) in that when looking for both transcript and protein, they 

were absent throughout the normal B-cell hierarchy.  

 

Many clinical studies base their entry criteria on clinical and biological prognostication, 

as this provides insights into the biology of CLL and its response to therapy. Disease 

eradication has been shown to be prognostic. This study demonstrates the feasibility and 
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clinical importance of MRD detection utilising CD160 as novel marker of residual 

disease. Subsequently, CD160 analysis by flow cytometry (CD160FCA) demonstrated 

to be as sensitive and specific as other methodologies, and independent of the type of 

therapy. Further to this the early detection of MRD was correlated with known 

biological prognostic risk groups.  

Patients in CR had significantly different EFS based on their MRD status following 

treatment using the CD160FCA. For those patients with adverse prognostic markers 

(including CD38, ZAP-70 and β2M), the time to detection of MRD or relapsing disease 

using CD160FCA, was significantly shorter than those with a normal or good 

prognosis. 

 

Within normal NK and T lymphocytes, CD160 has a multifunctional role that upon 

triggering results in a unique profile of cytokine production via the recruitment of 

Phosphatidylinositol 3-kinase (PI3K). In CLL cells, CD160 stimulation resulted in the 

recapitulation of these observations including cell survival, an increase in Bcl-2 family 

antiapoptotic proteins, and cell cycle progression. 

 

This thesis has demonstrated that CD160 is aberrantly expressed in malignant B-cells, it 

has a clear clinical translation role in terms of diagnosis and MRD monitoring, and 

multiple biological functions which recapitulate those observed in NK-cells.  
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1.1 B-cell lymphoid neoplasms 

Chronic B-cell malignancies arise as a result of a clonal expansion at various stages of 

normal B-cell lymphoid development.  

 

1.2 Lymphocyte Development 

The process of lymphocyte development into immunologically competent cells, requires 

a complex series of events regulated by the concerted action of a number of 

transcription factors, chemokines and cytokines which regulate cellular gene expression. 

Lymphocytes are derived from the pluripotent haematopoietic stem cell regulated by 

several growth factors including stem cell factor (SCF), FLT3-ligand (FLT3-L) and 

vascular endothelial growth factor (VEGF). The pluripotent stem cell differentiates into 

the common lymphoid progenitor cell (CLP) through asymmetric cellular divisions. The 

commitment of these CLPs to lineage specificity relies on the activation or suppression 

of transcription factor signalling. Just as AML1 regulated genes are essential for 

haematopoiesis (Okuda et al., 1996), Bcl1-1a  has been shown to be essential for normal 

lymphoid development (Liu et al., 2003). 

The transcription of both E2A (Bain et al., 1994; Zhuang et al., 1994) and Ebf1 (Lin and 

Grosschedl, 1995) are required for the CLPs to commit to the B-cell lineage, and Pax5 

is required for full B-cell development (Nutt et al., 1999; Rolink et al., 1999). Further to 

this, Deltex1 has been shown to redirect CLPs to the B-cell lineage by antagonising and 

suppressing Notch1 transcription (Izon et al., 2002). In contrast, Notch1 signalling is 

known to drive T-cell development (Allman et al., 2002), in conjunction with GATA3 

(Ting et al., 1996) and c-Myb activation (Allen et al., 1999).  Both the T and B cells 

function towards adaptive immunity, with T-cells functioning towards cell-mediated 

immunity and B-cells towards humeral immunity. A third lymphocyte group, Natural 
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Killer (NK) cells, form the non-specific innate immunity characterised by their lack of a 

T-cell receptor (TCR).  

 

 

 

 

Figure 1.1 Lymphocyte Development 
Lymphoid development from the CD34+ haematopoietic stem cell (HSC) to the 
common lymphoid progenitor (CLP) gaining CD38 and CD10 expression, and 
differentiation to the T/B and NK cells. (Le Bien TW, Blood 2000; 96:9-23).  
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1.2.1 T-cell differentiation 

The development and differentiation of lymphoid progenitors to undergo commitment 

to a T-cell phenotype is a process, in which the thymus is a unique structure critical in 

the support of the development of T-cells. Thymic seeding progenitor cells enter the 

thymus where they become committed immature lymphoid thymic progenitor cells, 

which are characterised by the lack of both CD4 and CD8, termed “double negative” 

(DN) cells (Anderson and Jenkinson, 2001; Bhandoola et al., 2007). Once these cells 

enter the cortex, Notch signalling commits the cells to the T-cell lineage, as it inhibits 

multiple cell types including B-cell and myeloid lineages (Izon et al., 2002; Allman et 

al., 2002; Bell and Bhandoola, 2008). These DN cells mature as they progress through 

the cortex to the subcapsular region, where they are defined phenotypically as mature 

CD4+CD8+ double positive (DP) cells. These DP cells pass back to the cortex, and 

subsequently into the medulla where they become either a CD4+ or CD8+ single 

positive (SP) phenotype (Koch and Radtke, 2011).  

The earliest DN population are defined by a CD117+/CD44+/CD25-/CD24-(or 

low)/CD8-/CD4- phenotype. As the cells progress through thymic development, the DN 

population progresses in four identifiable stages, in which each stage can be identified 

by its specific expression, or absence of CD44 and CD25 (DN1: CD44+/CD25+; DN2: 

CD44-/CD25+; DN3 & DN4: CD44-/CD25-) (Koch and Radtke, 2011).  Immature cells 

at the DN1 stage are committed to T-cell lineage, as it is here that Notch signalling 

occurs acting as a checkpoint (Bhandoola et al., 2007; Bell and Bhandoola, 2008). At 

this point, the DN1 cells have the potential to develop into NK cells. The cells 

differentiate into DN2 cells, still continuing towards becoming developed SP T-cells, 

but also retaining their function to develop into NK cells. Within the DN2 stage TCRγ/δ 

and TCRβ gene rearrangement occurs, which continues into the DN3 differentiation of 

these thymic cells (Capone et al., 1998; Livak et al., 1999). It is at the DN3 stage that 
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the T-cells undergo β-selection, in which the cells differentiate along the TCRαβ 

lineage, and thus require a functional pre-TCR (von Boehmer, 2005). Once the cells 

pass the CD44-/CD25- DN3 stage and enter into DN4, the cells are solely committed to 

mature T-cells, and migration back to the medulla occurs during which there is an 

upregulation of both CD4 and CD8 following pre-TCR signalling to become double 

positive (DP) cells (Porritt et al., 2003). The assembly of the TCRαβ is essential for 

allowing the specificity of ligands for the major histocompatibility complex (MHC) to 

bind, which inevitably will determine cell survival and further differentiation (Klein et 

al., 2009).  

Finally, the DP thymic T-cells become either CD4 positive or CD8 positive T-cells. 

Once committed to either CD4+/CD8- or CD4-/CD8+, a large proportion of SP cells 

with high affinity TCR for self-antigens are removed in order to reduce the chance of 

becoming autoreactive T-cells (Klein et al., 2009).   

 

Figure 1.2: Differentiation pathway for T-cells  (Koch U & Radtke F, 2011). 
HSC: Haematopoietic stem cell; TSP: thymic seeding progenitors; DC: dendritic cells; 
NK: natural killer; DN: double negative; DP: double positive; SP: single positive; CD: 
cluster differentiation. (1) Notch signalling occurs; (2) β-selection checkpoint’ (3) 
positive and negative selection checkpoint where DP commit to SP CD4+ or CD8+. 
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1.2.2 Natural Killer cell function & differentiation 

Natural Killer (NK) cells play a fundamental role within the innate immune system by 

providing cytotoxic and cytolytic activity, which is hypothesised to act against target 

cells lacking self-MHC class-I (MHC-C1), termed the “missing self hypothesis” 

(Ljunggren and Karre, 1990). This idea has progressed and it is known that NK cells 

lack TCR, as well as have a large number of activatory and inhibitory receptors that can 

engage MHC-C1, including molecules that appear similar to MHC-C1. When MHC is 

expressed on a target cell, the NK cell receives an inhibitory signal, and visa versa if the 

target cell lacks or has low expression of MHC, then the NK cell becomes activated.  

The activatory receptors include molecules such as natural cytotoxicity receptors 

(NCR), CD94 and CD16 (FcγRIIIA) involved in antibody-dependent cell mediated 

cytotoxicity (ADCC) (Moretta et al., 2001). Inhibitory receptors include Killer-cell 

immunoglobulin like receptors (KIR) and Leukocyte inhibitory receptors (LIR) (Smyth 

et al., 2005).  

Following receptor engagement, NK-cells have the ability to secrete cytokines and 

chemokines, with the major Th1 cytokine considered to be interferon gamma (INF-γ) 

(Mocikat et al., 2003; Smyth et al., 2005). INF-γ regulates two members of the tumour 

necrosis factor (TNF) family, FasL and TRAIL, expressed by the NK cells. These two 

TNF family members engage Fas and TRAIL-receptor (TRAIL-R) on the target cell 

leading to caspase dependent targeted cell apoptosis (figure 1.3).  

NK cells also mediate apoptosis of target cells by perforin, granzyme and granulysin 

cytotoxic granule-mediated exocytosis. Perforin, known to function as a membrane 

disruption protein, also enables granzyme-mediated apoptosis. Granzyme binding to 

target cells utilises mannose 6-phosphate receptor (MPR), acting as a receptor for 

granzyme-B (GrzB), which in turn allows GrzB to induce apoptosis directly as well as 
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through mitochondrial and caspase dependent activation (Figure 1.3) (Smyth et al., 

2005).   

 

Figure 1.3 The role of Natural Killer Cells in apoptosis from Smyth et al., 2005.  
 

Human NK cells are considered heterogenous, and can be divided into two distinct 

subsets based on the intensity of their surface expression of CD56 (CD56 dim or CD56 

bright) (Cooper et al., 2001). The CD56dim population accounts for approximately 90% 

of the human NK cell population which co-expresses high levels of the FcγRIII and are 

capable of ADCC, whereas the CD56bright subset represents the remaining 10% and lack 

or have low levels of FcγRIII (Cooper et al., 2001; Farag et al., 2006). The primary 

functional difference between the two subsets are: (1) the CD56dim NK cells are the 

cytotoxic effector cell compartment (Nagler et al., 1989), produce low levels of 

cytokines and have high expression of KIRs (Cooper et al, 2001); (2) the CD56bright 

subset produce higher levels of immunoregulatory cytokines, but have low-level 

expression of KIRs, are less cytotoxic, and function minimally in ADCC (Cooper et al, 

2001; Farag et al, 2006). 
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1.2.2.1  CD160 in Natural Killer (NK) cells 

CD160, is a 27kDa glycoprotein and forms an 80kDa homotrimer cell surface receptor, 

which is glycosylphosphatidylinositol (GPI) linked. CD160 is recognised by two 

distinct monoclonal antibodies (mAbs) – BY55 (IgM) and CL1-R2 (IgG) (Anumanthan 

et al., 1998; Agrawal et al., 1999). 

The expression of CD160 is mostly localised to NK and T-cells (Maiza et al., 1993). 

More so this GPI-anchored membrane protein is highly restricted to the CD56dim 

CD16+ cytolytic NK cell subset and not the CD56bright CD16- proliferative subset with 

low-cytolytic activity (Anumanthan et al., 1998). Unlike many other NK cell receptor 

genes, the CD160 gene is located on chromosome 1 (Anumanthan et al., 1998; 

Bensussan, 2000). Furthermore, CD160 has a single Ig-like domain which has been 

shown to be weakly homologous to Killer Cell Ig-like Receptor 2DL4 (KIR2DL4, 

CD158d) (Anumanthan et al., 1998). KIR genes are highly polymorphic and activate the 

cytotoxic function of NK cells despite having an immunoreceptor tyrosine based 

inhibition motif (ITIM) located within the cytoplasmic tail. The use of activatory and 

inhibitory receptors interacting with their respective ligands to mediate target cell death 

and cytokine secretion, are key hallmark features of NK cells (Moretta et al., 2001; 

Moretta et al., 2005).  

The CD56dimCD160+ NK subset can mediate target cell lysis following engagement of 

CD160 with HLA-C (Le Bouteiller et al., 2002), with CD158b inhibitory receptors 

partially inhibiting the CD160 mediated cytotoxic effects. Upon activation by 

engagement of the CD160 receptor, the detectable GPI surface form of CD160 is down 

regulated, which may be detectable as a soluble form of CD160 (Giustiniani et al., 

2007).  
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Figure 1.4 Cartoon representation of the GPI-anchored CD160 surface 
receptor on NK cells (reproduced with kind permission of Dr Jérôme Giustiniani, 
Laboratoire de Thérapie Cellulaire, Institut Jean Godinot, Reims, France) 
 

 

CD160 mediated cytotoxic activity has been demonstrated to be completely independent 

of the action of the other activatory receptors (Bryceson et al., 2006), and the 

crosslinking of CD160+ NK cells can secrete highly significant levels of IL-6, IL-8, 

TNF-α and INF-γ (Barakonyi et al., 2004).  

More recently, the specific engagement of CD160 on NK cells has been shown to 

induce polarisation and co-localisation of phosphoinositide 3-kinase (PI3K), 

demonstrated by confocal microscopy, suggesting that the PI3K pathway is involved in 

CD160 activation of NK cells. This was demonstrated by inhibition of the CD160 

mediated cytokine secretory effect, as well as NK cellular cytotoxicity, by the pan-PI3K 

inhibitors wortmannin or LY294002 (Rabot et al., 2007).  This study further 

demonstrated that CD160 engagement induced strong phosphorylation of Akt, as well 

as MEK and ERK, both downstream of PI3K, and Syk which is upstream. Inhibition of 

MEK using U0126 and Piceatannol for Syk had profound effects on CD160 mediated 

cytokine release; supporting the theory that the effector functions observed in NK cells 

are functionally dependent on PI3K recruitment (Rabot et al., 2007).  
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1.2.3  Normal B-cell differentiation   

Normal B cell differentiation begins with the generation of precursor B-cell 

lymphoblasts termed progenitor B cells (pro-B-cells), derived from the pluripotent stem 

cell. At this initial stage of cellular differentiation, lineage commitment may not be 

absolute. The augmentation of B cell development is associated with the primordial 

chemokine stromal cell-derived factor-1 (SDF-1), which is constitutively produced by 

the bone marrow stromal cells (Bleul et al., 1996). The interaction between SDF-1 and 

its receptor is responsible for attracting the pro-B cells into a microenvironment where 

they are able to differentiate (Burrows and Cooper, 1997). 

Interleukin-7 (IL-7) produced by the stromal cells in the bone marrow has minimal 

effect on human B-cell proliferation, but it has been demonstrated to enhance the 

expression of the transmembrane glycoprotein CD19, and potentially modulate 

immunoglobulin (Ig) receptor diversification (Billips et al., 1995). 

The enhanced CD19 expression by IL-7 has been demonstrated to downregulate 

expression of nuclear terminal deoxynucleotidyl transferase (nTdT) and the 

recombinase-activating genes RAG-1 and RAG-2 (Billips et al., 1995). Despite the 

downregulation of these key genes, CD19 ligation maintains RAG expression in the 

presence of IL-7, highlighting the importance of the bone marrow microenvironment in 

the development of B lymphocytes. The combination of RAG, nTdT, IL-7 and CD19 

expression promote the progenitor B cell to begin its process of differentiation to a 

precursor B cell via the process of recombinase gene-directed immunoglobulin VDJ 

gene rearrangement (Billips et al., 1995). This process results in the encodement of 

functional antigen receptors. 
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1.3 VDJ Gene Rearrangement – Immune diversity 

For the progenitor B cell to differentiate into a precursor B cell (Pre-B), it undergoes 

genotypic changes (recombination of VH, DH and JH), known as VDJ rearrangement, to 

encode functional antigen receptors. 

The initiation of VDJ gene rearrangement begins in the immunologically incompetent 

(incapable of Ig production) progenitor B cell, in which one D (Diversity) segment joins 

to one J (Joining) gene on chromosome 14 (Rabbitts, 1994).  

The DJH recombination attempts to join to one of the heavy chain variable region genes, 

termed VH gene. Upon successful completion of the VDJ recombination, the resultant 

segment joins to a heavy chain constant region gene mu (µ), which is translated and 

retained in the endoplasmic reticulum. This internalised IgM, can be detected by 

cytoplasmic staining for the immunoglobulin mu heavy chain. 
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Figure 1.5 B-cell VDJ rearrangement Goldman AS, Prabhakar BS. 
Immunology Overview. In: Baron S, editor. Medical Microbiology. 4th edition. 
Galveston (TX): University of Texas Medical Branch at Galveston; 1996. Chapter 
1.  Available from: http://www.ncbi.nlm.nih.gov/books/NBK7795/ 
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1.4  The pre B-cell receptor, the formation of the IgM BCR and signalling. 

Following the completion of the VDJ rearrangement within the pro-B-cells, the resultant 

µH binds to an Hsp70 chaperone in the endoplasmic reticulum with a surrogate light 

chain composed of VpreB and λ5 polypeptides (Melchers, 1999). With VpreB and λ5 

proteins associating with the µH, the Igα/Igβ (CD79a & CD79b) heterodimers bind 

(Karasuyama et al., 1996; Benschop and Cambier, 1999), and permit the pre-BCR to be 

expressed on the surface of pre-B cells, which act as a portal for the signal transduction 

required for further B-cell differentiation (Zhang et al., 2004). If there is a loss of 

function in either the µ heavy chain gene or those genes encoding for CD79a or CD79b 

then Pre-B-cell development will be arrested (Rajewsky, 1996). 

 

Figure 1.6 The Pre-B Cell Receptor (Zhang et al., 2004) 
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The Pre-B-cells are split into two distinct clusters Pre-BI and Pre-BII. The Pre-BI cells 

retain the VpreB and the λ5 genes from the Pro-B-cells, which encode the surrogate 

light (SL) chain, as well as retaining CD117, but lose expression of nuclear TdT. It is 

this expression of the pre-BCR, and the subsequent signalling through it that facilitates 

further cellular differentiation and proliferation (Rolink et al., 2000). The Pre-BI cells 

differentiate into the smaller Pre-BII cells, which loose their expression of CD117 and 

eventually the SL chain, pre-BCR and µH but gain CD25 expression (Dul et al., 1996). 

It is at this stage that the Pre-BII cells begin the process of rearranging the Ig-κ and Ig-λ 

light chain (LC) gene loci, which once completed allows surface expression of the LC 

and µ-H chain as the IgM (sIgM) B-cell receptor (BCR).  

 

 

Figure 1.7 Normal stages in human B-cell development. (LeBien, 2000) 
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The functional mature BCR complex consists of a heavy chain possessing three to four 

constant region domains and one constant domain, with light chains consisting of one 

constant and one variable domain. The BCR remains non-covalently associated with 

CD79a and CD79b, acting as a signal transduction unit (Hasler and Zouali, 2001). Both 

CD79a and CD79b contain immunoreceptor tyrosine-based activation motifs (ITAMs) 

within their cytoplasmic region (Reth, 1989), which act as docking sites for SH-2 

domain containing proteins. Following the crosslinking of the BCR, the ITAMS of 

CD79a and CD79b become phosphorylated by the recruitment of Src family of protein 

tyrosine kinases (PTK) such as Lyn, Fyn and Syk kinase (Gold et al., 1991; Flaswinkel 

and Reth, 1994; Law et al., 1994). Following the phosphorylation on Syk by Lyn, 

downstream adapter proteins such as B-cell linker protein (BLNK) and phospholipase 

Cγ (PLCγ) become phosphorylated (Kurosaki et al., 1994). BLNK activation is known 

to be associated with B-cell development (Fu et al., 1998), as this activation in turn 

results in the phosphorylation of further downstream effector molecules such as 

Bruton’s tyrosine kinase (btk) and phospholipase Cγ2 (PLCγ2) resulting in calcium flux 

triggering further downstream signalling (Figure 1.8) (Kurosaki and Tsukada, 2000).  

The activation of the BCR, and subsequent Syk dependent phosphorylation of CD19, 

can also lead to the activation of the phosphatidylinositol-3 kinase (PI3K) pathway 

resulting in Akt activation and eventually cellular proliferation.  

These surface IgM positive (sIgM+) cells with intact BCRs, if not auto-reactive leave 

the bone marrow and migrate to secondary lymphoid organs where they mature gaining 

surface IgD expression. These transitional cells, termed T1/T2, also express CD21 and 

CD22, migrate to the lymph nodes and spleen where they become activated following 

an encounter with dendritic cells.  At this point, these B-cells termed ‘centroblasts’, 

either become terminally differentiated plasma cells or undergo somatic hypermutation 
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(SHM) of their immunoglobulin variable-region genes and class switch recombination 

(CSR) within the germinal centres (GC) (Figure 1.9).  

 

 

Figure 1.8  B-cell receptor signaling within normal human B-cells 
(Wickremasinghe et al., 2011) 
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Figure 1.9 B-cell development outside the BM. (LeBien and Tedder, 2008) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1 
	  

	   	   43 

1.4.1 Somatic Hypermutation and Class-switch recombination 

The process of SHM produces high affinity B-cell clones that form the memory 

components of humoral immunity (Kelsoe, 1996). For this to occur the receptors on the 

B-cell surface have to come in contact with ligands on circulating antigen presenting 

cells (APC) and T-cells, for example CD154 (CD40L) expressed by helper T-cells 

(Figure 1.10). SHM occurs in the dark zone of the GC resulting in the modification of 

the immunoglobulin variable region by the introduction, exchanges, deletions and 

duplications of single nucleotides (Goossens et al., 1998). Further to this, class-switch 

recombination (CSR) of the centrocytes by DNA recombination, mediates the switching 

of the Ig-heavy chain from IgM/IgD to either IgG, IgA or IgE, thus altering the effector 

function (Figure 1.10). Both of these processes require the expression of activation-

induced cytidine deaminase (AID) (Muramatsu et al., 2000). If for any reason either of 

these two processes becomes disrupted, this may form the basis of promoting B-cell 

lymphomagenesis. This is observed in cases of mantle cell lymphoma (MCL) and some 

cases of chronic lymphocytic leukaemia (CLL), which have unmutated immunoglobulin 

genes suggesting these lymphomas are derived from pre-GC B-cells. In contrast, cases 

of follicular lymphoma, (FL), diffuse large B-cell lymphoma (DLBCL), 

lymphoplasmacytoid lymphoma (LPC) and some cases of CLL derive from B-cells with 

somatically mutated immunoglobulin genes, suggesting they have undergone SHM 

(Stevenson et al., 1998).  
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Figure 1.10 Somatic hypermutation (SHM) (Klein and Dalla-Favera, 2008) 
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1.5  Malignant transformation and disease characterisation 

Throughout normal B-cell ontogeny, each stage has a malignant counterpart, that 

develops from a dominant subclonal expansion of proliferative neoplastic B-cells 

(Figure 1.11). The aetiology of many of these B-cell malignancies is largely unknown, 

but is postulated to arise from a combination of genetic polymorphisms and 

environmental factors, such as viruses for Burkitts lymphoma and bacteria for MALT 

lymphoma (Warner et al., 2004).  

The development of these malignant transformations can occur through a combination 

of a large number of mechanisms. Such mechanisms include an imbalance between 

proto-oncogenes and tumour suppressor genes arising from: 

• mutations in tyrosine kinases leading to constitutive intracellular signalling. 

• tumour suppressor genes acquiring a gain or loss of function by point mutation 

or deletion resulting in dysregulation of the cell cycle. 

• Epigenetic alterations in which not only gene expression is dysregulated, but 

also the mechanisms by which the gene is transcribed, which is then inherited 

with each cell division. The most characterised are the methylation of cytosine 

residues in DNA or deacetylation of histone proteins required to package DNA 

within the cell resulting in suppression of gene transcription.  

• loss or gain of short RNA sequences termed microRNAs (miRNA), which are 

normally transcribed but not translated, controlling the expression of adjacent 

genes such as miR15a/miR16-1 locus in CLL associated with 13q deletion. 
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Figure 1.11 The development of human B-cell malignancies (LeBien and Tedder, 
2008) 
 

 

 

1.5.1 The role of Bcl-2 family proteins 

The transition from proto-oncogenes to oncogenes arises from a gain of function 

through mutation or translocation, resulting in either an increased activity of the proto-

oncogene or the acquirement of a novel function. One of the earliest and most 

characterised oncogenes in haematological malignancy are the members of the BCL-2 

protein family (Cory et al., 2003), which are key arbiters of the commitment to 

programmed cell death. The process of apoptosis relies heavily on the permeabilisation 

of the outer membrane of mitochondria. This occurs through the C-terminal 

transmembrane domain of pro-apoptotic proteins, such as Bax and Bak, being inserted 

into the outer membrane, leading to the release of caspase activating molecules such as 

cytochrome-C, and conversion of pro-caspases to caspases leading to apoptosis (Green 
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and Kroemer, 2004). The mitochondrion is also involved in necrotic cell death, with 

release of mitochondrial reactive oxygen species (ROS) into the cell, propagating and 

executing membranous damage leading to the characteristic cellular membrane swelling 

and eventually rupture (Festjens et al., 2006).  

Conversely, the anti-apoptotic Bcl-2 protein family members, such as Bcl-2 and Bcl-XL, 

protect mitochondrial membrane integrity thereby inhibiting release of cytochrome-C 

(Vander Heiden et al., 1997), ROS damage and cell swelling (Kane et al., 1993; 

Hockenbery et al., 1993). The suppression of Bax by Bcl-2 occurs through the blocking 

of Bax oligomerisation and conformational change, halting its insertion into the 

mitochondrial membrane (Nechushtan et al., 1999).  As it is the BCL2 gene that is the 

key regulator of this pathway, any overexpression of this gene and subsequent increased 

levels of Bcl-2 protein result in a defective intrinsic apoptotic pathway, which is 

associated with resistance to apoptosis, an aggressive clinical course, and poor response 

to therapy in many lymphomas (Chanan-Khan, 2005).  

 

1.6 Diagnosis of chronic B-cell lymphoproliferative diseases (B-LPD) 

The diagnosis and differentiation between chronic B-cell malignancies relies on a 

multitude of specialist investigations on a variety of tissues from the physical clinical 

examination to laboratory assessment of peripheral blood, bone marrow and lymph node 

excision and fine needle aspirates. However, many chronic B-cell lymphoid leukaemias 

have a characteristic chronic persistent lymphocytosis. Disease classification now 

requires a multiparametric approach (Swerdlow et al., 2008; Parker et al., 2010).  

These approaches include: 

• Morphological examination - whilst not definitive can provide a basic 

differential diagnosis in terms of a “classical” versus “atypical” disease. 
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• Histological examination - immunohistochemistry and immunocytochemistry 

allows further differentiation based on the expression or absence of specific 

antibodies, as well as characterising the disease based on its architecture (Jaffe et 

al., 2008).  

• Immunophenotypic examination - immunological staining for the diagnosis of 

mature B-lymphoid malignancies has a significant diagnostic benefit when 

examining single cell suspensions by flow cytometry (FCM). The process of 

FCM is considered significantly more powerful as it allows simultaneous 

assessment of multiple antigen expression on the same cell. The process targets 

cellular antigen expression by utilising antibodies conjugated to fluorochromes, 

which emit fluorescence at given wavelengths. If a specific antigen is present on 

the cell, then an antibody directed against the antigen binds resulting in 

individual fluorochromes being excited by the lasers, and the subsequent 

emission of fluorescence detected by photomultiplier tubes (Figure 1.12). The 

population expressing the CD19 – B-cell antigen is isolated then light chain 

restriction is established by assessing kappa and lambda expression, 

demonstrating a clonal malignant population. CD19 is the antigen target of 

choice for B-cell malignancies, as it is present throughout the life cycle on the 

developing B-cell, but is lost at the terminal differentiation into plasma cells. 

Finally the fully detailed phenotype is established using tumour-specific and 

tumour-associated antigens to delineate the disease further and provide markers 

of prognostication (Table 1.1).  As B-cells mature they loose CD10 expression 

but gain CD20 and surface immunoglobulin (sIg).  
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Disease Typical Phenotype Atypical Phenotype 
Chronic lymphocytic 
leukaemia (CLL) 

CD19+, CD20+ (wk), 
CD5+, CD23+, CD79b-
/wk, CD200+, CD10-, 
sIgM+ (wk), κ or λ LC 
restriction 

Loss of CD5 
Weak or absent CD23 
 

B-cell prolymphocytic 
leukaemia (B-PLL) 

CD19+, CD20+, CD22+, 
CD79b+, sIgM (strong), +/- 
sIgD. 

CD5+ (20-30%) 
CD23+ (10-20%) 

Hairy cell leukaemia 
(HCL) 

CD19+ CD20+, CD11c+, 
CD25+, CD103+ CD5-, 
CD10-, sIgM + (strong) 

Loss of CD25 
CD10 positivity 

Mantle cell lymphoma 
(MCL) 

CD19+, CD20+, CD5+, 
CD23-, CD200-, CD10-, 
Cyclin D1+, FMC7+ 

CD5 negative 
CD23 positive 
CD200 positive 

Follicular lymphoma (FL) CD19+ (wk), CD20+, 
CD10+ 

Weak or absent CD10 
expression. 

Splenic Marginal Zone 
Lymphoma (SMZL) 

CD19+, CD20+, CD79a+, 
CD5-, CD10-, CD23-, 
CD43-, sIgM+ (strong), 
sIgD+ 

 

Lymphoplasmacytic 
lymphoma (LPC) 

CD19+, CD20+, CD22+, 
CD79a+, CD5-, CD10-, 
CD23-, CD43+/-, CD38+, 
sIgD-, sIgM+ 

 

Burkitt Lymphoma (BL) CD19+, CD20+, CD22+, 
sIgM+, CD10+, CD38+, 
CD77+, CD43+, Ki67+ 

BCL2+ (20%) 

Diffuse large B-cell 
lymphoma (DLBCL) 

CD19+, CD20+, CD22+, 
CD79a+, sIg,  

sIgM>sIgG>sIgA (50-
75%). 
CD30+ (anaplastic variant) 
CD10+ (30-60%) 

Table 1.1 Disease specific phenotypes based on flow cytometry assessment of 
malignancy. Adapted from (de Tute, 2011 & Swerdlow et al., 2008). 
 

 

• Cytogenetic examination – There are a number of specific chromosomal 

aberrations across the genome that are strongly associated with particular 

chronic B-LPDs.  The use of karyotypic analysis by direct morphological 

examination of the chromosomes provides evidence of specific deletions, 

additions and translocations, but this requires the cells to be in metaphase and 

requires specialist examination.  
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• Fluorescence In Situ Hybridisation (FISH) examination - utilises fluorescent 

DNA probes on denatured cells that hybridise to specific parts of the genome. 

This technique is significantly more sensitive than karyotypic analysis and is 

advantageous in cases where many lymphomas harbour numerous translocations 

or have complex karyotypes. Furthermore, the malignant cells do not need to be 

in metaphase and analysis can be performed on quiescent cells.  

 

• Molecular examination - Polymerase chain reaction (PCR) in chronic B-LPDs 

is routinely used for the assessment of B-cell clonality in terms of its 

immunoglobulin heavy and light chain rearrangement, as well as observations of 

specific translocations (Diss et al., 2002). Malignant cells of various B-LPDs 

may have incurred somatic hypermutations in their immunoglobulin heavy chain 

variable region (IgVH) genes, particularly in cases of CLL, which may be of 

prognostic significance (Damle et al., 1999; Thorselius et al., 2006). As aberrant 

expression, false positives and false negatives occur, this technique is not 

routinely used and cannot be used in isolation (Maes et al., 2000).   

 

FC, FISH and PCR are all required for the diagnostic armamentarium, and cannot be 

interpreted alone. This is most evident in the differentiation between CLL and MCL in 

leukaemic phase, as the phenotype and morphology of both these B-LPDs can be very 

similar in atypical cases.  However, the importance in the differentiation between these 

two clinical entities is in terms of therapy. Classically MCL is CD23 negative, whereas 

CLL is CD23 positive. However, CD23 expression has been demonstrated in a number 

of MCL cases (Schlette et al., 2003), including data in this thesis. However a number of 

phenotypic and genetic markers are advocated to delineate between the two diseases. 

These include FMC7, as CLL is usually FMC7 negative and MCL is usually positive 
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(Garcia et al., 2001). However, FMC7 is frequently expressed in cases of atypical CLL.  

More recently, CD200 has been reported to be uniformally positive in CLL but absent 

from the majority of MCL cases, which may provide a biomarker for distinguishing 

between malignancies (Kretz-Rommel et al., 2007; Palumbo et al., 2009). Furthmore 

BCL2 protein is usually upregulated in MCL as well as Cyclin D1, because of the 

presence of the t(11;14)(q13;q32) reciprocal translocation involving IGH and CCND1 

gene regions (Bertoni et al., 2006).   

Despite these useful biomarkers with CCND1 translocation and nuclear expression 

remaining a hallmark feature of MCL, a rare CCND1-negative MCL phenotype exists 

but is not fully characterised. Recently, SOX11, a neural transcription factor has been 

reported to be a specific biomarker for both CCND1 positive MCL and the CCND1-

negative variant of MCL (Fernandez et al, 2010; Navarro et al, 2012; Salaverria et al, 

2013). These CCND1-negative SOX11 positive malignancies typically present with 

lymphadenopathy and follow an aggressive clinical course with poor 5-year overall 

survival (Fernandez et al, 2010). 

In the study by Navarro et al, the authors also examined the mutational status of the 

BCR in MCL, in which they stratify patients as truly unmutated (100% identity IgVH), 

minimally mutated (99.9%-97%), significantly mutated (96.9%-95%) and hypermutated 

(<95%) (Navarro et al, 2012). The authors demonstrated that a cut-off 97% from 

germline identity predicted a significant difference in 5-year overall survival with high 

mutational load predicting an improved prognosis. Multivariate analysis incorporating 

IgVH mutational status and SOX11 expression demonstrated that both these biomarkers 

functioned as independent risk factors, with mutated IgVH and SOX11 negativity 

predicting a disease with a more indolent behaviour (Navarro et al, 2012). 
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Figure 1.12 The basic principle of flow cytometry.  
(A) Cells are aligned into a single flow of cells due to hydrodynamic focusing in the 
flow cell. They subsequently pass through a laser source. Forward scatter (FSC) is used 
to determine the size of the cell, and side scatter (SSC) to determine the granularity of 
the cell. (B) The FSC and SSC are plotted from which specific leucocyte populations 
can be identified. (C) The use of fluorochrome labelled monoclonal antibodies allows 
the phenotypic analysis of each cellular population. 
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Figure 1.13 FISH analysis demonstrating two copies of ATM (green) and only 
one copy of p53 (orange) (from Abbott Molecular – www.abbottmolecular.com) 
  

 

 

 

 

 

Figure 1.14 LSI CCND1 and IgH probes for the detection of 11q13 and 14q32 
translocations characteristic of MCL (from Abbott Molecular – 
www.abbottmolecular.com) 
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Figure 1.15 Sensitivity of assays for the diagnosis of haematological 
malignancies. From Hoffbrand, V. & Moss, P. (2011) Essential Haematology, 6th 
edition, New Jersey: Wiley-Blackwell 
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1.7 Chronic Lymphocytic Leukaemia 

1.7.1 Introduction to Chronic Lymphocytic Leukaemia 

CLL is the most prevalent leukaemia in the western society, with an age-adjusted 

incidence of 4.2 per 100,000 per annum (Oscier et al., 2012). It is primarily a disease of 

the elderly with a median age at diagnosis of 71 years based on the ICD-O-3 code 

9823/3 (Yorkshire Cancer Network, 2012). As with many of the chronic B-LPDs, CLL 

arises from a progressive sequence of events, assisted by promoting incidents and 

interactions within the microenvironment, although the full biological understanding has 

not been completely characterised. Historically, CLL as a disease entity was postulated 

to be an accumulation of small functionally incompetent lymphocytes (Dameshek, 

1967). The relentless increase of malignant cells is due to defective apoptosis that 

causes extended cell survival, in which more than 99% of circulating CLL lymphocytes 

are in the G0/early G1 phase of the cell cycle (Caligaris-Cappio and Hamblin, 1999). 

They are unresponsive to the exogenous stimuli that favour the cell cycle progression of 

normal B-cells, and their B-cell-receptor (BCR) organization tends to prevent BCR-

mediated activation.  

However, with the advent of modern technology such as multiparameter flow cytometry 

and gene expression profiling (Damle et al., 2002), knowledge has progressed further, 

and it has been demonstrated that in fact these cells are mature, functional and antigen-

experienced B-cells, in which a large number have BCR IgVH somatic mutations (Klein 

et al., 2001; Fais et al., 1998). This further understanding around the pathogenesis of 

CLL has provided a significant contribution to the basis of prognostication for these 

patients, such as the use of mutational status of the variable region of Ig heavy chain. 

CLL patients with mutated IGVH genes (<98% sequence homology with the nearest 

germline VH gene) confer a less aggressive disease course as opposed to those un-

mutated with a poorer survival (Hamblin et al., 1999). The BCR in CLL is functional 
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despite its surface expression being typically weak, with both SYK and ZAP70 being 

recruited, leading to the phosphorylation of BLNK (Kipps, 2007). In patients with CLL, 

the IGVH genes used to construct the BCR are relatively restricted in nature (Packham 

and Stevenson, 2010). Our understanding has been further enhanced in that the protein 

structure of the complementarity determining region (CDR3) amino acid sequence 

forming the basis of the BCR from unrelated CLL patients is similar (Tobin et al., 

2003). This phenomenon has been termed ‘stereotypic’, where unrelated CLL patients 

have stereotyped V-D-J segments with similar HCDR3 regions, further supporting the 

development of CLL being an antigen driven process (Messmer et al., 2004).  

 

1.7.2 Monoclonal B-cell lymphocytosis 

Clonal B-cell populations with the immunophenotypic characteristics of CLL, as 

defined in table 1.1, have been reported in 3.5% of the healthy population who have a 

normal or raised lymphocyte count, but less than 5000 cells/µL. This phenomenon has 

been termed monoclonal B-cell lymphocytosis (MBL) (Rawstron et al., 2002). MBL has 

been viewed as a pre-malignant phenotype to CLL, which furthermore shows similar 

chromosomal abnormalities as found in CLL. In those cases of MBL with a normal 

lymphocyte count, 39% of patients demonstrated a deletion at 13q14 and 18% had an 

additional copy of chromosome 12 (Rawstron et al., 2008). In the same study, the 

authors showed that those MBL cases with a raised lymphocyte count had deletions at 

13q14 (58%), and trisomy 12 (21%), but also 6% of cases had a deletion at 11q23 and 

3% harbouring a deletion at 17p, comparable to abnormalities reported in CLL 

(Rawstron et al., 2008). This data supports that MBL is not an expansion of normal B-

cells, but clonal cells which have already acquired genetic lesions of CLL, suggesting 

that these pre-malignant cells could be tumour precursor cells. Furthermore, these cells 

also demonstrate somatic mutations of the VDJ portion of the heavy chain up to 77 
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months before being diagnosed with CLL (Landgren et al., 2009), as well as expressing 

markers of prognostication, CD38, ZAP70 and CD49d (Lanasa et al., 2011). Clinical 

MBL progressing to overt CLL requiring some form of therapy over time occurs at a 

rate of approximately 1.1% per annum (Rawstron et al., 2008). However, the 

progression from subclinical MBL (defined as less than 50 clonal B-cells per microlitre) 

to CLL is far less common (Fazi et al., 2011). Further evidence to support the 

hypothesis that MBL is a pre-leukaemic condition is based upon global gene expression 

profiling.  

 

1.7.3 Diagnosis of CLL 

The diagnosis of CLL is a multifactorial process based on a lymphocytosis, defined as a 

clonal lymphocyte count >5x109/L which has persisted for longer than 3 months (Hallek 

et al., 2008; Oscier et al., 2012), with a characteristic immunophenotype based on the 

modified Royal Marsden scoring system (Moreau et al., 1997). Immunophenotyping 

uses a panel of fluorochrome-conjugated monoclonal antibodies to defined antigens, 

which are detected by flow cytometry (figure 1.12). There is an expansion of B-cells 

expressing molecules associated with activation (CD19 and CD23), as well as 

downregulation of monospecific surface immunoglobulins (IgM, IgD), and weak or 

absent CD79b, CD22 and FMC7. Classically there is a strong characteristic aberrant co-

expression of CD5 on the malignant B-cells (CD5+, CD19+) in CLL and MCL. The B 

cells are monoclonal with regard to expression of either kappa (κ) or lambda (λ) light 

chains. Based on the presence, absence or weak expression of the aforementioned 

antigens, the score assigns one point for the presence or absence of that antigen (Moreau 

et al., 1997).  
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Antigen Expression Score Expression Score 

SmIgM Weak/Mod. +1 Mod/strong 0 

CD5 Positive +1 Negative 0 

CD23 Positive +1 Negative 0 

CD79b Neg / Weak +1 Moderate 0 

FMC7 Negative +1 Strong 0 

 

Table 1.2 Modified CLL scoring system. Adapted from (Moreau et al., 1997) 
 

With this scoring system in place 92% of CLL cases score 4 or 5 out of 5, 6% score 3 

and 2% score 1 or 2 (Moreau et al., 1997). Most other chronic B-cell lymphomas and 

leukaemias score 1 or 2, but a minority score 3. This system although remains widely 

used, the development of improved reagents, multiparameter FC and new markers has 

allowed further panels to be established.  

 

1.7.3.1 Clinical Presentation 

The majority of patients when presenting to clinic for the first time, their diagnosis is an 

incidental finding performed on a full blood count (FBC) for an unrelated symptom. 

Those patients who present with a more advanced disease, may have evidence of 

lymphadenopathy, hepatosplenomegaly as well as general lethargy, fever, night sweats 

and weight loss – referred to as ‘B-symptoms’. A number of patients may present with 

persistent cytopenias related to their CLL. The origin of the cytopenias may be due to 

bone marrow failure secondary to diffuse malignant infiltration, splenomegaly, or an 

autoimmune phenomena such as autoimmune haemolytic anaemia (AIHA), 

autoimmune thrombocytopenia or both termed Evans syndrome (Michel et al., 2009).  
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Recurrent infections, specifically reactivation of herpes zoster, may be evident on 

presentation due to acquired hypogammaglobulinaemia (Hamblin and Hamblin, 2008).  

 

1.7.3.2 Clinical Investigations 

With the majority of patients being diagnosed incidentally from a full blood count 

(FBC) for an unrelated symptom, the most striking feature is a lymphocytosis, with cells 

having typical morphological features of condensed nuclear chromatin with a clumped 

appearance. Immunophenotyping of peripheral blood is the key diagnostic test. A bone 

marrow test is not routine at diagnosis, unless there are unexplained cytopenias present. 

However, a bone marrow is always performed pre-treatment. Similarly, cytogenetics, in 

the form of FISH analysis of peripheral blood, is not routine at diagnosis, but is 

essential pre-treatment. Lymphadenopathy and organomegaly are determined clinically, 

with imaging (CT scanning) usually reserved for patients requiring therapy.  

To determine the presence of an autoimmune haemolysis a direct antiglobulin test 

(DAT) should be performed as well as routine biochemistry, including serum beta-2 

microglobulin (β2M), and serum immunoglobulins for evidence of immuneparesis 

(Hallek et al., 2008, Oscier et al., 2012). Although the use of imaging may be used to 

identify patients with small volume nodal disease, this is rarely used outside the clinical 

trial setting, with no evidence to support routine use especially at diagnosis.  
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1.7.4 Prognostication in CLL 

1.7.4.1 Staging in CLL 

In early CLL, the two standard clinical staging systems developed for stratifying 

patients termed “Binet” and “Rai”, remain a widely accepted prognostic outcome tool, 

basing classification on disease burden and the degree of BM involvement (Binet et al., 

1977; Rai et al., 1975). These staging systems are used in patients presenting with 

widespread lymphadenopathy and/or organomegaly based on clinical examination and 

where required computerised tomography (CT) scanning.  

 

Binet Stage  Features Median 
survival (%) 

A  No anaemia or thrombocytopenia. 
Less than 3 lymphoid regions 
involved 

12 years (60%) 

B  No anaemia or thrombocytopenia. 
3 or more lymphoid regions 
involved 

5 years (30%) 

C  Anaemia present (<100g/l) and/or 
thrombocytopenia (<100x109/L) 

2 years (10%) 

Rai Stage Risk Group   
0 Low Sole lymphocytosis >13 years 

(30%) 
I Lymphadenopathy 8 years (25%) 
II Intermediate Hepatomegaly or splenomegaly 

with associated lymphocytosis. 
5 years (25%) 

III High Lymphocytosis with anaemia 
(<100g/l) or platelets <100x10/9L) 

2 years (10%) 

IV  1 year (10%) 
 

Table 1.3 The Binet and Rai staging system for CLL and their respective 
median survival rates (Rai et al., 1975; Binet et al., 1977) 
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1.7.4.2 Risk categorisation 

The median survival for all patients with CLL regardless of clinical stage ranges 

between 8 to 12 years (Wierda et al., 2007), however individual prognosis is variable. In 

early stage CLL the disease runs an indolent course in which a “watch and wait” policy 

is instigated. However, as with many malignancies, in CLL there is a wide clinical 

heterogeneity in which no single treatment is applicable to every patient, thus prompting 

the need to define risk groups in terms of predicting response to therapy. In terms of 

prognosis it is recommended that indicators predict response to therapy and not to 

instigate it (Oscier et al., 2012).  

 

1.7.4.3 Biological prognostic factors 

IgVH status 

One of the more recent advances in CLL has been the assessment of somatic mutations 

in the variable region of the immunoglobulin (Ig) heavy chain. It is now well 

established that those patients whose CLL cells use an unmutated (UM) IgVH gene, 

defined as >98% sequence homology with germline VH, have a far inferior outcome to 

those patients whose cells have a mutated (MUT) IgVH regardless of clinical staging  

(Median OS: UM 117 months vs MUT 293 months (Figure 1.16) (Hamblin et al., 1999). 

One exception to this rule is seen in those patients who harbour the stereotypic VH3-21 

gene, which confers an inferior outcome in terms of survival irrespective of IgVH 

mutational status (Thorselius et al., 2006).  
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Figure 1.16 Kaplan-Meier survival curve for CLL patients based on mutational 
status (p=0.001) (Hamblin et al., 1999). 
 

ZAP-70 status 

In a pivotal study published in 2001 by Rosenwald et al, the authors demonstrated 

through gene expression profiling that the T-cell tyrosine kinase, ZAP-70 was the most 

differentially expressed gene splitting between UM and MUT subgroups of CLL 

(Rosenwald et al., 2001). The expression of ZAP-70 positivity defined as ≥20% 

positivity of the leukaemic clone, demonstrated a strong correlation with UM CLL cases 

in terms of disease progression and overall survival, suggesting its possible role as a 

surrogate marker for IgVH mutation status and prognostic indicator of disease 

progression (Crespo et al., 2003; Orchard et al., 2004; Rassenti et al., 2004).  
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Figure 1.17 Overall survival in CLL patients based on ZAP-70 expression. 
(Orchard et al., 2004) 
 

 

CD38 status 

The expression of CD38 was one of the earliest prognostic markers identified on CLL 

cells known to correlate with mutational status (Damle et al., 1999). CD38 is a type II 

single chain transmembrane glycoprotein of 46kD present on the surface of immune 

cells including T, NK, pre-B-cells and germinal centre B-cells (Alessio et al., 1990). Its 

expression is lost on more mature lymphocytes, but is preferentially expressed on 

terminally differentiated Ig-secreting plasma cells (Hamblin, 2003). It is also has 

widespread distribution in a number of other tissues (Deaglio et al., 2001). Its primary 

function is to facilitate potent growth and differential signals to lymphoid and myeloid 

cells. Within normal B-cells it acts as an adhesion molecule, a receptor in which it has a 

role in catalysing nicotinamide adenine dinucleotide (NAD+) hydrolysis into cyclic 

ADP-ribose (cADPR) and ADPR essential for the regulation of intracellular calcium 

signalling (Kumagai et al., 1995).  
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Within CLL, CD38 expression can be acquired and lost throughout the life of the 

disease, and is thought to be based on whether the cells are activated or not (Hamblin et 

al., 2002). In cases where the CLL cells express the CD38 protein, there is an associated 

adverse prognosis that is most certainly related to the tumour proliferation (Patten et al., 

2008).  However, over the past decade reports have demonstrated that the association 

between CD38 and unmutated IgVH genes is not absolute, with approximately 30% of 

cases being discordant and therefore cannot be used as an independent predictor of 

prognosis or survival (Hamblin et al., 2002). Despite this discordance between 

prognosis and CD38 expression, stimulation by CD31 on the plexin-B1 expressing 

nurse like cells, leads to the upregulation of CD100 on the CLL cells, resulting in an 

interaction within the proliferation centres causing CLL cell survival and proliferation 

(Deaglio et al., 2006).  

Despite both ZAP-70 and CD38 playing a role in the prognosis of patients with CLL, it 

can be clearly seen that they cannot be used in isolation or act as surrogate markers for 

mutational status.  

 

 

 

 



Chapter 1 
	  

	   	   65 

 

 
Figure 1.18 Kaplan-Meier survival curve of CD38 expression against overall 
survival (Damle et al., 1999).  
 

 

 

 

 

 

 

 

 

 

 

 

 

Years from Diagnosis 
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Cytogenetic status 

A large number of CLL cases demonstrate specific chromosomal abnormalities that 

have been associated with patient prognosis. The detection of cytogenetic aberrations 

have been identified in approximately 80% of CLL cases having at least one identifiable 

lesion (Dohner et al., 2000).  

 

13q deletion 

A large number of CLL cases demonstrate specific chromosomal abnormalities that 

have been associated with patient prognosis. By far the most common genetic 

abnormality in CLL is a sole deletion at 13q, observed in approximately 60% of patients 

(Dohner et al., 2000). A sole monoallelic 13q deletion is commonly associated with a 

more favourable prognosis in terms of treatment free survival (TFS) and overall survival 

(OS) (133 months) (Dohner et al., 2000). There is conflicting data for the significance 

of bi-allelic 13q deletion in terms of time to treatment (TTT) and OS. Bi-allelic 13q 

deletion, presumably acquired through clonal evolution has been correlated with 

unmutated VH status and a higher rate of progression and need for therapy 

(Stilgenbauer et al., 2007), as well as ZAP-70 positivity (Shanafelt et al., 2006). 

Conversely and more recently, a paper by Van Dyke et al demonstrated that there was 

no significant different between mono- versus bi-allelic 13q deletion in terms of time to 

first treatment (TTFT) and OS (Van Dyke et al., 2010).  

Our own data suggests that those patients with a bi-allelic 13q deletion have a shorter 

TTT compared to those with sole mono-allelic deletion (31.8 months and 70.6 months 

respectively), although not reaching statistical significance (p=0.18). However, in 

patients in which >80% of CLL cells have either a mono or bi-allelic 13q deletions, had 

a significantly shorter TTT versus those with <80% of cells with the abnormality (33.02 

vs 94.26 months respectively, p<0.01) (Sinha et al., 2011). 
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Trisomy 12 

The addition of an extra chromosome 12q has been reported in 10-20% of CLL cases, 

and although observed with other aberrations it commonly occurs as an isolated 

abnormality (Dohner et al., 2000). Its impact on prognosis poses an intermediate risk in 

terms of estimated median survival times (114 months), similar to those patients with a 

normal karyotype (111 months) (Dohner et al., 2000). 

 

11q deletion 

Deletions of 11q.23 are observed in approximately 20% of advanced CLL cases, in 

terms of clinical aggressiveness, increased generalised lymphadenopathy and 

organomegaly, and reduced OS of 79 months (Dohner et al., 2000). It is within this 

11q.23 region that the p53 pathway gene ataxis-telangiectasia-mutated (ATM) resides. 

Mutations are shown to be present in 35% of 11q.23 deleted CLL cases (Austen et al., 

2005). ATM is known to play a major role in the p53 mediated DNA repair pathway 

(Lin et al., 2002), as it controls cell cycle checkpoint kinases, induces apoptosis in 

response to DNA breaks, as well as functioning in DNA repair (Starostik et al., 1998; 

Pettitt et al., 2001). Despite the aggressiveness associated with 11q deletion, these 

patients respond well to fludarabine, cyclophosphamide and rituximab (FCR) chemo-

immunotherapy (Hallek et al., 2010).  

 

17p deletion and p53 mutation 

The deletion of 17p occurs in approximately 5-7% of the CLL population, and 

commonly confers an aggressive disease with poor prognosis and short overall survival 

- estimated median OS 32 months (Dohner et al., 2000).  

The poor prognosis associated with 17p deletion is compounded by the fact that in a 

large number of cases the remaining TP53 allele in 17p13 harbours a mutation (Dohner 
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et al., 1995; Zenz et al., 2008). Whilst approximately 80% of patients with 17p deletion 

also have a mutated TP53 gene on the other allele, there is a small cohort of patients, 

approximately 5%, have been shown to have the TP53 mutation in the absence of 17p 

deletion (Zenz et al., 2008). The first long-term evaluation of patients with TP53 

inactivation demonstrated that patients with TP53 mutation (n=18) had a significantly 

shorter survival over those who had a functional TP53 from the time point of detection 

for the mutation (6.8 vs 69 months respectively, p<0.001). Furthermore, those patients 

with 17 deletion and TP53 mutation equally demonstrated a poor survival of 7.6 months 

when compared to those with a sole 17p deletion (5.4 months) and those with a sole 

TP53 mutation (5.5 months) (Zenz et al., 2008). The authors validated this work in a 

larger cohort of patients where progression free survival and overall survival was 

determined for those patients harbouring the TP53 mutation versus those who have an 

intact functional TP53. They report that median PFS of 23.3 vs 62.2 months, and an OS 

of 29.2 vs 84.6 months respectively (Zenz et al., 2010).   

 

 

 

 

 

 



Chapter 1 
	  

	   	   69 

 

 

Figure 1.19 Probability of survival from time of diagnosis based on cytogenetic 
risk category (Dohner et al., 2000).  
 
 



Chapter 1 
	  

	   	   70 

 

Figure 1.20 Treatment free survival based on cytogenetic risk category (Dohner 
et al., 2000). 
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Figure 1.21 Overall survival for those patients with TP53 mutation without 17p 
deletion, 17p deletion with TP53 mutation or with a combination of both (Zenz et 
al., 2008). 
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Serum Markers 

Evidence has demonstrated that there are several prognostic indicators that can be 

determined by serological analysis.  

Beta-2 Microglobulin (β2M) is an extracellular protein which forms part of MHC-Class 

I complex by non-covalent binding to the α-chain of MHC. β2M has a broad expression 

in all nucleated cells and is detectable in the serum. In patients with CLL, elevated β2M 

correlates with clinical staging (Di Giovanni et al., 1989). Those patients who present 

with more advanced stage or evidence of progression, tend to present with a high β2M, 

correlating with other poor prognostic indicators and shorter survival following therapy 

(Hallek et al., 1996; Keating et al., 2005; Wierda et al., 2005). 

 

Serum thymidine kinase (sTK) is an enzyme involved in DNA synthesis, whose activity 

has been attributed to the number of dividing malignant cells in CLL patients. This can 

theoretically translate into an indication of tumour cell proliferation and disease 

progression. Patients with high sTK levels had significantly shorter progression free 

survival (PFS) (Hallek et al., 1999).  

Both β2M and sTK have proven to function independently as indicators of prognosis in 

terms of PFS and remain independent following multivariate analysis (Hallek et al., 

1996). 

 

Soluble CD23 (sCD23) detectable in the serum of patients with CLL was originally 

identified in CLL to reflect disease activity (Reinisch et al., 1994). Detectable sCD23 is 

a product from the cleavage of the low-affinity receptor for IgE CD23. CD23 is a type II 

membrane glycoprotein that is functionally important in CLL. Elevated levels of sCD23 

indicate a worse prognosis and are associated with diffuse marrow infiltration, short 

lymphocyte doubling time and high sTK levels (Knauf et al., 1997).  
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Elevated lactate dehydrogenase (LDH) confers a poor prognosis in CLL patients, and is 

used as an indicator of tumour cell turnover and increasing tumour burden, which may 

be suggestive of lymphomatous transformation (Oscier et al., 2012).  

Interleukin 6 (IL-6) is known to function as a growth and differentiation factor within 

normal B-cell development and is commonly elevated in autoimmune disease 

(Kishimoto, 1992). An increased level of IL-6 correlates with advancing disease, patient 

age, clinical staging, and CD38 status in terms of shorter survival (Lai et al., 2002). 

More recently, IL-6 has been shown to be involved in an autocrine pathway to promote 

CLL cell survival through STAT3 and NFκB activation resulting in resistance to 

apoptosis (Liu et al., 2011).  

 

The combinations of all or some of the prognostic indicators enable the process of 

designing risk-adapted treatment regimens for patients with CLL. Döhner et al 

performed a multivariate proportional-hazards regression model with backward 

selection to determine the most clinically significant risk factors to predict survival. 

This multivariate approach identified six independent significant prognostic indicators 

of advanced disease and poor survival: 17p deletion (p<0.001), 11q deletion (p=0.004), 

patient age (p<0.001), Binet stage C versus A (p=0.002), LDH (p=0.002) and total 

white cell count (p=0.02) (Dohner et al., 2000). This has recently been a focus in those 

CLL patients who are refractory to chemoimmunotherapy, in order to provide a robust 

novel risk categorisation of these patients, redefining those at a high risk, and those at 

an even higher risk of refractory disease (Zenz et al., 2012), although this remains a 

general goal of management in CLL.  
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1.7.5 MicroRNAs in CLL 

MicroRNAs (miRNAs) are defined as small non-coding RNA that alters both mRNA 

and subsequently protein expression following transcription. This occurs by the 

degradation of mRNAs or their inhibition (Bartel, 2004).  

Within CLL, the first report of deletions or the downregulation of miRNA genes being 

an acquired abnormality was described by Calin et al, in which the down-regulation of 

miR-15a and miR-16-1 was observed in those patients with a deletion at 13q14.3 (Calin 

et al., 2005). The same group subsequently demonstrated that miR-15a and miR-16-1 

expression was inversely correlated to Bcl2 expression, and that they are both required 

for the negative regulation of Bcl2 at a post-transcriptional level (Cimmino et al., 2005). 

Thus, with deletion of 13q14.3 being the most common chromosomal aberration in CLL 

accounting for 50-60% of cases (Dohner et al., 2000), it suggests that both these 

miRNAs naturally function as tumour suppressor genes regulating Bcl2 expression.  

Conversely, microRNAs have been overexpressed in CLL and can be associated with 

disease prognosis. The T cell lymphoma 1 (TCL1) oncogene has been demonstrated by 

immunohistochemistry (IHC) to be present in the majority of CLL cases, however there 

was quite considerable heterogeneity with regards to the intensity of expression 

(Herling et al., 2006). It is also been shown that TCL1 expression in CLL is regulated 

by two further miRNAs – miR-29 and miR-181 (Pekarsky et al., 2006), and that high 

TCL1 expression is more prevalent in unmutated aggressive subtypes of CLL, 

specifically those cases with deletion of chromosome 11q (Herling et al., 2006). TCL1 

is known to upregulate the activity of Akt, which may explain the survival advantage of 

CLL cells (Pekarsky et al., 2000).  
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1.7.6 Microenvironment 

It is increasingly recognised that carcinogenesis involves critical interactions between 

tumour cells and their microenvironment, which may potentially be the source of clonal 

evolution. The malignant cells interact with T-cells, stromal cells, “nurse like cells” 

(NLC), as well as numerous soluble factors. Without this interaction, isolated CLL cells 

have been shown to undergo rapid spontaneous apoptosis (Lagneaux et al., 1998). 

Within the microenvironment, the CLL cells are interspersed with an increased number 

of CD3+ T-cells, which predominantly phenotype as CD40L+CD4+. These cells 

facilitate the interaction through CD40 receptor on the CLL cell and synergises with 

BCR signalling (Ghia et al., 2008). The overall impact of microenvironmental 

interactions is to increase anti-apoptotic signals, including the upregulation of inhibitors 

of apoptosis (IAPs), including survivin on CLL cells induced by CD40L (Granziero et 

al., 2001).  

 

Throughout the microenvironment another survival mechanism orchestrated by 

malignant cells is to evade immune cell recognition. In a notable paper by Ramsay et al, 

the authors demonstrated an ineffective actin polymerisation in the T-cells, leading to a 

defect in the formation of the immunological synapse formation between CLL cells and 

antigen presenting cells (Ramsay et al., 2008). Furthermore, they showed that healthy 

allogeneic T-cells develop this immunological synapse defect when cultured with CLL 

cells, and that this can be reversed by the immunomodulating therapy lenolidomide 

(Ramsay et al., 2008).  

Within the microenvironment, CLL cells are in a close proximity with macrophages, 

monocyte derived nurse-like cells and CD4+ T-cells expressing the activated 

CD4+CD25+FOXP3- helper phenotype (Patten et al., 2008). The CLL cells both within 

the microenvironment and secondary lymphoid organs, demonstrate an increase in 
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CD38 expression. The significance of this observation has been demonstrated by Patten 

et al, using multiparameter confocal microscopy, in which they showed that the CLL 

cells with a higher CD38 expression were more prone to divide following engagement 

of activated autologous T-cells, and that the T-cells themselves may influence the level 

of expression of CD38 (Patten et al., 2008). The authors further noted that lymph node 

biopsy sections with increased CD38+ cells contained significantly more CD31+ 

stromal nurse like cells and vessels. Deaglio et al, reported that there is a clear crosstalk 

between CD38 in conjunction with CD100 on the malignant cells and CD31 on nurse 

like cells, leading to an increased proliferative capacity and survival of the CLL cells 

(Deaglio et al., 2005).  

CLL cells have been shown to secrete several cytokines and chemokines within the 

microenvironment causing a chemoattractant effect on T-cells leading to a stimulation 

of the CLL BCR. These chemokines include CCL3 and CCL4 secretion by the CLL 

cells enabling the migration of the T-cells into the proliferation centres and thus 

facilitating the pro-survival effects mentioned (Burger et al., 2009).  

 

 

1.8 Therapy in CLL 

Randomised clinical trials have demonstrated that in patients with early stage disease 

immediate treatment with alkylating agents does not improve overall survival and may 

confer a poor long term outcome (Dighiero et al., 1998). A large meta-analysis of 2048 

patients evaluating the use of chlorambucil ± prednisolone versus abstaining from 

immediate commencement of therapy demonstrated no significant difference in 10 year 

overall survival (CLL Trialists' Group, 1999). As a result current guidelines employ this 

“watch and wait” policy for early stage disease where therapy is not indicated. Therapy 

is started when active disease becomes evident, such as progressive marrow failure, 
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progressive/bulky organomegaly or lymphadenopathy, autoimmune complications or 

evidence of constitutional symptoms (Hallek et al., 2008; Oscier et al., 2012).  

The clinical heterogeneity of CLL dictates that no single therapy is applicable to all 

patients, especially as CLL is primarily a disease of the elderly, in whom tolerance of 

treatment may be compromised by poor performance status and co-morbidities. Therapy 

in CLL has evolved dramatically over the past decade switching from single agent 

alkylator based therapy to combination chemo-immunotherapy, resulting in improved 

complete response rates and progression free survival (Catovsky et al., 2007; Abrisqueta 

et al., 2009). Where there is a clinical indication for therapy, if possible patients should 

be entered into therapeutic trials based on eligibility. For patients not eligible for clinical 

trials, treatment should be based on biological risk, prognostic and predictive models 

and their response to any previous treatment (Hallek et al., 2008; Oscier et al., 2012). 

Current clinical recommendations have advocated the use of fludarabine 

cyclophosphamide and rituximab (FCR) chemoimmunotherapy as first line therapy in 

previously untreated CLL patients without 17p deletion or p53 mutation and in whom 

fludarabine in combination with cyclophosphamide is appropriate (NICE, 2009; Oscier 

et al., 2012).  

As p53 is necessary for a normal cellular apoptotic response to DNA damage following 

chemotherapy, for those patients with 17p deletion and/or an inactive p53 through 

mutation, treatment with standard chemotherapy is poor. This has been demonstrated in 

the LRF CLL4 trial, in which patients with 17p deletion who received either 

chlorambucil or fludarabine monotherapy or combination chemotherapy, had poor 

complete remission rates of 5%, and a 4 year survival analysis demonstrated all patients 

had died following initial therapy (Oscier et al., 2010). The addition of rituximab to FC 

in these 17p deleted patients increased the overall response rate (ORR) to 65%, however 

the CR rate was only 5% (Hallek et al., 2010).  
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For 17p-/p53 mutated patients, therapies that bypass the need for p53 activity have been 

proposed: monoclonal antibody therapy with Alemtuzumab and high dose steroids, 

followed potentially by allogeneic stem cell transplantation in first CR/PR.  

 

Allogeneic stem-cell transplant (AlloSCT) remains the only curative option for patients 

who achieve a good response to induction therapy in CLL, although AlloSCT carries 

considerable risk in terms of treatment related mortality, toxicity and may not be 

applicable to the majority of patients due to age and tolerability. The Chronic 

Leukaemia Working Party of the EBMT has made recommendations based on meta-

analysis data, that alloSCT is a procedure with clear efficacy in poor risk CLL. Those 

patients who are eligible should have: (1) the presence of a deletion of chromosome 

17p; (2) non-response or early relapse, defined as within 12 months following purine 

analogue therapy; or (3) relapse within 2 years following FCR based therapy or 

autologous SCT (Dreger et al., 2007).  A recent study from the GCLLSG, published the 

long-term clinical and MRD results from the CLL3X trial, in which 90 patients 

underwent alloSCT. Patients underwent conditioning with daily fludarabine and 

cyclophosphamide ± ATG. The median follow-up was 46 months in which EFS and OS 

were 42% and 65% respectively (Dreger et al., 2010). Those patients who had 

longitudinal quantitative monitoring of minimal residual disease (MRD) 52% were 

MRD negative 12 months following transplant, in which the 4-year EFS was 89%, 

demonstrating that alloSCT does hold a place in the treatment of CLL for those who can 

tolerate its demanding schedule (Dreger et al., 2010).   
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1.9 Minimal Residual Disease  

Those patients who achieve a complete remission (CR) must be free from constitutional 

symptoms, organomegaly or lymphadenopathy, have an absolute neutrophil count >1.5 

x109/L, a platelet count >100 x109/L, and a normocellular bone marrow with <30% 

lymphocytes (Hallek et al., 2008). However, in this definition of CR, CLL cells may 

still be detectable using techniques which can detect residual malignant cells to a level 

of 1 in 10,000 (Hallek et al., 2008). Either real-time ASO IGVH-PCR or multiparameter 

flow cytometry can be utilised for the detection of MRD, both are sensitive to a level of 

10-4 (Rawstron et al., 2007). MRD analysis has recently been a key focus in the 

treatment of CLL, as almost all clinical trials now incorporate MRD status as a clinical 

endpoint, and through these trials it has been shown that patients who achieve MRD 

negative status have a significant improvement in the depth and duration of their 

remission (Bottcher et al., 2012). Furthermore, in the GCLLSG CLL8 trial patients were 

categorised two months following cessation of therapy patients were categorised based 

on their MRD levels into MRD low (<10-4), MRD intermediate (≥10-4 to <10-2) or MRD 

high (≥10-2).  The MRD low group had significantly longer PFS and OS (p<0.0001). 

The median PFS was 68.7, 40.5 and 15.4 months for the low, intermediate and high 

level categories, respectively. Furthermore, those patients with high levels of MRD had 

a median OS of 48.4 months whilst those with intermediate and low levels had not been 

reached. Upon performing backward selection multivariate analysis including MRD 

level, clinical response, ECOG scoring, cytogenetic status, mutational status and serum 

TK levels, MRD levels remained an independent predictor of OS and PFS. Thus, MRD 

could be used as an endpoint in clinical studies as a surrogate marker for treatment 

efficacy.  
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1.10 Aims of this thesis 

Through the advent of modern technology such as multiparameter flow cytometry and 

genomics, a plethora of tumour specific antigens are continually being explored as 

potential candidate biomarkers in haematological oncology. The aim is to translate the 

basic research into the clinical setting for diagnostic use, identify new prognostic 

markers, help predict response to specific therapies or guide the choice of best therapy, 

as well as providing new potential therapeutic targets. The aims of this thesis are: 

 

(1) To determine the expression of the CD160 antigen in normal and malignant B-cells, 

specifically chronic B-cell malignancies. 

(2) To translate the findings of (1) into a diagnostic assay for introduction into clinical 

practice. 

(3) To investigate new approaches to MRD assessment in CLL incorporating CD160 

detection (in view of its specificity for malignant B-cells). 

(4) To validate new diagnostic flow cytometric diagnostic and MRD panels against 

current clinical practice and to correlate MRD data with clinical outcomes. 

(5) To explore the biological role of CD160 in CLL. 
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2.1 Patient Studies 

2.1.1 Recruitment and ethical approval 

Written informed consent from the participants were obtained for a series of studies: to 

describe the cellular and tissue distribution of CD160 on normal B-cells from a cohort 

of healthy volunteer donors and cord blood donors, as well as malignant B-cells from 

patients with chronic B-cell lymphoproliferative disorders. Thereafter, samples were 

obtained to evaluate the clinical utility of incorporating CD160 into the diagnostic 

process and its potential application in the setting of MRD assessment in patients with 

CLL post therapy. Finally, samples were obtained to assess the functional role of 

CD160 signalling in CLL biology.  

The number of samples and nature of specimen type for this study were based on 

availability rather than a calculation of sample size. For the incorporation of CD160 into 

the diagnostic setting, this approach gives a true and accurate reflection of the clinical 

reality of differentiation between chronic B-cell malignancies. 

The work in this thesis had been granted favourable ethical approval from the NHS 

National Research Ethics Service for the consent of both patients and volunteers into the 

project. The ethical approval required and the sample collection for each is described 

separately below.  

 

2.1.2 Healthy volunteer recruitment 

Peripheral blood samples were obtained from healthy staff from the Division of Blood 

Sciences at Barts Health NHS Trust and Barts and The London School of Medicine and 

Dentistry. Thirty normal healthy controls were included with a median age of 42.9 

(range 21-65 years). All volunteers received a participant information sheet and gave 

verbal and written consent. All volunteers were screened for evidence of a clonal B-cell 

population following a routine full blood count.  
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2.1.3 Cord blood sample recruitment 

Cord blood samples were obtained from the Royal London Hospital Obstetrics 

department by trained obstetricians. The mothers were given a participant information 

sheet and the attending obstetrician answered any questions. Written consent was 

obtained from all the mothers who participated in this study. No cord blood was 

collected if there were any complications during delivery or from a mother deemed 

‘high-risk’, including those whom were human immunodeficiency virus (HIV) 

seropositive. Five cord blood samples were obtained.  

 

2.1.4 Recruitment of patients with chronic B-cell lymphoproliferative 

malignancies (B-LPD) 

B-LPD patients were recruited from Barts Health NHS Trust and gave written consent 

to participate in this study. Patients who underwent splenectomy, lymph node biopsy or 

bone marrow biopsy as part of their clinical management, gave informed consent for 

any excess tissue to be used for clinical research within Barts and The London School 

of Medicine and Dentistry. 

 

2.1.5 Minimal residual disease (MRD) assessment: Recruitment of patients with 

chronic B-cell lymphoproliferative disease  

B-LPD patients were recruited from Barts Health NHS Trust and gave written consent 

to participate in this study. Patients who needed treatment were recruited in the study of 

MRD detection using a CD160-based approach.  Many patients were receiving 

treatment within large clinical therapeutic trials that required regular assessment of 

MRD. Samples were collected prior to treatment and then up to 24 months following 

cessation of therapy.  
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MRD was assessed in 166 samples from 76 patients (CLL n=74, HCL n=1, SMZL n=1) 

taken prior, during and post therapy to monitor response by flow cytometry. This 

consecutive set of patients had a variety of treatments: (Chlorambucil 

(CBL)+Prednisolone (P) n=1, CBL+Rituximab (R) n=2, Fludarabine (FDR) n=1, 

Fludarabine+Cyclophophamide (FC) n=45, Fludarabine+Cyclophophamide+Rituximab 

(FCR) n=13, FCR+Lumiliximab n=2, Alemtuzumab n=10, 2-Chlorodeoxyadenosine 

(2CDA) n=1, Cyclophosphamide ± Hydroxydaunorubicin Oncovin Prednisolone-

Rituximab (CHOP-R) n=1. Following completion of therapy, response assessment using 

the MRD flow assay was compared against qualitative RT-PCR in 52 patients. 

 

2.1.6 Blood collection protocols 

Peripheral blood samples were obtained from healthy volunteer donors after informed 

consent. Samples obtained from patients were taken to coincide with their clinically 

indicated blood tests.  

 

2.1.7 Peripheral blood venous sampling 

2.1.7.1 Materials 

BD Microlance 21G needle (BD Becton Dickinson Ltd, Oxford UK) 

Tourniquet 

Steret Pre-Injection swab (Seton Prebbles Ltd, Oldham UK) 

BD EDTA 4.5 ml Vacutainer® (BD Becton Dickinson Ltd, Oxford UK) 

 

2.1.7.2 Procedure 

The superficial veins of the arm were usually chosen for venepuncture, namely the 

basilic, cephalic and median cubital veins in the antecubital fossa (Black and Hughes 

1997). All samples were processed on the day of collection or the following day. 
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2.1.8 Cord Blood sampling 

To obtain cord blood, trained obstetricians drained blood from the umbilical cord 

immediately post delivery. The process of collecting cord blood posed no health risk to 

the mother or infant donor. The collection usually took less than 5 minutes. 

 

2.1.8.1 Materials 

Heparinised Luer lock syringes (BD Becton Dickinson Ltd, Oxford UK) 

Needle 21G (BD Becton Dickinson Ltd, Oxford UK) 

Howard Kelly Forceps 

BD EDTA 4.5 ml Vacutainer® (BD Becton Dickinson Ltd, Oxford UK) 

 

2.1.8.2 Procedure 

Immediately after deliver while the placenta was still in situ, four Howard Kelly 

Forceps were placed on the cord to isolate an approximately 10-20cm segment –termed 

double clamping. The segment was then cut between the two sets of clamps for the 

isolated segment, leaving both the baby and placenta with a clamp in place. The cord 

blood was collected from the placental end of the cord either from the umbilical arteries 

or umbilical vein surrounded by Wharton’s jelly. The cord blood was collected by pre-

heparinised luer lock syringes fitted with a 21G needle. Any remaining air bubbles in 

the syringe were removed by gently rolling the syringe between the fingers. The blood 

was then transferred to a BD EDTA Vacutainer® for immediate analysis.  All samples 

were processed on the day of collection.  

 

2.1.9 Full blood count analysis 

Peripheral and cord blood samples underwent immediate full blood count analysis on a 

Sysmex XE2100 automated full blood count analyser in the haematology department at 
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Barts Health NHS Trust. This provided an accurate differential count required for the 

assays used in this study by means of a number of detection methods, including radio 

frequency and direct current, hydrodynamic focusing, forward and lateral scattered light 

and lateral fluorescence.  

 

2.2 Cell separation and culture 

2.2.1 Peripheral blood mononuclear cell isolation 

Mononuclear cells from both peripheral blood and bone marrow were isolated by 

density gradient centrifugation, based on the principle that mononuclear cells have a 

lower buoyant density than the erythrocytes and polymorphonuclear leukocytes (Figure 

2.1). Peripheral blood and bone marrow were layered over Lymphoprep (Axis-Shield 

PoC AS, UK), in a 50ml Falcon tube (BD Biosciences, UK) in a ratio of 2:1 

(blood:lymphoprep). The Falcon tubes were centrifuged at 800 x g for 30 minutes at 

room temperature without the brakes applied. Following centrifugation, the 

mononuclear cells formed a distinct band at the sample/medium interface (Figure 2.1). 

Lymphocytes were collected from the interface using a sterile Pasteur pipette, without 

disturbing the upper layer and transferred to a new 50ml Falcon tube containing RPMI 

1640 (+2nmM L-Glutamine) medium (Invitrogen Ltd, UK). Tubes were then 

centrifuged at 1800rpm for 10 minutes as a washing step to remove residual 

Lymphoprep and any contamination from erythrocytes. The resulting lymphocyte pellet 

was washed again and resuspended in 10-15mls RPMI 1640 (+2nmM L-Glutamine) 

culture medium containing 10% foetal bovine serum (Invitrogen Ltd, UK), 1U/ml 

penicillin and 1µg/ml streptomycin (Sigma-Aldrich, UK). The lymphocytes were then 

counted prior to culture or cryopreservation.  
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Figure 2.1 Schematic illustration of PBMC separation with Lymphoprep after 
centrifugation. Korniejewska, A., Watson, M. L. and Ward, S. G., 2010. Analysis 
of CXCR3 and atypical variant expression and signaling in human T lymphocytes. 
In: Marelli-Berg, F. M. and Nourshargh, S., eds. T-Cell Trafficking. Humana 
Press, pp. 125-147. Reproduced with kind permission of Springer Science and 
Business Media. 
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2.2.2 Tissue perfusion, cell suspension and disaggregation 

Surgical lymph node biopsies and splenectomies were performed as clinically indicated. 

 

2.2.2.1 Tissue Perfusion  

Within a sterile environment, the tissue was held with sterile forceps in a large petri dish 

(Figure 2.2a), and injected with 2ml of RPMI 1640 medium (+2nmM L-Glutamine) 

using a 5ml syringe and a 20-gauge needle (Becton Dickinson, UK). The perfused 

media was aspirated from the petri dish and transferred to a sterile 15ml Falcon tube for 

subsequent use or cryopreservation.  

 

2.2.2.2 Tissue Disaggregation 

For tissue disaggregation, the solid tissue was held in sterile forceps in a sterile petri 

dish. Using a sterile scalpel held at a 45° angle, the tissue was scraped repeatedly until 

the whole tissue or biopsy had been processed (Figure 2.2b). Subsequently, RPMI-1640 

at 4°C was added to the dish and the resultant cellular material aspirated and transferred 

to a 50ml Falcon tube (Figure 2.2c). The tube was pulsed then held static to allow debris 

to settle. The supernatant was filtered through a 70-micron filter (Becton Dickinson, 

UK, Figure 2.2d) followed by an automated cell count. The resulting fresh tissue 

suspension was prepared for subsequent use or cryopreservation. 
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Figure 2.2 Tissue dissection & disaggregation. (A) With sterile forceps the 
tissue is placed in a petri dish on ice. (B) The tissue is dissected and scrapped to 
release the cells from the tissue into RPMI. (C) The RPMI containing the cells is 
aspirated and placed into a 70-micron filter before counting.  
 

 

 

A B 

C D 
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2.2.3 Cellular enumeration and viability 

Assessment of cell count and viability was performed using the trypan blue exclusion 

method according to the manufacturers protocol (Life Technologies, UK). A working 

solution was prepared using 100µl of cell suspension mixed with 1mL of 0.4% Trypan 

Blue (prepared in 0.81% sodium chloride and 0.06% potassium phosphate, Sigma-

Aldrich, UK) and loaded into a Neubauer improved haemocytometer counting chamber 

(0.100mm depth, Fisher Scientific, Leicestershire UK). Trypan blue is excluded from 

live cells due to their intact membrane and appears translucent, whereas dead cells take 

up the dye and appear blue (Figure 2.3). Cells were viewed under a microscope at low 

power magnification. The number of blue staining cells and the total number of cells 

were counted: % viable cells = {1.00 – (Number of blue cells ÷ Number of total cells)}× 

100 

The number of viable cells per mL of culture was calculated by: Number of viable cells 

× 104 × 1.1 = cells/mL culture 

 

Figure 2.3 Trypan blue vital staining for assessing cell viability. This dye 
exclusion assay was used to calculate the number of viable cells based on the 
principle that membranes from dead cells are no longer intact and therefore 
uptake the vital dye. 
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Cell viability was confirmed using a Vi-Cell XR cell viability analyser (Beckman 

Coulter), in which the trypan blue exclusion protocol is automated through a flow cell 

and camera imaging.  

 

2.2.4 Cryopreservation of cellular material 

Cells for cryopreservation were washed in RPMI 1640 (+2nmM L-Glutamine) and 

centrifuged at 1800rpm for 10 minutes. The supernatant was aspirated and discarded. 

The resulting cellular pellet was resuspended in a freezing solution of 90% certified heat 

inactivated Foetal Bovine Serum (FBS, Invitrogen UK) and 10% sterile Dimethyl 

Sulphoxide (DMSO, Quest Biomedical, UK) to a concentration of approximately 5x106 

cells/mL. From the suspension, 1ml of cells were transferred to 1.5ml cryovials (Nunc, 

Denmark) and placed in a rate controlled freezer (Fisher Scientific, UK) at -20°C for 3 

hours and transferred to a -80°C freezer overnight. These aliquots were then transferred 

to liquid nitrogen for long-term storage in vapour phase.  

 

2.2.5 Recovery of cryopreserved cellular material 

For cells that were stored in liquid nitrogen, when required one aliquot was removed 

and transferred to a water bath at 37°C in a continuously swirling motion to prevent the 

formation of ice crystals. The outside of the vial was cleaned with 70% ethanol and the 

cells were transferred to a 50ml Falcon Tube (Beckton Dickinson, UK) containing 

25mls of RPMI-1640 at +4°C (+2nmM L-Glutamine, Invitrogen Ltd, UK). The tubes 

were then centrifuged at 1800rpm for 5 minutes to remove the freezing medium, and the 

cellular pellet resuspended in fresh culture medium (RPMI 1640 (+2nmM L-

Glutamine), 10% foetal bovine serum (FBS), 1U/ml Penicillin and 1µg/ml 

Streptomycin)). The cell viability was determined prior to cell culture.  
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2.2.6 Cell Culture 

Both patient material and cell lines were cultured in 25 and 75cm2 Corning vent top 

(0.2µm) culture flasks (Fisher Scientific, UK) in a humidified HERACell incubator at 

5% CO2 at 37°C (Jencons-PLS, UK). All cell culture preparation and experimentation 

was carried out in a sterile Class II HERAsafe laminar flow cabinet. The cell medium 

was changed regularly depending on the cell density or acidity of the culture.  

 

2.2.7 Cell Lines 

Cell lines are invaluable tools for studying the biology of B-cell malignancies. Dr Jude 

Fitzgibbon of Barts Cancer Institute kindly provided all cell lines, unless otherwise 

stated. The following cell lines were used for this thesis:  

 

2.2.7.1 MEC1 cell line (DSMZ, Braunschweig, Germany) 

The MEC1 cell line was established and characterised from a 58-year old Caucasian 

male with a diagnosis of B-CLL, Binet stage B, in prolymphocytoid transformation 

(Stacchini et al., 1999). MEC1 demonstrates an overexpression of Bcl-2 and BAX, has a 

complex karyotype and deletion of the short arm of chromosome 17.  

    

2.2.7.2 SU-DHL-6 cell line (ACC572) 

SU-DHL-6 is a human B-cell lymphoma cell line, which was established from the 

peritoneal effusion of a 43 year old man with B-cell non-Hodgkin lymphoma (diffuse, 

mixed small and large cell type) (Winter et al., 1984). Phenotypically the cell line typed 

as CD10+, CD19+, CD20+, surface IgM+ and Kappa restricted.  
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2.2.7.3 SU-DHL-8 cell line (ACC573) 

SU-DHL-8 is a human B-cell lymphoma cell line, which was established from the 

pleural effusion of a 59 year old man with diffuse large B-cell lymphoma, noncleaved 

cell type, later described as diffuse histocytic lymphoma (Winter et al., 1984). 

Phenotypically the cell line typed as CD10-, CD19+, CD20+ cytoplasmic IgG+ and 

Lambda restricted.  

 

2.2.7.4 HT cell line (ACC567) 

HT, a human B-cell lymphoma cell line was established from the ascetic effusion of a 

70 year old man with diffuse large B-cell lymphoma (Beckwith et al., 1990). 

Phenotypically the cell line typed as CD10+, CD19+, CD20+, CD38+, cytoplasmic 

CD79a+, CD138-, HLA-DR+. 

 

2.2.7.5 RAMOS cell line (ACC603) 

RAMOS is a human burkitt lymphoma cell line, derived from a 3-year old boy with 

Burkitt’s Lymphoma in 1972 (Klein et al., 1975). It carries the (8;14) translocation and 

p53 mutations. Immunological expression demonstrated the following profile: CD3-, 

CD10+, CD19+, CD20-, CD38+, cytCD79a+, CD138-, HLA-DR+, sIgM/cytIgM+ and 

s/cytKappa+ (Farrell et al., 1991). 

 

2.2.7.6 RL cell line (ACC613) 

The RL human B-cell lymphoma cell line was established in 1983 from the ascites of a 

52-year old man with diffuse, undifferentiated, small non-cleaved large cell lymphoma 

(Beckwith et al., 1990). RL expresses CD10+, CD19+, CD20+, CD38+ s/cytIgM+ and 

also the IGH-BCL2 fusion gene. 
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2.2.7.7 SC1 cell line (ACC558) 

The SC1 cell line was established from the ascitic fluid of a 67-year old man with a 

diagnosis of B-NHL, follicular lymphoma, small cleaved cell type (Th'ng et al., 1987; 

Segat et al., 1994). SC1 typed as CD10+, CD19+, CD20+, CD38+, cytCD79a+, CD80+, 

CD138+ and HLA-DR+. It also expressed the BCL2-IGH fusion gene.  

 

2.2.7.8 DoHH2 cell line (ACC47) 

DoHH-2 was established from the pleural effusion of a patient with refractory 

immunoblastic B cell lymphoma, which had progressed from follicular 

centroblastic/centrocytic lymphoma (Kluin-Nelemans et al., 1991). The original cells 

were described as having the (14;18) chromosomal translocation and expressed BCL2 

mRNA. Immunologically DoHH2 expressed CD3-, CD10+, CD19+, CD20+, CD38+, 

cytCD79a+, s/cytIgG+ M-, and lambda light chain restriction.  

 

2.2.7.9 NC-NC cell line (ACC120) 

The NC-NC human B lymphoblastoid cell line was established from peripheral blood 

lymphocytes from a patient with Epstein-Barr virus transformation (MacLeod and 

Bryant, 1992). NC-NC expressed CD10-, CD19+, CD20+, cytCD79a+, CD38+, 

CD138+ sm/cytIgG+ with kappa light chain restriction.  

 

2.2.7.10 HRC-57 cell line 

The HRC-57 cell line was an EBV-transformed benign B-lymphoblastoid control cell 

line, kindly provided by Dr Jude Fitzgibbon, Barts Cancer Institute, Cancer Research 

UK.  
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2.3 Cellular Staining 

2.3.1 Surface antigen staining and analysis of cells using fluorescent-conjugated 

antibodies 

Peripheral blood mononuclear cells were either fresh material or from cryopreserved 

stocks. All monoclonal antibodies were commercially purchased and directly 

conjugated to a relevant fluorochrome (Table 2.1).  

By applying monoclonal antibodies attached to a fluorochrome, the process of 

immunophenotyping evaluates individual cells in a suspension for the presence and 

absence of specific antigens, both intracellular and on the cell surface. This is observed 

when the cells transverse a laser excitation beam, and the absorption of light from one 

wavelength by a fluorochrome and the subsequent emission of light of a different 

wavelength are collected by optics at right angles to the incident beam (Figure 2.4).  

 

 

 

 

Figure 2.4 Absorption and emission spectra of the fluorochromes conjugated to 
monoclonal antibodies. Reproduced by kind permission of BD Biosciences (San 
Diego, USA). Excitation at 488nm: Fluorescein isothiocyanate (FITC), 
Phycoerythrin (PE) ± cyanine dye (PE-Cy7), Peridinin chlorophyll protein (PerCP) 
± cyanine dye 5.5 (PerCP-Cy5.5). Excitation at 633 nm: Allophycocyanin (APC). 
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Cell 
surface 
marker 

Clone Function Cell Population Antibody 
source  

Conjugate 

CD1d 
 

CD1d42 Present lipid and 
glycolipid antigens to 
CD1-restricted T 
cells 

Wide expression on 
cortical thymocytes, 
dendritic cells and 
normal B-lymphocytes 

BD 
Biosciences 
 

PE 

CD2 S5.2 Role in T-cell 
activation & 
regulation of T/NK 
mediated cytolysis 

Thymic T and B-cells, 
peripheral T and NK 
Cells. 

BD 
Biosciences 
 

FITC 

CD3 SK7 Part of the T-cell 
Receptor 

Early thymocyte and 
subset of NK-cells 

BD 
Biosciences 

APC-Cy7 

CD5 L17F12 Modulates signalling 
through the antigen 
specific receptor 

Mature T-cells. Low 
density on B1 cells 

BD 
Biosciences 
 

Pe-Cy7 

CD10 HI10a Zinc-dependent 
enzyme and is 
thought to down-
regulate cellular 
responses to peptide 
hormones 

Immature T and B 
precursor cells, mature 
neutrophils 

BD 
Biosciences 

PE-Cy7 

CD13 L138 Trims peptides to 
MHC Class II, 
cleaves MIP-1 
chemokine and acts 
as a receptor for 
specific RNA viruses 

Expressed on committed 
granulocyte-monocyte 
progenitors and a small 
proportion of large 
granular lymphocytes 

BD 
Biosciences 

PE-Cy7 

CD19 SJ25C1 Critical signal 
transduction 
molecule that 
regulates B cell 
development 

B-cells, malignant B-
cells and follicular 
dendritic cells (FDC) 

BD 
Biosciences 
 

PerCP-
Cy5.5 

CD20 L27 Regulation of B-cell 
activation, 
proliferation and 
differentiation 

Early pre-B 
development until 
plasma cell 
differentiation 

BD 
Biosciences 

APC-Cy7 

CD23 EBVCS-5 Regulation of IgE 
synthesis; pro-
inflammatory 
function 

Mature B-cells, 
monocytes, FDC’s and 
Platelets 

BD 
Biosciences 
 

APC 

CD25 
(IL-2R) 

2A3 IL-2R plays a role in 
intracellular signal 
transduction 

Activated T-cells and B-
cells (stimulated by 
IgM) 

BD 
Biosciences 

PE-Cy7 

CD34 8G12 Possible adhesion 
molecule in early 
haematopoiesis 

Immature 
haematopoietic 
stem/progenitor cells 

BD 
Biosciences 

PerCP 

CD38 HB-7 Cell adhesion, signal 
transduction and 
calcium signalling 

Early and late stages of 
B & T-cell 
differentiation 

BD 
Biosciences 

FITC 

CD45 HI30 Required for 
lymphocyte TCR and 
BCR-mediated 
activation 

Expressed on all 
haematopoietic cells. 
Leukocyte common 
antigen 

BD 
Biosciences 
 

V500 

CD56 NCAM16.2 Cell adhesion NK & T-cells 
transmembrane protein 

BD 
Biosciences 

FITC 
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CD117 
(c-kit) 

104D2 Stem cell growth 
factor receptor, 
Binds to SCF leading 
to intrinsic TK 
activity – cell 
survival, 
proliferation and 
differentiation 

Haematopoietic stem 
cells & progenitors. 

BD 
Biosciences 

PE-Cy7 

CD138 
Syndecan
-1 

MI15 Largely unknown 
presumed to regulate 
cell growth, 
differentiation and 
adhesion.  

Late stages of B-cell 
differentiation. LPC and 
plasma cells.   

BD 
Biosciences 

APC 

CD160 BY55 GPI-linked 
transmembrane 
protein 

NK, CD8+ T-cell 
subset, intestinal 
intraepithelial T-cells.  

Beckman 
Coulter 
 

PE 

Kappa Rabbit 
polyclonal 
F0434 

Immunoglobulin 
Light Chain 

B-cells  Dako 
Cytomation 
 

FITC 

Lambda Rabbit 
polyclonal 
R0437 

Immunoglobulin 
Light Chain 

B-cells Dako 
Cytomation 
(Alere) 

PE 

IgM F0058 
Rabbit 

Most B-cells (not pre-B or plasma cells) express 
immunoglobulin on their surface. Pre-B express 
cytoplasmic-mu chains but no light chains. B-
lymphocytes express membrane IgM only. 
Mature B cells additionally produce IgD. 

Dako 
Cytomation 
(Alere) 

FITC 

IgD F018901 
Rabbit 

Dako 
Cytomation 
(Alere) 

FITC 

Ki67 MIB-1 Nuclear protein in which during interphase, Ki-
67 can be detected within the nucleus. Therefore 
expressed in all proliferating cells during late 
G1, S, M and G2 phases. Cells in G0 lack the Ki-
67 antigen. 

Dako 
Cytomation 
(Alere) 

FITC 

 
 
Table 2.1 Monoclonal antibodies and fluorochromes used within this study. 
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2.3.2 Whole Blood direct conjugation and data acquisition by flow cytometry 

Approximately 1x106 leukocytes were labelled with the appropriate directly conjugated 

pre-titred antibody for 15 minutes in the dark at room temperature. Erythrocyte lysis 

was performed using 1ml of PharmLyse (Becton Dickinson Ltd, Oxford UK), a 

buffered ammonium chloride-based lysing solution according to the manufacturer’s 

recommendations. Subsequently, the cells were washed in Cell Wash (Becton 

Dickinson Ltd, Oxford UK). Acquisition was performed using a BD FACSCanto™ II 

flow cytometer (Becton Dickinson Ltd, Oxford UK), with data being acquired and 

analysed by means of BD FACSDiva clinical software for enhanced acquisition 

analysis. The FACSCanto™ II had a standard configuration with three lasers: blue (488-

nm, air-cooled, 20-mW solid state), red (633-nm, 17-mW HeNe), and violet (405-nm, 

30-mW solid state, Figure 2.5a). The laser excitation optics illuminated the cells in the 

sample and collection optics direct light scatter and fluorescence signals through 

spectral band-pass filters to the detectors. Excitation optics (fixed-wavelength lasers and 

fiber optics) direct the laser through prisms and achromatic focusing lenses. At this 

point the laser splits into separated beam spots in the flow cell. Emission signals are sent 

from the flow cell to the PMT detectors. Housed within the FACSCanto™ II, a 

specialised octagon has five PMTs which detects light from the 488-nm blue laser and 

two trigons each containing two PMTs for light scattered from the 633-nm red laser and 

the 405-nm violet laser (Figures 2.5b & 2.5c). The process of scatter detection collects 

the dimmest emission signals first, from the longest to shortest wavelengths (Pe-Cy7 to 

FITC). 

A minimum of 10,000 CD19+ events was acquired for each subject. Positivity was 

defined as >20% of leukaemic cells expressing a given surface antigen. For MRD 

analysis a minimum of 50 MRD positive in 500,000 cells were collected if feasible.  
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Figure 2.5 BD FACSCanto II Optics. (A) Three laser system (i) blue 488nm air 
cooled 20mW solid state, (ii) red 633nm 17mW helium neon laser and (iii) violet 
405nm, 30mW solid state laser. These excitation lasers pass though beam-shaping 
prisms to an achromatic focusing lens. This lens spatially separates the beam spots 
before entering the flow cell.  (B) Trigon and (C) Octagon collection 
photomultiplier tube (PMT) optics. The trigons (B) contain two PMTs and detect 
light from the 633nm and 405nm lasers. The octagon (C) contains five PMTs 
detecting light from the 488nm laser.  
 

A 

B C 
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2.3.3 Monoclonal antibody titration 

In order to obtain the optimum concentration of monoclonal antibody for a given 

number of cells, it was necessary to determine the concentration of antibody at which all 

the available antibody binding sites on the cell were saturated with the least amount of 

non-specific binding. To determine the saturating concentration, a serial doubling 

dilution of the fluorochrome labelled antibody was tested over a range above and below 

that of the manufacturers recommendations. A cell concentration of 1x106 leukocytes 

were vortexed to reduce any formation of aggregates or cellular clumping, then 

incubated with the serial dilutions of monoclonal antibody for 15 minutes at room 

temperature in the dark. Subsequently the cells were lysed in 1ml of PharmLyse for 10 

minutes at room temperature in the dark. The cells were then washed in optimised wash 

buffer (1% FBS, 0.1% sodium azide, NaCL, Na2HPO4, NaH2PO4, NaN3 – pH 7.2 ±0.1) 

at 2200 rpm for 5 minutes. The cells were analysed immediately on a FACSCanto flow 

cytometer. As the cells were labelled with increasing concentrations of antibody, so the 

intensity of fluorescence increased. The median fluorescence intensity was determined 

using the BD FACSDiva clinical software, then plotted against antibody concentration 

on a logarithmic scale. The optimum concentration of monoclonal antibody was 

determined by plotting the median fluorescence intensities (MFI) of both the positive 

and negative populations (Figure 2.6). The point of the greatest separation between both 

populations, with the minimal background, was taken as the optimal antibody volume.  
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Figure 2.6 Antibody titration curve for CD19 PerCP-Cy5.5 (BD Biosciences) 
showing the optimal volume of 10µL. 
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2.3.4 Compensation 

Spectral overlap refers to the fluorescence above background fluorescence of a given 

fluorochrome in detectors relative to the primary detector for that fluorochrome. This is 

a common phenomenon encountered when combining antibodies to perform multi-

colour flow cytometry. The intrinsic spectral overlap of the different fluorochromes, if 

left uncorrected will lead to emission of a given fluorochrome into an inappropriate 

detector. A lack of compensation for this spectral overlap will almost certainly lead to 

false positive populations and ultimately misinterpretation of data. The process of 

compensation corrects for the fluorescence spillover originating from a fluorochrome 

other than the one specified for a particular PMT detector. The unwanted signal is then 

subtracted as a percentage of the signal from the other PMT’s. All flow cytometric 

assays underwent compensation based on the MFI of positive and negative populations.  

 

2.3.4.1 Automatic Compensation using BD FACSDiva™ software and BD 

CompBeads 

The BD FACSDiva™ platform automatically reads the spectral overlap values from the 

single colour controls.  

Each appropriately titrated individual fluorochrome was pipetted into the BD Falcon 

tube to which 30µl of BD anti-mouse kappa CompBeads (BD Biosciences) was added, 

gently vortexed and incubated for 15 minutes at room temperature in darkness. The 

beads were then washed in BD cell wash and centrifuged at 813.12g for 5 minutes. The 

supernatant was removed and 30µl of BD CompBeads negative control beads were 

added to each of the tubes containing stained beads and 500µl of BD cell wash. 

Within the BD FACSDiva™ software a new experiment was created and compensation 

control tubes were generated. The PMT voltages were adjusted for each single-stained 

tube so that the negative peak was in the first log decade of the histogram plot.  Each 
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tube was read in turn, using the previously set PMT voltages. The optimum voltage was 

set when the negative and positive peaks were demonstrating the greatest separation. On 

the first automatically generated histogram, the negative and positive populations were 

gated. The auto-interval was set around each population. After all individually stained 

tubes had been acquired the spectral overlaps were automatically calculated and stored.  

 

2.3.4.2 Manual Compensation  

Sample preparation was the same process as for automatic compensation. The 

percentage compensation/subtraction was adjusted while observing a display of data 

being run on an appropriate dot plot. This was adjusted until the MFI of the positive and 

negative population was as close as possible (Figure 2.7).  This process was repeated 

with each individual fluorochrome.  

 
 

 

Figure 2.7 FITC (x-axis) versus Pe-Cy7 (y-axis) dot plot used for setting correct 
compensation manually. The Pe-Cy7-FITC percentage was adjusted until the MFI 
of the positive and negative populations were the same. 
 

The MFI values 
are as close to each 
other as possible. 



Chapter 2 
	  

	   	   104 

2.3.5 Steric Hindrance Analysis 

When combining multiple directly conjugated antibodies to increase the sensitivity and 

specificity of an assay, there is a concern that antigen expression may be reduced or 

absent if the antibodies are binding the same macromolecular complex. To exclude 

steric hindrance the MFIs of the positive populations from the sample prepared with 

multiple antibodies of interest were compared with each antibody individually. A large 

decrease in intensity indicates probable steric hindrance.  

 

2.3.6 Fluorescence Minus One Analysis 

Further evaluation for reagent interaction altering assay performance can be efficiently 

assessed by comparing the MFI of a sample prepared with all antibodies of interest with 

a series of preparations in which each lacks one of the component fluorochrome 

conjugated monoclonal antibodies. The methodology was also employed when 

establishing the surface expression and MFI of the homogenous cell line populations.  

 

2.3.7 Cell viability and Apoptosis Detection (using the PI/Annexin V kit – BD 

Biosciences)  

The natural physiological process of apoptotic cell death is characterised by 

morphological features such as loss of plasma membrane symmetry, condensation of the 

cytoplasm and nucleus, and internucleosomal cleavage of DNA. Cells undergoing 

apoptosis translocate their membrane phospholipid, phosphatidylserine, from the inner 

to the outer leaflet of the plasma membrane, thus exposing phospholipid 

phosphatidylserine to the external cellular environment. It is possible to measure 

apoptosis in a given sample by taking advantage of this physiological process. Annexin 

V is a 35-36 kDa Ca2+ dependent phospholipid binding protein that has high affinity for 

phospholipid phosphatidylserine. Conjugating Annexin V to a fluorescent probe allows 
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easy identification of apoptotic cells; and combining it with a vital dye such as 

propidium iodide (PI) allows differentiation between early and late apoptotic cells. The 

principle is that viable cells with intact membranes will exclude PI, whereas the 

membranes of dead and damaged cells are permeable and thus incorporate PI.  

Cells were washed twice with PBS then resuspended in 1x binding buffer at a 

concentration of 1x106 cells/ml. Subsequently, 1x105 cells were transferred to a 5ml 

culture tube and incubated with 5µl Annexin V (FITC) and 5µl PI and incubated for 15 

minutes at room temperature in the dark. Following the incubation, 400µl of 1x binding 

buffer was added and analysed on a flow cytometer within 1 hour. Viable cells with 

intact membranes are PI and Annexin V negative. Early apoptotic cells are PI negative 

and Annexin V positive, whereas cells which are either in the end stages of apoptosis, 

are undergoing necrosis, or are already dead, stain positive for both. Unstained cells, a 

sample incubated with Annexin V (FITC) only, and propidium iodide only were used to 

set the compensation and quadrants.  
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Figure 2.8 Annexin V and PI staining for the determination of viable, early and 
late apoptotic cells. (A) FITC staining for Annexin V only. (B) PI staining only. (C) 
Combined Annexin V and PI staining. 
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2.3.8 Intracellular labelling  

Several antigens within this project were investigated by intracellular staining and 

analysed by flow cytometry.  

Cells were harvested and the total number determined. The cells were washed twice in 

0.01 mol/L of PBS. Where identification of cell surface antigens was required, directly 

conjugated monoclonal antibodies were used at this stage. Following incubation cells 

were washed in 0.01mol/L PBS and the supernatant discarded. Cells were fixed in 4% 

formaldehyde (DakoCytomation Intrastain regent kit, Alere Ltd) at a volume of 100µl 

per 1x106 cells for 10 minutes at room temperature in darkness. Following incubation 

the cells were washed in 2ml 0.01 mol/L PBS and mixed by gentle inversion. 

Subsequently the cells underwent permeabilisation using ‘Reagent B’ (an undisclosed 

reagent) at a volume of 100µl per 1x106 cells at room temperature for 20 minutes in the 

dark. Where required a non-reactive monoclonal antibody of the same isotype and 

conjugation were used. Cells were then washed in 0.01 mol/L  PBS and resuspended in 

0.3ml 1.0% formaldehyde in 0.01mol/L PBS, pH 7.4 and acquired on a FACS Canto 

flow cytometer with FACSDiva software (Becton Dickinson, UK).  

 

2.3.8.1 Cell cycle assessment by Flow Cytometry 

To detect the distinct phases of the cell cycle, PI was used to bind to DNA. Cells were 

cultured within 96-well plates and treated as per the experimental outline. The cells 

were harvested and washed in PBS. The cells were fixed in 70% ethanol for 30 minutes 

at 4°C. The cells were pelleted at 2,000 rpm for 5 minutes, then washed twice in PBS. 

50µl RNAse A (100µg/ml Sigma) was added and incubated at room temperature for 15 

minutes. 200µl of PI (50µg/ml Sigma) was added and incubated at +4°C until analysis. 

This technique is based on cells in G0/G1 phase having a normal diploid component 

(2N) of DNA. Cells in G2 phase will contain twice this component (4N). During the 
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process of DNA synthesis (S-phase), cells will have a range of phases between 2N and 

4N. Cells with less than N DNA (i.e. less than G0/G1 phases) were regarded as 

apoptotic cells and disregarded from the analysis. When bound to the nucleic acids, the 

maximum emission spectrum for PI is 617 nm. A total of 20,000 cell events were 

recorded. The resultant histogram plots FL-2 against count (Figure 2.9), in which 

G0/G1, S and G2/M phases were determined using the cell cycle analysis program on 

FlowJo FACS data analysis software (Tree Star, Ashland Inc., OR, USA).  

 

 

Figure 2.9 Cell cycle assessment by staining with PI followed by spectral 
analysis using FlowJo FACS data analysis software for cell cycle (Tree Star, USA) 
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2.3.8.2 Ki-67 proliferation assay 

The Ki-67 antigen is a nuclear protein, which during interphase can be exclusively 

detected within the nucleus, whereas in mitosis the majority of the protein is relocated 

to the surface of the chromosomes. The Ki-67 gene is approximately 30,000 base pairs 

and located on chromosome 10. It is expressed in all proliferating cells during late G1, 

S, M and G2 phases of the cell cycle. Cells in the G0 non-cycling phase, consistently 

lack the Ki-67 antigen. Flow cytometry has been demonstrated as a useful method for 

detecting Ki-67 antigen expression and assessing cellular proliferation in tumour cells 

over traditional methods such as 3H-thymidine incorporation.  

Cells undergoing permeabilisation for intracellular labelling of Ki-67 (10µl Ki-67 FITC 

conjugated, Clone MIB-1, DakoCytomation, Denmark) were incubated with 0.1% 

Nonidet P40 (a non-ionic surfactant for the isolation of membrane complexes, Sigma-

Aldrich, UK). Cells were incubated for 20 minutes at 4°C in the dark. A non-reactive 

monoclonal antibody of the same isotype and conjugation was run in parallel. Cells 

were then washed in 0.01 mol/L PBS and resuspended in 0.3ml 1.0% formaldehyde in 

0.01mol/L PBS, pH 7.4 and data acquired on a FACS Canto flow cytometer with 

FACSDiva software (Becton Dickinson, UK).   

 

2.3.9 Cytokine and Chemokine assessment by cytometric bead array (CBA) 

Quantification of cytokine and chemokine production following an external stimulus, 

such as in crosslinking CD160, was performed by the cytokine bead array assay (Becton 

Dickinson, UK). The principle of the assay uses the sensitivity of amplified 

fluorescence detection by flow cytometry to measure soluble analytes in a particle-

based immunoassay. Not only is this assay more sensitive than other methods for 

cytokine analysis, but also it utilises the ability to quantitatively measure several 

cytokine protein levels in a single sample. Bead populations with distinct fluorescence 
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intensities were coated with capture antibodies specific for the cytokine proteins. The 

cytokine capture beads were mixed with the PE-conjugated detection antibodies and 

then incubated with recombinant standards to form sandwich complexes (Figure 2.10). 

This assay simultaneously measured Interleukin (IL)-2, IL-4, IL-6, IL-10, TNF-α, INF-γ 

proteins.  

 

 

 

Figure 2.10 Overview of cytokine & chemokine profiling using the Cytokine 
Bead Array (CBA) system (BD Biosciences). Cytokine specific beads are incubated 
with the sample before the addition of detector antibodies conjugated to PE. The 
cytokine/antibody/detector antibody complex is then washed and analysed on a BD 
FACSCanto flow cytometer. Reproduced with kind permission of BD Biosciences.  
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2.3.9.1 Preparation of the cytokine standards 

The cytokine standards were reconstituted in 2ml of assay diluent and allowed to 

equilibrate for 15 minutes in a 15ml Conical tube. A serial dilution was performed from 

1:2 to 1:256 with the neat top standard having an approximate recombinant protein 

concentration of 5000pg/ml. 300µl was transferred from the top standard, through to the 

1:256 tube (Figure 2.11).  

 

 

Figure 2.11 Serial dilutions of the cytokine and chemokine standards. From BD 
Cytometric Bead Array (CBA) Human Th1/Th2 Cytokine Kit II (Catalogue 
Number: 551809) 23-12495-00 Rev.01. Reproduced with kind permission of BD 
Biosciences.  
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2.3.9.2 Preparation of the cytokine capture beads, staining and analysis of culture 

supernatant analytes.  

An aliquot of 10µl from each capture bead (e.g. IL-2, 4, 6, 10, TNF-a and INF-g) was 

pooled together for each analytical sample and serial dilution. From the pool of mixed 

capture beads, a 50µl aliquot was added to 50µl of PE-detection reagent in a BD FACS 

falcon tube. To this 50µl of either the serial dilution or culture supernatant was added 

and incubated for 3 hours at room temperature and protected from direct exposure to 

light (Figure 2.12).  

 

 

 

 
Figure 2.12 Schematic overview of the preparation process in which antibody 
capture beads are incubated with the serum or plasma samples and 50µl of PE-
detector reagent for three hours. 
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After the incubation period, the analytes were washed in 1ml of wash buffer and 

centrifuged at 200 x g for 5 minutes. The resulting supernatant was carefully aspirated 

and discarded leaving the pellet intact. The pellet was resuspended in 300µl of wash 

buffer and immediately acquired on a BD FACS Canto flow cytometer with FACS Diva 

software. The beads were excited off the 488nm laser and detected in the PE (FL-2) 

detector (Figure 2.13). A minimum of 1800 events was recorded giving a sample file of 

approximately 300 events per capture bead. The quantitative analysis was performed 

using FCAP Array software (Becton Dickinson, UK), which determines the protein 

concentrations of the sample based on known concentration values from the cytokine 

standards. 
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Figure 2.13 Cytokine and chemokine preparations (as per figure 2.10) were 
analysed using BDFACS Diva software. (A) An initial gate of forward scatter 
(FSC-H) versus side scatter (SSC-A) was generated to apply a gate around the 
CBA beads. (B) Each individual bead set was gated; then the MFI of the 
population was recorded (C). Adapted from BD Biosciences.  
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2.3.9 Quantitative Culture Serum/Plasma Cytokine CBA labelling  

The preparation and dilution of the cytokine standards and pooling of the capture beads 

were the same as for the culture supernatant assay, except the capture beads were 

resuspended in serum enhancement buffer and vortexed thoroughly.  

 

2.3.10 Quantitative CBA Chemokine profiling 

The principle of the Chemokine CBA Assay (Becton Dickinson, UK) is similar to the 

CBA Cytokine TH1/2 preparation. It is a multiplex assay, in which each bead provides a 

capture surface for a specific protein. The capture beads were specific for IL-8, CCL5 

(Regulated upon Activation, Normal T-cell Expressed, and Secreted - RANTES), 

CXCL9 (Monokine induced by gamma interferon - MIG), CCL2 (monocyte 

chemotactic protein-1 - MCP-1) and CXCL10 (Interferon gamma-induced protein 10 - 

IP-10). Chemokine standards were reconstituted and prepared in serial dilutions from 

1:2 to 1:256, with the top standard having an approximate recombinant protein 

concentration of 2500pg/ml. The preparation of the chemokine capture beads and data 

acquisition was the same as the TH1/2 cytokine assay.  

 

2.3.11 FCAP Array analysis of Cytokine and Chemokine secretion 

The FCAP array software locates clusters to which the analytes have been assigned, and 

then determines the median fluorescence intensity (MFI) of the detector antibody for 

each sample. A standard curve was fitted from the concentration standards using a 4-

parameter logistic mathematical model (log I =D+(A-D)/(1+(log CC / C)^B) for each 

protein generating an R square value (Figure 2.14). The standard curve was used to 

calculate concentration values for each of the measured analytes in each sample. The 

results were expressed as a pattern code representing the MFI (Figure 2.15) of the 

 sample population and finally in pg/ml.   
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Figure 2.15  Colour mapping for the determination of cytokine production 
This figure shows the colour mapping for the semi-quantitative determination of 
cytokine production in subject samples based on the approximate concentration of 
recombinant protein in pg/ml.   
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2.4 Cell Sorting 

The separation and sorting of cells was performed by direct magnetic cell labelling, 

using Miltenyi Biotech superparamagnetic Microbeads (Surrey, UK). This allowed for 

the positive or negative selection of cell populations based on the cell of interest, by 

depositing the cell suspension onto a MACS column within a magnetic field.  The 

superparamagnet microbeads were 50 nanometres in diameter and made up of a 

biodegradable matrix, and thus eliminating the need to remove them post separation. 

 

2.4.1 Cell sorting for CD19+ B cells 

CD19+ B cells were positively selected as this optimised the recovery and viability of 

the cells for functional work. Washed PBMCs were suspended in 80µl of buffer (PBS 

containing 0.5% bovine serum albumin (BSA), 2mM EDTA and 0.09% azide at pH 7.2 

and filtered through a 0.2µ filter) per 107 cells. 20µl of the anti-CD19 MicroBeads were 

added per 107 cells and incubated at 4°C in the dark for 15 minutes. The cells were 

subsequently washed in 1mL of buffer and centrifuged at 300 x g for 10 minutes at 4°C. 

The supernatant was discarded and the cell pellet resuspended in 500-1000µl of buffer 

for magnetic separation. 

 

2.4.2 Magnetic Separation of B-cells 

The positive selection of CD19+ cells used MS columns (Miltenyi Biotech, UK) 

according to manufacturers recommendations within a sterile laminar flow cabinet or by 

the automated AutoMACS method (Miltenyi Biotech, UK) based on the same principle 

(Figure 2.16).   

For the manual method, columns were placed within a magnetic field of a suitable 

MACS separator, and rinsed with 500µl of buffer. The cell suspension containing the 

magnetically tagged B-cells was applied to the column and allowed to run through. The 
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B-cells had been labelled with anti-CD19 magnetic microbeads allowing for positive 

selection. Unlabelled cells (CD19 negative fraction) did not bind to the column and 

were collected.  The effluent was washed through with three additional washing steps 

by adding 500µl of buffer per sample each time the column reservoir emptied, and the 

unlabelled cells collected. The column was removed from the magnetic separator and 

placed in a sterile 15ml falcon tube. The CD19-positive fraction was eluted by applying 

1ml of buffer to the column reservoir and forced through using the plunger supplied 

with the column. This process was repeated a further time to improve cell purity.  
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Figure 2.16 Principle of MACS technology (A) The cell population of interest are 
magnetically labeled with MACS Microbeads targeting a specific surface protein 
(e.g. CD19). (B) The cells were separated when placed within a magnetic field. The 
flow through was collected as the unlabelled negative fraction. (C) The retained 
cells were eluted by the removal from the magnetic field and washed through as 
the positive fraction. (D) The steel ball matrix generated within the magnetic field. 
(E) The tagged cells are held within the matric (purple) (F) SEM and (G) EM 
image of a lymphocyte tagged with the magnetic microbeads (purple arrows). 
Reproduced with kind permission of Miltenyi Biotec, Surrey, UK. 
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2.4.3 Purity validation 

To ascertain the purity of the CD19+ selection, enumeration of human B cells was 

assessed by flow cytometry. An aliquot of the cell suspension underwent centrifugation 

at 300 x g for 10 minutes. The resultant supernatant was completely aspirated, to which 

20µl of FcR blocking reagent (Miltenyi Biotec, Germany) was added in 80µl of buffer. 

Blocking the Fc receptor prevented unwanted Fc receptor-mediated antibody labelling. 

10µl of anti-CD20-PE was added to the preparation and incubated for 10 minutes in the 

dark at +4˚C. The cells were subsequently washed once in 2mL of buffer and 

centrifuged at 300xg for 10 minutes. The cell pellet was resuspended in 300µl of buffer 

for analysis by flow cytometry. 
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2.5 Molecular Biology 

Degradation of RNA can occur when RNAses are introduced accidentally into the RNA 

preparation at any point in the isolation procedure. RNAse activity is difficult to inhibit 

so an RNAse free environment was maintained throughout.   

 

2.5.1 Isolation of total RNA for qualitative RT-PCR 

Total RNA was isolated using TRIzol reagent (Invitrogen Ltd, UK) and Qiagen 

MaXtract high-density tubes (Qiagen, UK) according to manufacturer’s instructions. 

Samples for RNA extraction were stored in 1ml of TRIzol reagent. TRIzol is a 

monophasic solution of phenol and guanidine isothiocyanate that maintains the integrity 

of the RNA during sample homogenization whilst disrupting cells and dissolving cell 

components. A maximum of 107 cells were homogenised by repeatedly passing it 

through a small bore 23-gauge needle fitted to sterile RNAse free syringe. Samples were 

left for 5 minutes at room temperature to permit the complete dissociation of 

nucleoprotein complexes. A working solution of 200µl of chloroform per 1ml of TRIzol 

was added to the homogenised lysate and mixed vigorously for 15 seconds. 

Subsequently, the lysate was transferred to high-density MaXtract tubes (Qiagen), and 

incubated for 5 minutes at room temperature. The tubes were centrifuged at 10,000 x g 

for 15 minutes at 8˚C. The addition of the chloroform separated the solution into a lower 

phenol-chloroform organic phase, an interphase, and a colourless upper aqueous phase 

containing exclusively the RNA. After centrifugation, the aqueous phase was 

transferred to a sterile fresh eppendorf tube for RNA precipitation. The RNA was 

precipitated from the aqueous phase by the addition of 500µl of isopropanol and the 

tube mixed vigorously. The tubes were left to incubate for 10 minutes at room 

temperature followed by centrifugation at 10,000 x g for 10 minutes at 8˚C. The RNA 

precipitate was often visible before centrifugation in the bottom of the tube resembling a 
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gel-like pellet. After centrifugation, the supernatant was discarded and the resultant 

RNA pellet washed with 500µl of 70% ethanol. The ependorfs were vortexed and 

underwent centrifugation at 7,500 x g for 5 minutes at 8˚C. The supernatant was 

discarded and the pellet briefly air-dried although not completely as this would decrease 

the solubility. The RNA was dissolved in RNAse-free water by passing the solution a 

few times through a pipette tip before immediate quantification of RNA or storing at -

70˚C.  

The concentration of RNA was measured by assessing the optical density at a 

wavelength of 260nm and 280nm and generated a ratio (A260/280) to quantify the degree 

of purity. The concentration was determined using Nanodrop technology (Thermo 

Fisher Scientific, Ringmer UK). Partially dissolved RNA samples have an A260/280 of 

<1.6. A good RNA extraction yielded a ratio of 1.8 or greater. Any ratio less than 1.8 

was suspected of protein contamination.  

 

2.5.2 Synthesis of complementary strand DNA (cDNA) for qualitative PCR 

To perform PCR using RNA as a template, it must be reverse transcribed into cDNA.  

The most important factor in the synthesis of cDNA is the isolation of intact RNA, as 

the quality of the RNA dictates the maximum amount of sequence information that can 

be converted in cDNA. This was performed using the SuperScript First-Strand 

Synthesis System for RT-PCR kit (Invitrogen Ltd, UK). The RNA and primer mixtures 

were prepared in sterile RNAse free tubes. 

5µg of total RNA was added to DEPC-H20 containing 1µl of Oligo(dT) primer and 1µl 

of 10nM DNTP mix, making the total volume 10µl. The reaction mixture was incubated 

at 65˚C for 5 minutes for hybridisation of the Oligo(dT) primer to bind to the messenger 

strand, and then rapidly chilled on ice for at least 1 minute to prevent structures from 

reforming.  
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Component Sample Control RNA 
Up to 5µg total RNA n µl ----- 
Control RNA (50 ng/µl) ---- 1µl 
10 nM dNTP mix 1µl 1µl 
Oligo(dT)12-18 (0.5µg/µl) 1µl 1µl 
DEPC-treated water to 10µl to 10µl 

 
Table 2.2 RT-PCR: Reverse transcription master mix. This table summarises 
the reagents used to make up the reverse transcription reaction master mix that 
was subsequently heated to 65˚C for hybridisation to occur.  
 

Following the incubation the samples were added to a reaction mixture containing 10X 

RT first strand buffer, 25nM MgCl2, 0.1M DTT and RNAseOUT recombinant RNAse 

inhibitor (table 2.3). These were incubated for 2 minutes at 42˚C in a PCR thermal 

cycler (Thermo Fisher Scientific). Subsequently 1µl of SuperScript II RT was added to 

each tube except the RT control and incubated in the thermal cycler at 42˚C for 50 

minutes to degrade the mRNA. To terminate the reactions the thermal cycler increased 

the temperature to 70˚C for 15 minutes. Finally, 1µl of RNAseOUT was added to each 

tube and incubated at 37˚C to remove the mRNA. The samples were then stored at -

20˚C for future use. The resultant reverse transcribed cDNA was used for amplification 

of the target DNA by PCR.   

 

Component Each Reaction 
10X RT buffer 2µl 
25 nM MgCl2 4µl 
0.1 M DTT 2µl 
RNAseOUT  1µl 

Table 2.3 Reaction Mix: Reverse transcription reaction mix 
This table summarises the reagents used to make up the reverse transcription 
reaction mix to generate cDNA from the total mRNA.  
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2.5.3 Polymerase Chain Reaction (PCR) 

The first-strand cDNA was amplified directly using polymerase chain reaction (PCR). 

The process of PCR enables a selective amplification of a chosen region of DNA.  

PCR consists of a series of repeated temperature changes. The process was started by an 

initiation and denaturation step in which the cDNA/polymerase/primer mixture was 

heated to 94˚C to disassociate the base pairs by unwinding the double stranded cDNA, 

disrupting the hydrogen bonds between the complimentary bases, and yielding two 

single stranded DNA molecules. Once the DNA strands have been separated, the 

following step was the annealing process. The reaction temperature was lowered to 

60˚C for 30 seconds allowing the annealing of the primers to the single stranded DNA 

template. The annealing temperature (Tm) of the primers dictates the temperature that 

the annealing process is carried out. The annealing temperature must be low enough for 

the specific annealing of the primers to the target sequence. The melting temperature of 

the primers can be calculated by: 

Tm = (4 x [G + C]) + ( 2 x [A + T]) ˚C 

 

Stable DNA-DNA hydrogen bonds will only form where the primer sequence matches 

the target cDNA. The annealing temperature was set above the Tm of the primers. 

Following the annealing of the primers to the target, the final step was the elongation 

step in which the Taq polymerase synthesis a new DNA strand by adding dNTPs that 

are complementary to the template in a 5’ to 3’ direction. The extension time depends 

on the Taq polymerase used and the length of the amplified fragment. The resultant 

PCR products were then run on a 1% agarose gel.  
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Specific oligonucleotide primers for the amplification of CD160 (GenBank accession: 

NM_007053.2) were: 

Sense Primer (BY-TM):  5’ GCC AGA AGC CAG AAG TCA GGT ATC CG 3’ 

Anti-sense Primer (BY3UN): 5’ CCT GTG CCC TGT TGC ATT CTT C 3’ 

MFold analysis of CD160 is shown in figure 2.17 with the specific amplicon 

highlighted in yellow (Figures 2.17 & 2.18).  

 

Figure 2.17  mRNA predicted secondary structure. This figure shows the CD160 
mRNA secondary structure as predicted by mFold (http://mfold.rna.albany.edu). 
The 317bp amplicon region for the BY-TM forward and reverse BY3UN primers 
is highlighted in yellow.  
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Figure 2.18  CD160 mRNA amplicon 
secondary structure. 
This figure shows the 317bp CD160 mRNA 
amplicon as predicted by mFold 
(http://mfold.rna.albany.edu).  
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The synthesis of specific cDNA target fragments was achieved by using 1µl of the 

reverse-transcribed product according to a standard procedure (Invitrogen), in a total 

volume of 20µl. Each sample was subjected to an initial incubation step at 94°C for 2 

minutes. This was followed by 35 cycles consisting of a denaturation step at 94°C for 

30 seconds, annealing at 60°C for 30 seconds (specific for the CD160 sense primer Tm: 

60.82°C; and anti-sense primer Tm: 56.44). Finally followed an extension step using the 

Taq polymerase at 72°C for 90 seconds. An additional elongation step was used at 72°C 

for 2 minutes to ensure that the Taq polymerase enzyme activity had been fully 

completed. The amplified products were separated on a 1% agarose gel.  

 

To confirm that a PCR amplified product had been obtained, the PCR was 

simultaneously performed using primers specific for B-actin (GenBase: NM_001101.3): 

 

Homo sapiens actin, Beta (ACTB) (product length 232bp) Tm GC% 

Sense Primer 5’ GCG GGA AAT CGT GCG TGA CAT T 3’ 58.75 54.55 

Anti-sense primer: 5’GAT GGA GTT GAA GGT AGT TTC GTG 53.79 45.83 

 

Primers specific for CD2 (GenBase: NM_001767.3) were used to control for any T-cell 

contamination in the CD19-positively selected fraction using the following primers: 

Homo sapiens actin, CD2mRNA (product length 120bp) Tm GC% 

Sense Primer 5’ ATG TTT CTT CCA AAG GTG 3’ 56.5 38.9 

Anti-sense primer: 5’ CGT CAA TAT CAT CAC TCA TT 3’ 57 35.0 

 
 
 
 
 
 
 
 



Chapter 2 
	  

	   	   129 

Component Volume per reaction tube 
10X PCR Buffer minus Mg 2.5µl 
10 mM dNTP mixture 0.5µl 
50 mM MgCl2 0.75µl 
10 µM sense primer 1µl 
10 µM antisense primer 1µl 
cDNA 1-2µl 
Taq Polymerase (5U/µl) 0.2µl 
DEPC-water Made up to 20µl 
 
Table 2.4 Reagents used for the PCR amplification of CD160, CD2 and Beta Actin.  
 

The samples were then held at 6˚C until ready to perform electrophoresis on an agarose 

gel.  

 

2.5.4 DNA electrophoresis for qualitative PCR 

In order to identify the DNA products resulting from the PCR it was necessary to 

separate the fragments by running them through an agarose gel. The separation by 

electrophoresis relied on the negative charge of DNA for size separation in a matrix, 

and by applying an electric field, the molecules moved towards the anode. Following 

completion of the PCR reaction, a 1% agarose gel was prepared by dissolving 1g 

agarose (Invitrogen, UK) in 100ml of Tris-boric-acid EDTA (TBE) buffer. To visualise 

the nucleic acids within the agarose gel, 10µl of the fluorescent dye ethidium bromide 

(10mg/ml, Invitrogen) was added to the gel mixture. The ethidium bromide intercalates 

between the bases of the nucleic acid and visualised under an ultraviolet 

transilluminator. The gel was then poured into a casting tray with a comb placed at the 

top of the gel and allowed to solidify at room temperature. Subsequently, samples were 

mixed with 2µl of BlueJuice gel loading buffer (Invitrogen, Paisley UK) containing 

65% sucrose, 10nM Tris-HCL (pH 7.5), 10 nM EDTA and 0.3% bromophenol blue. 

This was necessary for easy loading and tracking of nucleic acids in agarose gels.  Once 

the gel had solidified, TBE buffer was poured over the gel and 15µl of ladder marker 

(100bp) was loaded into the first well of every gel. Samples were loaded into the 
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remaining wells and the bands were visualised and photographed under a UV light 

source.  

 

 

Figure 2.19  Agarose gel of the amplified beta-actin and CD160 gene from 
peripheral whole blood samples. CD160 amplification from NK and T cells. 
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2.6 Tissue Culture for the assessment of biological function of CD160. 

All cell culture preparation and experimentation was carried out in a sterile Class II 

HERAsafe laminar flow cabinet and cultured in a humidified HERACell incubator at 

5% CO2 and 37°C (Jencons-PLS, UK). Cell concentrations and incubation times were 

determined for each experiment and detailed within the results section. The CL1-R2 and 

BY55 CD160 antibodies (kindly provided by Dr Armand Bensussan, INSERM, Paris, 

France) were used at 10µg/mL. Anti-IgG, M, A (F(ab)2 fragment (Pan-Ig) and negative 

controls (mouse IgG and IgM and control fragment F(ab)2 were from Jackson 

ImmunoResearch Laboratories and used at 15µg/mL. The PI3K inhibitors: wortmannin 

(used at 1µM and 2µM) and 2-(4-morpholinyl)-8-phenyl-4H-1- benzopyran-4-1 

(LY294002, used at 10µM and 20µM) were purchased from Merck-Calbiochem. The 

p110-specific catalytic subunits p110α (PI-I03), p110β (TGX-221) and p110δ 

(IC87114) were kindly provided by Professor Bart Vanhaesebroeck, Centre for Cell 

Signaling, Barts Cancer Institute and used at a range of concentrations from 0.1µM to 

10µM as detailed per each results section. The specific PI3K inhibitors were chosen and 

validated by the Centre for Cell Signaling and also based on published IC50 values 

(Knight et al., 2004),(Marone et al., 2008): 

 

 Alpha (µM) Beta (µM) Delta (µM) 

LY294002 9.3 2.9 6.0 

PI-103 (p110α) 0.008 0.09 0.05 

TGX-221 61 0.13 0.63 

IC87114 200 75 0.13 

Table 2.5 IC50 values for LY294002 (Pan-PI3K) and specific p110 catalytic 
subunits. 
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2.7 Cytochrome C detection 

The translocation of cytochrome C from the intermembrane of mitochondria to the 

cytosol is a recognised process in apoptosis. The measurement of cytochrome C can 

therefore be used as an indicator of active apoptosis. Cells were permeabilised in 100µl 

of permeabilization buffer (50 mg/mL digitonin, 100mM KCl in PBS) for 10 minutes at 

+4°C, then fixed in 4% paraformaldehyde in PBS for 20 minutes at an ambient 

temperature before washing in PBS (Waterhouse and Trapani, 2003). Following this 

20µl of anti-cytochrome-C monoclonal antibody conjugated to PE was added and 

incubated at room temperature in the dark, before washing and acquiring on a BD 

FACSCanto using the PE detector to determine cytochrome C- levels within the cells. 

 

2.8 Western Blotting  

2.8.1 Protein Collection 

Whole cells were lysed in 400µl of lysis buffer (1% Triton X-100, 0.5% sodium 

deoxycholate, 0.1 SDS, 1 mM PMFS, 10 µg/ml aprotinin, 10 µg/ml leupeptin, 1 mM 

sodium orthovanadate, 1 mM DTT in PBS, pH 7.4) on ice for 30 minutes – having a 

vortex every 10 minutes. Proteins were collected by centrifugation at 12,000 x g for 20 

minutes at 4°C. 

 

2.8.2 Bradford method of protein concentration 

Total protein concentrations were determined and normalized using the Bradford 

method in which lysis buffer was used as a control. Protein concentrations were 

measured using a Bio-Rad dye-binding protein assay kit (Bio-Rad Laboratories Inc.) 

and spectrophotometer. The principle behind the assay is that differing protein 

concentrations have a different in colour change. This is based on the knowledge that 

the maximum absorbance for an acidic solution of Cormassie Brilliant Blue G-250 will 
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shift from 465nm to 595nm when there is binding of protein. Dilutions of the 

reconstituted lyophilized bovine serum albumin (BSA) protein standard were prepared 

from with a linear range of 0.2-0.9 mg/ml. 100µl of each BSA standard was added to 

700µl of H20 in a cuvette for the protein standard curve. 1-2µl of the sample protein was 

transferred to a test cuvette containing 800µl of H20. 200µl of the dye reagent 

concentrate was added to each tube and mixed by pipetting. Cuvettes were incubated for 

5 minutes at room temperature before reading on a spectrophotometer at 595nm.  

 

 

Figure 2.20 Standard curve to calculate protein concentration using the 
Bradford methodology.  
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2.8.3 SDS-PAGE  

Bcl-2 family proteins were run along with Beta-actin on a 10-12% separating gel (20-

50/100) kDa protein). The 5% upper stacking gel and 12% lower running gel were 

prepared as detailed in table 2.6 and table 2.7 respectively.  

 

Component Volume used 

Upper Gel 1M Tris HCl (pH 6.8) 0.5ml 

Water 2.92ml 

40% Acrylamide 0.5ml (5%) 

10% SDS 40µl 

10% APS 40µl 

TEMED 4µl 

Table 2.6 Protocol of making the 5% upper stacking gel for western blotting. 
 

Component Volume used 

Upper Gel 1M Tris HCl (pH 6.8) 2.5ml 

Water 3.0ml 

40% Acrylamide 4.3ml 

10% SDS 100µl 

10% APS 100µl 

TEMED 6µl 

Table 2.7 Protocol of making the 12% lower running gel for western blotting.  
 

 

2.8.3.1 Pouring the 12% running gel and stacking gel 

For the assembly of the electrophoresis apparatus, two glass assembly plates were 

cleaned in methanol and two 0.75-mm spacers were sandwiched with a gel cassette and 

locked into the frame. The APS and TEMED were added prior to pouring the gel. The 

gel mix was poured into the assembled gel plates using a pipette, leaving sufficient 

space above for the stacking gel to be added. Using a fresh pipette, the top of the gel 
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was slowly covered with distilled water saturated in butanol and left to polymerized for 

15-30 minutes at room temperature.  

 

Once the gel had set and polymerized, the upper stacking gel was prepared as described 

in table 2.6. The overlay on top of the running gel was removed and the gel was rinsed 

with water to remove any unpolymerised acrylamide. Using a fresh pipette, the 

remaining spaced was slowly filled with the stacking gel until the height of the solution 

had reached the top of the glass plate. The comb was dampened with dH20 and inserted 

immediately. The stacking gel was allowed to set and polymerise for 30 minutes at 

room temperature. Once polymerized, the plastic comb was removed and again rinsed to 

remove any unpolymerised acrylamide. The wells were rinsed with 1x SDS-PAGE 

electrophoresis buffer and the gel rack placed in the electrophoresis tank and the tank 

central reservoir filled with 1x SDS-PAGE buffer.  

3µl of loading buffer was added to the protein samples (25-50µg of protein) and heated 

to 90°C for 3 minutes and then pulsed in a centrifuged for 10 seconds at 3,000 rpm. 

Within the first well, 3µl of the tracking marker buffer was added. The protein samples 

containing the loading buffer were pipetted slowly into the well of the gel. Once loaded 

the power supply was connected and a 40mA constant was run until the tracking marker 

had reached the separating gel. The current was increased to 70mA for 70 minutes – 

until the tracking marker had reached the bottom of the separating gel. The power 

supply was disconnected, electrode buffer discarded and the gel carefully removed and 

placed in transfer buffer.  

The polyvinylidene fluoride (PVDF) Immobilon-P Transfer Membrane (Millipore) was 

cut to the gel size and pre-soaked with methanol for 10 seconds then placed in transfer 

buffer for a minimum of 15 minutes whilst gently agitating.  Two pieces of filter 

blotting paper were also soaked for 5 minutes. Subsequently, the gel was placed on the 
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filter paper; with the Immobilon-P membrane placed on top of the gel and smoothed 

over to remove any air bubbles with a pastette. The second filter paper was placed on 

top the stack to complete the sandwich (Figure 2.21). 

Proteins were transferred from the gel to the PVDF membrane using a Trans-Blot® SD 

Demi-Dry Cell (Bio-Rad).  

 

 
Figure 2.21 Assembly of the filter paper, membrane and western gel sandwich.  
 

 

The transfer conditions were set at 16V for approximately 30 minutes for small proteins 

such as Bcl-2 and Bax.  

Following the transfer, the PVDF membrane was blocked with 5% fat-free milk  (milk 

powder in PBS-T) within a Falcon tube (BD Biosciences).  The membrane was probed 

with anti-Bcl-2, anti-Bax, anti-pAKT and anti-β-actin, and placed on a roller to ensure 

continuous agitation at room temperature for 1 hour or overnight at +4°C.  

Following the incubation, the membrane was split depending on the secondary antibody 

and placed into a capped falcon tube. The membrane was washed with 1% fat-free milk 

solution containing PBST for 5 minutes and repeated a further two times. Subsequently, 

3 mls of wash buffer was added to each falcon tube. The goat anti-mouse antibody 

conjugated to horseradish peroxidase (HRP) at a 1:2000 dilution (1.5µl to the buffer 

already within the falcon). These samples were incubated for a minimum of 1 hour at 

room temperature.   
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Following the incubation, the membranes were washed in milk buffer PBST solution for 

30 minutes, changing the buffer every 10 minutes on the roller.  

The wash buffer was discarded and the membranes placed in a tray containing enough 

ECL (SuperSignal West Pico Chemiluminescent Substrate - Perbio Science UK Ltd. 

Northumberland, U.K) to cover the membrane for 5 minutes. The blot was subsequently 

removed from the ECL and placed between a photography transparency film (Kodak) 

and blot filter card (Sigma-Aldrich, UK) in darkness housed within a photography 

cassette for 1 minute initially. The film was exposed for a variety of periods of time 

then placed in developer (Sigma-Aldrich, UK) for a few minutes until the protein bands 

appeared. Following this the film was put in fixer solution (Sigma-Aldrich, UK) for 3 to 

5 minutes then rinsed in water before scanning into a computer. 

 

2.8.4 ImageJ Densitometry 

The scanned images were saved as a JPEG format and imported into ImageJ. The 

ImageJ system analysis calculated the band densitometry by area. Initially the gel was 

calibrated by clicking Analyze > Calibrate > Function > choose uncalibrated OD. Next 

the bands/lanes were selected using the rectangular marquee tool (in toolbar) to select 

the first lane; ensure that height of selection is greater than its width. The area of the 

bands was determined by plotting the band graphically (selecting Analyse > Gels > Plot 

lanes), then selecting Analyse then Measure. The bands were proportional to the area 

values.  
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2.9 Tissue Microarray assembly and Immunohistochemistry 

Immunohistochemistry (IHC) was performed on paraffin embedded tissue micro-arrays 

(TMA), biopsy sections and bone marrow trephine rolls.  

 

2.9.1 Tissue Microarray assembly 

Tissue microarrays (TMAs) were assembled as detailed in the Manual Tissue Arrayer 

MTA-1 user manual by Beecher Instruments Inc. (Wisconsin, USA). TMAs were 

prepared by pouring molten paraffin wax (approximately 55°C) into a mould containing 

the tissue with a plastic cassette placed on top and allowed to cool. A fresh 

haematoxylin and eosin (H&E) slide were prepared to act as a guide from each block, to 

ensure the tumour was selected for sampling. The donor blocks were fixed with a 

minimum 5mm thickness. To assembly the array, an empty recipient block was placed 

in the holder against location curbs held in place by magnetics pre-built into the arrayer. 

The depth stop locknut was adjusted to allow a suitable core depth to be taken, and 

using a small punch an empty core was punched in the recipient block. Subsequently, 

with the micrometer set to zero, to core the donor sample the punch was pressed 

downwards until the depth stop blocked the downward force and the blocking bridge 

was reached. The bridge was removed and the donor punch placed over the recipient 

block and pushed downwards until the tip reached the recipient block. Using a stylet, 

the core was pushed into the hole created in the paraffin block by the smaller punch 

previously. In order to section the array block, the recipient block was placed at 37°C 

for 10 minutes to allow the paraffin to warm before cutting 3-micron sections on a 

standard microtome.  
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2.9.2 Immunohistochemistry 

IHC was performed using a Super Sensitive™ IHC Detection System (BioGenex, CA, 

USA), for the in vitro use for the chromogenic detection of antigen-antibody binding.  

The assay was a two-stage process, with the initial binding of the primary antibody to 

specific epitopes and the subsequent detection of this binding by a colourimetric change 

reaction.  TMAs and tissue sections were prepared from paraffin embedded histological 

blocks. These were dewaxed in xylene, washed in ethanol followed by initial peroxidase 

blocking steps. The tissues were heated in an aqueous TRIS-citrate based buffer (Vector 

Laboratories, Burlingame, CA) for approximately 10 minutes to unmask the target 

antigens and allow binding of the specific antibody. The sections were treated with a 

blocking step for 20 minutes at room temperature, then air-dried. The primary antibody 

was applied specific for the target antigen.  Using a Super Sensitive™ Polymer-HRP 

Detection System (BioGenex, CA, USA), the sections were incubated with a Super 

Enhancer Reagent™ for 20 minutes, followed by a Poly-Horseradish Peroxidase reagent 

conjugated to an anti-mouse for 30 minutes at room temperature. The antibody-enzyme 

complex was made visible by incubation with 3,3’-diaminobenzidine (DAB), washed 

and counterstained with Gills II Haematoxylin, dipped in acid/alcohol, washed in 

running tap water and dehydrated using ethanol followed by xylene and finally mounted 

with a xylene based DPX mount (Sigma, UK).  Non-specific negative reagent controls 

(normal mouse IgG, supplied in kit) were used in place of the primary antibody to 

evaluate non-specific staining. Negative tissue controls were used to show absence of 

specific staining and provide an indication of specific background staining.  
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Figure 2.22 Tissue MicroArray (TMA) cores for immunohistochemistry. (A) 
TMA cores embedded in paraffin wax prior to cutting 3µ sections on a microtome. 
(B) TMA microtomed sections were layered onto slides and stained (C) using a 
Super Sensitive™ IHC Detection System (BioGenex, CA, USA). 
 

 

A B 

C 
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2.10 Immunofluorescence staining 

The principle objective for using immunocytochemistry and immunofluorescence as a 

protein detection method was that it exploited the antibody-antigen binding interaction. 

Not only could it be used to detect surface and intracellular proteins, it could be used to 

identify co-localisation of two proteins within a single cell. Staining may be either direct 

using pre-conjugated antibodies, or in-direct utilising a primary and secondary antibody.  

Whilst the primary antibodies were raised against a specific target, the secondary 

antibodies were conjugated and raised against immunoglobulins of the primary species.  

A concentration of 5 x 106/ml of cells was centrifuged at 8000 rpm for 2 minutes with 

the supernatant discarded. A total of 50µl of fresh media was added to the pellet and 

mixed by pipette. Subsequently, 10µl of the cell suspension was added to each chamber 

of a Superfrost Plus Chamber Slide (MJ Research, USA) and left to air dry. Following 

this drying step, the cells were fixed and permeablized in 50µl CytoFix/CytoPerm™ 

solution (BD Pharminogen, USA) for 30 minutes at room temperature, in a damp 

incubation box in darkness, and subsequently washed in PBS-T (0.1% Tween-20 in 

PBS, Sigma Aldrich). To exclude any non-specific binding 50µl of an appropriate 

blocking buffer was added and incubated for 30 minutes at room temperature in 

darkness. The appropriate blocking buffer was based on the species used to generate the 

secondary antibody to reduce non-specific epitope binding. Saponin was added to the 

blocking buffer to ensure maximum uptake of blocking buffer across the cellular 

membrane. Primary antibodies were diluted in appropriate blocking buffer in which 

50µl was incubated on the cell layer for 1 hour at room temperature in a semi-dry 

incubation chamber. The slides were subsequently washed for 10 minutes whilst 

undergoing agitation, and repeated a further two times. The secondary antibody was 

pre-diluted in an appropriate blocking buffer and incubated on the cellular layer for 1 

hour at room temperature in a semi-dry incubation chamber. Secondary antibodies were 
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either Alexa-Fluor-488 (Invitrogen), which has an excitation wavelength of 495nm and 

an emission of 519nm producing a yellow/green fluorescence; or Alexa-Fluor-546 

(Invitrogen), which has an excitation of 556nm and an emission at 573nm producing a 

red/orange fluorescence. Following the incubation, the slides were washed with PBST 

every twenty minutes over an hour whilst being agitated in darkness. Nuclear staining 

was performed using 4',6-diamidino-2-phenylindole (DAPI 100µg/ml in PBS) for five 

minutes in darkness then washed in PBST and left to air-dry in darkness. Once dry, the 

slides were preserved using a coverslip, mounted using ProLong® Gold anti-fade 

adhesive to prevent any quenching of fluorescence.  The slides were viewed using 

confocal microscopy under a Zeiss Laser Scanning microscope (LSM50).  

 

2.11 Clinical Data 

Clinical data was extracted from a number of clinical databases, including CRS (Care 

Records Service), WinPath (Hospital pathology server) and the Electronic Patient 

Record (EPR).  

 

2.12 Statistical Data Analysis 

Statistical analyses were performed using GraphPad Prism version 5 and SPSS version 

19 for Macintosh. Data sets were assessed for normality using the Shapiro-Wilk 

normality test. Normally distributed data were assessed with the Student t-test, ANOVA 

test. Non-parametric testing including Mann-Whitney for comparison of two data sets or 

Kruskal-Wallis analysis for three or more variants were performed for non-normally 

distributed data. Results with p values <0.05 were considered to be statistically 

significant.  
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CHAPTER 3 

Differential and Tumour-Specific Expression of the NK-cell receptor 

CD160 in B-cell malignancies 
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3.1 Introduction 

CD160 is an immunoglobulin (Ig)-like activating natural killer (NK) cell receptor 

expressed on the majority of circulating NK cells and on a subset of circulating 

cytotoxic T-cells, but not B-cells or EBV-transformed B-cell lines (Maiza et al., 1993; 

Bensussan et al., 1993). In contrast to the majority of NK cell receptor genes located on 

chromosomes 12 and 19 (Parham, 2005), the CD160 gene is located on chromosome 

1q42.3 (Bensussan, 2000). CD160 is expressed by most peripheral blood TCRγδ 

lymphocytes, a minor subset of circulating CD8bright+ TCRαβ cells and all small 

intestinal intraepithelial T lymphocytes, phenotyped as CD3+TCRα/β+CD56neg 

(Anumanthan et al., 1998). The expression of CD160 was originally identified with the 

IgM monoclonal antibody BY55 (Maiza et al., 1993). A minor population of CD4+ T-

cells also expresses CD160 (Cai et al., 2008). CD160 mRNA expression was shown to 

be highly restricted to NK cells and not detected in myeloid and B-cell lines by northern 

blot analysis (Anumanthan et al., 1998). Outside of the immune system, CD160 is 

expressed on endothelial cells of neoangiogenic microvessels at the periphery of tumors 

(Fons et al., 2006).  

NK cells play a key role in innate immunity with potent cytolytic activity against virally 

infected and tumor cells (Moretta and Moretta, 2004). NK cell activity is regulated by 

inhibitory and activatory receptors expressed at the cell surface and their interaction 

with associated ligands (Cerwenka and Lanier, 2001). CD160 binds to MHC class Ia 

and Ib with low affinity (Agrawal et al., 1999), and triggers cytotoxic function in 

peripheral blood NK cells, as well as cytokine production, including interferon (IFN)-γ, 

tumor necrosis factor (TNF)-α, and interleukin (IL)-6 (Barakonyi et al., 2004; Le 

Bouteiller et al., 2002). Only a limited selection of human activating NK cell receptors 

have been demonstrated to induce cytokine production and release in addition to 

cytotoxicity (Rajagopalan et al., 2001). The phosphatidylinositol 3-kinase (PI3K) 
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signaling molecule is required for CD160-mediated cytokine release, with involvement 

of the signaling molecules Syk and ERK upstream and downstream of PI3K, 

respectively (Rabot et al., 2007).  

Following cloning of BY55/CD160 cDNA, the sequence predicted that CD160 is a 

cysteine-rich glycosylphosphatidylinositol (GPI)- anchored cell surface receptor of 181 

amino acids with a single Ig-like domain weakly homologous to KIR2DL4 

(Anumanthan et al., 1998). Upon NK cellular activation by cytokines, the surface 

expression of CD160 is down-regulated. 
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3.2 METHODS USED TO IDENTIFY CD160 PROTEIN 

3.2.1 Multiparameter Flow Cytometry 

To identify CD160 protein expression on normal cells through the haematopoietic 

system, multiparameter flow cytometry was employed to generate a single population of 

interest. All monoclonal antibodies were titrated and assays compensated prior to 

analysis. Please refer to chapter 2 methods – table 2.1 for list of monoclonal antibodies, 

clone identification and fluorochromes. 

 

3.2.2 Identification of healthy B-cells through the hierarchy 

3.2.2.1 Immature cells 

Haematopoietic Stem Cells were identified from stem cell harvest donors using a 

combination of CD34 (PerCP, Clone 8G12) CD117 (Pe-Cy7, Clone 104D2) CD38 

(APC, Clone HB7) (BD Biosciences).  The characteristic phenotype was observed using 

a combination of CD34+/CD117+/CD38negative/dim. Immature reactive benign B-cell 

precursors termed ‘hematogones’ were isolated from bone marrow samples and 

identified by a combination of CD34+/CD10+/CD19+ and CD38+.  Similarly Pre-B-

cells were identified by their lack of surface immunoglobulin (SIg) 

(CD19+/CD10+/CD34negative/SIgnegative). 

 

3.2.2.2 Mature polyclonal B-cells 

Mature healthy polyclonal B-cells were isolated from secondary lymphoid organs such 

as lymph node (n=5), spleen (n=5), tonsilar material (n=4) by repeated perfusion. 

Germinal Centre (GC) B-cells were identified by the phenotype expression 

CD19+/CD38+/IgDnegative. Mature polyclonal B1 cells (CD19+/CD5+), normal 

peripheral blood B-cells (CD19+) and terminally differentiated plasma cells 

CD45neg/dim/CD19neg/CD38+/CD138+) were also studied within the cohort.  
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3.2.2.3 Malignant B-cells 

Malignant B-cells at different stages of maturation were analysed for CD160 protein 

and mRNA expression. The identification of these cells was based on standard 

diagnostic criteria as recommended by International Workshop for CLL (iwCLL) 

(Hallek et al., 2008) and the WHO classification of haematological tumours (Swerdlow 

et al., 2008). Immature Pro-B and Pre-B Acute Lymphoblastic Leukaemia (Pro/Pre-B-

ALL) cells were isolated from consented clinical trial patients with the characteristic 

phenotype: Pro-B: HLA-DR+/TdT+/CD19+ (n=2); Pre-B: HLA-

DR+/TdT+/CD19+/CD10+ or -/cytoplasmic IgM+ (N=5).  

Mature malignant B-cells were characterised by their monoclonal expression of either 

kappa or lambda light chain restriction, as well as characteristic phenotype where 

possible (Swerdlow et al., 2008).  Two chronic B-cell lymphocytic leukaemia cell lines 

were also used MEC-1 and MEC-2. 

 

3.2.3 Immunohistochemistry staining for the CD160 surface protein 

Biopsy samples were obtained from patients who had given informed consent, including 

88 cases of CLL, 97 of MCL prepared on Tissue Microarrays (TMA), and 2 sections of 

HCL, and a control group of tissue from paraffin embedded tissue samples. TMAs were 

prepared from paraffin embedded histological blocks.  

The process was carried out as described in Chapter 2 – Methods, section 2.9. 

The primary CD160 antibody (clone CL1-R2, IgG1 kindly donated by Professor 

Armand Bensussan, INSERM Paris, France) was applied at a concentration of 10µg/ml 

and incubated overnight at +4°C. Negative control samples were prepared by omitting 

the primary CD160 antibody and also using an Ig control.  
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3.2.4 Immunofluorescence staining for CD160 protein 

To further confirm the presence of CD160 surface protein on malignant cells, CD160 

staining was performed in conjunction with Oct-2. Oct-2, is an immunoglobulin 

transcriptional factor, which is expressed constitutively in CLL (Zaknoen et al., 1992). 

This protein was used to identify CLL cells in a purified population by 

immunofluorescence. Oct-2 was an affinity purified rabbit polyclonal antibody raised 

against a peptide mapping at the C-terminus of human Oct-2. Oct-2 was optimised and 

used at a concentration of 1:2000. Please refer to Chapter 2 (Methodology), section 2.10 

for the general methodology. 

 

3.2.5 Molecular detection of the CD160 protein 

Qualitative Polymerase Chain Reaction (RT-PCR) was performed as described in 

Chapter 2 (Methodology), section 2.5. 
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3.3 RESULTS 

 

3.3.1 CD160 surface expression is detected on Natural Killer cells but not normal 

B-cells.  

Thirty normal healthy donor controls (14 female, 16 male; mean age 42.9 years (range 

21-65 years)) were recruited for peripheral blood venesection and analysis. All donors 

were assessed for CD2, CD5, CD19, CD23, CD160, as well as immunoglobulin light 

chain expression. The National Research Ethics Service, East London and the City HA 

Local Research Ethics Committee approved non-diagnostic analyses and written 

informed consent was obtained.  

Within this control cohort the expression of CD160 was determined initially on normal 

NK-cells to assess the assay, followed by an in-depth study of the B-cell hierarchy from 

immature haematopoietic stem cells to the mature terminally differentiated plasma cell.  

Circulating NK and T-cells acted as a positive control representing 11.05% of all CD2+ 

events (CI: 7.90-14.20). Of the NK-cells, 60.21% expressed the CD160 antigen with a 

Median Fluorescence Intensity (MFI) of 806.2 (CI: 701.8-910.5) (Figure 3.1). As 

expected when assaying for message, CD160 mRNA was positive in the isolated NK-

cell fraction (Figure 3.2).  
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Figure 3.1 Normal cellular expression of CD160 in NK and T-cells. Using 
multiparameter flow cytometry, CD160 positive expression represented 11.05% of 
all CD2+ events. Of the NK and T cells, 60.21% (95%CI: 45.65-74.77%) expressed 
CD160 with an MFI of 806.2 (95%CI: 701.8-910.5). 
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Figure 3.2 PCR analysis of CD160 expression in isolated NK and T cells. 
Following isolation of NK and T cells by magnetic microbead separation (Miltenyi 
Biotech), PCR analysis was performed using cDNA preparations. Beta-actin and 
CD2 were used as positive controls. 
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3.3.2 Expression of CD160 protein in normal cells at different stages of 

differentiation. 

Haematopoietic stem cells were obtained from five normal donors undergoing routine 

harvesting for transplantation. Bone marrow aspirates were obtained from six donors 

undergoing investigation for non-haematological interventions. Naïve cells were 

obtained from five fresh cord samples, which were cross-clamped and the blood 

aspirated. Where possible tissue perfusion samples were obtained including five splenic 

samples, 5 lymph-node biopsies, and 5 tonsil biopsies from both healthy donors and 

patients undergoing unrelated investigation. The assessment of CD160 expression was 

confirmed using two different, non-crossblocking CD160 antibodies: BY55 and CL1-

R2 (INSERM, France). 

Haematopoietic stem cells (HSC), the most immature white blood cell analysed, were 

identified using a combination of CD34+/CD117+/CD38neg/dim. The mean percentage 

expression of CD160 on this population was 1.7% (0.77-2.54) (Figures 3.3 and 3.4).  

To quantitatively assess the amount of CD160 antibody binding, the best estimate of the 

average log-arrayed fluorescent signals was performed to determine the median 

fluorescence intensity (MFI).  The arbitrary level of protein expression termed MFI 

represents a numerical value based on the median scatter plot of the population of 

interest. HSCs have a low expression 75.3 (95% CI: 35.36-115.3) (Figure 3.5).  

HSCs differentiate in the B-cell lineage to immature bone marrow B-cells termed 

hematogones, which are precursors with a uniform nuclear chromatin and scant 

cytoplasm. Hematogones in the adult marrow can be identified phenotypically as 

CD19+CD10+CD34+CD38+ (Figures 3.4 and 3.6) and negative for the expression of 

surface immunoglobulin. Six donor bone marrow samples were assessed for CD160 co-

expression on hematogones and all lacked any CD160 expression. The mean surface 
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expression was 0.78% (95%CI: -0.05-1.61) (Figure 3.3). Similarly, the intensity of 

expression was low with a MFI of 17.2 (CI: -4.740-39.07) (Figure 3.5).  

Normal pre-B cells isolated from healthy bone marrow were the next cell subtype in the 

B-cell hierarchy to be assessed (n=6). Pre-B-cells lack surface immunoglobulin but 

contain intracytoplasmic IgM and are the precursor to immature surface IgM-positive B 

lymphocytes. Phenotypically their appearance is determined by the co-expression of 

CD19+/CD10+/CD34neg/sIgneg (Figure 3.6). Expression of CD160 was lacking, 0.43% 

(95%CI: 0.09-0.76) (Figure 3.3), again with a low MFI of 25.6 (CI: -0.46 – 53.46) 

(Figure 3.5). 

To identify and assess normal healthy co-expressing CD19+CD5+ B1-cells for CD160 

expression, umbilical cord blood was obtained for its rich source of naïve B1-cells 

(CD19+CD5+ B1-cells) (N=5). The absolute number of CD19+CD5+ was higher in 

umbilical cord blood when compared to bone marrow and peripheral blood samples. 

Cord blood B1-cells did not express the CD160 antigen (0.68% (0.24-1.11%) (Figure 

3.3). To further progress through the normal B-cell hierarchy focusing on the peripheral 

blood, phenotyping both total B-cells and the limited number of B1-cells showed 

negativity for the CD160 antigen, representing 2.08% (1.21-2.95) and 0.37% (0.16-

0.58), respectively (Figures 3.3 and 3.4). CD160 expression on the total B-cells as a 

percentage of the total leukocyte population, was only 0.11% (0.04-0.18).  When 

observing the B1 populations from BM, PB, umbilical cord blood and lymph 

node/splenic perfusions, there was no significant difference in terms of CD160 

expression (p>0.05, NS) (Figure 3.3).  
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Figure 3.3 Comparison of surface CD160 expression expressed as a percentage 
of individual cell types from healthy donors. BM: Bone Marrow, PB: Peripheral 
Blood, LNBx: Lymph node biopsy, Secondary lymphoid organs include splenic 
and tonsillar material. HSC: Haematopoietic Stem Cell, UCB: Umbilical Cord 
Blood, B1 cells: Identified as CD5+CD19+, GC: Germinal Centre. Excluding NK 
CD8bright+ cells – ANOVA analysis between the remaining groups was not 
significant.  
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Figure 3.4 CD160 expression is restricted to normal NK and T cells. (A) CD160 
expression on normal donor hematopoietic stem cells (HSC) gated on the 
CD34+CD117+ cells (n=5). (B) CD160 expression on immature reactive benign B-
cell precursors, termed hematogones, that are typically CD19+CD10+CD34+CD38+ 
(n=5). (C) CD160 expression on pre-B cells from bone marrow samples which lack 
surface immunoglobulin but are CD19+CD10+CD34neg (n=6). (D) 
CD19+CD38+IgDneg germinal centre cells from both tonsil and lymph node (n=6). 
(E) Umbilical cord blood (UCB), showing CD160 and CD19 expression on CD5+ 
cells (n=5). (F) Normal peripheral blood NK cells demonstrating CD160 positivity 
(n=30). (G) Normal PB mononuclear B-cells (n=30). (H) Normal B1-cells from a 
healthy donor (n=30). (I) CD45neg/dim CD38+CD138+ terminally differentiated 
plasma cells from BM samples (n=5). 
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Figure 3.5 Median Fluorescence Intensity of normal cells within the B-cell 
hierarchy. Median fluorescence intensity (MFI) of CD160 in normal B-cells. Stem 
cells were isolated from normal HSC donors. Hematogones and Pre-B-cells were 
analysed from bone marrow samples from patients with a non-malignant marrow. 
UCB: Umbilical Cord Blood. Plots are represented as the mean of the population ± 
standard error. 
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Figure 3.6 Immunophenotypic differentiation of immature B-cells based on 
CD10 and CD34 expression 
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Mature polyclonal B-cells in secondary lymphoid organs (lymph node n=5, spleen n=5, 

tonsil n=5), samples were isolated by repeated perfusion and germinal centre (GC) B-

cells were identified as CD19+/CD38+/IgDneg expressing cells. It was demonstrated that 

the mean expression of CD160 on lymph node GC cells was 0.79% (0.29-1.28) (Figures 

3.3 and 3.4). When observing normal polyclonal B-cells isolated from spleen and tonsil 

biopsies, there was also an absence of the CD160 protein (mean expression of 0.39%, 

0.20-0.60%) (Figure 3.3). 

Following activation, the B-cells undergo clonal expansion, class switch recombination 

at the IgH locus, and somatic hypermutation of VH genes. The B-cell differentiates into 

a memory B-cell, or a plasmablast that becomes a post germinal centre terminally 

differentiated plasma cell. By use of sequential gating strategies, terminally 

differentiated plasma cells were identified from normal bone marrow donors 

undergoing aspiration for an unrelated procedure (n=5). The plasma cells were 

phenotyped as CD45neg/dim/CD19neg/CD38+/CD138+, in which they failed to express the 

CD160 protein (0.78% (-2.14-3.61)) (Figures 3.3 & 3.4).  

 

Table 3.1 The percentage positivity of surface CD2-/CD5+/CD19+/CD160+ 
expression by leucocyte population in peripheral blood samples from 30 normal 
healthy donor controls.  

Minimum
25% Percentile
Median
75% Percentile
Maximum

10% Percentile
90% Percentile

Mean
Std. Deviation
Std. Error

Lower 95% CI of mean
Upper 95% CI of mean

CD160 of CD45
0.0031
0.0300
0.0700
0.1200
0.5200

0.00724
0.3700

0.1122
0.1311
0.03386

0.03959
0.1848

CD160 of CD5+ B-Lymphocytes
0.0400
0.0900
0.1800
0.2700
0.8100

0.0400
0.5760

0.2267
0.1935
0.04996

0.1195
0.3338

CD160 of CD2-19+ B-cells
0.1700
0.9200
1.720
2.930
6.150

0.3620
5.892

2.353
1.893
0.4888

1.305
3.402



Chapter 3 
	  

	   	   	  	  159 

The MFI of CD160 on immature B-cells - HSCs (75.3, CI: 35.36-115.3), hematogones 

(17.2, CI: -4.740-39.07) and pre-B-cells (26.5, CI: -0.46 – 53.46) - isolated from normal 

donors was significantly less than normal NK and T cells (p<0.0001) (Figures 3.5 and 

3.6). Similarly, mature B-cell populations in both tissue and peripheral blood had low 

CD160 MFIs: GC B-cells 38.8 (CI: 23.06-54.54); naïve mature B1 B-cells 121.3 (CI: 

29.2-213.3); circulating B-cells - B1-cells 76.53 (53.7-99.4) and CD5-negative B-cells 

69.26 (52.2-86.4). Normal bone marrow plasma cells also had a low CD160 MFI 

(112.3, (84.9-139.8)) (n=5) (Figure 3.5).  Furthermore, tonsillar B cells, CD40-ligand 

activated tonsillar B-cells and bone marrow B-cells were negative for CD160 

expression.  

To further confirm the flow cytometric data, CD160 transcript was measured from total 

RNA extracted from highly purified CD19+ B-cells from PBMC, BM, UCB or tissue 

fractions. CD160 transcript was not detected in any of these purified CD19+ 

populations. To control for contaminating normal NK cells in the purified CD19+ 

fraction, a CD2 PCR control was used, which was negative in all data analysed (Figure 

3.7 from BM samples). Sequence analysis of the CD160 transcript corresponded to the 

CD160 coding sequence previously published (GenBank N°:  NM_007053) (Figure 

3.7).  
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Figure 3.7 Identification of Hematogones and Pre-B-cells lacking CD160 
transcript. (A) CD45 vs SSC plot and FSC vs SSC to demonstrate immature 
lymphoid regions. (B & C) Hematogone phenotype of CD10+CD19+CD34+ and Pre-
B-Cells CD10+CD19+CD34-. (D) PCR analysis demonstrating CD160 mRNA 
negativity in purified hematogones (CD19+ CD34+ separation), and (E) CD160 
negative on CD19+ CD34- separation. 
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3.3.3 Expression of CD160 in malignant B-cells 

Throughout this study, malignant B-cells were analysed at different stages of maturation 

for CD160 protein and mRNA. A large test cohort of 811 cases of mature B-cell 

lymphoproliferative disease were analysed for CD160 expression using the CD160 

Flow Cytometric Assay (CD160FCA). This incorporated CD2-FITC (Clone S5.2), 

CD5-Pe-Cy7 (Clone L17F12), CD19-PerCPcy5.5 (Clone 4G7), CD23-APC (Clone 

EBVCS-5) (BD Biosciences, Oxford UK); CD160-PE (Clone BY55, Immunotech, 

Beckman Coulter, Marseilles, France); as well as a sequential gating strategy for the 

specific identification of CD160 on malignant B-cells using a multi-colour flow 

cytometry assay (Figure 3.8). Where necessary CD45 was included to further identify 

the lymphoid population. By employing the sequential gating strategy it was possible to 

exclude any NK and T-cell contamination and specifically isolate CD160 expression on 

the malignant B-cell population. A minimum of 10,000 lymphocyte-gated positive 

events was acquired for each sample. Positivity was defined as >20% of leukemic cells 

expressing a given surface antigen. The BD FACSDiva software calculated the MFI of 

the CD2neg CD5+/- CD19+ CD23+/- CD160+ light-chain restricted population. 

Immature progenitor cells of pre-B-acute lymphoblastic leukaemia were negative for 

CD160 expression (n=5, Figure 3.11b).  

Within this cohort, 600 cases were diagnosed as CLL using standard criteria 

(CD5+/CD19+/CD23+/FMC7neg/CD79bneg/dim/sIg+) of which 590 (98.3%) expressed 

CD160, with a mean percentage positivity of 65.9%.  CLL cells showed a characteristic 

weak to weak-moderate staining of CD160 (Figures 3.8 and 3.9), with a single 

displaced peak indicating that the whole population was labelled, and giving a Gaussian 

distribution of staining intensity (Figure 3.9). The MFI of CD160 in CLL cases was 

552.2 (95%CI: 474.6-629.8), which is a highly significant increase in the intensity of 

staining compared to circulating normal healthy B1 cells (MFI: 76.53 (53.7-99.4)), 
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within the CLL population there was a highly significant increase in the intensity of the 

staining (p<0.0001). 

 

 
 
 
 
 
 
Figure 3.8 Sequential gating strategy for CD160 detection on malignant CD19+ 
B-cells. CD160 Flow Cytometric Assay (CD160FCA). 
Total B cells were identified using: (A) CD45 vs SSC (or forward and side scatter) 
to gate the lymphoid region and exclude any apoptotic cells and debris. From this 
(B) CD19+ versus side scatter, to exclude any non-specific binding. (C) CD19+ B-
cells were further isolated by gating the CD2+ events and generating a ‘NOT’ 
(exclusion) gate. (D) The malignant B-cells were separated from the normal 
residual B cells using a CD2-CD5+CD19+ gate. (E) CD23 expression was 
calculated from the malignant population and used to generate the miniscore. (F) 
CD160+ defined on the CD2-CD5+CD19+CD23+ population was then calculated 
from this ‘pure’ malignant B-cell population. (G) Contour plot demonstrating 
CD160 expression on NK and T cells and CLL cells. 
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Figure 3.9 Expression of CD160 in malignant CLL cells from three separate 
cases. 
Performed on whole blood with a post-lyse assay, CD160 percentage was measured 
directly on the CLL cells. The pattern of CD160 expression demonstrated a varied 
weak to weak-moderate staining intensity with a single displaced peak giving a 
Gaussian distribution.  
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The remaining 211 cases of chronic B-LPD within the cohort were classified by WHO 

criteria as Mantle Cell Lymphoma (MCL) (n=34), Hairy Cell Leukaemia (HCL) (n=32) 

and other B-LPDs (n=145 including Splenic Marginal Zone Lymphoma (SMZL), 

Waldenström’s Macroglobulinemia (WM), Lymphoplasmacytic lymphoma) (Figure 

3.10). The 11% of cases termed unclassifiable displayed a wide range of phenotypes 

and karyotypes with no common theme running through. 

 

Figure 3.10 Disease Entity. This pie chart summarises the percentage of cases 
(n=811) diagnosed according to the WHO Classification of Haematological 
Tumours. Chronic Lymphocytic Leukaemia, CLL; Mantle Cell Lymphoma, MCL; 
Hairy Cell Leukaemia, HCL; Splenic Marginal Zone Lymphoma, SMZL; 
Lymphoplasmacytic Lymphoma, LPC; Waldenstrom’s Macroglobulinemia, WM. 
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All 32 cases of HCL were positive with the anti-CD160 mAb, with a mean percentage 

CD160 positivity of 65.9%. The staining pattern generated was a single displaced peak 

with Gaussian distribution, but was characteristically moderate to strong in intensity 

within the fourth log (Log: 104-105) (Figure 3.11f). The staining pattern was 

significantly higher than that of CLL, which was reflected in a higher MFI observed in 

HCL (857.2) (p=0.01) (Figure 3.12).   

Of the remaining 179 other B-LPD cases, 28 (15.6%) expressed the CD160 antigen, 

which included 5/34 cases (14.7%) of MCL in leukaemic phase (Figure 3.11d). The 

remaining 23 cases (12.8%) positive for the CD160 antigen were unclassifiable B-LPD. 

Representative cases of CD160-negative immature Pre-B-ALL (Figure 3.11b), follicular 

lymphoma (Figure 3.11c) and MCL (Figure 3.11d) are shown with CD160 representing 

<1% of the malignant population (Figures 3.11 and 3.12).  

To confirm the flow cytometric protein expression, total RNA was extracted from 

highly purified CD19+ B-cells (normal PBMCs n=10; CLL n=20; MCL n=10; HCL 

n=10; FL n=3; Pre-B-ALL n=5). As expected, CD160 transcript was detected in all 

control mononuclear cell (MNC) fractions (representing normal NK and T-cells), but 

was absent from purified normal B-cells (Figure 3.11a), Pre-B-ALL (Figure 3.11b), 

follicular lymphoma (Figure 3.11c) and MCL (Figure 3.11d) samples. To control for 

contaminating normal NK and T-cells in the purified CD19+ fraction, a CD2 PCR 

control was used, which was negative in all purified B-cell fractions. Of the cases run 

for qualitative PCR, CD160 transcript was only detected in purified B-cells in those 

patients with CLL and HCL (Figure 3.11e and 3.11f). Upon performing sequence 

analysis of the CD160 transcript in CLL cells, the transcript corresponded to the CD160 

coding sequence previously published (GenBank No: NM_007053). The findings 

indicated that CD160 protein and RNA expression are absent in normal human B-cells 

and the majority of mature B-cell malignancies, but restricted to CLL and HCL cells.  
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Figure 3.11 Surface expression of CD160 protein is restricted to CLL and HCL. 
Representative flow cytometric images of (C) normal PBMC, (D) Pre-B acute 
lymphoblastic leukaemia, (E) Follicular Lymphoma (F) mantle cell lymphoma, (G) 
CLL and (H) HCL. Below each flow cytometric plot is shown the corresponding 
cDNA amplification using specific primers for CD160 following reverse 
transcription of total RNA extracted from highly purified CD19+ B cells (isolated 
using a magnetic-activated cell sorter; purity > 97%). β actin cDNA synthesis was 
used as internal control.  
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To assess the intensity of CD160 expression, the non-CLL and non-HCL cases were 

grouped together for statistical comparison as a ‘Non-CLL’ group (Figure 3.12).  

Peripheral blood circulating CLL and HCL cells had a significantly higher MFI for 

CD160 antigen (552.2 and 857.2 respectively) than all the other sample types (76.82) 

(p<0.0001), including tissue samples from CLL patients (318.8 (215.4-422.2)). It is 

probable that the processing of CLL tissue biopsies resulted in a decrease in protein 

expression suggesting that the CD160 cell surface receptor was easily shed, as described 

for normal NK cells. The outcome of testing paired CLL peripheral blood and tissue 

mononuclear cell suspension samples resulted in a significant decrease in tissue MFI 

expression versus peripheral blood CD160 expression (p=0.04) (Figure 3.12). Despite 

the decrease in expression of CD160 protein in CLL tissue, the MFI was still 

significantly higher than the non-CLL peripheral blood, tissue preparations or the 

normal polyclonal B1-cells from patients with CD5-negative chronic B-cell 

malignancies (p<0.0001) (Figure 3.12).  When comparing the non-CLL/non-HCL 

samples, the MFIs were equivalent to normal donor B-cells (p=0.78) and CD40 

activated B-cells.  
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Figure 3.12 Median Fluorescence Intensity (MFI) of Normal Donor Cells (top 
panel) and from patients with malignancy (bottom panel). *p=0.01, **p<0.01, 
***p<0.01 
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3.3.4 Tissue Microarray and Confocal identification of CD160 protein on 

Malignant Cells 

To confirm and further establish that the CD160 surface protein was specific for 

malignant B-cells, immunohistochemistry staining of CD160 was performed using 

paraffin embedded histological sections and TMA as described in the methods within 

this chapter (section 3.2.3).   

There was a complete lack of CD160 expression on 6 cases of reactive tonsillar material 

supplied as histological sections (Figure 3.13a-c). This was in agreement with the flow 

cytometric data.  

A total of 88 CLL cases were available for immunohistochemistry by TMA. 96.5% 

(85/88 cases) stained positive for CD160 antigen (Figure 3.13g-i). Similarly, 2 out of 2 

cases of HCL: a trephine biopsy, (Figure 3.13m); an HCL splenic biopsy, (Figure 3.13n-

o) were positive for CD160 and showed a stronger expression than in CLL, confirming 

the results observed by flow cytometry. Of 97 MCL cases on TMAs, only 3 cases (3%) 

demonstrated limited CD160 positivity (Figure 3.13j-l).  

This characterisation was taken further with immunofluorescence analysis followed by 

confocal microscopy using CD160 and Oct-2 to demonstrate the cellular distribution of 

the protein on fresh CLL cells. Oct-2 was used to detect the CLL cells (Alexa-Fluor-

488, green fluorescence); CD160 was revealed as red fluorescence.  Figure 3.14 shows 

that CD160 is localised to the surface of the CLL cells (identified by Oct-2 staining), 

which have their characteristic mature clumped chromatin pattern (DAPI staining). 
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Figure 3.13 Immunohistological staining of CD160 in chronic B-cell malignancies 
Tissue sections and TMAs were stained with CD160 antibody (10µg/ml), incubated 
overnight at +4 degrees and revealed using the Super Sensitive™ Polymer-HRP 
Detection System (Biogenex). (A-C) Reactive Tonsil. (D-F) Control: a lymph node 
TMA spot from a patient with CLL without the primary antibody (objective: D x5, 
E x20, F x63). (G-I) Positive CD160 staining of a CLL lymph node TMA 
(objective: G x5, H x20, I x63). Of CLL TMA cases, 85/88 (96.5%) were CD160 
positive. (J-L) Negative CD160 staining of a MCL lymph node on a TMA 
(objective: J x5, K x20, L x63). Of MCL TMA cases, 94/97 cases were CD160 
negative.  (M-O) HCL: 2 cases showing typical strong CD160 positivity; a bone 
marrow trephine (M) and a splenic biopsy (objective: N x43, O x63).  
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Figure 3.14  Expression of CD160 on Oct-2 positive CLL cells by 
immunofluorescence. Fresh CLL cells were stained and analysed by 
immunofluorescence as per methods section 2.10  
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3.3.5 CD160 in non-CLL cell lines 

To further evaluate the level of CD160 protein in malignant B-cells, nine mature B-cell 

malignant cell lines were assessed. CD160 expression was below 10% in all the cell 

lines (table 3.2 and figure 3.15). Nevertheless, two cell lines had means significantly 

different from normal human B1-cells (data from five tests). DHL-6 is a human B-cell 

lymphoma cell line, established from a B-cell non-Hodgkin lymphoma and had an 

average expression of 1.8% (95%CI: -3.5 – 7.1). DOHH2 was characterised from a 

patient initially diagnosed with follicular lymphoma, which progressed to refractory 

immunoblastic B cell lymphoma. The mean expression of CD160 was 7%. Compared to 

normal human B-cells both cell lines had statistically different expressions (p=0.001 

and p<0.0001 respectively) (Table 3.2).  When comparing the other cell lines with the 

normal B1 cells, none of the mean percentage expression was significantly different 

(Kruskal-Wallis: p=0.08). 

 

 SC1 RAMOS RL NCNC DHL-6 DHL-8 HRC57 DOHH2 HT Normal 
B1 cells 

Mean expression 
(percentage) 

0.29 0.19 1.2 0.41 1.8 0.10 0.57 7.0 0.13 0.37 

Std. Deviation 0.021 0.14 0.42 0.021 0.59 0.042 0.36 1.6 0.064 0.55 

Std Error                            0.015 0.10 0.30 0.015 0.42 0.03 0.26 1.1 0.045 0.10 

Lower 95% CI of 
mean 

0.094 -1.1 -2.6 0.21 -3.5 -0.28 -2.7 -7.0 -0.45 0.16 

Upper 95% CI of 
mean 

0.48 1.5 4.9 0.60 7.1 0.48 3.8 21 0.70 0.58 

Statistically different 
from B1 cells (P=) 

0.83 0.65 0.05 0.93 0.001 0.50 0.63 <0.001 0.54  

Table 3.2 Basic statistical analysis of CD160 expression in non-CLL cell lines 
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Figure 3.15 Percentage expression of CD160 in B-NHL cell lines 
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3.3.5.1 Median Fluorescence Intensity of CD160 in non-CLL cell lines 

There was no significant difference in the MFI of CD160, between the cell lines 

(Kruskal-Wallis: p >0.05, Figure 3.16), nor in comparison between with normal donor 

B cells (p >0.05).  As can be seen from figure 3.17, there was only a small significant 

difference in CD160 MFI between the cell lines and normal B1 cells (p=0.04), but a 

highly significant difference between the cell lines and CLL cells (p<0.01).  

 

 

Figure 3.16 Median fluorescence intensity of CD160 expression in malignant cell 
lines.  
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Figure 3.17 Expression of CD160 as Median Fluorescence Intensity. Lower MFIs 
of membrane CD160 were observed in non-CLL cell lines compared with normal 
B1-cells and malignant B-cells from patients with CLL. *p=0.04, **p=0.05, 
***p<0.01. 
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3.3.6 Stability of CD160 in CLL and HCL 

In contrast to the strong surface expression of the CD160 protein found on NK and T-

cells, the surface expression of CD160 in B-CLL has been found to be weak to 

moderate, hence the need to be conjugated to a fluorochrome that enhances detection. 

Anti-CD160 (BY55) was conjugated to one of the most stable fluorochromes, PE, 

which provides a high signal-to-noise ratio enhancing the detection of weakly expressed 

CD160.  

To determine the stability of the BY55 protein, patient samples (n=4) with confirmed 

CLL and HCL were labelled with anti-CD160 PE monoclonal antibody immediately 

post venesection (time zero), then at 3 hours, 6 hours, 9 hours, 24 and 48 hours post 

venesection (Figure 3.18). The expression of CD160 was reduced over time for CLL 

cases and for this reason samples were analysed within 24 hours (Figure 3.19). In an 

attempt to stabilise the assay, the experiment was repeated, setting up individual assays 

at the specified times but with the sample stored at +4°C. Despite this variation to the 

assay and slight improvement in the stability, the expression was still reduced as the 

time point increased (Figure 3.18).  
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Figure 3.18 Temporal stability of the CD160 antigen. The stability of CD160 
expression over time was assessed both at ambient temperature and +4°C. 
Repeated sampling was performed at regular timepoints. Storing the sample at 
+4°C had no effect on the stability of CD160 in neither CLL (p=0.87) nor HCL 
(p=0.18). 
 
 

 

 
Figure 3.19 Characteristic flow cytometric plots of CD160 expression decreasing 
over time. 
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3.3.7 Implementing CD160 into the clinical setting  

The restricted nature of CD160 to malignant B cells, more specifically CLL and HCL, 

suggests among the total B-cell population, CD160 functions as tumour specific 

antigen.  

 

3.3.7.1  Evaluation of CD160 expression against the Royal Marsden CLL 

score  

Classically, immunophenotypic distinction between CLL and other chronic B-cell 

malignancies has been based on a modified CLL scoring system published in 1997 

(Moreau et al., 1997). This gold standard has provided excellent discrimination between 

disease entities. Nevertheless atypical diseases can be difficult to classify by 

immunophenotyping and morphology alone. Within the 600 cases of CLL analysed, 

92% had a Marsden score of 4 or 5/5, of which 590/600 (98%) of cases were CD160+. 

46/50 cases with a CLL score of ≤ 3 were positive with anti-CD160. The correlation 

between peripheral blood morphology, immunophenotyping and other diagnostic data is 

shown in Figure 3.20. In those cases with atypical morphology and immunophenotyping 

and low Marsden score (less than 3), CD160 positivity was observed in all cases 

suggesting a diagnosis of CLL. This was confirmed by histological findings on lymph 

node and trephine biopsies, as well as supportive karyotypic abnormalities in the 

absence of t(11;14).  
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3.3.7.2  The mini CLL score 

Utilising the three most consistently expressed markers in CLL - CD5, CD23 and 

CD160 on the CD19+ malignant B-cell, with one point for each - a “mini CLL score” 

was developed with each marker scoring one point. A score of 3 identified 586/600 of 

all cases of CLL (sensitivity = 0.98 (0.96-0.98)), while only 6/211 non-CLL cases 

scored 3 (false positive rate = 0.03 (0.01-0.06)) (Figure 3.21) giving a diagnostic odds 

ratio of 1430 (542-3772). The prevalence of CLL was 0.74 (0.71-0.77) and a mini CLL 

score of 3 provided a correct diagnosis of CLL with 99% probability (positive 

predictive value 0.99). The chance that a patient does not have CLL when the mini 

score is 3 is 1.01%. The mini CLL score provided excellent discrimination between 

CLL and all other B-LPD, with the notable exception of MCL, as 5/34  (14.7%) MCL 

cases had a score of 3 (Figure 3.21).   
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Figure 3.20 CD160 expression in B-CLL and Hairy Cell Leukaemia. 
Morphological, immunophenotypic and cytogenetical analysis of B-cell 
malignancies. (A) Typical B-CLL: Scoring 5/5 by the Royal Marsden Score, 3/3 by 
the ‘Mini’ Score and cytogenetics in keeping with CLL. (B) Atypical B-CLL:  
Demonstrating a low CLL score of 2/5, but with CD160 expression and 
cytogenetics for B-CLL. (C) Mantle Cell Lymphoma with the classical t(11;14) 
translocation. (D) Hairy Cell Leukaemia with a HCL Score of 4/4 (CD11c+, CD25+, 
CD103+, CD123+). (E) Splenic Marginal Zone Lymphoma scoring zero on the CLL 
and Mini CLL score. 
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Figure 3.21 Mini CLL Score for B-cell lymphoproliferative disorders. The mini 
CLL score was derived from the CD160FCA, with one point for each marker – 
CD5, CD23 and CD160.  A miniscore of 3/3 identified 586 of 600 cases of CLL with 
a sensitivity of 0.98, false positive rate of 0.03, and a diagnostic odds ratio 1430 
(CI: 542-3772). 
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3.3.7.3 Differentiating mantle cell lymphoma from chronic lymphocytic leukaemia 

with CD160 and CD23 ratio (CD23r)  

Thirty-four cases of MCL (confirmed by G-banding, fluorescence in situ hybridisation 

and/or histology) in leukemic phase were tested for CD160 expression. 29/34 (85.3%) 

cases of MCL were negative for CD160. CD160 negativity therefore could not be 

utilised by itself to exclude MCL, as 5/34 (14.7%) expressed the CD160 antigen.  

Although the immunophenotype of MCL is typically negative for CD23, variable CD23 

expression is well reported. In this study, 11/34 (32%) cases aberrantly expressed 

CD23. The median expression of CD23 on the MCL cells was 51%. This contrasts with 

598/600 (>99 %) cases of CLL being CD23 positive with a median CD23 percentage 

expression of 83% (Figure 3.22).  

The ratio of CD23 to CD5 expression on the malignant B cells (CD23r) was 

investigated as a parameter to differentiate CLL from CD23+ MCL. Within the CD23+ 

MCL group, 87% had a ratio of 0.80 or less, and 85% of these had a ratio of 0.50 or 

less. In contrast, of the CLL cases analysed (n = 431), 97% had a CD23r greater than 

0.80, and only 3% of patients had a ratio of 0.50 or less (Figure 3.23).  
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Figure 3.22 CD23 expression on those CD23+ MCL cases. 11 out of 34 cases 
aberrantly expressed the CD23 antigen by flow cytometry. These MCL cases 
despite being positive had a significantly lower expression than CLL (53% vs 83% 
respectively *p<0.01). 
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Figure 3.23 CD23 ratio for the differentiation of CLL and MCL 
The CD23 ratio (CD5+CD23+/CD5+CD19+) (CD23r) in the cohort (CLL n=431 
and CD23+ MCL n=34). The figure demonstrates the specificity and the 
cumulative percentage of cases that fall within the cut-off. The optimum cut-off 
with the maximum, specificity and separation between CLL and MCL was 0.80.  
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3.3.7.4 Validation cohort  

160 sequential patients undergoing investigation for B-cell malignancy were assessed 

using the previously described methodology. The prevalence of CLL within the 

validation cohort was 71%. Samples were analysed using the CD160FCA methodology. 

Of the confirmed CLL cases, 95% (107/113) were positive for the CD160 antigen 

(p<0.0001). Within this cohort, a mini score of 3 was diagnostic of CLL with no non-

CLL cases scoring 3 (p<0.0001; sensitivity 0.95, CI: 0.89-0.98; specificity 1.00, CI: 

0.93-1.00; diagnostic odds ratio of 1571, CI: 86.68-28479). However, there were 6 

cases of CLL with a mini CLL score of 2, which could not be distinguished from other 

B-LPD, among which were two cases of CD23+ MCL (Figure 3.24).  
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Figure 3.24 The Mini-CLL score within the validation cohort (n=163). The mini-
score for this cohort excluded all non-CLL cases (p<0.01) with a sensitivity of 0.95 
and diagnostic odds ratio 1670 (95%CI: 92.23-30,253).  
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3.3.8 Diagnostic Discriminant 

To simplify the diagnostic scores and ratios into a single diagnostic entity to 

differentiate malignancies, the mini score and CD23r were combined - by simply 

multiplying the two variables – resulting in a highly significant diagnostic discriminant 

(Figure 3.25). All CLL cases had a diagnostic discriminant of ≥0.80, while all MCL 

cases had a diagnostic discriminant of <0.80 (p<0.001; sensitivity 1.0, CI: 0.97-1.00; 

specificity 0.88, CI: 0.48-1.00; diagnostic odds ratio of 1135, CI: 73.56-30333). A 

diagnostic discriminant of ≥0.80 had a likelihood ratio of 8.00, a high PPV (0.99, CI: 

0.95-1.00) and NPV (1.00, CI: 0.60-1.00) for CLL.  

To further characterise the predictive nature of CD160 in chronic B-cell malignancies, it 

was decided to plot receiver operating characteristic (ROC) curves for CD160 (figure 

3.26) and the diagnostic discriminant (Figure 3.27) against classification of disease 

being CLL. Figure 3.26 demonstrates that CD160 has an AUC of 0.94, suggesting that 

if a random case of CLL was chosen from the whole B-LPD cohort, there would be a 

94% chance it would be CLL and CD160 positive.  Figure 3.27 demonstrates that a 

diagnostic discriminant score of 3 from a randomly selected B-LPD patient there would 

be 80% chance that it would be CLL (AUC 0.7954).  
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Figure 3.25 Diagnostic Discriminant to differentiate between CLL and MCL.  
Multiplying the mini-CLL score and CD23r variables generated the diagnostic 
discriminant (CLL vs MCL *p<0.001, CLL vs HCL (+v) **p<0.01, CLL vs CD5+ 
B-LPD***p<0.01).  
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Figure 3.26 Receiver Operating Curve (ROC) to determine the ability of CD160 
to diagnose CLL. The function of the ROC curve is to assess the ability of a 
continuous biomarker to predict or classify patients into a particular outcome. The 
ROC curve displays sensitivity (true positivity) against false positivity (1-
specificity) for that continuous biomarker. The area under the curve (AUC) 
assesses the ability of CD160’s discriminatory power to diagnose CLL. The AUC is 
0.94 suggesting it can function as a diagnostic biomarker (p<0.01). 
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Figure 3.27 Receiver Operating Curve (ROC) to determine the ability of the 
diagnostic discriminant, having a score of greater than 3, can predict a diagnosis of 
CLL. The AUC is 0.80 suggesting that the diagnostic discriminant can function as 
a diagnostic biomarker in cases of CLL (p<0.01). 
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3.3.9 Comparison of CD160 against CD200 

Recently, the membrane glycoprotein CD200 has proven beneficial in the 

differentiation between CLL and MCL, with an absence of CD200 protein in MCL 

(Palumbo et al., 2009).  Within this study this observation was confirmed on a small 

cohort of patients (n=10). CD200 expression was evident in CLL with a median 

percentage expression of 99% (25th Percentile: 97% 75th Percentile: 99%), stronger than 

the median observed with CD160 of 97% (25th Percentile: 86% 75th Percentile: 98%;  

(figure 3.28).  When observing another small cohort of B-LPD cases (n=5), excluding 

CLL and MCL, CD200 had a median expression of 81% where as CD160 was absent 

(median 0.78%). The disease specificity of CD160 may have a selective advantage over 

CD200, as CD200 is present on a number of non-CLL B-LPDs (Figure 3.29).  
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Figure 3.28  Comparative assessment of CD160 and CD200 (OX-2) expression in 
known CLL cases. CD160 and CD200 expression on the CD5+CD19+ population 
by flow cytometric analysis. No significant differences were observed in terms of 
expression of the malignant population (*p=0.23) or out of the total leucocyte 
population (**p=0.85).  
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Figure 3.29 CD160 and CD200 expression in non-CLL and non-MCL B-LPD 
cases. CD160 and CD200 expression were analysed on the malignant phenotype 
clone. There was a clear significant difference favouring the hypothesis that CD160 
is primarily restricted to CLL and HCL (*p=0.01). 
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3.3.10 CD160 expression in Monoclonal B-cell lymphocytosis 

A total of 16 cases of MBL were defined with a CLL phenotype and a lymphocyte 

count <5x109/L with no evidence of lymphadenopathy or hepatosplenomegaly. 15/16 

(94%) cases expressed the CD160 antigen, in which the mean percentage of CD160 

expression in these 16 cases was 59.5%, similar to that of all CLL in the validation 

cohort (54.6%) (p=NS) (Figure 3.30). Similarly, the MFI of CD160 in the 16 cases was 

almost identical to that of all CLL within the validation cohort (537.6 and 552.2, 

respectively; p=NS) (Figure 3.30). 

 

 

 

Figure 3.30 Detection of CD160 protein expression in CLL and CLL-phenotype 
MBL.  Between the MBL and CLL, there were no differences in terms of both 
percentage protein expression (58.7% vs 54.6% respectively, *p=0.55) and MFI 
(537.6 vs 552.2 respectively, **p=0.87). 
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3.4 Discussion 

The initial section of this thesis focused on the identification of CD160 being a tumour 

specific antigen in the B-cell lineage, as normal B-cells did not express CD160 

transcript nor protein. The work has evaluated and characterised the expression, or lack, 

of CD160 through normal B-cell ontogeny to the malignant B-cell in both primary cells 

and cell lines. 

 
3.4.1 The distribution of CD160 antigen is restricted to normal NK cells and not 

B-cells  

The NK-cell activating receptor CD160, is a cysteine-rich, 

glycosylphosphatidylinositol-linked membrane protein with a single Ig-like domain, and 

demonstrates weak homology to the first Ig-C2 domain of NK receptor, KIR2DL4 

(Anumanthan et al., 1998).   

In this chapter, it has been shown that CD160 expression is limited to normal NK and T 

cells, with a lack of expression in normal B-cells, regardless of developmental stage and 

the tissue of origin.  From hematopoietic stem cells through to terminally differentiated 

plasma cells in normal donor bone marrow – via immature B-cells (hematogones and 

pre-B cells), circulating mature B-cells and naïve CD5+ B1-cells, umbilical cord blood 

B-cells (rich in CD5+ B1-cells) and lymph node germinal center B cells - CD160 protein 

and mRNA were not detected. Thus, in normal immune cells, CD160 positivity is seen 

in NK and T-cells, but not B-cells.  

 

3.4.2 CD160 protein expression and mRNA transcript is restricted to malignant 

B-cells 

Using the validated panel of monoclonal antibodies for specific B-cell malignancies, 

PB, BM and lymph nodes, as well as human derived cell lines were examined for the 

presence of CD160. This strategy identified almost universal expression of CD160 in 
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CLL and HCL in the light chain restricted malignant B-cells, whilst there was sporadic 

CD160 positivity in other B-LPDs. The restricted expression of CD160 to malignant 

versus normal B-cells, indicates it is a tumour-specific marker for the B-cell lineage. 

This evidence was confirmed for CD160 mRNA detection. The tumour specific nature 

of CD160 may have a translational impact on clinical diagnostics.  

 

3.4.3 CD160 has a specific translational clinical role in the diagnosis of chronic 

lymphocytic leukaemia and hairy cell leukaemia. 

Diagnostic accuracy in mature B cell neoplastic disorders is a necessary pre-requisite 

for interpreting prognostic markers and ultimately designing a patient specific treatment 

regimen. Immunophenotyping by flow cytometry, using a panel of monoclonal 

antibodies (mAb), is routinely used to demonstrate clonality (by light chain restriction) 

and confirm the diagnosis of CLL (Binet et al., 2006). The Royal Marsden reported the 

utility of a panel of five mAbs (CD5, CD23, CD79b, FMC7, surface Ig), the ‘CLL 

score’ (Moreau et al., 1997), with approximately 90% of cases of CLL scoring 4 or 5/5. 

Nevertheless, diagnostic uncertainties remain a problem when the morphology and/or 

the immunophenotyping are not typical; furthermore, other B cell lymphoproliferative 

disorders (B-LPD) and reactive lymphocytoses can mimic CLL. There can be 

considerable morphological and immunophenotypic overlap between CLL (both typical 

and atypical) and MCL. This continues to pose problems in routine practice, particularly 

in the absence of universal cytogenetic analysis (Schlette et al., 2003). In such cases, 

further information may be required from bone marrow trephine/lymph node/spleen 

histology and karyotyping.  

As discussed in the introduction, a number of aberrantly expressed proteins have been 

reported in CLL. Examples of such include many pan T-cell markers such as CD5 and 

the TCR-signal transduction molecule ZAP-70 (Klein et al., 2001; Rosenwald et al., 
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2001). Zap-70 has 2 tandem src homology domains (SH2) and a C-terminal catalytic 

domain (Chan et al., 1992).  

The expression of ZAP-70 in CLL has been correlated with those CLL cells that use 

unmutated immunoglobulin V genes (Rosenwald et al., 2001).  Also, like T-cells, ZAP-

70 expressing CLL cells, show enhanced signal transduction through the antigen 

receptor (Chen et al., 2002). This observation led to the suggestion that within the B-cell 

lineage, ZAP-70 could be proposed as a tumour-specific antigen. However, subsequent 

work found that ZAP-70 is not specific to malignant B-cells, but is also expressed in 

activated normal human B-cells (Nolz et al., 2005), naïve, germinal centre, memory, 

cord blood cells and peripheral blood B-cells (Scielzo et al., 2006).  

In contrast to ZAP-70, CD160 expression in malignant B-cells appears to be truly 

“aberrant”.  This chapter provides clear evidence of restricted expression to malignant 

B-cells, namely CLL and HCL, in a variety of tissue samples, which may play a 

significant role in the diagnostic setting of chronic B-LPDs.  

The downregulation of CD160 over time is an important issue for its translation into the 

clinical setting and wider adoption as a national or international assay. It should be 

emphasised that the data is based on real time clinical testing within 24 hours as per 

national guidelines (Bain et al., 2002). Despite performing analysis at +4°C to try and 

stablise the assay, although a slight improvement in stability over time was obtained, 

this was not significant. Future work to address this issue will include testing stabilising 

agents for the preservation of antigenic sites, such as TransFix ® (Cytomark, Caltag 

Medsystems Ltd., UK), allowing the stabilisation of cell surface antigens for a 

minimum of 10 days at 2-22°C (Bergaron et al., 2002). Further to this, despite CD160 

being conjugated to PE (considered a bright fluorochrome), it may be possible to 

conjugate CD160 to different fluorochromes to increase the intensity of its expression, 

such as Pacific Blue or V500.  
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Despite CD160 having a role in the diagnosis of CLL, 23 cases of “unclassifiable” B-

LPDs were CD160 positive. These patients were termed “unclassifiable” based on the 

combined results of immunophenotyping, cytogenetics and morphology, as well as 

clinical findings, which did not allow a definitive WHO NHL classification. However, it 

can be said that these cases were neither CLL, MCL nor HCL, but fell into a category of 

NHL clonal B-cells most compatible with LPC or SMZL. Nevertheless, despite the 

diagnostic uncertainty in these cases, it again highlights that CD160 expression in B-

cells is restricted to the malignant population, confirming that it has a tumour restricted 

nature within the B-cell lineage.  

 

3.4.4 CD160-based scoring classification for CLL – the miniscore, CD23 ratio 

and diagnostic discriminant 

Within a large cohort of diagnostic B-LPD cases, CD160 expression was almost 

universal in CLL and HCL, which was confirmed in a validation cohort. Histological 

staining and examination demonstrated that both lymph node and splenic tissue from 

patients with CLL and HCL were also CD160 positive. 

The CD160FCA assay was designed with a simple Boolean gating strategy in place, 

which isolated lymphocytes based on CD45 versus side scatter, with a CD2 exclusion 

gate versus CD19 also providing a limit of detection. CD23 and CD160 expression was 

determined on the CD45+CD2-CD5+CD19+ population allowing all T and NK cells to 

be excluded from the analysis. 

Diagnostically, immunophenotypically atypical cases of CLL (Marsden score ≤ 3), as 

well as those cases with a score of 4, were most frequently associated with lost points 

for sIgM, FMC7 and CD79b (Moreau et al., 1997). Based on our cohorts, the three most 

consistently expressed markers in CLL - CD5, CD23 and CD160, with one point for 

each - a “mini CLL score” was developed with each marker scoring one point. Further 
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to this, the disease-specific CD5/CD23/CD160 combination allowed the simplified 

“mini CLL score” to be derived from the single tube CD160FCA assay.  

A mini score of 3 differentiated CLL from other B-LPD, with a very high diagnostic 

odds ratio of 1430 (542-3772), a PPV and NPV of 99% and 94%, respectively; while a 

score of 0 excluded CLL, MCL and HCL (Figure 3.21).  

This study highlighted the biological heterogeneity of CLL, including rare CD23-

negative cases, whilst CD23 positivity in MCL is not uncommon (Schlette et al., 2003; 

Gong et al., 2001). 

While CD160 expression is virtually universal in CLL, it could not be used by itself to 

exclude MCL as 14.7% of the original cohort MCL cases expressed CD160. While 

MCL typically lacks CD23 expression, in our entire cohort 13/43 cases of MCL 

expressed CD23, although generally at low levels. To incorporate this parameter as a 

way of differentiating CLL and MCL, the CD23ratio (CD23r, CD23:CD5) was 

introduced. The mean percentage of CD23 positivity observed in MCL was lower than 

that observed in CLL (53% versus 93% of the CD5+CD19+ population p<0.01, Figure 

3.22). This study introduces and validates the proposed CD23r in which a diagnostic 

cut-off of 0.80 or less was typical of MCL. Finally, as both the mini CLL score and 

CD23r can be derived from the CD160FCA tube, we combined these into a single 

value: the diagnostic discriminant – calculated as the (mini score) x (CD23r). This 

provided a model for the complete differentiation between CLL and MCL, which was 

validated in a separate cohort. This new simplified scoring system for CLL has been 

validated and is highly predictive (figures 3.26 & 3.27), as well as cost effective.  

It has been demonstrated that CD23 expression may vary over time, potentially due to 

environmental cues, with a complete loss of CD23 expression reported in CLL cells 

cultured for up to 96 hours (Frank et al., 2011). It is in this scenario, if these cells co-

expressed CD5 and CD160 it would certainly warrant further investigation to 
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distinguish CLL from MCL, which would benefit from the addition of CD200 and 

performing cytogenetics for the t(11;14) translocation. While antigen loss must always 

be considered, such as following freeze-thawing of stored cells, in the routine clinical 

scenario caution has to be applied when interpreting data from material that was tested 

several days after collection or and/or inappropriately stored. 

Another limitation of the mini CLL score and CD23r is the very rare scenario of CD5 

negative CLL cells. There have been conflicting reports on the clinical significance of 

CD5 negative CLL with some suggesting it is associated with a more aggressive clinical 

course (Huang et al., 1999), whilst others have reported a more stable clinical course 

and redefined this condition as monoclonal lymphocytosis of undetermined significance 

(Wang et al., 2002). Again, in this scenario, if the malignant cells were CD19+, CD23+ 

and CD160+, this would be suggestive of a diagnosis of CLL, but would require further 

diagnostic work-up, in particular, cytogenetic analysis. 

Other molecules have recently been reported to show CLL-restricted expression, 

including the tumor associated antigen Receptor tyrosine-kinase Orphan Receptor 1 

(ROR1)(Hudecek et al., 2010) and CD200 (Palumbo et al., 2009). However, ROR1 

mRNA and surface protein were found to be strongly expressed in MCL, as well as 

positivity in marginal zone lymphoma, B-ALL and a subset of normal B-cell precursors 

(Hudecek et al., 2010; Barna et al., 2011; Broome et al., 2011).  Likewise, CD200 

(OX2) has an expression profile including CD19-positive B-cells (normal and 

malignant), T-cell blasts, follicular dendritic cells, thymocytes, neural tissue and 

endothelium (Wright et al., 2001). CD200 expression in malignant cells from patients 

with AML, may also function as a prognostic factor (Tonks et al., 2007). Despite its 

expression in normal tissue, CD200 is up-regulated in CLL resulting in a down-

regulation of the Th1 immune response (Wright et al., 2001).  When comparing CD200 

and CD160 expression in CLL and, there was no significant difference between the 
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percentage expression of the two proteins, expressed either as percentage of the 

malignant population or out of the total leucocyte population (Figure 3.28). Further to 

this, the weak or absent of expression of CD200 in MCL has been clinically useful in 

the differentiation between CLL and MCL. When comparing CD200 expression against 

CD160 in other B-LPD (excluding CLL and MCL), CD160 shows greater disease 

specificity (p<0.0001, Figure 3.29), as well as greater tumour specificity in the B-cell 

lineage.  

Since this work has been presented, a group has published a letter confirming our 

findings of CD160 expression restricted to malignant B-cells (Frotcher et al., 2012), 

although the authors demonstrated less CD160 expression in their CLL patients 

compaired with this study (79% versus 98%).  However, this group solely focused on 

the expression of CD160 from the routine analysis of CD19+ B-cells rather than the 

expression based on the detailed sequential gating strategy described in this thesis, 

which will most likely account for these discrepancies.  

 

3.4.5 CD160 positivity is expressed in CLL-phenotype monoclonal B-cell 

lymphocytosis 

Monoclonal B-cell lymphocytosis (MBL) has been used to describe asymptomatic 

patients with a monoclonal lymphocytosis, but with a total B-cell count of less than 

5000 B-cells/µl (Marti et al., 2005). The majority of cases termed MBL have an 

immunophenotype similar to that of CLL (CD5+, CD19+, CD20dim, CD23+, sIgdim), 

although ‘aberrant’ subgroups have been reported (Ghia et al., 2004). Atypical MBL 

(aMBL) co-expresses CD5 and CD19, but has high expression of CD20 and/or surface 

immunoglobulin. There has been a third subgroup identified in which the phenotype is 

CD5 negative, CD20 positive and a skewed ratio of the immunoglobulin light chains 

(Marti et al., 2005; Shanafelt et al., 2010).  
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Within the validation cohort, 13.3% of CLL-phenotype MBL cases had a lymphocyte 

count <5x109/L with no evidence of lymphadenopathy or hepatosplenomegaly, of 

which 15/16 cases expressed the CD160 antigen. The mean percentage of CD160 

expression in these 16 cases was 59.5%, similar to that of all CLL in the validation 

cohort (54.6%) (p=NS) (Figure 3.30). Similarly, the MFI of CD160 in the 16 cases was 

almost identical to that of all CLL within the validation cohort (537.6 and 552.2, 

respectively; p=NS) (Figure 3.30). Clinical investigation demonstrated that 13/16 cases 

had the favourable 13q deletion; 2 cases had an additional copy of chromosome 12 and 

one case had a normal karyotype. This finding is in keeping with the literature, with 

results suggesting that CD160 may be a key marker of CLL-like MBL that is likely to 

convert to full CLL. All of these cases in this study were CLL-like MBL with a 

lymphocytosis. Future analysis would ideally include those CLL-like MBL cases with a 

normal blood count for CD160 expression. The rationale for including CLL-phenotype 

MBL with a normal blood count is based on a seminal paper by Rawstron et al., in 

which the authors performed a large-scale study in over 3500 subjects with the aim to 

investigate the relationship between MBL and CLL (Rawstron et al., 2008). The normal 

B-cell count in healthy donors is around 200 cells/mm3, with the majority of polyclonal 

B-cells having a count ranging between 50-500/mm3. In the study by Rawstron et al., 

the authors report that the B-cell count per mm3 should be used rather than the 

lymphocyte count for the diagnosis of CLL or MBL. Within the general population, 

they reported that 40% of CLL-type MBL demonstrated an abnormal B-cell count 

below 50 cells/mm3, with 45% of cases having a B-cell count within the normal range 

of 50-500 cells/mm3. The authors demonstrated that the optimal cut-off point for 

predicting a low risk of developing CLL was 1900 cells/mm3. Upon performing 

multivariate analysis based on features at presentation, only the B-cell count was a 
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significant independent predictor of the risk of developing a lymphocytosis (Rawstron 

et al., 2008).  

Further work would be to examine CD160 expression on these sub-categories of MBL 

based on B-cell count rather than the lymphocyte count inconjunction with long term 

follow-up to establish if CD160 expression could predict which patients are likely to 

progress to overt disease.  

 

3.5 SUMMARY 

This chapter demonstrates the restricted expression of the Ig-like activating NK cell 

receptor, CD160, in normal immune cells to NK and T-cells. Neither protein nor 

transcript for CD160 is found in normal B-cells, from immature bone marrow 

precursors through to mature peripheral blood and germinal centre B-cells. In the B-cell 

lineage, the restriction of CD160 expression to malignant B-cells indicates that it is a 

tumour specific antigen and an attractive target for minimal residual disease assessment 

in CD160+ B-LPD. Furthermore, CD160 expression is unique compared to other 

markers, such as ROR1 and CD200, and is clinically useful in the diagnosis of B-LPD. 

Finding a novel biomarker that is clinically useful in the differentiation of B-LPDs, 

which has been robustly validated, may lend itself to be a tumour specific target for the 

assessment of minimal residual disease (MRD) in CD160+ B-LPDs.  
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4.1 Introduction 

The clinical course of CLL as well as other chronic B-LPDs is vastly heterogeneous, 

and for those patients who meet the requirement for therapy, their response is 

considered one of the key prognostic indicators for long-term outcome based on 

minimal residual disease outcome data. Many chronic B-cell malignancies such as CLL, 

arise from cellular defects in apoptosis leading to an accumulation of clonal cells. It is 

this concept that offers the rationale to why cell cycle specific therapies and those, 

which actively target both dividing and proliferating cells, can be ineffective.  

 

4.1.1 Minimal Residual Disease  

The concept of minimal residual disease (MRD) assessment and eradication in CLL is 

still considered a relatively novel approach to patient care. Historically, the lack of 

prognostic markers, simple single chemotherapeutic regimens and a loose definition of 

response meant that MRD assessment was not clinically relevant. Treatment protocols 

with single alkylating agents were designed with disease and symptom control in mind. 

However, with the advent of modern chemo-immunotherapy, clinical trials now include 

MRD as a critical clinical endpoint. Modern chemotherapy regimens in the context of 

clinical trials have achieved complete response (CR) rates of 60-70% (Tam et al., 2008; 

Bosch et al., 2009).  

Despite these advances, many patients relapse after an initial response to treatment. The 

standard definition of complete remission is not equivalent to disease eradication. 

Complete remission is defined as the absence of constitutional symptoms, 

lymphadenopathy and organomegaly, absolute neutrophil count ≥1500 per microlitre, a 

platelet count >100x109/L and a haemoglobin level >11.0 g/dL. Finally the bone 

marrow (BM) must be normocellular with <30% lymphocytes (Hallek et al., 2008). 
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Patients in CR using this criteria may potentially have residual malignant cells to a level 

of 1010 (Moreno et al., 2010). This has led to the generation of CR patients being further 

strategized into CR-MRD positive and negative groups. Recent systematic reviews of 

clinical trials in CLL, have demonstrated that of those patients who achieve a CR, 

MRD-negative remission have a definite survival advantage over MRD-positive 

complete remissions (Tam et al., 2008; O'Brien et al., 2003; Del Poeta et al., 2005; 

Moreton et al., 2005; Bosch et al., 2008). This evidence has fuelled research to answer 

questions regarding outcome assessment such as: is there a need to measure MRD 

following cessation of therapy, and when should MRD positive patients receive further 

therapy, if any? With more trials focusing on answering these clinical questions, there is 

a real need to optimise the assessment of MRD through novel techniques. 

The assessment of MRD in CLL primarily uses either flow cytometry or polymerase 

chain reaction (PCR). Initially, residual disease analysis was detected by dual-colour 

flow cytometry with the presence of light chain restriction in >10% of CD19+5+ cells 

(Robertson et al., 1992). Despite the low sensitivity and specificity of this assay, there 

was a significant difference in terms of time to progression and progression free 

survival (PFS) after two years (p<0.001).  Similarly, initial investigation of MRD by 

PCR in transplant patients, utilized DNA amplification of consensus variable (VH) and 

Joining (JH) region primers using complementarity determining region (CDR) 3 

primers or a panel of VH family-specific framework region 1 (FR1) primers. Again, the 

sensitivity was limited and not applicable to all patients (Provan et al., 1996). This 

methodology has largely been superseded by allele-specific oligonucleotide PCR (ASO-

PCR), relying on individual patient specific primers (van Dongen et al., 2003). 

Although this methodology has a high sensitivity (1 in 106), it is complex in nature, 

expensive and a pre-treatment sample is a necessary prerequisite.   
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Flow cytometry using multiparameter assessment has been able to differentiate CLL 

cells from their normal counterpart to a level of one CLL cell in 104 or 105 leucocytes 

(Rawstron et al., 2001). Subsequently, the European Research Initiative on CLL (ERIC) 

have proposed an international standardised approach (ISA) after extensive analysis of 

antibody combinations and their comparison against ASO-PCR (Rawstron et al., 2007). 

Within the study, the authors demonstrated that blood analysis was at least as sensitive 

as BM samples, although BM samples were necessary to detect MRD in patients treated 

with alemtuzumab.  

There are a few key specific markers for malignant B-cells including monoclonal 

immunoglobulin (Ig) light chain restriction and Ig heavy chain variable region gene 

segment for the target of minimal residual disease assessment.  The tumour specific 

nature of CD160 makes it an ideal candidate marker for minimal residual disease 

detection 

 

4.1.2  Apoptosis 

Residual disease results from cancerous cells evading chemotherapy and therefore does 

not undergo cell death / apoptosis. Normal apoptosis following damage occurs when the 

defective cell triggers a cascade of intracellular proteins that results in the destruction of 

that cell. Apoptosis is initiated either by signalling through the cell membrane receptors, 

such as the death domain Fas or tumour necrosis factor (TNF) receptor, or initiated by 

the release of cytochrome-c from within the mitochondria. Where the signal is through 

the intracellular death domain, this leads to recruitment of death-effector domain 

proteins including mort1 and Fadd, which trigger intracellular cysteine proteases, such 

as caspase-8 upstream. Where cytotoxic therapy is targeting cancerous cells, apoptosis 

results from a second apoptotic pathway involving the release of cytochrome-c from 
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within the mitochondria. Following therapy and subsequent DNA damage, this activates 

p53, which subsequently enhances BAX gene expression, and thus increases the pro-

apoptotic BAX protein. This rise in BAX expression enhances the cytochrome c release 

from within the mitochondria. The released cytochrome-c binds with APAF-1, then 

binds and activates in an ATP-dependent manner caspase-3 resulting in apoptosis. P53 

is also responsible for shutting down the cell cycle indirectly by activating the tumour 

suppressor Rb retinoblastoma gene. The Rb gene inhibits the transcription factor E2F, 

which is normally needed for the cell cycle to progress from G1 to S phase.  

 

 

Figure 4.1 The role of p53 activation following chemotherapy. ARF = tumour 
suppressor; ATM = ataxia telangiectasia mutated.  
 

The failure to undergo apoptosis in CLL is partly explained by the over-expression of 

the anti-apoptotic BCL-2 family proteins Bcl-2, Mcl-1, Bcl-XL and X-linked inactivator 

of apoptosis (XAIP) (Kitada et al., 1998).  It has also been proven that an increased ratio 

of Bcl-2 to the proapoptotic protein Bax (Pepper et al., 1999) and overexpression of 

Mcl-1 protein, result in patients being refractory to fludarabine therapy (Kitada et al., 

1998). 
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4.1.3  Current therapies 

4.1.3.1 Alkylating Agents 

Chlorambucil, an oral alkylating agent, was one of the earliest treatments used for CLL. 

It that has three main routes of inhibiting DNA replication and RNA transcription: 

attachment of alkyl groups to DNA bases, resulting in the DNA fragmentation by repair 

enzymes when attempting to replace the alkylated bases; with two DNA binding sites 

alkylating agents can also cross-link guanine bases within the DNA double helix strand, 

resulting in the strands being unable to separate and undergo transcription; the addition 

of alkyl groups can induce the mispairing of nucleotides and thus inhibition of correct 

base pairing and a mis-coding of the DNA.  

 

4.1.2.2 Antimetabolite Therapy 

The pharmacokinetic mechanism of action of antimetabolites is based on the fact that 

they are pyrimidine or purine analogues, which are incorporated into new nuclear 

material or combine irreversible with cellular enzymes and thus prevent normal cellular 

division and the growth of the leukaemic cells. By masquerading as a pyrimidines or 

purines, they become incorporated into RNA and DNA or inhibit the enzymes needed 

for nucleic acid production during S-phase of cell growth, subsequently halting cellular 

division and ultimately leading to cell death.  

 

4.1.2.3 Monoclonal Antibody Immunotherapy 

With a better understanding and characterisation of the biology and cell signalling 

pathways of CLL, further research has led to the development and use of innovative 

monoclonal antibodies.  

All monoclonal antibodies have a fixed fragment crystallisation (Fc) region where 



Chapter 4 
	  

	   	   210    

effector cells bind and a variable region towards a specific antigen. The immunological 

cytotoxic approach to apoptosis can be considered either direct by transmembrane 

signalling and subsequent recruitment of effector cells, such as NK cells and 

macrophages mediating antibody dependent cell-mediated cytotoxicity (ADCC) (Figure 

4.2) and complement leading to complement dependent cytotoxicity (CDC) (Figure 

4.3); or by an indirect approach by disrupting the interaction with the microenvironment 

(Jaglowski et al., 2010). ADCC involves the Fc gamma receptor (FcγR) on the effector 

cell, binding to the Fc of the monoclonal antibody. Once bound, the FcγR 

immunoreceptor tyrosine based activation motif (ITAM) phosphorylates resulting in the 

effector cell secreting numerous lytic enzymes such as perforin and TNF leading to 

apoptosis of the target cell (Natsume et al., 2009). All human IgG antibodies are 

glycosylated however, different immunotherapy monoclonal antibodies bind to the 

effector cell using different FcγRs. CDC is activated by the C1 subunit C1q, binding to 

the constant region of cell bound antibody molecules resulting in the initiation of the 

complement cascade and subsequently the formation of the membrane attack complex 

(MAC) and the perforation of the cellular membrane and terminal lysis (Reff et al., 

1994).  Examples of immunotherapy include rituximab and obinutuzumab – both anti-

CD20 monoclonal antibodies, and alemtuzumab – a fully recombinant DNA-derived 

humanized IgG1 kappa antibody targets the CD52 antigen found on all mature 

lymphocytes (Flynn and Byrd, 2000). 
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Figure 4.2 Antibody-dependent cellular cytotoxicity (ADCC). Immune 
destruction of malignant B-cells mediated by binding of the Fc region with 
immune effector cells (Natural Killer cells, macrophages and monocytes). The 
immunotherapy antibody (e.g. anti-CD20) binds to the CD20 antigen on the 
tumour cell. The Fcγ-Receptor (FcγR) recognizes the Fc portion of the anti-CD20 
bound to the tumour cell and binds leading to a release of cytokines and cytotoxic 
granules such as perforin and granzymes resulting in cell lysis.  
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Figure 4.3 Complement-dependent cytotoxicity. The binding of antibody (e.g. 
anti-CD20) to the tumour surface, and the subsequent binding of C1q to the 
antibody, leads to activation of the complement cascade and the formation of the 
membrane attack complex (MAC) and terminally lysis of the tumour cell.  
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Rituximab, is a chimeric monoclonal antibody targeting the activated-glycosylated 

phosphoprotein CD20. The CD20 protein has a ubiquitous expression on malignant B-

cells and its lack of internalisation after antibody binding makes it an ideal target for 

immunotherapy (Press et al., 1989). Rituximab has a number of proposed mechanisms 

of action including ADCC, where the anti-CD20 antibody binds to the B-cell at two 

distinct proximal sites of the CD20 antigen, which are then recognised as foreign by the 

NK-effector cells bearing the FcγRIIIa receptor, leading to cell lysis. Secondly by CDC, 

in which the binding of rituximab recruits complement proteins resulting in the MAC 

punching holes within the cell leading to cellular osmotic lysis, and finally rituximab 

ligation of CD20 in the presence of FcR-expressing B-cells initiate internal signal 

transduction causes an increase in calcium flux leading to direct apoptosis of the 

malignant B-cells (Shan et al., 1998).  

Rituximab has also been shown to induce apoptosis via caspase-9 activation (Byrd et 

al., 2002) and p38 mitogen-activated protein kinase (Pedersen et al., 2002). Rituximab 

as a monotherapy is not efficacious unless used in high doses (McLaughlin et al., 1998; 

Hainsworth et al., 2003).  

Alemtuzumab (Campath-1H) is now considered the treatment of choice for those 

patients with p53 mutation and/or 17p deletion.  The poor prognosis of patients with 

17p deletion at the p53 locus often correlates with a point mutation in the other allele, 

and results in the total inactivation of the p53 tumour suppressor gene and an aggressive 

clinical course. As a monotherapy targeting CD52, unlike antimetabolite or alkylating 

agents whose success relies on DNA cellular damage and the activation of p53, 

Campath induces cell death in a p53-independent mechanism (Figure 4.4).  
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Figure 4.4 The effect of chemotherapy and radiation on p53 activation and the 
role of immunotherapy (antibody) and steroid therapy.  
 
 

 

Many clinical studies are now progressing focusing on those patients with refractory 

CLL, which has driven the progress in monoclonal immunotherapy production.  

 

4.1.2.4 Other novel therapies 

Lenalidomide, previously known as CC-5013, is an immune-modulatory drug, similar 

to thalidomide (Gentile et al., 2011). To date, in CLL it has only been studied in the 

context of clinical trials but has shown activity in both the untreated (Ferrajoli et al., 

2008; Chen et al., 2008) and refractory setting (Ferrajoli et al., 2009). Many of the trials 

conducted resulted in increased myelotoxicity, tumour flare (Ferrajoli et al., 2008; Chen 

et al., 2008) and tumour lysis syndrome (Brown et al., 2009). Recently, a novel 

mechanism of action has been reported: repair of the defective immunological synapse 
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formation between CLL cells and APCs (Ramsay et al., 2008). The authors demonstrate 

defective actin polymerization in T-cells from patients with CLL, and that treatment of 

autologous T and CLL cells with lenalidomide resulted in improved synapse formation 

(Ramsay et al., 2008).  

 

With increasing knowledge surrounding the pathophysiology of CLL, combined with 

the poor prognosis of patients with 17p deletion or p53 mutations or fludarabine 

refractory disease, recent therapeutic developments in CLL are targeting specific 

components of signaling pathways and the disruption of the immune response. Small 

therapeutic molecules targeting down-stream signaling from the BCR such as inhibition 

of Src with Dasatinib, Bruton’s tyrosine kinase (Btk) using Ibrutinib (PCI-32765) 

(Ponader et al., 2012), and phosphatidyl-inositol-3 kinase delta (PI3Kδ) inhibition with 

GS-1101 (CAL-101) (Herman et al., 2010; Lannutti et al., 2011) are undergoing clinical 

trials.  

Further to these, the loss of two microRNA’s miR15a and miR16-1 in CLL, which 

normally negatively regulate Bcl-2 transcription, is a further potential therapeutic target 

of the overexpression of Bcl-2 (Cimmino et al., 2005; Ouillette et al., 2008). A BH3 

mimetic ABT-263 inhibits the Bcl-2 family proteins by binding to BCL2, BCL-xL 

causing a release in BAX and BAK (O'Brien et al., 2005; Tse et al., 2008). ABT-263 

treatment resulted in severe thrombocytopenia as a side-effect due to BCL-xL 

expression on platelets (Wilson et al., 2010). This has led to the development of ABT-

199, a more specific Bcl-2 inhibitor with little activity against BCL-xL (Roberts et al., 

2012).  
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4.1.2.5 Allogeneic Haematopoietic Stem Cell Transplantation 

The use of allogeneic stem cell transplantation (alloSCT) is the only potential curative 

treatment for CLL. This therapeutic approach has primarily been reserved for those 

patients who have relapsed disease and have poor risk abnormalities. Due to the median 

age of CLL patients being in the six to seventh decade, they are not eligible for full 

myeloablative transplantation. The introduction of reduced intensity conditioning (RIC) 

relying on the graft versus leukaemia (GvL) effect has made alloSCT a potential option 

for those patients with 17pdel or relapsed/fludarabine-refractory disease. The Chronic 

Leukemia Working Party of the European Group for Blood and Marrow Transplantation 

(EBMT) recently published its indications of alloSCT in CLL.  It recommends that 

alloSCT a reasonable choice of therapy if deemed poor-risk by known prognostic 

indicators (such as ZAP-70 or p53 deletion/mutation), or non-responsive to standard 

therapy (Dreger et al., 2007). 
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4.2 METHODS 

4.2.1 Immunophenotypic analysis of MRD using Dual parameter & Light Chain 

restriction 

Simultaneous analysis of the co-expression of CD5 and CD19 with immunoglobulin 

light chain restriction was used to determine clonality and performed in all samples. 

Primary samples were taken into EDTA and prepared using an ammonium chloride pre-

lysis approach using 1 in 10 dilution of 10X of PharmLyse pH 7.1-7.4 (BD Biosciences) 

and washed in BD cell wash. Subsequently, primary antibody staining was performed 

using CD45-V500, CD19-PerCP, CD5-Pe-Cy7, CD23-APC, Kappa-FITC and Lambda-

PE, for 15 minutes at room temperature in darkness. Samples were washed in BD Cell 

Wash™ and centrifuged at 2200rpm in a Heraeus Megafuge 1R (Henderson Biomedical 

Ltd, London UK), for 5 minutes. Samples were acquired on a BD FACSCantoII 

flowcytometer with a minimum of 10,000 lymphocyte-gated events acquired and 

analysed using BD FACSDiva clinical software for enhanced analysis (Figure 4.5).  
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Figure 4.5 Gating methodology for demonstrating light chain restriction: 
Following CD45 gating of the lymphocytes, CD19 events were isolated, then 
analysed for the co-expression of CD5, light chain restriction was calculated on the 
CD45, CD5, CD19, CD23 population.  
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4.2.2 Assessment of MRD by CD160FCA versus ISA methodology 

Please refer to section 3.3.3, figure 3.8 for CD160FCA gating methodology. 

The international standardized approach (ISA) was prepared according to the protocol 

adopted by the European Research Initiative on CLL (ERIC) (Rawstron et al., 2007). 

Both peripheral blood and bone marrow samples were prepared less than 24 hours from 

extraction. The following antibody combinations were prepared as per the ERIC 

protocol: 

1 sIgkappa sIglambda CD19 CD5 
2 CD45 CD14 CD19 CD3 
3 CD20 CD38 CD19 CD5 
4 CD81 CD22 CD19 CD5 
5 CD43 CD79b CD19 CD5 

 

Table 4.1: The consensus ERIC antibody combination (Rawstron et al, 2007) 
 

Initially the erythrocytes were lysed for 5 minutes at 37°C, then centrifuged at 400 x g 

and the supernatant discarded. The pellet was resuspended in cell wash and centrifuged 

a second time at 400 x g. A concentration of 1x106 leucocytes were incubated with pre-

titred volumes of the antibodies for 20 minutes at room temperature in the dark, then 

washed twice and resuspended in cell wash-buffered saline solution prior to analysis.  

The gating strategy to determine clonality and the malignant population are shown in 

figure 4.6 and figure 4.7 respectively.  

Where necessary, the contamination rate was used to determine the limit of detection. 

With CD2 incorporated into the CD160FCA, the contamination rate can be derived 

from the number of CD19 B cell events that also express CD2. With CD2 being 

restricted to T cells, the number of cells co-expressing these antigens was considered as 

the limit of detection at which it was not possible to accurately enumerate malignant B 

cells.  
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Figure 4.6 Consensus ERIC gating for demonstration of light chain restriction 
– from the ERIC consensus standard operating protocol (SOP). 
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Figure 4.7 Consensus ERIC sequential gating protocol. Clonal CLL cells are 
located within the gated regions. Panel (A) demonstrates cells stained with 
CD20/CD5/CD19/CD38. Panel (B) demonstrates cells stained with 
CD81/CD22/CD19/CD5 and (C) CD43/CD79b/CD19/CD5.  
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4.2.3 Simulation of MRD 

To assess the utility of CD160 in the monitoring of MRD and the possible limit of 

detection, samples simulating MRD specimens were prepared by mixing purified 

untreated CLL cells (n=5) with normal leukocytes (whole blood) from donors. Serial 

dilutions were performed from 1:1 to 1:10000 to determine the sensitivity and 

specificity of the assay. A minimum of 50 CLL CD160+ events in 500,000 cells was 

acquired to define the malignant population using the sequential gating strategy.  

 

4.2.4 RT-PCR Qualitative Analysis 

PBMC from EDTA anticoagulated venous blood obtained from healthy donors and 

patients, were isolated by density gradient centrifugation (Lymphoprep, Amersham 

Bioscience, UK). Fresh CD19+ B cells were isolated using a magnetic-activated cell 

sorter (MACS) and a CD19 positive selection cell isolation kit according to the 

manufacturers’ recommendations (Miltenyi Biotec, Bergish-Gladbach, Germany). 

CD19+cell purity was shown to be >99%. 

The total RNA extraction, cDNA synthesis and PCR of CD160, beta-actin and CD2 

were performed as described in the methods section 2.5. 

The specific MRD primer set for cDNA synthesis were designed on published 

sequences from human CD160 (NM_007053): BY-TM (5’-

GCCAGAAGCCAGAAGTCAGGTATCCG-3’) (forward) and BY3UN (5’-

CCTGTGCCCTGTTGCATTCTTC-3’)  (reverse) (Figure 4.9 and figure 4.10).  

Briefly, all samples were subjected to denaturation (94°C for 30 seconds), annealing 

(60°C for 30 seconds), and extension (72°C for 90 seconds) steps for 35 cycles.  
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 Sequence (5'->3') Length Tm GC% 

Forward Primer GCCAGAAGCCAGAAGTCAGGTATCCG 26 60.82 57.69 

Reverse Primer CCTGTGCCCTGTTGCATTCTTC 22 56.44 54.55 

Table 4.2  PRIMER BLAST results for CD160MRD Primers 
 

 

 

Figure 4.8 CD160 amplification region Breaks in the red bar = exon-exon 
junctions. 
 

 

 

Figure 4.9 Location of primers for identification of CD160 mRNA 
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Figure 4.10 M-fold protein structure demonstrating the location of primers (blue 
and red highlighting) for identification of CD160 mRNA 
 

 

 



Chapter 4 
	  

	   	   225    

4.2.6 Patients 

4.2.6.1 MRD Pilot study recruitment 

The pilot study cohort consisted of 166 peripheral blood samples from 74 patients 

initially diagnosed with CLL by standard diagnostic criteria, HCL (n=1) and SMZL 

(n=1) (Bain et al., 2002; Hallek et al., 2008; Swerdlow et al., 2008). Irrespective of their 

treatment regimen, samples were taken at specified time points throughout their 

treatment for the assessment of minimal residual disease. Correlation with bone marrow 

aspirate & trephine, lymph node and spleen by flow cytometry, histology and 

karyotyping was performed when required 

In order to assess the feasibility of using the CD160FCA as an MRD assay, regardless 

of the therapy given, a consecutive set of patients was identified (Chlorambucil 

(CBL)+Prednisolone (P) n=1, CBL+Rituximab (R) n=2, Fludarabine (FDR) n=1, 

Fludarabine+Cyclophophamide (FC) n=45, FC-R n=13, FCR+Lumiliximab n=2, 

Alemtuzumab n=10, 2-Chlorodeoxyadenosine (2CDA) n=1, Cyclophosphamide 

Hydroxydaunorubicin Oncovin Prednisolone-Rituximab (CHOP-R) n=1). Following 

completion of therapy, response assessment using the MRD flow assay was compared 

against qualitative RT-PCR in 52 patients.  

 

4.2.6.2 Paired bone marrow and peripheral blood assessment for CD160 

Where possible, patients enrolled in national clinical trials underwent paired peripheral 

blood and bone marrow assessment in 47 cases prior, during or within 3 months after 

treatment including patients receiving combination chemotherapy ± rituximab or 

alemtuzumab. Sample preparation was identical for both PB and BM samples and run 

using the described sequential gating strategy for the CD160FCA. 
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4.2.6.3 Multi-centre study cohort comparing CD160FCA & ERIC ISA 

methodology 

Patient material used within this study cohort were from patients with CLL (n=38), 

CD160+ Splenic Marginal Zone Lymphoma (SMZL) (n=1), and Hairy Cell Leukaemia 

(n=1). Standard diagnostic criteria were used for definitive diagnoses (Bain et al., 2002; 

Hallek et al., 2008; Swerdlow et al., 2008). Patients provided informed consent for both 

peripheral blood and/or bone marrow samples to be taken at specific time points during 

their treatment. A total of 49 specimens were analyzed including paired bone marrow 

and peripheral blood samples. Again, patients were recruited irrespective of their 

treatment regimen: FC (n=11), FCR (n=8), FCR-L (n=3), CBL-R (n=6), CBL-

Ofatumumab (n=2), Alemtuzumab (n=3), Haematopoietic Stem Cell Transplant 

(HSCT)(n=4), 2CDA (n=1), no treatment (MBL) (n=2).  

Samples were prepared and analysed in four centres. Two centres used the international 

standardized approach (ISA) described by Rawstron et al, following their site standard 

operating procedure (Rawstron et al., 2007); while the other two centres prepared 

samples for analysis by the CD160 Flow Cytometric Assay. The two centres using the 

CD160FCA performed the analysis on BD FACSCanto II analysers that had been 

standardized with a 4-2-2 configuration. To rule out bias results were calculated locally 

following the departmental standard operating procedure and fed back centrally for 

statistical analysis (figure 4.11). 
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Figure 4.11  Flow chart of trial sampling and distribution. Four identical 
samples were taken at the routine clinic appointment and each distributed to the 
participating centres 
 

 

 

 

 

 

 

 

Centre	  1	  ERIC/ISA	  
MRD	  protocol	  

Patient	  undergoing	  Rx	  or	  
within	  3	  months	  of	  
completion	  (n=38)	  

4	  x	  identical	  7ml	  EDTA	  
samples	  taken	  

Centre	  2	  ERIC/ISA	  
MRD	  protocol	  

Centre	  3	  CD160FCA	  
MRD	  protocol	  

Centre	  4	  CD160FCA	  
MRD	  protocol	  

Results	  calculated	  locally	  and	  sent	  back	  for	  statistical	  analysis	  
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4.2.7 Cytogenetic Analysis 

Fluorescence in-situ hybridization (FISH) was performed using the Vysis LSI p53 / LSI 

ATM and LSI D13S319 / LSI 13q34 / CEP 12 Multi-colour Probe set and LSI 

IGH/CCND1 Dual Colour, Dual Fusion Translocation Probe according to the 

manufacturer's protocol (Abbott Molecular, Berkshire, UK).  FISH analysis was carried 

out clinically as per standard patient care to determine pre-therapy prognostic indictors 

to which MRD and relapse analysis could be correlated.   A total of 100 interphase 

nuclei were scored for each probe set. A clone/karyotype was defined according to the 

International System for Human Cytogenetic Nomenclature (ISCN).  

 

 

4.2.8 Statistical Analysis 

Standard epidemiological approaches were used to calculate diagnostic indices of 

sensitivity and specificity (Altman and Bland, 1994).  To determine non-random 

associations between qualitative and quantitative parameters the two-tailed 

nonparametric Fisher’s exact test was employed. This generated an exact p-value 

incorporating measurements demonstrating the strength of association including relative 

risk and odds ratio. The diagnostic odds ratio is used as a single measure of efficacy of a 

diagnostic test which is unaffected by prevalence and effectively compares the odds of 

positivity in disease (sensitivity) relative to the odds of positivity in patients without the 

disease (1-specificity).  The ratio can range from 0 to infinity, larger numbers indicating 

a better test performance.  Indices are quoted as the statistic (95% confidence interval).  

Non-parametric correlation coefficient r (Spearman Rank) was calculated to compare 

the MRD results obtained from the different centres. To determine differences in MFI 

of MRD populations, the two-tailed t-test based on the mean ± the standard error of the 
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mean was used. Comparison of Kaplan-Meier survival curves determining progression 

free survival and time to relapse was obtained by the non-parametric Mantel-Cox log 

rank test. Levels of significance were determined as less than 0.05. Statistical analysis 

was performed using GraphPad PRISM 5.0d for Macintosh (GraphPad software, CA, 

USA). Multivariate analysis was performed using IBM SPSS version 19 for Macintosh 

(IBM, US).  
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4.3 RESULTS 

4.3.1 The simulation of minimal residual disease  

To assess the feasibility of utilizing CD160 in a minimal residual disease setting, 

primary samples simulating minimal residual disease were prepared by mixing labelled 

B-CLL cells with unstained normal leukocytes from bone marrow and peripheral blood. 

These specimens were obtained from donors or patients undergoing investigation for 

non-haematological disorders (n=5). The primary CLL cells were taken from known 

CLL patients who had been diagnosed according to the NCI-WG criteria.  

The true malignant clone from the five cases represented 87%, 94%, 68%, 89% and 

97% of the lymphoid population prior to dilution (figure 4.12 to figure 4.17). Serial 

dilutions were prepared in normal leukocytes representing an actual tumour burden of 

50%, 10%, 5%, 1%, 0.1% and 0.01% of the malignant clone and run in triplicate. 

In addition to the CD160FCA, qualitative PCR for CD160 transcript was performed on 

purified B-cells to compare the results. Light-chain (LC) restriction was detectable by 

conventional methodologies within the CD5+CD19+ B-cell population, but only when 

the CLL tumour burden represented approximately 40% of B-cells. This demonstrates 

the limited utility of LC-restriction when dealing with low B-cell numbers.  

CLL cells could be reliably identified using CD160FCA to a level of 10-4, provided a 

minimum of 50 CD160+ events was recorded in 500,000 leukocytes. Utilizing the 

CD160FCA, MRD levels could be detected to a level of 10-5, provided enough events 

were recorded.  
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0.01% disease burden (below) 1% disease burden (below) 

5% disease burden (below) 10% disease burden (below) 50% disease burden (below) 

Lymphocyte isolation (neat) B-cell Isolation (neat)  CD2-CD5+CD19+CD23+CD160+ (neat)  

Figure 4.12 Flow cytometric scatter dot plots of serial dilutions simulating minimal 
residual disease using the CD160FCA gating protocol, with detectable disease to a level 
of 0.01%. 
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Figure 4.13 Dilution MRD simulation of 5 patient samples demonstrating disease 
detection to a level of 0.01%.  
 

Figure 4.14 Theoretical and observed expression of MRD for one patient to a 
level of 0.01% and confirmatory RT-PCR expression. (n=1 showing 95% CI). 
Spearman Rank R=0.99. 
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Figure 4.15 (left): neat CLL patient sample 
demonstrating a clear separation of CD160 
positive (black peak) and CD160 negative (blue 
peak). This represented patient 1 with 97% 
CD160 positive CLL.  

Figure 4.16 (left): neat CLL 
patient sample diluted 1:10 
with normal peripheral blood 
representing 12.2% CD160 
MRD positive. A clear 
separation of positive (black 
peak) and negative (blue 
peak) can be observed.  

Figure 4.17 (left): neat CLL 
patient sample diluted 1:10000 
with normal peripheral blood 
representing 0.005% CD160 
MRD positive. A shift between 
the positive (black peak) and 
negative (blue peak), but much 
less pronounced but clear from 
the dot plot. 
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When plotting the observed expression of disease (±SEM) as a percentage of the total 

disease burden, the assay was reproducible between patients with no significant 

differences with regards to the total disease detected (p=0.72), to a limit of detection of 

0.01%. When comparing the observed results with the theoretical prediction of CLL 

tumour burden for one patient, there was a highly significant correlation between the 

two dilution curves (Figure 4.14, R2=0.99). 

Replicates were performed in five patients, which when plotting the mean CD160 

malignant expression (± standard error of the mean) against the theoretical MRD 

expression from the dilution, there was a highly significant correlation between the two, 

to a level of 10-4 (Figure 4.18, p<0.001). 

 

 

Figure 4.18 Theoretical expression against actual expression of MRD based on 5 
patients diluted in normal PB. Analysis and gating was performed using the 
CD160FCA protocol. Results plotted as means and SD (Spearman rank R=0.98, 
p<0.001, n=5). 
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4.3.2 CD160FCA versus traditional assessment of MRD  

Throughout this cohort 189 patient samples were received from 76 consented patients. 

166 of these samples had complete data and were evaluable by both the CD160FCA and 

dual-expression of CD5+CD19+ (with a ≥20% cut-off defining MRD positivity) and, 

where possible, immunoglobulin light chain restriction. The samples were taken prior, 

during and 3 months post treatment. There was a highly significant correlation between 

the two methods irrespective of sampling time (Spearman rank R=0.83, p<0.0001, 

regression line gradient 1.62) (Figure 4.19).  

Within this cohort, 103/166 samples (62%) had CD5+/CD19+ dual positivity <20% and 

lacked light-chain restriction, suggestive of MRD negativity. 39/103 cases (38%) had 

insufficient CD19+ events to accurately determine clonality, while light-chain restriction 

could only be shown in 10 of the remaining cases. In contrast, 53/103 cases (51%) were 

positive for MRD by CD160. The 10 cases with abnormal light-chain restriction were 

within this population. Of the total cohort analysed 63/166 cases (38%) were MRD+ by 

CD5+/CD19+ methodology, whereas 114/166 (68%) were MRD+ by the CD160FCA 

(p<0.0001). 
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Figure 4.19 Correlation between standard MRD assessment (pre-ERIC 
consensus) and CD160FCA assessment for the detection of total CLL cells 
representing  >0.01% of the total leucocyte population. CD160FCA MRD analysis 
demonstrated a close correlation to standard CD5+CD19+ assessment (Spearman 
rank R = 0.83, p<0.01).  
 
 

 

 

 

 

 

 

 

 

 

 

0.01 0.1 1 10 100
0.01

0.1

1

10

100

STANDARD MRD ASSESSMENT
(CD5+CD19+ LC Restriction)

C
D

16
0 

FC
A

 M
R

D
 A

S
S

E
S

S
M

E
N

T

Spearman rank R= 0.83, P<0.0001



Chapter 4 
	  

	   	   237    

4.3.3 Use of bone marrow or peripheral blood CD160FCA MRD analysis.  

MRD levels were assessed in 47 cases using paired peripheral blood and bone marrow 

samples utilizing CD160FCA where results were within the quantitative range. The 

paired samples were also processed by standardised flow cytometric MRD approaches 

(Rawstron et al., 2007). Concordant PB and BM results were demonstrated in 41/47 

cases (87.23%) (0.82 sensitivity and 1.00 specificity), and was irrespective of the 

treatment regimen. Those cases that had discrepant results were PBnegBMpos (n=4) or 

PBposBMneg (n=2), with no obvious influence of a specific therapy (FC n=2, FCR n=3, 

Alemtuzumab n=1), although the number of cases is small. Within this cohort, a highly 

significant correlation between PB and BM CD160 surface expression was observed 

(Spearman rank correlation R=0.94, p<0.001) (Figure 4.20).  

The expression of CD160 in CLL cells was on average 2.1-fold higher in the bone 

marrow compared to the peripheral blood. Despite the slight increase in expression in 

the bone marrow, based on this cohort and irrespective of therapy given peripheral 

blood is suitable material for MRD analysis negating the patient to undergo un-

necessary BM aspiration.  
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Figure 4.20 Correlation of MRD between paired bone marrow and peripheral 
blood samples based on CD160 percentage in 47 patients. A clear correlation 
demonstrating that potentially either PB or BM aspiration can be used post 
therapy to determine response (Spearman rank R=0.94).  
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4.3.4 Comparative assessment of minimal residual disease by CD160FCA and 

qualitative PCR 

For those patients who had completed, or nearing completion of chemotherapy, MRD 

was assessed by both CD160FCA and RT-PCR in 52 cases. 12/52 cases (23%) had 

>20% CD5+CD19+ dual expression by the traditional method of assessment, suggestive 

of residual disease, whereas 36/52 (69%) of cases were MRD positive with the 

CD160FCA. Qualitative PCR demonstrated concordant results for both CD160FCA and 

PCR assays in 94% of cases (Figure 4.21). Three discrepant cases were PCR positive 

and CD160 FCA negative. No cases were positive by flow cytometry but negative by 

PCR. The CD160FCA had a high sensitivity 0.81 (0.54-0.96), specificity 1.00 (0.90-

1.00), Positive Predictive Value (PPV) 1.00 (0.75-1.00), Negative Predictive Value 

(NPV) 0.92 (0.79-0.98)). When assessing the strength of contingency between 

CD160FCA and PCR outcomes, there was a high correlation between the two  (Fishers 

Exact Test p<0.0001, Odds Ratio 282). Comparing traditional CD5+CD19+ 

overexpression and where possible light-chain restriction against qualitative PCR, there 

was no significant correlation between the methodologies (p>0.05. Odds Ratio 10.82).  
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Figure 4.21 RT-PCR confirmation of CD160 residual disease detection on CLL 
cells. The PCR approach demonstrated CD160 (317 base pairs) expression in 
normal peripheral blood mononuclear cells (PBMC), as well as CD2 (80bp) and β-
actin (232bp). Neither the purified CD19 cells from a donor or the CLL MRD 
negative patient expressed CD2 or CD160. PMBC from a CLL donor confirmed 
the presence of CD160, CD2 and β-actin as a positive control.  
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4.3.5 Validation of the CD160FCA to monitor patients with MRD against the 

Consensus International Standardised Approach (ISA 2007). 

In order to assess the clinical utility of the CD160FCA, a multi-centre study was set-up 

as described in section 4.2.6.3, to compare the performance of CD160FCA against the 

International Standardised Approach (ISA) published by the European Research 

Initiative on CLL (ERIC) (Rawstron et al, 2007).  

When comparing the two assays, concordant MRD results were observed in 85.3% of 

patients. Figure 4.22 shows a strong correlation between the assays (Spearman rank 

R=0.90, p<0.001, OR 33.00 and Likelihood ratio 5.71).  Using the CD160FCA, 61.8% 

were MRD positive, as compared to 58.8% by the ISA methodology. Of the discrepant 

cases, 8.8% were positive by the CD160FCA and negative by the ISA method.  5.9% 

were CD160neg/ISApos.  

 

Figure 4.22 Correlation of absolute CLL count (x109/L) between consensus ISA 
methodology and CD160FCA methodology. A close correlation was observed 
between the two methodologies for the detection of MRD above 0.01% (Spearman 
rank R=0.90, p<0.001).  
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Comparing results for intra-assay variability between centres performing the same 

methodology, the CD160FCA had improved specificity (0.83 vs 0.50), PPV (0.89 vs 

0.63), accuracy (0.93 vs 0.72) and precision (1.00 vs 0.63), over the ISA approach. 

When correlating the results between the two centres performing MRD analysis by 

CD160FCA (Centres 3 & 4), there was a highly significant correlation between the two 

with a Spearman Rank correlation of 0.98 (p<0.001, Figure 4.23).  

Reporting the level of residual disease remains a controversial issue with no 

standardised method of reporting total disease burden. It is reported either as a 

percentage or an absolute count. The MFI is an arbitrary value calculated by the flow 

cytometer and is simply based on the principle that it is a robust measurement of 

intensity of the population/protein of interest. Both centres assessed the intensity of 

CD160 expression in both MRD positive and negative cases. When examining the MFI 

of both MRD positive and negative patients, there were significant differences between 

these two populations observed in both centres. Centre 3 showed a median expression 

of 326.0 in the MRDpositive group, and a median expression of 93.60 in the MRDnegative 

population (p=0.0002); and centre 4 showed a median expression of 208.5 in the 

MRDpositive population, and a median of 49.20 in the MRDnegative population (p=0.0005) 

Figure 4.24).  Combining the MFI of MRD positive and negative patients from both 

centres, the mean (±SEM) for MRD positive patients was 381.6 (±30.36) and 60.95 

(±10.91) for MRD negative (p<0.001) (Figure 4.25). Therefore based on the MFI of 

CD160 on CD2-/CD5+/CD19+ cells alone, this could potentially be used to detect 

MRD in a qualitative method. 
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Figure 4.23 Correlation between centres running CD160FCA in terms of 
absolute count (x109/L). Both centres were running the standardised CD160FCA 
protocol on BD FACSCanto II set-up with a standardised configuration as per the 
manufacturers instructions with CS&T beads. A close correlation was observed 
between the two centres (Spearman Rank R= 0.98, p<0.001).  
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Figure 4.24 The use of Median Fluorescence Intensity (MFI) to distinguish MRD 
positive and negative cases. Using the MFI of CD160 on the malignant population 
can separate MRD positive from MRD negative patients (*p=0.0002, **p=0.0005).   
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Figure 4.25 Combined results from both centres performing the CD160FCA. 
When combining the MFI results from both centres there was a significant 
difference between MRD positive and MRD negative cases (*p<0.001). There was 
no significant difference between MRD negative cases and healthy donors (p=NS 
[0.2992]).  
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4.3.6 Post allogeneic haematopoietic stem cell transplantation 

Samples from six patients who had an alloSCT for CLL were analysed. All patients 

showed an increase in donor NK and T cells post transplant (Figure 4.26). Using the 

CD160FCA, it was possible to detect residual disease/relapse in these patients despite 

leukocytes being present from both donor and recipients immune systems. 

Polychromatic plot analysis was performed to confirm residual malignant populations 

where it was difficult to identify populations (Figure 4.26).   Ten samples were taken 

over the period of a year for the detection of MRD/relapse by both the CD160FCA and 

the ISA ERIC protocol. Although both methodologies could detect relapse post 

alloSCT, the CD160FCA had a shorter time to detection compared to the ISA 

methodology (274 days vs 426 days) although this was not statistically significant 

(Figure 4.27).  
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Figure 4.26 Polychromatic plot analysis and confirmatory PCR post alloSCT 
(Patient 3). CD160 MRD positive cells (turquoise cells within the red ring) with 
confirmatory disease by RT-PCR on purified CD19+ cells within the white box. 
Patients 1 and 2 were MRD negative following FCR therapy.  
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Figure 4.27 Kaplan-Meier plot demonstrating response duration/time to disease 
detection by CD160FCA and the consensus ISA methodology. 10 samples were 
analysed for MRD by both methodologies. CD160FCA detected disease earlier 
than the ISA methodology (274 days vs 426 days), although not at a significant 
level (p=0.29).  
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4.3.7  Pilot study determining the clinical impact of CD160MRD positivity post 

therapy 

Eighteen patients from within the ISA/CD160 cohort who had completed their treatment 

were followed up at 3, 6, 9 and 12 months post cessation of therapy. Within this cohort, 

10/18 patients were MRD negative using the CD160FCA. Concordant results were 

observed in 83% of cases between the CD160FCA and ISA methodologies in which 

disease levels ranged from 0.006 to 0.27x109/L. 1/18 case was ISA+/CD160FCAneg, and 

2/18 cases were CD160FCA+/ISAneg. CD160FCA positivity following chemo ± 

immunotherapy predicted an earlier event following treatment. Patients who achieved a 

complete remission, but were CD160 MRD positive post therapy (n=4), had a 

significantly shorter event free survival (EFS) than those in CR but CD160 MRD 

negative (n=7) (212 days versus not yet reached (p=0.01, Figure 4.28). In patients in 

partial remission post therapy (n=6), there were no significant differences between those 

CD160MRD positive (n=3) or negative (n=3) (92 days and 122 days respectively, 

p=0.40, Figure 4.28). One patient did not respond to high dose therapy that was MRD 

positive by CD160FCA but negative using ISA methodology. This case was an 

aggressive CD5 negative atypical CLL, which we can assume was incorrectly termed 

MRD negative, as the ISA requires CD5 positivity as a MRD diagnostic requirement. 

Original diagnostic evidence later revealed this patient was a CD5 negative CLL with 

11q deletion. This data needs to be validated in a larger cohort of patients.  
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Figure 4.28 Kaplan-Meier plot demonstrating response duration according to 
degree of response. A significant difference was observed between those patients in 
a complete remission (CR) and MRD CD160 positive (168 days, green line) and 
those MRD negative (not yet reached, NYR, blue line) (p=0.01). For those patients 
in a partial remission (PR) there was also a difference - although not statistically 
significant - between time to detection based on CD160 status (CD160+, 92 days 
black line vs 122 days red line, p=0.40).  
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4.3.7.1 Correlation between pre-treatment prognostic indicators and time to 

disease detection (TTD)/Response duration assessed by CD160FCA 

A variety of prognostic markers can predict outcome in patients with CLL. Despite the 

small numbers in this cohort, patients with adverse chromosomal aberrations (17p 

deletion and 11q deletion) detected by fluorescent in situ hybridisation (FISH) had 

shorter response duration (76.5 days) than those with an intermediate risk (Trisomy 12 

and normal karyotype, 304 days, p=0.07) and good risk abnormalities (13q deletion, not 

yet reached, p=0.0003) (Figure 4.29 & Figure 4.30). 

 

In addition to cytogenetic risk stratification, CD38 a protein marker of cell activation 

(Damle et al., 1999) and Beta-2 microglobulin (β2M) (Di Giovanni et al., 1989) are 

independent prognostic risk factors in CLL. CD38 status (CD38+: 123 days vs CD38-: 

168 days, Figure 4.31) was not a significant predictor of outcome in this cohort based 

on CD160FCA MRD detection (p=0.45) (Figure 4.31). Increased serum β2M prior to 

therapy did appear to be a significant marker of prognostication based on response 

duration by CD160FCA MRD analysis (β2M high: 122 days vs β2M normal: not yet 

reached; p=0.04, Figure 4.32).  
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Figure 4.29 Time to detection of MRD using CD160FCA based on cytogenetic 
risk factor grouping.  Those patients with 17pdel and 11qdel were grouped as poor 
risk (red line). Patients with a normal karyotype or an additional copy of 
chromosome 12 were classified as intermediate risk. Those patients with 13qdel 
were classified as good risk. Time to detection based on cytogenetic risk grouping 
had a significant effect on response duration (p<0.01).  
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Figure 4.30 Time to detection by CD160FCA stratified by specific cytogenetic 
risk factors. Median TTD by CD160FCA: 17pdel = 61 days; 11qdel = 107 days; 
13qdel = 228.5 days; trisomy 12 = 304 days (Log-rank (Mantel-Cox) Test: 
p=0.004).  
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Figure 4.31 Kaplan-Meier demonstrating time to detection by CD160FCA 
analysis based on CD38 risk stratification. Median time to detection for CD38 
positive patients was 123 days vs CD38 negative patients 168 days (p=0.445).  
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Figure 4.32 Kaplan-Meier demonstrating time to detection by CD160FCA based 
on serum β2-microglobulin (β2M) risk stratification. Median time to detection β2M 
high = 122 days vs β2M normal = not yet reached (Log-rank (Mantel-Cox) p=0.04).  
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4.3.8  Long-term validation of clinical impact of MRD positivity post therapy 

using CD160FCA 

A separate consecutive cohort of patients post therapy was evaluated for long-term 

retrospective follow-up and to validate the pilot results (n=142 samples, 93 patients). 55 

cases achieved a CR based on NCI guidelines. Of these cases, 8% (11/142 cases) were 

MRD positive based on the CD160FCA and had significantly shorter EFS (defined as 

next therapy, intervention or death) by Kaplan-Meier analysis, than those with a CD160 

negative remission (n=44) (median survival 582 days vs 1825 days, p<0.0001, Figure 

4.33). For patients in PR, there was also a significant difference in EFS between PR-

MRD positive (n=70) and MRD negative (n=10) (median survival 337 and 775.5 days 

respectively, p=0.0251 Figure 4.33).  

Looking at all patients that were MRD negative by the CD160FCA, Kaplan-Meier 

analysis revealed that the median time to convert to MRD positivity was 31.5 months, 

irrespective of therapy (Figure 4.34). This is comparable to the time to conversion to 

MRD positivity reported in a study of Alemtuzumab monotherapy for previously treated 

patients (Moreton et al., 2005).  
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Figure 4.33  Kaplan-Meier plot demonstrating event free survival (Event defined 
as time to next treatment, intervention or death) based on NCI-WG remission 
status and MRD detection by CD160FCA. Median EFS: CR CD160- 62.99 months 
vs CR CD160+ 17.29 months (p<0.01); PR CD160- 25.50 months vs PR CD160+ 
11.08 months (p=0.03).  
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Figure 4.34 Kaplan-Meier demonstrating time to conversion from MRD negative 
to MRD positive based on CD160FCA analysis. Median time for conversion was 
31.46 months. 
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4.3.8.1 Multivariate analysis to determine independent variables predicting event 

free survival. 

All pre-prognostic clinical parameters analysed by univariate analysis, were tested along 

with remission status and MRD positivity by CD160FCA in Cox regression analyses for 

independent significance to predict EFS. Remission status (p=0.015), cytogenetic risk 

factor (p=0.006) and CD160 positivity (p=0.014) remained significant predictors of 

event free survival after backward selection (Table 4.3a). ZAP-70, β2M and CD38 were 

all removed from the equation as deemed not significant (p>0.05, Table 4.3b). 
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Variables in the Equation 

 B SE Wald df Sig. Exp(B) 
Step 1 CD160 .931 .375 6.157 1 .013 2.538 

Cytogenetics .621 .230 7.269 1 .007 1.860 
B2M -.052 .296 .031 1 .861 .949 
CD38 .187 .251 .553 1 .457 1.205 
ZAP .153 .240 .405 1 .525 1.165 
Remission .811 .349 5.402 1 .020 2.250 

Step 2 CD160 .922 .373 6.125 1 .013 2.515 
Cytogenetics .607 .215 7.938 1 .005 1.834 
CD38 .176 .243 .524 1 .469 1.192 
ZAP .150 .240 .393 1 .531 1.162 
Remission .808 .349 5.345 1 .021 2.243 

Step 3 CD160 .922 .375 6.046 1 .014 2.515 
Cytogenetics .590 .213 7.636 1 .006 1.804 
CD38 .242 .217 1.246 1 .264 1.274 
Remission .811 .352 5.305 1 .021 2.251 

Step 4 CD160 .916 .373 6.031 1 .014 2.500 
Cytogenetics .593 .214 7.698 1 .006 1.809 
Remission .849 .350 5.895 1 .015 2.337 

 
Variables not in the Equationa,b,c 

 Score df Sig. 
Step 2 B2M .031 1 .861 
Step 3 B2M .019 1 .890 

ZAP .394 1 .530 
Step 4 B2M .044 1 .834 

CD38 1.251 1 .263 
ZAP 1.162 1 .281 

a. Residual Chi Square = .031 with 1 df Sig. = .861 
b. Residual Chi Square = .424 with 2 df Sig. = .809 
c. Residual Chi Square = 1.695 with 3 df Sig. = .638 
 
 

Table 4.3 Multivariate analysis of the effect of pre-therapy prognostic factors, 
remission status and CD160FCA positivity on PFS. Backward stepwise 
multivariate analysis demonstrating that CD160MRD positivity (p=0.014), 
cytogenetic risk factor (p=0.006) and remission status (p=0.015) are independent 
prognostic indicators of event free survival.  
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4.3.9 Correlation of long-term response duration with known prognostic markers 

Response duration detected by the CD160FCA was correlated against known prognostic 

markers used clinically to predict survival in retrospective analysis of pre-therapy data 

to validate the data observed in 4.3.7 with a larger cohort.  Again, patients with adverse 

cytogenetic abnormalities pre-treatment had a shorter response duration in terms of 

MRD detection by CD160FCA analysis (2.95 months for 17p deletion and 4.01 for 11q 

deletion), compared to patients with trisomy 12 and normal karyotype (8.02 months and 

20.97 months respectively, and those with a favourable prognosis (13q deletion, 25.02 

months) (Figure 4.35). An interesting observation shown in Figure 4.36, demonstrates 

that those patients with a sole bi-allelic 13q deletion abnormality (n=4) had a 

significantly shorter response duration compared to those with a mono-allelic 13q 

deletion (n= 101) (4.98 months vs 25.02 months (p=0.06). The lack of statistical 

significance may be due to the small numbers of patients with sole biallelic 13q deletion 

within this cohort. 

 

Figure 4.35 Kaplan-Meier plot demonstrating time to detection of MRD using 
CD160FCA stratified by cytogenetic risk group for the long-term validation 
cohort. Median time to detection: 17pdel = 2.95 months; 11qdel = 4.01 months; +12 
= 8.02 months; normal karyotype = 20.97 months; 13q de = 25.02 months (Log-
rank Mantel-Cox p<0.01).  
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Figure 4.36 Kaplan-Meier plot of time to detection of MRD by CD160FCA based 
on monoallelic versus biallelic 13q deletion.  Median time to detection: 13qdel = 
25.02 months vs bi13qdel = 4.98 months (p=0.06).  
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In this larger cohort of patients, CD38 positivity did confer shorter response duration as 

determined by the CD160FCA compared to those patients who did not express this 

protein (CD38+: 6.05 months vs CD38-: 21.99 months; p=0.04, Figure 4.37). Likewise, 

β2M prior to treatment was an independent predictor of response duration (β2M high: 

6.05 months vs β2M normal: 28.01 months; p<0.01, Figure 4.38).  

Within this cohort, 27% of patients were assessed for ZAP-70 protein by flow 

cytometry, prior to commencing therapy. Patients who expressed the ZAP-70 had a 

significantly shorter response duration when compared to those who lacked the protein 

(ZAP+: 9.07 months vs ZAP- 24.98 months; p=0.04, Figure 4.39).  When performing 

multivariate analysis, there was a significant correlation between those patients deemed 

in CR but with evidence of residual disease and those patients who were positive for 

ZAP-70 protein expression (p=0.02). 

 

Figure 4.37 Kaplan-Meier demonstrating TTD of MRD by CD160FCA based on 
CD38 risk stratification for long-term validation cohort. Median time to detection 
CD38+ 6.05 months vs CD38- 21.99 months (p=0.04).  
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Figure 4.38 Kaplan-Meier demonstrating time to detection of MRD by 
CD160FCA based on serum β2-microglobulin (β2M) risk stratification for the 
long-term validation cohort. Median time to detection β2M high = 6.05 months; 
β2M normal = 28.01 months (Log-rank (Mantel-Cox) p<0.01).  
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Figure 4.39 Kaplan-Meier demonstrating time to detection of MRD by 
CD160FCA based on ZAP-70 risk stratification for the long-term validation 
cohort. Median time to detection ZAP-70 positive = 9.04 months; ZAP-70 negative 
= 24.98 months (Log-rank (Mantel-Cox) p=0.04).  
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4.4 DISCUSSION  

The introduction of potent combination chemotherapy and chemo-immunotherapy 

regimens for the management of CLL has led to a major paradigm shift from a palliative 

approach to the successful eradication of the disease burden. This change in strategy 

follows the observation that patients who achieve a CR have a prolonged PFS and 

superior overall survival (OS). In addition, those patients who achieve a MRD-negative 

CR have significantly improved PFS and OS compared to those who achieve CR but are 

MRD-positive (Moreton et al., 2005; Del Poeta et al., 2005; Tam et al., 2008; Varghese 

et al., 2010). Consequently, at least in the setting of clinical trials, a further evaluation 

of outcome is included to categorise responses as CR MRD-positive or CR MRD-

negative.  

In chapter 3, it was shown that CD160 is a tumour specific antigen for malignant B-

cells, primarily in CLL, HCL and monoclonal B-cell lymphocytosis with a CLL-

phenotype. Hence, CD160 should be an ideal target for the detection of MRD for 

CD160+ B-LPD. The primary aim of this chapter was to evaluate the CD160FCA 

methodology in the clinical setting for MRD assessment.  

To evaluate this concept, the first task was to perform a MRD simulation assay to assess 

the ability of CD160FCA to detect known levels of MRD. The assay was reproducible 

to a level of one malignant cell in 10,000 normal cells representing a disease burden of 

0.01%. In addition to the simplicity of the CD160FCA, it was not affected by the 

presence of polyclonal B cells and therefore has clear advantages over assays based on 

traditional CD5/CD20 (Jennings and Foon, 1997) and CD5/CD19 methodologies 

combined with LC restriction. These results are comparable to the published 

international standardised approach that also reached a detection threshold of 0.01% 

(Rawstron et al., 2007).   
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The ability to detect the existence of disease in the presence of polyclonal B-cells is 

paramount. This was demonstrated subsequently in a pilot cohort (n=166) where a 

traditional CD5/CD19 (cut-off of ≥20% defining MRD positivity) with immunoglobulin 

LC restriction was used for comparison to CD160FCA. When comparing the two 

methodologies, irrespective of sampling time, there was a significant correlation 

(Spearman rank R=0.83, p<0.0001, regression line gradient 1.62, Figure 4.19). When 

stratifying patients as MRD negative by <20% CD5+CD19+ co-expression, 103/166 

samples fell within this cohort. Thirty-eight percent of these cases had insufficient B-

cell numbers to accurately determine clonality, and disease status was based on 

CD5+CD19+ co-expression alone. In contrast, 53/103 cases (51%) were positive for 

MRD by CD160FCA, with residual disease confirmed by bone marrow trephine 

findings and/or residual lymphadenopathy/organomegaly on imaging. This data 

indicates the superiority of CD160FCA for MRD detection.  

 

The desired endpoint for chemo±immunotherapy is the total eradication of leukaemia, 

but there is still some debate over what material this endpoint should be based upon. 

Recent studies have suggested that PB may be adequate for most non-antibody 

containing regimens (Rawstron et al., 2007); however, the current NCI criteria require 

that formal assessment be based upon bone marrow samples. In this work, 47 cases 

from the pilot cohort were assessed using paired PB and BM samples with CD160FCA 

at three months or longer post-treatment. Concordance between PB and BM was 

demonstrated in 87.23% (0.82 sensitivity and 1.00 specificity, Spearman rank R=0.94 

p<0.0001), and not influenced by the type of treatment regimen (Figure 4.20). 

Discrepant results were PBnegBM+ (n=4) or PB+BMneg (n=2), with no obvious 

influence of a specific therapy (FC n=2, FCR n=3, Alemtuzumab n=1), although the 
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number of cases is small. This data suggests that PB is adequate material for MRD 

detection even when patients have undergone therapy with alemtuzumab and other 

immunotherapy containing regimens.  

 

The next logical extension of this work focused on the utilisation of qualitative 

polymerase chain reaction (PCR). Recently, complex PCR techniques have been 

described in which DNA sequences unique to the patient are identified (Bottcher et al., 

2004). However the requirement for patient specific primers makes the process 

complicated, expensive and labour intensive. To assess CD160 by PCR, initially 

specific primers targeting CD160 were designed for a qualitative assessment. A cohort 

of 52 patients with paired MRD samples was assessed for MRD by CD160FCA and 

RT-PCR. This was performed on purified B-cells separated by magnetic bead sorting as 

described in Chapter 2 – methods section 2.4. 

Within this cohort 69% were MRD positive by the CD160FCA. Qualitative PCR 

analysis demonstrated concordant results with CD160FCA in 94% of cases (Figure 

4.21) and a high correlation between the two assays (Fishers Exact Test p<0.0001, Odds 

Ratio 282). Three discrepant cases were PCR positive and CD160FCA negative. One 

explanation for this potential discrepancy would be NK and T cell contamination of the 

purified B-cell fraction used for PCR. However, PCR using CD2 specific primers - to 

detect potential NK and T cell contamination – was negative in all cases, suggesting that 

PCR for CD160 warrants further study.  

 

With molecular and flow cytometric techniques, plus a wide array of methodologies, to 

detect MRD in CLL, the current “gold standard” can be regarded as the consensus 

international standardised flow cytometric technique (ISA) (Rawstron et al., 2007). This 
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provided the ideal platform to benchmark and validate the CD160FCA against. This 

comparison was performed in four independent centres – two performing the ISA 

routinely for clinical practice; which the CD160FCA was performed in one clinical 

facility and one research laboratory. Furthermore, this design also addressed issues of 

operator variability and the feasibility of integrating the CD160FCA into clinical 

practice. There was a significant correlation between results, both in terms of 

percentage disease expression of total leukocytes (Spearman rank R=0.89), and more so 

in terms of an absolute cell number expressed in 109/L (Spearman rank R=0.90). When 

comparing the results and stratifying patients as MRD positive or negative by both 

methodologies, the CD160FCA had improved specificity, PPV, accuracy and precision 

versus the ISA.  The simple antibody combination and gating strategy of the 

CD160FCA was demonstrated with a strong correlation between the centres (Spearman 

rank R=0.98). Despite this work performed on a small cohort (n=49), a larger multi-

center prospective study is required to validate the CD160FCA, and to determine 

whether it can be used as a stand-alone assay, or if it would be more beneficial to be run 

in conjunction with standard approaches.   

Defining populations using flow cytometry has primarily been based on the percentage 

expression of an antigen against an isotype or internal control. Over the past decade 

work has progressed to increase the definition of subpopulations in CLL based on the 

median and/or mean fluorescence intensity (MFI). The MFI has been extensively used 

to define CD38 expression to generate scoring systems (Morabito et al., 2001) and also 

correlate with other known biological markers such as bcl-2 and ZAP-70 (Sargent et al., 

2009). The MFI of populations has also been used to identify tumour specific antigen 

expression to potentially simplify diagnostic strategies such as the tumor-associated 

antigen receptor tyrosine-kinase orphan receptor 1 (ROR1) (Baskar et al., 2008). With 
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CD160 having a natural weak to moderate Gaussian expression in CLL cells, it was 

expected that the MFI would be too weak to separate those patients with residual 

disease from those who were truly negative. However, it was interesting that the results 

demonstrated a statistically significant separation between the two disease entities 

(MRDpositive = 381.6; MRDnegative = 60.95, p<0.001, Figure 4.25).  

Increasingly, clinical trials are demonstrating that MRD-negative remissions are a 

realistic outcome for patients with CLL and associated with improved survival. Initially, 

18 patients were followed regularly over a period of one year to generate pilot data on 

response duration and where possible correlate with known markers of prognostication. 

Despite small numbers, those patients in CR but MRD CD160 negative had an 

improved response duration over those who were CD160 positive (p=0.01, Figure 4.28). 

Likewise, those patients with poor risk cytogenetics had a shorter response duration as 

determined by the CD160FCA (p<0.01, Figure 4.29).  This was further validated over a 

longer period with a larger patient cohort (N=93) in which 39% of patients achieved a 

CR, and those stratified as CR-MRD negative based on the CD160FCA, had a 

prolonged EFS compared to those with MRD positivity (1825 days vs 582 days, Figure 

4.33). Again the CD160FCA demonstrated a shorter response duration for those patients 

with adverse prognostic indicators. Similar to a study published in 2005 (Moreton et al., 

2005), the median time for MRD negative patients to convert as determined by 

CD160FCA was 27.03 months. For those patients in PR according to the NCI 

guidelines (Hallek et al., 2008), there was also significant difference between PR 

MRDpositive (337 days) and MRDnegative  (nodal disease without PB or BM involvement, 

775 days) cohorts (p= 0.03), Figure 4.33). 

 

Interestingly, in 9 out of the 10 samples post allogeneic stem cell transplant, the 
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CD160FCA was able to detect low level of disease sooner than the consensus ERIC 

ISA methodology (274 days vs 426 days, Figure 4.29). This could be clinically relevant 

as MRD detection post alloSCT would trigger intervention with DLI.  

Achieving a conventional CR as defined by the NCI-WG in patients with CLL (Hallek 

et al., 2008), does not equate to disease negativity. Studies have demonstrated that 

patients achieving a MRD negative response have a prolonged time to treatment (TTT) 

and OS compared to those with residual disease (Moreton et al., 2005). Furthermore, 

MRD positivity, along with cytogenetic status, has very recently been demonstrated to 

be an independent prognostic marker (Bottcher et al., 2012). From the data set in this 

thesis, univariate analysis showed that all the prognostic indicators studied correlated 

with response duration. However, backward multivariate analysis – including remission 

status and MRD positivity - showed that cytogenetics (p<0.01), quality of remission 

status (p=0.02) and CD160 positivity (p=0.01) following therapy are all independent 

prognostic predictors of EFS.  

 

4.5 Summary 

In the B-cell lineage, the specificity of CD160 expression for malignant B-cells makes it 

an ideal candidate marker for the assessment of minimal residual disease in any CD160 

positive chronic B-cell malignancy, including atypical CLL. The CD160FCA is a single 

tube, five-colour assay, which is simpler than both the current flow cytometric gold 

standard ISA methodology and molecular methods for assessing MRD in CLL 

(Rawstron et al., 2007). CD160FCA can be used sequentially during and post treatment 

including chemo-immunotherapy to monitor MRD levels in PB and BM. Reporting 

MRD results with the CD160FCA can be done as the percentage positivity or as 

absolute numbers, but also as the MFI of the residual malignant population.  
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The results have demonstrated that MRD-negative remissions based on CD160FCA, are 

associated with improved response duration, and that response duration was concordant 

with known pre-treatment indicators of prognostication. 
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CHAPTER 5 

 

The function of CD160 in B-cell chronic lymphocytic leukaemia 

recapitulating NK-cell CD160 mediated activation via the PI3K 

pathway 
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5.1 Introduction 

It is clear that the aberrant expression of CD160 in malignant B-cells has a clinical role 

in both the diagnostic and monitoring of minimal residual disease setting. The next 

logical step was to investigate the functional role of the CD160 protein on the malignant 

B-cell. This chapter will demonstrate the initial findings of several functional studies to 

attempt to gain a better understanding of the role of CD160 in malignancy.  

Within normal immune cells, CD160 is triggered upon specific engagement of its 

physiological ligand HLA-C, which leads to a variety of functional effects: cytotoxicity 

and cytokine secretion such as IFN-γ, TNF-α, IL-6 (Barakonyi et al., 2004) and IL-8, 

MIP-1β by circulating NK cells (Le Bouteiller et al., 2011). This has also been observed 

in murine NK-T cells (Maeda et al., 2005). This was demonstrated by the HLA-C 

expressing K562 target cell lines co-cultured with NK92 cells, in which CD160 is the 

only activatory receptor. Upon blocking CD160 or HLA-C within this co-culture 

system, there was a reduction in IL-6, TNF-α, and INF-γ (Barakonyi et al., 2004). 

CD160 mediated cytokine release is negatively regulated by CD158b. Cross-linking 

both CD160 and CD158b inhibitory receptor led to significant decreased in INF-γ and 

IL-6 production by the NK-cells (Barakonyi et al., 2004). Until recently, these observed 

immune responses to CD160 ligation or specific engagement were driven through an 

undefined signalling pathway.  

A key event for any intracellular signal to produce an immunological output, is that 

protein tyrosine must first phosphorylate in order for the transduction to occur (Stewart 

et al., 2006). Within PB NK cells, a signalling cascade following CD160 stimulation has 

recently been elucidated that results in an increase in tyrosine phosphorylation as 

compared to both an unstimulated or isotype control (Rabot et al., 2007). Furthermore, 

the recruitment and co-localisation of phosphorylated tyrosines such as Akt following 
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CD160 stimulation were mediated via the phosphatidylinositol 3-kinase (P13K) 

signalling pathway (Rabot et al., 2007). 

The Phosphoinositide-3 kinases are a family of enzymes with similar biological 

structures, which are subdivided into three classes based on substrate specificity – class 

I, class II and class III (Okkenhaug and Vanhaesebroeck, 2003). The class I PI3Ks have 

a similar structure made up of a 110kDa catalytic subunit and a regulatory subunit 

(Vanhaesebroeck et al., 2001), which are involved in signaling by antigen, co-

stimulatory and cytokine receptors (Okkenhaug and Vanhaesebroeck, 2003). The 

primary function of class I PI3Ks are quite diverse, in that they generate cellular 

signaling leading to increased cellular growth, proliferation, metabolism and survival, 

induced by the phosphorylation of the D3 position of the inositol ring of 

phosphoinositides. (Stephens et al., 1993; Fruman et al., 1998). There are four class I 

PI3K isoenzyme catalytic p110 subunits (p110α, p110β, p110γ and p110δ) each coded 

by separate genes (Vanhaesebroeck et al., 2001), bound to one of 5 distinct p85 

regulatory subunits encoded by three PIK3R regulatory genes (p85α, p85β, p55α, p50α 

and p55γ) (Okkenhaug and Vanhaesebroeck, 2003). These p85 isoforms result as a 

consequence of splice variants, in which each one can associate with any of the four 

p110 catalytic isoforms.  The class I subunits are further subdivided into Class 1a and 

1b based on sequence similarity, structural and functional differences. The alpha, beta 

and delta subunits are Class 1a and activated by tyrosine kinase associated receptors 

(Okkenhaug and Vanhaesebroeck, 2003). The p110 gamma subunit and p101 regulatory 

subunit are type 1b and each encoded by a single gene (Fruman et al., 1998). The p110γ 

is activated by the adaptor protein Gβγ, following stimulation of G protein-coupled 

receptors (GPCRs) (Naccache et al., 2000).  

The p110α and p110β catalytic subunits are ubiquitously expressed in a broad range of 



Chapter 5 
	  

	   	   276    

cells and tissues. The alpha subunit has a primary physiological role in angiogenesis 

(Graupera et al., 2008) and insulin signaling (Knight et al., 2006). The p110β subunit is 

the dominant PI3K-isoform in regulating platelet activation, by enhancing the signaling 

function of platelet αIIbβ3 (GPIIb-IIIa) leading to the stability of the platelet adhesion 

(Jackson et al., 2005). The p110α and p110β both interact with SH2/SH3-domain p85 

adaptor proteins and with GTP-Ras (Rodriguez-Viciana et al., 1994; Rodriguez-Viciana 

et al., 1996), which in turn bind tyrosine residues, linking to the tyrosine kinase 

signaling cascade. (Vanhaesebroeck et al., 1997a) 

The p110δ and p110γ are primarily expressed in leukocytes with the proposition that 

they are involved in immune function and signaling and also play a role in 

inflammation. Again, p110δ is similar to the alpha and beta in regards to its broad 

phosphoinositide lipid substrate specificity and interacts with SH2/3 domain p85 

adaptor proteins, however the p110δ is also capable of intrinsic autophosphorylation 

and does not phosphorylate the p85 regulatory subunit (Vanhaesebroeck et al., 1997b). 

More recently, the p110δ subunit has been shown to play a critical role in NK cell 

development and effector functions such as cytokine generation (Guo et al., 2008).   

Like class 1a subunits, p110γ is located in the cytosol but its activity is regulated 

through GPCRs (Stephens et al., 1997; Knight and Shokat, 2007), with its physiological 

function in the regulation of chemotaxis. The regulatory p101 unit recruits p110γ in a 

similar fashion to the way in which p85 recruits p110α, β and δ.  

The PI3Ks play a pivotal role in regulating both B and T cell receptor mediated 

signaling (Fruman et al., 1999; Suzuki et al., 1999). The primary function of class I 

PI3K is carried out within the plasma membrane to phosphorylate phosphatidylinositol-

(4,5)-bisphosphate (PIP2) to become phosphatidylinositol-(3,4,5)-triphosphate (PIP3) 

(Vanhaesebroeck et al., 2001).  
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The conversion to PIP3 causes it to be translocated to the cellular membrane (Franke et 

al., 1997), where it regulates the protein kinase Akt and the mammalian target of 

rapamycin (mTOR) (Figure 5.1) (Engelman et al., 2006; Hay, 2005). In order for this 

process to activate Akt, it requires the direct binding of effector phosphoinositides to the 

pleckstrin homology (PH) domain with specificity for Akt, and the binding of PI3K-

generated phospholipids to Akt (Franke et al., 1997). 

Activation of the PI3K/Akt axis can occur in response to a variety of extracellular 

growth factors or engagement of surface receptors, mediating cellular proliferation, 

differentiation metabolism and survival (Okkenhaug and Vanhaesebroeck, 2003). 

 

 

 

Figure 5.1 PI3K signaling. Reproduced from Rommel C, Camps M, Ji H. (2007) 
PI3K delta and PI3K gamma: partners in crime in inflammation in rheumatoid 
arthritis and beyond? Nat. Rev. Immunol. Vol 7, 191–201. 
 

 

 

A dysregulation of the PI3K pathway and its downstream signaling such as Akt and 

mTOR axis, has been demonstrated in a number of haematological malignancies 

(Witzig and Kaufmann, 2006). 
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The PI3K pathway has a key role in the anti-apoptotic mechanisms in CLL as shown by 

transfection of primary cells with constitutively active Akt (Longo et al., 2008). 

Furthermore, specific inhibition of the p110α subunit of the PI3K class I isoform 

appears to be a therapeutic target in CLL (Niedermeier et al., 2009). 

The aberrant expression of CD160 in malignant B-cells may play a role in the 

pathophysiological process, rather than simply being a marker of malignant 

transformation. It has been previously demonstrated that both IL-6 and IL-8 have been 

produced following activation of CLL cells (Biondi et al., 1989; Allen et al., 2011; di 

Celle et al., 1994). With this in mind, and the PI3-kinases being one of the most 

commonly activated signalling pathways in human malignancies, it is an ideal candidate 

to study in the context of CD160 function in chronic B-cell malignancies.  

 

5.1.1 AIMS 

To determine the function of CD160 in chronic B-cells malignancies, specifically CLL 

upon specific stimulation.  
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5.2 METHODS 

5.2.1 Isolation of CD19+ B-cells 

The methodology for cell isolation and separation by MACS technology can be found in 

Chapter 2 – methods section 2.4. 

 

5.2.2 Cell Viability 

The methodology for assessing cellular viability can be found in Chapter 2 – methods 

section 2.3.7. 

 

5.2.3 Cell cycle assessment by Flow Cytometry 

The methodology for assessing cell cycle can be found in Chapter 2 – methods section 

2.3.8.1. 

 

5.2.4 Cell Proliferation (Ki67) 

The methodology for assessing cellular proliferation can be found in Chapter 2 – 

methods section 2.3.8.2. 

 

5.2.5 Cytokine and Chemokine assessment by cytometric bead array (CBA) 

The methodology for assessing both cytokine and chemokine secretion by cytometric 

bead array (BD Biosciences) can be found in Chapter 2 – methods section 2.3.9. 
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5.2.6 Confocal Microscopy for fluorescent detection of CD160 & PI3K 

The methodology for the assessment of co-localisation of CD160 and PI3K can be 

found in Chapter 2 – methods section 2.8. The CD160 antibody (BY55, kindly donated 

by Prof. Armand Bensussan, INSERM, France) was used at a dilution range of 1:50 to 

1:100. The PI3-kinase p110 (D-4) antibody (sc-8010, Insight Biotechnology) was used 

at a dilution range of 1:50 to 1:250. 

 

5.2.7 Tissue Culture for the assessment of biological function of CD160. 

The methodology, reagents, antibodies and specific inhibitors used for assessing the 

biological function can be found in Chapter 2 – methods section 2.6. Cell concentration 

was calculated as detailed in methods 2.3.3. Cell concentrations were detailed as per 

experiment in the results section. The majority of experiments carried out in a 96-well 

plate were 5 x 105 cells in 100µl of complete RPMI 1640 containing 10% fetal calf 

serum, 2mM L-glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin 

(Invitrogen Ltd, UK). 

 

5.2.8 Cytochrome C detection 

The methodology for determining cytochrome-C concentration can be found in Chapter 

2 – methods section 2.7. 

 

5.2.9 Western Blotting  

The reagents and methodology for undertaking western blotting analysis is detailed in 

Chapter 2 – methods section 2.8. Dr Fengting Liu and myself performed this work.  
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5.2.10 CD160- stimulated cells for Western Blotting for Akt activation 

Primary CLL cells were starved in serum-free RPMI-1640 medium overnight. Cells, or 

starved cells, were then treated with or without 1µM wortmannin (Sigma) for 30 

minutes at 37°C and washed with PBS for three times. After resuspending in serum-free 

medium, cells were incubated with 10 µg/ml anti-CD-160 antibody (BY55) up to 60 

minutes at 37°C. Samples were collected for western blotting. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5 
	  

	   	   282    

5.3 RESULTS  

5.3.1 Specific engagement of CD160 protects malignant cells from apoptosis 

To ascertain the direct effect of CD160 stimulation of CLL cells on cell viability, 

primary CLL cells were cultured with different anti-CD160 mAbs, CL1-R2 (10µg/ml) 

from the TM60 hybridoma, or the BY55 mAb (10µg/ml) both produced and kindly 

donated by Dr Armand Bensussan (INSERM, France). The stimulation of CD160 by 

mAb on the CLL surface significantly increased cell survival when cultured over an 18 

hour period as determined by flow cytometry for the binding of Annexin V and 

propidium iodide (PI) (n=43) (Figure 5.2). Both antibodies demonstrated a significant 

increase in cell viability, increasing from a mean cell viability of 67% to 81% with the 

BY55 mAb and 75% with the CL1-R2.  This effect was still observed 48 hours later 

with a mean increase in cell viability from 36% to 57% following incubation with BY55 

mAb (Figure 5.3).  
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Figure 5.2 Representative analyses of annexin V/PI expression in CLL cells 
(4x106/mL) to determine the mean cell viability (mean ±SEM) by flow cytometry 
after 18 hours, in culture with mAb BY55 and CL1-R2 (N=43).  
(A) control CLL cells cultured alone (67% ± 2.559),  (B) CLL cells cultured with BY55 
at 10µg/ml (82% ± 1.531). (C) CLL cells cultured with BY55 and CL1-R2 at 10µg/ml 
(75% ±2.695) *p<0.01, **p<0.01. 
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Figure 5.3 Analyses of annexin V/PI expression in CLL cells (4x106/mL ± BY55 
mAb at 10µg/ml) to determine cell viability by flow cytometry (n=6) at different 
time points. Cell viability was significantly increased at both 24 hours: 61% to 
84% (*p=0.0059) and 48 hours: 36% to 57% (**p=0.0245). 
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The apparent cytoprotection from spontaneous apoptosis of CLL cells by anti-CD160 

mAbs was also observed over a 5-day culture, with a significant improvement in cell 

survival compared to cells incubated without CD160 mAb (Figure 5.4, t-test: 

p=0.0045). A 2-way ANOVA was performed to assess the source of variation between 

time and treatment. This was to ensure that time was not just the responsible factor for 

the differences in the cell survival curves. The effect of treatment at the varying time-

points was considered very significant (p=0.0043). The effect of treatment was also 

highly significant (p=0.0034). After adjustment for matching, if treatment had no effect 

overall, there would be a 0.34% chance of randomly observing an effect this big or 

greater.  
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Figure 5.4 Cell viability over time. CLL cells (4x106/mL) were treated with or 
without 10µg/mL anti-CD160 (CL1-R2) for up to 5 days. Data shown are mean ± 
SEM from  4 independent experiments (p=0.0034).  
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5.3.2 CD160 stimulation enhances a shift in cell cycle of CLL cells from G0/G1 

phase  

The effect of CD160 stimulation on the cell cycle was investigated using both the MEC-

1 B-cell line and primary isolated CLL cells cultured in vitro with CL1-R2 anti-CD160 

antibody (10 µg/ml) for 24 and 48 hours. An isotype-Ig and a pan-(anti-Ig-G,M,A) 

monoclonal antibody were used as controls (10 µg/ml). Primary samples from CLL 

patients were assessed by propidium iodide-staining and FlowJo® software (Tree Star, 

Ashland Inc., OR, USA) to determine the percentage of CLL cells remaining in G0 

phase of the cell cycle (Figure 5.5a). Cells incubated with anti-CD160 antibody 

demonstrated fewer cells in the G0/G1 phase suggesting a shift in the cell cycle (Figure 

5.5b). This was based on 15 patient samples, in which there was a significant decrease 

in the number of cells in G0/G1 phase from 91.21% (SEM ±1.496) to 81.43% (SEM 

±1.243) (p<0.001, Figure 5.5c).  
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5.5 (A) FACS cell cycle analysis of CLL patient showing that 98% of CLL cells are 
in G0. (B) FACS cell cycle analysis of CLL patient following CD160 stimulation 
reduced the number of cells in G0 (94%). (C) T-test of CD19 un-stimulated CLL 
cells (left) and CD19 CLL cells (right) stimulated with CD160. *p<0.001. 
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When the MEC-1 B-cell line (105/ml) was incubated with either anti-CD160 antibody, 

the absolute cell number was significantly increased compared to the isotype control, 

which was normalised to a level of 100 percent (*p=0.023, Figure 5.6).  

 

 

 

 

 

Figure 5.6 MEC-I cells (105/mL) were cultured with isotype control (IgM) or anti-
CD160 (BY55) mAb. Results are normalized and expressed as a percentage of 
basal cell growth taking the isotype control as 100 percent. *p=0.023, 134.5% 
(SEM ±12.60).   
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To evaluate any shift in cell cycle in primary CLL cells, Ki-67 nuclear protein analysis 

was performed by flow cytometry as described in Chapter 2 – Methods 2.3.8.2. Ki-67 

protein is absent from cells in the G0 phase, but present during active phases of the cell 

cycle. The expression of Ki-67 correlates with cell proliferation. Material from a patient 

with Burkitts lymphoma was used as a positive control to ensure the assay functioned 

successfully with each analysis. Approximately 90% of the Burkitt’s lymphoma cells 

were positive for Ki67 (Figure 5.7).  

When CLL cells were cultured with anti-CD160 mAb or isotype control, the MFI and 

percentage of Ki67 positive cells was significantly greater in cells incubated with anti-

CD160 mAb (Mean MFI: 385.1 (±51.40) and 261.7 (±62.19) respectively (p=0.0012, 

figure 5.8A) and 4.21% (±0.95) and 0.65% (±0.65) respectively, p=0.0062, figure 

5.8B).  

 

 

Figure 5.7  Positive control for Ki-67 analysis for proliferating cells.  
(A) shows the CD19+ Burkitts Lymphoma cells incubated with the isotype control 
(Mouse anti-human IgG1 FITC, Dako). (B) shows the malignant population is 
highly proliferative with a Ki-67 expression of 89%.  
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Figure 5.8 Ki67 levels on unstimulated CLL cells (control) and following CD160 
stimulation. (A) MFI of Ki67 expression in unstimulated and stimulated CLL cells 
(*p<0.01); (B) Percentage of Ki67 expression in unstimulated and stimulated CLL 
cells (**p=0.01). 
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5.3.3 CD160 protection against apoptosis is enhanced within the CLL 

microenvironment 

There is increasing evidence to suggest that an interaction between cancer cells and 

their microenvironment promotes cell growth, differentiation and ultimately cell 

survival (Burger et al., 2000; Kurtova et al., 2009).  

Experiments were setup to determine if CD160 treatment increased cell viability as a 

direct result of the microenvironment interaction or through a direct effect on the CLL 

cell itself. To assess the interaction, whole bone marrow was used as a simple validated 

model for the “immune” microenvironment (Panayiotidis et al., 1996; Dalton et al., 

2004), consisting of potential tumour associated macrophages and nurse-like cells, from 

which purified CD19+ (CLL) fraction was extracted where required. 

Whole bone marrow from patients (n=5) with a high count CLL (>60x109/L) had 

significantly higher cell viability as assessed by Annexin V/PI staining, when incubated 

with anti-CD160 antibody for 24 hours (p=0.0274, Figure 5.9).  

CLL B-cells were isolated using Magnetic Affinity Cell Sorting (MACS®) double pass 

technology (Miltenyi Biotech), after 24 hours the purified B-cells had significantly 

reduced cell viability compared to the whole BM control when additionally gating on 

CD20+ B-cells (64.36% and 73.18 respectively, p<0.001). The cell viability gating on 

CD20 events of these purified CD19+ cells was enhanced when incubated with the anti-

CD160 antibody from 64.36% to 77.68% (p=0.03), suggesting CD160 has a direct 

effect on cell viability.  

When incubating CD19 purified cells for 6 hours, then adding their CD19 negative 

unselected fraction enriched in immune cells back to the incubation, there was an 

increase in CLL viability from 64.36% to 72% when gating on CD20 positive cells. 

Despite an increase in viability, there was no significant difference observed when 
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assessing Annexin-V and PI dual negativity on CD20 gated cells. 

However, the increase in viability observed in purified CD19+ cells with CD160 

treatment (77.68%) was further enhanced when the CD19 negative “immune” fraction 

was added to 84.14% (p=0.03).  This indicates that CD160 has both a direct and 

potential indirect effect on CLL cell survival, which will be explored further. 

 

Figure 5.9 Analysis of cellular viability (Dual Annexin V-/PI-) of CLL cells (CD20 
gated) from CD19 isolated cells from whole bone marrow (WB) samples (n=5). 
CD160 stimulation increases CLL viability. This observation is enhanced when 
adding the CD19 negative “immune cell” fraction. *p=0.03, **p=0.03, ***p=0.02, 
****p<0.01, *****p=0.01, ******p=0.03, *******p=0.02. 
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5.3.4 CD160 exhibits a direct effect on anti-apoptotic protein upregulation in 

CLL cells.  

The increase in cell survival observed in CD19 selected, CD160 treated cells highlights 

a potential direct effect of CD160 on the CLL cell without additional environmental 

factors. When examining the level of intra-mitochondrial cytochrome-C, those cells 

treated with anti-CD160 had higher levels than those cells cultured in isolation, 

although this was not statistically significant (Figure 5.10, p=0.06, n=6). This retention 

of cytochrome-C could partly be due to a change in the balance of Bcl-2 family proteins 

favouring an anti-apoptotic effect. Indeed western blot analysis confirmed that CD160 

treated CLL cells had increased Bcl-2 protein expression and a decrease in Bax (Figures 

5.11A & B). When performing densitometry (ImageJ software) CD160 stimulation 

resulted in a significant increase in Bcl-2 to Bax ratio (p=0.02, Figure 5.11C). 

Figure 5.10 Cytochrome C levels within CLL cells. Mitochondrial cytochrome C- 
detected by selective permeabilisation of the plasma membrane, whilst 
Cytochrome-C remains in cells with intact mitochondria. Cells with intact 
mitochondria have a high fluorescence when stained with anti-cytochrome c-
conjugated to PE monoclonal antibody (6H2: sc-13561, Santa Cruz Biotechnology 
Inc.). *p=0.06. Protocol based on Waterhouse and Trapani, Cell Death Differ. 2003 
– Described in Chapter 2 Methods Section 2.7. 
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Figure 5.11 Western Blot analysis demonstrating increased Bcl-2 protein and 
decreased Bax protein expression in CLL cells following stimulation with anti-
CD160 antibody. (A) Increase in Bcl-2 and decrease in Bax proteins following 
stimulation with anti-CD160 up to 4 hours. (B) Up to 16 hours. (C) Bcl-2:Bax ratio 
based on optical density *p=0.02.  
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5.3.5 CD160 stimulation of CLL cells triggers both cytokine and chemokine 

secretion 

In normal NK cells, CD160 stimulation leads to cytokine secretion – a unique profile of 

INF-γ, TNF-α and IL-6 (Barakonyi et al., 2004). The cytokine and chemokine profile 

following CD160 stimulation of CLL cells with anti-CD160 mAb was evaluated. 

Primary CLL cells (5x105) were incubated in culture medium (100µl) in a 96-well plate 

with either isotype control, Pan-Ig antibody control (anti-IgG,M,A) or CD160 antibody 

(at 10µg/ml) for 16-18 hours at 37°C in 5% CO2. Using the culture supernatant, the 

simultaneous assessment of IL-2, IL-4, IL-6, IL-8, IL-10, TNF-α, INF-γ, VEGF, CCL2, 

CCL5, CXCR9 and CXCR10 was performed using the human Cytokine Bead Array 

(CBA) Flex kit (BD Biosciences) and measured on a BD FACSCanto (see methods 

2.3.9 to 2.3.11). To calculate the total cytokine concentration, the mean fluorescence 

was extrapolated from a standard curve of known cytokine concentrations (pg/ml) 

(Figure 5.12 to 5.14) and calculated using the BD FCAP Array software (BD 

Biosciences).  
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Figure 5.12 Cytokine standards generated using BD Th1/Th2 CBA Kit (BD 
Biosciences). 
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Figure 5.13 (A) Heat map of Th1/Th2 Cytokine standards. (B) Heat map of 
Chemokine standards. 

A 

B 
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Figure 5.14 Chemokine standards generated using the BD Chemokine CBA Kit 
(BD Biosciences). 
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CLL cells cultured with anti-CD160 mAb showed no significant increase in IL-2 versus 

the Ig-control (n=15, 3.22 vs 3.09 pg/ml; p=0.57, Figure 5.15). Similarly, IL-4 levels 

were not increased from anti-CD160 mAb treated CLL cells versus control (2.99 pg/ml 

and 3.14 pg/ml respectively, p=0.82, Figure 5.16). 

 

 
Figure 5.15  (above) Quantification of IL-2 following CD160 stimulation. *p=0.57 
 
 
 
 
 

Figure 5.16 (above) Quantification of IL-4 following CD160 stimulation. *p=0.82 
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IL-6 levels were significantly increased following CD160 stimulation (mean 2259 

pg/ml) compared to the control in the 15 primary patient samples (7.17 pg/ml) (p=0.02, 

Figure 5.17A). Similar to IL-6, IL-8 levels were significantly increased following 

CD160 stimulation (mean 6424 pg/ml) compared to the control samples (p=0.01, Figure 

5.17B). 

The TH2-type cytokine IL-10 production was also significantly increased (16.17 pg/ml) 

compared to the Ig-control (6.22 pg/ml) (p=0.0298, Figure 5.17C). Although TNF-α 

and IFN-γ secretion were both raised following stimulation with anti-CD160 mAb 

(24.86 pg/ml (p=0.16) and 17.20 pg/ml (p=0.12) respectively), there was no significant 

differences from their control conditions (4.78 pg/ml and 9.87 pg/ml) (Figures 5.18 

A&B). 
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Figure 5.17 Quantification of cytokine secretion following Ig Control versus 
CD160 stimulation for IL-6, IL-8 & Il-10. (A) IL-6: *p=0.02; (B) IL-8: **p=<0.01; 
(C) IL-10: ***p=0.03 
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Figure 5.18 Quantification of cytokine secretion following Ig Control versus 
CD160 stimulation for TNF-α & INF-γ. (A) TNF-α: *p=0.16 (B) INF-γ: **p=0.13. 
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There was the significant increase in both CCL2 (813.3 pg/ml, p<0.01, Figure 5.19A) 

and to a lesser extent CCL5 (68.10 pg/ml, p<0.01, Figure 5.19B) chemokine secretion 

following CD160 stimulation compared to the Ig Control. 

 

Figure 5.19 Quantification of chemokine secretion following Ig Control versus 
CD160 stimulation for CCL2 & CCL5. (A) CCL2: *p=<0.01 (B) CCL5: 
**p=<0.001. 
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When assessing for CXCL9 production, there was no statistical significance for 

increased secretion following stimulation (1.86 pg/ml vs 1.61pg/ml, p=0.06, Figure 

5.20A). Similarly, there was no significant increase in CXCL10 production with CD160 

stimulation (2.26 pg/ml vs 1.86pg/ml, p=0.12, Figure 5.20B). 

 

Figure 5.20 Quantification of chemokine secretion following Ig Control versus 
CD160 stimulation for CXCL9 & CXCL10. (A) CXCL9: *p=0.06 Not significant; 
(B): CXCL10 **p=0.12 Not significant. 
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The only cytokines that were consistently present pre-stimulation were IL-6 and IL-8. 

For this reason, IL-6 and IL-8 cytokine secretion were further evaluated in an additional 

10 patients after CD160 or BCR activation. Cells were seeded (5 x 105) in 100µl of 

medium with the isotype control and either anti-CD160 (CL1-R2) or Pan-Ig antibody 

(anti-IgG,M,A). Both BCR and CD160 stimulation produced elevated IL-6 and IL-8 

secretion, however CD160 stimulation produced a greater effect on both (Figure 5.21 & 

Table 5.1).  

 

Figure 5.21 (above) BCR versus CD160 stimulation on IL-6 and IL-8 secretion by 
CLL cells (N=10). IL-6 control is 10pg/ml. 

 

Table 5.1 (above): Median secretion (& range) of cytokines in pg/mL for Ig 
control, CD160 (CL1-R2) and Pan-Ig stimulation (N=10). 
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To assess the impact of the microenvironment on cytokine and chemokine secretion, the 

supernatant was collected and frozen from the viability experiment performed in section 

5.3.3. All high-count samples stimulated with anti-CD160 demonstrated increased IL-6, 

IL-8, CCL2 and CCL5 production, and small increases in TNF-α and INF-γ. The CD19 

selected bone marrow cells and CD160 stimulation, provides evidence that the CLL 

cells themselves are secreting cytokines. This effect was enhanced when the isolated 

CD19+ CLL cells were stimulated with anti-CD160 and then co-cultured with the CD19 

negative fraction (light blue), suggesting that the microenvironment may provide a key 

supporting role in CLL cytokine / chemokine production (Figure 5.22).   
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Figure 5.22 Impact of microenvironment on CD160 mediated CLL cytokine 
release for one patient. 
Cytokine profiling example from one typical CLL patient showing an increase in IL-6, 
IL-8, CCL2 and CCL5 expression when stimulating CD19 isolated CLL cells with anti-
CD160 mAb (green bars) compared to isolated CLL cells alone (red bars). The 
expression was enhanced when the CD19 negative fraction was re-introduced following 
CD160 stimulation (blue bars).  
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5.3.6 CD160 functions through the PI3K signalling pathway in B-cell 

malignancies 

Following CD160 receptor stimulation in normal NK-cells, the PI3K pathway plays a 

key role in signal transduction (Rabot et al., 2007). This was investigated in CLL cells 

and, utilising confocal microscopy and immunofluorescence, it was found that CD160 

was uniformly and weakly expressed over the surface of the CLL cells (Figures 5.23A 

& 5.24A). When the staining was performed at room temperature, CD160 appeared 

capped at the surface (Figure 5.23A & 5.23C). For this reason all subsequent staining 

was carried out at 4°C. The expression of PI3K demonstrated a stronger staining 

intensity (Figure 5.24B), which, when merged, demonstrated areas of co-localisation 

with CD160 (Figure 5.24C & 5.25C).  When counterstaining with the blue-fluorescent 

4’-6-Diamidino-2-phenylindole (DAPI) nucleic acid dye, the typical nuclei of CLL cells 

could be easily identified (Figures 5.24D & 5.25D), and confirming that CD160 is not 

located in the nucleus.  The co-localisation of CD160 and PI3K was visually enhanced 

by generating a Z-axis profile plot using the ImageJ software platform based on 

intensity of expression (Figure 5.25E to G - ImageJ: Rasband, W.S., ImageJ, U.S. NIH, 

Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 2012).  

 

 

 

 

 

 

 

 



Chapter 5 
	  

	   	   310    

 

 

 

 

Figure 5.23 Confocal images of CLL cells labelled at room temperature with (a) 
CD160 RPE, (b) DAPI (c) CD160/DAPI merge. 
 

 

  

 

 

 

 

 

Figure 5.24 Confocal images of CLL cells labelled with: (a) CD160 RPE, (b) PI3K, 
(c) CD160/PI3K merge, (d) Merge with DAPI 
 

 

 

 

 

 

 

A B C 

A B C D 



Chapter 5 
	  

	   	   311    

 

 

Figure 5.25 (A) CD160 staining; (B) PI3K staining; (C) CD160/PI3K merge; (D) 
Merge with DAPI nuclear staining; (E-F) ImageJ 3-dimentional intensity view; (G) 
Z-stack 3D intensity view demonstrating areas of co-localisation (orange/yellow). 
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To further investigate the interaction between CD160 and PI3K on CLL cell function, 

the pharmacological pan-PI3K inhibitors Wortmannin and 2-(4-morpholinyl)-8-phenyl-

4H-1-benzopyran-4-1 (LY294002) were used prior to CD160 stimulation.   

In 15 primary CLL samples, CD160 stimulation again increased cell viability (84.32% 

±2.40) compared to the unstimulated cells as a control (76.51% ±1.94) (p=0.02, Figure 

5.26). Pre-incubation with wortmannin significantly reduced the improved cell viability 

mediated by CD160 stimulation (77.80% ±1.78; p=0.02, Figure 5.26). Increasing the 

dose of wortmannin from 1µM to 2µM prior to CD160 stimulation, demonstrated a 

dose-dependent reduction in cell viability to 73.79% (±0.71) (Figure 5.27, p<0.01).  
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Figure 5.26 Anti-CD160 induced cell viability is mediated through PI3K. Cells 
were pre-incubated with wortmannin for 1 hour prior to CD160 stimulation. Cell 
viability as assayed by dual annexin V/PI double negative staining for viable cells. 
*p=0.03, **p<0.01, ***p=0.01, ****p=0.02, *****p=0.02 
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Figure 5.27  Anti-CD160 induced cell viability is mediated through PI3K in a 
dose dependent mechanism, demonstrated by pre-incubation with Wortmannin 
inhibition for one hour prior to CD160 stimulation. Cell viability as assayed by 
dual annexin V/PI double negative staining for viable cells. *p<0.01, **p<0.01, 
***p=0.01, ****p<0.01. 
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Pre-incubation of CLL cells with LY294002 prior to CD160 stimulation, abrogated 

CD160 stimulated cell viability (Figure 5.28). This also demonstrated a similar dose-

dependent blocking effect to Wortmannin for concentrations from 10µM (73.78% 

±1.27) to 20µM (66.32% ±0.98) (Figure 5.28 & 5.29).  

To definitively show that the survival effect of CD160 activation acts largely through 

the antiapoptotic signaling PI3K/Akt pathway, western blot analysis was performed. 

Figure 5.30 shows increased phosphorylated-Akt following CD160 stimulation, which 

was significantly reduced when pre-incubating with Wortmannin. The inability of 

Wortmannin or LY294002 to completely block the CD160 signal suggests incomplete 

blockade of the PI3K/Akt pathway and/or involvement of other pathways in CD160-

mediated signaling. 
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Figure 5.28 Anti-CD160 induced cell viability is mediated through PI3K in a dose 
dependent mechanism, demonstrated by pre-LY294002 inhibition for one hour 
prior to CD160 stimulation. Cell viability as assayed by dual annexin V/PI double 
negative staining for viable cells. *p=0.01, **p=0.03, ***p=0.01, ****p<0.01, 
*****p<0.01, ******p<0.01, *******p<0.01. 
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Figure 5.29 Flow cytometric analysis of dual Annexin V (FITC) and PI (PE) 
staining for viable CLL cells following inhibition of PI3K for 1 hour then 
stimulating with anti-CD160 mAb. (A) Un-stimulated CLL control stained with 
Annexin V and PI. (B) CD160 stimulated CLL cells. (C) CLL cells pre-incubated 
with 1µM Wortmannin for 1 hour then stimulated with anti-CD160. (D) CLL cells 
pre-incubated with 2µM Wortmannin for 1 hour then stimulated with anti-CD160. 
(E) CLL cells pre-incubated with 10µM LY294002 for 1 hour then stimulated with 
anti-CD160. (F) CLL cells pre-incubated with 20µM LY294002 for 1 hour then 
stimulated with anti-CD160.  
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Figure 5.30 Western Blot analysis for p-AKT protein ± pre-incubation with 
Wortmannin (1 hour) followed by anti-CD160 treatment. (A) Western Blot 
analysis and densitometry peaks for p-AKT (ser 473), AKT and β-actin. (B) p-
AKT OD results for each condition showing CD160 stimulation increasing p-AKT 
expression, then inhibited by Wortmannin (iPI3K), *p=0.02, **p=0.03.   
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5.3.6.1  CD160 cell cycle effects in CLL cells are mediated through the PI3K 

pathway. 

The observation that anti-CD160 mAb induced a shift in cell cycle within CLL cells 

(Figure 5.8) was subsequently found to be mediated via the PI3K pathway. Using Ki67 

analysis to better define the cell cycle progression than PI staining, CD160 stimulation 

was found to increased the Ki67 MFI of CD19+ CLL cells from a control level 227 

(±SEM: 6) to a stimulated level of 436 (±77) (Figure 5.31).  

There was a dose dependent reduction in the CD160-mediated upregulation of Ki67 

expression of the live lymphocyte gate, following inhibition with LY294002 at 10µM 

(342 ±48, p=0.02) and 20µM (232 ±21, p=0.01) (Figure 5.31), suggesting that the 

CD160 mediated cell cycle progression of CLL cells is dependent on PI3K recruitment.  

 

 

Figure 5.31  PI3K inhibition of CLL cells with LY294002 inhibits CD160 induced 
Ki67 expression in a dose dependent manner. IgG = immunoglobulin control; MFI 
= median fluorescence intensity. *p=0.02, **p=0.01. Data represented as the Mean 
(±SEM).  
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5.3.6.2  CLL cytokine secretion mediated by CD160 is PI3K dependent 

With the activation of CD160 on CLL cells triggering a unique cytokine profile, 

including significant increases in IL-6, IL-8, IL-10, it was of interest to see if this was 

mediated through the PI3K pathway as shown for normal NK cells.  

Pre-incubation with the PI3K inhibitor LY294002 followed by crosslinking of CD160, 

led to a significant decrease in the production of IL-6, IL-8, IL-10, INF-γ, CCL2 and 

CCL5 over CD160 stimulation alone (N=12).  

Table 5.2 shows that these reductions were also dose dependent, while figures 5.32, 

5.33 and 5.34 also show the data for each cytokine and chemokine in relation to the Ig 

control. Of note, IL-10, CCL2 and CCL5 secretion returned to basal control level 

following incubation with LY294002 (Figure 5.32d).  
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 CD160 (10µg/ml) 
 

Median pg/ml 
(range) 

CD160 (10µg/ml) 
and LY294002 10µM 

Median pg/ml 
(range) 

CD160 (10µg/ml) 
and LY294002 20µM 

Median pg/ml 
(range) 

IL-2 3.260 
(2.10-4.07) 

 

2.205 
(1.42-3.81) 

p=0.077 

2.075 
(0-6.510) 
p=0.276 

IL-4 3.140 
(0.0-9.140) 

3.535 
(1.55-6.83) 

p=0.489 

3.080 
(0.0-7.140) 
p=0.8200 

IL-6 1431 
(147.6-8972) 

108.3 
(4.12-5512) 
p=0.0039* 

28.73 
(3.38-5250) 
p=0.0019* 

IL-8 7945 
(950.6-9665) 

 

4394 
(70.72-7744) 
p=0.0017* 

1958 
(28.05-7024) 
p=0.0075* 

IL-10 16.17 
(3.70-56.24) 

6.435 
(1.36-13.50) 
p=0.0176* 

5.950 
(1.83-11.90) 
p=0.0376* 

TNF-α 5.575 
(1.99-102.5) 

6.555 
(2.12-36.07) 

p=0.1862 

5.185 
(0.0-10.99) 
p=0.1541 

INF-γ 15.07 
(6.55-37.25) 

6.360 
(2.92-22.68) 

p=0.0571 

7.590 
(0.0-22.26) 
p=0.0621 

CCL2 813.3 
(84.03-878.8) 

6.760 
(1.31-80.73) 
p=0.0063* 

1.760 
(0.0-19.72) 
p=0.0045* 

CCL5 53.61 
(42.07-106.2) 

35.62 
(24.14-72.20) 

p=0.0018* 

21.36 
(6.46-26.91) 
p=0.0024* 

CXCL9 1.710 
(0.76-2.99) 

 

1.570 
(0.0-3.16) 
p=0.3967 

1.330 
(0.98-3.00) 
p=0.3410 

CXCL10 2.210 
(1.36-3.53) 

1.855 
(1.36-3.16) 
p=0.1616 

1.925 
(0.0-3.21) 
p=0.2122 

 

Table 5.2 Median cytokine and chemokine secretion from CLL cells pre-incubated 
with the PI3K inhibitor LY294002 at 10µM and 20µM. Results highlighted in blue 
represent significant decrease in secretion compared to CD160 stimulation alone.  
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Figure 5.32 PI3K inhibition by LY294002 has a dose dependent effect on 
cytokine and chemokine secretion on CD160 stimulated CLL cells. (A) IL-2 
secretion by CLL cells (NS= not significant). (B) IL-4 secretion by CLL cells (NS= 
not significant). (C) IL-6 secretion by CLL cells *p=0.02, **p<0.01, ***p<0.01. (D) 
IL-10 secretion by CLL cells *p=0.03, **p=0.02, ***p=0.04.  
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Figure 5.33 PI3K inhibition by LY294002 has a dose dependent effect on 
cytokine and chemokine secretion on CD160 stimulated CLL cells. (A) TNF-α 
secretion by CLL cells (NS= not significant); (B) INF-γ secretion by CLL cells 
(NS= not significant); (C) IL-8 secretion by CLL cells *p<0.01, **p<0.01, 
***p=0.04, ****p=0.01; (D) CCL2 secretion by CLL cells *p<0.01, **p=0.01, 
***p=0.01, NS= not significant.     
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Figure 5.34 PI3K inhibition by LY294002 has a dose dependent effect on 
cytokine and chemokine secretion on CD160 stimulated CLL cells. (A) CCL5 
secretion by CLL cells *p<0.01, **p<0.01, ***p=0.01, ****p<0.01; (B) CXCL9 
secretion by CLL cells (NS= not significant); (C) CXCL10 secretion by CLL cells 
(NS= not significant).  
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5.3.7 The role of CD160 functions through specific p110 isoform subunits. 

The results of the pan-PI3k inhibitors on effector functions observed in CLL cells, 

prompted the investigation of the effects of novel isoform selective inhibitors of the 

Class 1A p110-kDa catalytic subunit.  The isoform selective inhibitors were PI-103 

(p110α), TGX-221 (p110β) and IC87114 (p110δ) – kindly provided by Professor Bart 

Vanhaesebroeck (Centre for Cell Signalling – Barts Cancer Institute, QMUL). The 

specific inhibitors were prepared as 10 mM stocks in sterile dimethyl sulfoxide and 

stored at -20°C. As these inhibitors were synthesized in-house, it was necessary to 

perform a basic pharmacokinetic study on CLL cell viability to assess the potency of the 

isoforms. Within a 96 well plate, CLL cells (2x105/well in RMPI, 10%FCS heat-

inactivated and 1% penicillin-streptomycin) were incubated at 37°C in a humidified 

atmosphere containing 5% carbon dioxide. Cells were incubated with each isoform 

specific inhibitor for 18 hours in concentrations ranging from 0.5µM to 20µM then 

viability assessed by dual Annexin V and PI staining and analysis by flow cytometry. It 

was revealed that whilst all catalytic isoforms had some impact on cell viability, 

targeting the alpha and delta subunits had the greatest effect inducing apoptosis. A dose-

dependent induction of apoptosis was observed for all the inhibitors across all 

concentrations (n=3, Figure 5.35).   

The p110α (PI-103) and p110δ (IC87114) inhibitors induced the most apoptosis across 

all concentrations. The IC87114 p110δ inhibitor demonstrated the strongest apoptosis at 

all concentrations. Taking the control as 100%, at 0.5µM the viability of the CLL cells 

was reduced to 79% (±5.82%), compared to 87% (±6.32%) by the PI-103 p110α 

inhibitor and 96% (±1.73%) by the p110β inhibitor TGX-221, although there were no 

significant differences between all three (Repeated measure ANOVA p=0.14).  

Increasing the dose to 1µM significantly increased the extent of apoptosis with both the 
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p110α (mean ±SEM 74% ±6.48%, p=0.02) and p110δ (63% ±6.86%, p=0.01) inhibitors 

over the p110β inhibitor (93.6% ±3.46%).  The cytotoxic effect appeared dose 

dependent for all the inhibitors, but the effect was far less pronounced using the p110β 

inhibitor (Figure 5.35).  

From these observations, the concentrations of inhibitors used were 0.5µM, 1µM and 

10µM for at least 30 minutes prior to CD160 activation, to assess the impact of specific 

PI3k isoform inhibitor on CD160 signalling. 
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Figure 5.35 Dosing experiment to determine optimal concentration of specific 
p110 catalytic subunit PI3K inhibitor. Cell viability plotted as the mean ± SEM 
(control normalized to 100%). The asterisks denote which inhibitor and 
concentration induced significant apoptosis in CLL cells with a P value less than 
0.05. 
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5.3.8 Role of PI3K p110α and p110δ in the regulation of CD160 mediated cell 

viability 

The p110δ subunit is known to have a role in B-cell development and differentiation. It 

was hypothesised that CD160 stimulation of CLL cells would function through the delta 

subunit in terms of cell viability, proliferation and cytokine secretion. To assess the 

contribution of the specific catalytic subunit on viability, enumeration of viable cells 

following p110 inhibition and CD160 stimulation was performed using the BD Annexin 

V/PI kit following manufacturers recommendations. Table 5.3 demonstrates that CD160 

stimulation again significantly increased cell viability of isolated CLL cells (p<0.001, 

Figure 5.36).   

Targeting the p110β catalytic isoform resulted in a small decrease in CD160 mediated 

cell viability compared to CD160 stimulation alone, although this was not significant. 

When comparing the concentrations of the p110β inhibitor to evaluate a dosage effect, 

again there was no significant difference as determined by ANOVA statistical analysis. 

Pre-incubating CLL cells with the p110α inhibitor significantly decreased the cell 

viability observed with CD160 stimulation alone and there was a significant dosage 

effect (Figure 5.35 & and Table 5.3). Similar results were seen with the p110δ inhibitor, 

with a marked reduction CD160 stimulation-mediated increase in cell viability. 
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Stimulus Concentration 
of PI3K 
inhibitor 

Mean cell 
viability as 
percentage 

(95% of mean) 

p-value 
from 

control 

Ig Control None 77.05 
(±3.18) 

- 

CD160 10µg/ml None 90.72 
(±3.84) 

0.0009 

 
PI3Kinase subunit inhibition 

p-value 
from 

CD160 
stimulation 

p110 alpha (+10 µg/ml CD160 
stimulation) 

0.5uM 85.60 
(±2.76) 

0.0326 

1uM 82.98 
(±2.03) 

0.0138 

10uM 81.52 
(±2.34) 

0.0128 

p110 beta (+10 µg/ml CD160 
stimulation) 

0.5uM 90.92 
(±2.76) 

0.9072 

1uM 90.72 
(±1.69) 

0.9997 

10uM 88.42 
(±0.97) 

0.2000 

p110 delta (+10 µg/ml CD160 
stimulation) 

0.5uM 84.30 
(±1.67) 

0.0012 

1uM 81.52 
(±1.60) 

0.0001 

10uM 78.07 
(±2.29) 

0.0005 

p110 alpha+delta (+10 µg/ml 
CD160 stimulation) 

0.5uM 85.73 
(±1.05) 

0.0299 

1uM 80.02 
(±1.60) 

0.0018 

10uM 74.47 
(±2.97) 

0.0001 

 

Table 5.3: The effect of pre-incubation with specific p110 PI3K subunit 
inhibitors on CD160 stimulated CLL cell viability (mean ±SEM). 
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Figure 5.36 Effect of specific p110 subunit inhibitors on CLL cell viability 
following CD160 stimulation. Mean percentage viability and range as determined 
by Annexin V positive cells.*p<0.01, **p=0.05, ***p<0.01, ****p<0.01. 
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5.3.9 Class IA PI3K subunits regulate increased Ki67 expression induced by 

CD160  

This experiment confirmed that CD160 activation stimulated increased Ki67 expression 

(n=5, p=0.02, Figure 5.37 & Table 5.4). While each specific inhibitor significantly 

decreased CD160-mediated Ki67 expression (Table 5.4), surprisingly, no dose-response 

was observed, which was in marked contrast to cell viability data (Figure 5.36).  

 

Stimulus 
 
(n=5) 

Concentration 
of PI3K 
inhibitor 

Mean cell Ki67 
MFI 

(± SE) 

p-value 
from 

control 
Ig Control None 147 

(±22) 
 

CD160 10µg/ml None 242 
(±45) 

0.020 

 
PI3Kinase subunit inhibition 

p-value 
from 

CD160 
stimulation 

p110 alpha (+10 µg/ml CD160 
stimulation) 

0.5uM 199 
(±36) 

0.03 

1uM 178 
(±18) 

0.02 

10uM 169 
(±30) 

0.02 

p110 beta (+10 µg/ml CD160 
stimulation) 

0.5uM 235 
(±43) 

0.10 

1uM 222 
(±56) 

0.11 

10uM 216 
(±24) 

0.20 

p110 delta (+10 µg/ml CD160 
stimulation) 

0.5uM 172 
(±46) 

0.06 

1uM 158 
(±28) 

0.01 

10uM 134 
(±26) 

0.01 

p110 alpha+delta (+10 µg/ml 
CD160 stimulation) 

0.5uM 162 
(±22) 

0.03 

1uM 145 
(±26) 

0.01 

10uM 121 
(±15) 

<0.01 

Table 5.4: The effect of pre-incubation with specific p110 PI3K subunit 
inhibitors on CD160 stimulated CLL cell cycle shift (mean ±SE).  
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Figure 5.37 Effect of specific p110 inhibitor on CLL Ki67 MFI expression pre-
CD160 stimulation. *p=0.02; **p=0.03; ***p=0.02; ****p=0.03; (Kruskal Wallis 
ANOVA p=0.31). 
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bead array (BD Biosciences). As before, anti-CD160 stimulation increased IL-6, IL-8, 

CCL2, and CCL5. All p110-subunits appeared to decrease this CD160-mediated 

cytokine and chemokine secretion from the CLL cells (Figure 5.38).  

Inhibition of the p110α subunit reduced IL-6 secretion following CD160 stimulation 

from a median of 457.0 pg/mL to 197.5 pg/mL (p=0.05). Whilst not significant, pre-

treatment with the p110β inhibitor reduced the IL-6 secretion to 364.9 pg/mL. Targeting 

the leukocyte specific p110δ subunit exhibited the strongest inhibition of IL-6 secretion 

189.0 pg/mL (p=0.02). By combining the p110α and p110δ inhibitors there was a 

further decrease in IL-6 secretion 101.3 pg/mL (p=0.01) (Figure 5.38a).  

The inhibition of the p110α subunit reduced the level of IL-8 secretion by the CLL cells 

following CD160 stimulation from 4861 pg/mL to 3405 pg/mL (p=0.04). Inhibition of 

the p110δ reduced the CD160 stimulated IL-8 secretion to 3143 pg/mL (p=0.03). The 

combination of the p110α and p110δ inhibitors further reduced IL-8 secretion to 2628 

pg/mL (p=0.03) (Figure 5.38b).  

CCL2 secretion by CD160 stimulated CLL cells (median 695.7 pg/mL) was reduced 

following pre-incubation with inhibitors to p110α (130.4 pg/mL, p=0.04), to p110β 

(582.9 pg/mL, p=0.06), and to p110δ (110.5 pg/mL, p=0.02). Again, combining the 

p110α and p110δ inhibitors further enhanced the cytokine inhibition (46.41 pg/mL, 

p=0.02) (Figure 5.38c).  

The analysis of CCL5 only demonstrated a significant reduction in secretion following 

CD160 stimulation (median 90.5 pg/mL) when the p110α and p110δ inhibitors were 

used in combination (42.57 pg/mL, p=0.03) (Figure 5.38d). Measurements of IL-2, IL-

4, TNF-α, INF-γ, CXCL9 and CXCL10 demonstrated no significant increase in 

secretion following CD160 stimulation, or inhibition following pre-incubation with the 

specific catalytic subunits. 
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Once again these data suggest that whilst all the specific inhibitors may produce a 

decrease in CLL cell cytokine and chemokine secretion following CD160 stimulation, 

the p110α and p110δ subunit inhibitors combined have the greatest effect. As none of 

the inhibitors (or combinations) completely abrogated cytokine/chemokine secretion to 

control levels, this would again suggest that CD160 is also signalling via another 

undefined pathway and/or incomplete inhibition of PI3k signalling. 

Figure 5.38  Effect of specific p110 catalytic subunit inhibition on CD160 
mediated cytokine and chemokine secretion. Results plotted as median 
concentration in pg/mL. Performed in duplicate on 6 patients. (A) IL-6 secretion: 
*=0.02, **=0.02, ***p=0.01. (B) IL-8 secretion: *p=0.04, **p=0.02, ***p=0.03, 
****p=0.03. (C) CCL2 secretion: *p=0.01, **p=0.04, ***p=0.02, ****p=0.02. (D) 
CCL5 secretion: *p=0.03, **p=0.03 
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5.4 DISCUSSION 

The distribution of CD160 in normal healthy cells is restricted to circulating NK and T 

cells with an absence on healthy B- and B1-cells. In fact, in the B-cell lineage, CD160 is 

a tumour specific antigen and this aberrant expression has been exploited for diagnostic 

and MRD purposes in chronic B-cell malignancies. The aims of this chapter were to 

provide an in vitro evaluation of the biological role of CD160 on these malignant B-

cells and their potential interaction with the microenvironment within CLL.  

CLL cells are characteristically thought of as quiescent cells circulating in vivo, arrested 

in G0/G1 phase of the cell cycle having escaped from apoptosis (Bannerji and Byrd, 

2000). However when observed in isolation in vitro they have a tendency to undergo 

spontaneous apoptosis within days of culture (Collins et al., 1989; Burger et al., 2000; 

Gamberale et al., 2001).  In this chapter it has been shown that culturing CLL cells with 

two different anti-CD160 monoclonal antibodies promoted CLL cell survival as 

assessed by Annexin V and PI staining by flow cytometry. Investigation of the cell 

survival kinetics over 5 days of culture (n=4), showed that the rate of apoptosis was 

significantly impaired following stimulation with CD160 (Two-Way ANOVA and F-

Test: p<0.01).  

It is only recently that research has highlighted the influence of the supportive role of 

“accessory” cells within the microenvironment, that have a functional impact on CLL 

cells responding to external stimuli and conferring an increase in cellular viability 

(Burger et al., 2000; Gamberale et al., 2001; Caligaris-Cappio, 2003).  

This study uses a basic model of the immune microenvironment by using bone marrow 

aspirates from CLL patients to confirm these previously reported findings. Purified 

CD19+ CLL cells had a significant decrease in cell viability compared to an un-

separated CLL cells in whole BM (p<0.01). Upon stimulation with CD160, the CD19 
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purified fraction demonstrated an increase in viability (p=0.02), which was further 

enhanced upon adding back the CD19 negative immune leukocyte fraction (p=0.03). It 

can be concluded that accessory leukocytes may have a modulatory effect on apoptosis 

of CLL cells in vitro, which is enhanced upon prior CD160 stimulation of CLL cells. 

Whilst this culture system may not be an ideal model, it provides a basic validated 

system of an immune microenvironment (Panayiotidis et al., 1996). Future work would 

be to confirm these findings on a BM stromal feeder layer using the HS-5 stromal cells.  

The quiescent nature of these G0/G1 phase CLL cells is associated with the 

overexpression of the cell-cycle cyclin inhibitor P27kip142 and a number of anti-apoptotic 

proteins within the Akt/Mcl-1 pathway (Vrhovac et al., 1998; Longo et al., 2008; 

Balakrishnan et al., 2009). Nevertheless, in vivo data indicates that CLL cells show a 

substantial proliferative capacity with a daily turnover of between 0.1% to greater that 

1% of a single clone (Messmer et al., 2005). To assess the effect of CD160 on cell-cycle 

analysis, PI stained CLL cells following stimulation with anti-CD160 mAb, were found 

to have a subtle shift in cell cycle progression, with a reduced number of cells in G0 

(reduced from 91.21% to 81.43% (p<0.01, n=15).  An active shift in cell cycle was 

confirmed using Ki-67 analysis, in which CD160 stimulation demonstrated an increase 

in Ki-67 MFI, suggesting that CD160 stimulation resulted in a reduction of cells in the 

G0 phase (p<0.01).  

 

Recent work on Natural Killer cell effector functions produced by CD160 activation has 

been identified to function through the recruitment and co-localisation with PI3K 

(Rabot et al., 2007). In this work, the functional activity of CD160 in CLL was shown 

to employ the same transduction pathways: CD160 co-localises with PI3K as 

demonstrated by confocal fluorescence microscopy (Figure 5.24), and CD160 
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stimulation in CLL cells results in the same effector functions observed in NK-cells. 

There are a number of constitutively activated pathways in haematological neoplasms, 

and the PI3K is one of the most widely characterised. Within this study, the in vitro 

blockade of PI3K using either of the pan-PI3K inhibitors, wortmannin or LY294002, 

led to a significant reduction in CD160-mediated Akt phosphorylation and cell viability 

(p<0.01), and this effect was demonstrated to be dose dependent.  

Stimulation of CD160 also triggered an upregulation of the anti-apoptotic Bcl-2 family 

protein, Bcl-2, and a decrease in the pro-apoptotic protein Bax, resulting in a significant 

increase in the Bcl-2:Bax ratio (p=0.02, Figure 5.11).  This observation is in keeping 

with the known biology of CLL, with a balance of pro- to anti-apoptotic protein 

expression downstream of surface receptors, including the B-Cell receptor, favouring 

cell survival (Longo et al., 2008).  

 

One of the functions of CD160 in normal NK-cells is the secretion of a unique profile of 

cytokines, including IL-6, TNF-α and INF-γ (Barakonyi et al., 2004). Likewise, in CLL, 

there are many cytokines and chemokines producing pro-survival and anti-apoptotic 

functions produced in vitro (Luqman et al., 2008), although the ligation of NK-cells by 

CD160 was found to generate a different cytokine profile in which the predominant 

cytokine produced was INF-γ with smaller levels of IL-6 and TNF-α (Barakonyi et al., 

2004). Within this study CLL secretion of IL-2, IL-4, TNF-α and INF-γ was universally 

low or undetectable when using an IgG control; neither CD160 nor BCR stimulation 

resulted in a significant increase in these four cytokines. Stimulation resulted in a small 

but significant increase in IL-10 secretion, which may be of significance in that IL-10 in 

B-cells has been shown to decrease apoptosis by inducing bcl-2 protein expression 

(Levy and Brouet, 1994), as well as having a role in CLL biology in which IL-10 been 
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shown to inhibit cell proliferation (Jurlander et al., 1997). As well as IL-10 potentially 

promoting CLL cell survival (Mahadevan et al., 2009), it has been correlated with poor-

risk disease and short life expectancy (Fayad et al., 2001). However, CD160 or BCR 

stimulation both resulted in highly significant increases in IL-6, IL-8, CCL2 and CCL5 

secretion.  

IL-6 is a pleiotropic cytokine, which has a plethora of biological functions such as 

acting as a potent inducer of the acute phase response, but importantly it plays a 

significant role in the development and differentiation of normal B-cells, and is a major 

factor necessary for the terminal differentiation of activated B-cells into 

immunoglobulin secreting B-cells (Hirano et al., 1986; Muraguchi et al., 1988). It has 

also been demonstrated to act as a growth factor in a number of chronic B-cell 

malignancies including Multiple Myeloma (Kawano et al., 1988; Klein et al., 1989) and 

Waldenström’s Macroglobulinaemia (WM) (Elsawa et al., 2011a; Elsawa et al., 2011b), 

although its role in CLL biology in unclear. The constitutive expression and secretion of 

biologically active IL-6 by CLL cells was first observed in 1989 (Biondi et al., 1989), 

and can be produced by CLL cells in an autocrine fashion, which correlates with 

STAT3 and NF-κB activation and a resistance to apoptosis (Liu et al., 2010; Liu et al., 

2011). In CLL, elevated IL-6 levels have been correlated with adverse prognostic 

indicators and shorter overall survival (Fayad et al., 2001), but has also been shown to 

inhibit B-CLL proliferation induced by TNF-α (Aderka et al., 1993). This CD160-

mediated autocrine secretion may be partially responsible for the increase in cell 

viability observed following CD160 stimulation. 

Using the anti-CD160 mAb, also led to a highly significant production of IL-8 from the 

CLL cells. The constitutive production and release of biologically active IL-8 by CLL 

cells has been observed previously (di Celle et al., 1994). Interleukin-8, another 
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inflammatory chemokine, which like IL-6 can be upregulated in an autocrine manner 

(Francia di Celle et al., 1996), acts as a chemotractant and activating factor for 

neutrophils, but more importantly macrophages and monocytes. Furthermore, IL-8 is 

also a chemotactic factor for lymphocyte subpopulations and a contributor to 

angiogenesis (Koch et al., 1992). It does not have any effect on the proliferation of CLL 

cells, but exerts it function by inducing the transcription and translation of the anti-

apoptotic protein bcl-2 (Francia di Celle et al., 1996; Binsky et al., 2007), and in those 

patients with a raised IL-8 plasma level, have a poorer outcome independently of other 

prognostic indicators (Wierda et al., 2003). CD160-mediated increased IL-8 secretion 

by CLL cells may partly account for their increased cell survival and the upregulation of 

Bcl-2 protein expression (Figure 5.11).  Recently, both IL-6 and IL-8 have been 

demonstrated to increase CLL adherence to stromal cells, which then further increases 

IL-8 levels. Thus bidirectional signals between CLL cells and the microenvironment 

can promote cell survival and disease progression (Yoon et al., 2012).  

CCL2 and CCL5 were also observed to be secreted in significant levels from CLL cells 

following CD160 stimulation (p<0.001). CCL2, also termed Monocyte chemoattractant 

protein-1 (MCP-1) is produced by a variety of cell types, including tumour cells. CCL2 

functions as a major chemokine in the inflammatory process, recruiting monocytes, 

macrophages and dendritic cells to the site of infection or inflammation. These so-called 

tumour associated macrophages provide a pivotal function in supporting the tumour 

environment by contributing to survival of haematological malignancies, including 

CLL, through numerous cellular interactions and mechanisms (Roca et al., 2009).  

Gene expression profiling of isolated CLL cells in culture have demonstrated an 

overexpression of CCL2, which may recruit immune cells to aid in their survival 

(Mahadevan et al., 2009). Recently, CCL2 has been demonstrated not only to be 
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upregulated in patient serum, but also secreted from the CLL cells themselves in a 

paracrine manner, which when inhibited by antibodies reduced the production back to 

basal levels (Burgess et al., 2012).  

Likewise, CCL5 is a pro-inflammatory chemokine that plays a role in chemotaxis of 

monocytes, CTLs and numerous immune cells. CCL5 expression has been described in 

a number of tumours: in acute myeloid leukaemia, with the malignant blast cells 

constitutively producing CCL5 and IP-10 (Olsnes et al., 2006); Malignant Reed-

Sternberg (RS) cells of Hodgkins Lymphoma by mRNA analysis, 

immunohistochemistry and its secretion by ELISA (Fischer et al., 2003). The secretion 

by RS cells resulted in the recruitment of mast cells to the tumour microenvironment 

(Fischer et al., 2003). The effect of CCL5 on RS cell survival and microenvironment 

formation has been demonstrated to be dependent on the PI3K pathway, specifically 

functioning through the p110δ subunit (Meadows et al., 2012).  

The increase in CCL2 and CCL5 production following CD160 stimulation is another 

potential contributory factor in the observed enhanced survival of CD160-treated cells, 

as well as improved cell viability when the CD19 negative immune fraction is re-

introduced (Figure 5.9). These two chemokines also appear to be partially dependent on 

the PI3K transduction pathway. 

The pathophysiological relevance of these cytokines and chemokines are yet to be 

established, although a reasonable hypothesis would be that CCL2 and CCL5 interplay 

with several other oncogenic pathways and cytokines to enhance CLL cell survival, 

potentially recruiting immune and stromal cells to provide tumour support. It is possible 

that in vivo these two cytokines are key to CLL cell survival. Further experiments to 

investigate this would be studying interactions with the microenvironment in a transwell 

culture system using primary CLL cells and the human bone marrow stromal cell line 
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HS-5, in order to observe the effects of neutralisation on CCL2 and CCL5, and 

subsequently examine changes in CLL cell viability, survival and migration with and 

without prior CD160 stimulation. 

 

The pan-PI3K inhibitors LY294002 and wortmannin in CLL lack substrate specificity 

and have been shown to be toxic in animal studies, which has precluded their clinical 

development (Hu et al., 2002; Gupta et al., 2003). The preliminary work in this study 

has assessed the specific p110 Class 1A subunits and their role in CD160 stimulation in 

CLL cells. Recent interest in the specific p110α and p110δ isoforms and their role in B-

cell development (Ramadani et al., 2010), has led to the PI3Kδ subunit becoming a 

focus for a potential therapeutic target, and currently is in trial as a targeted therapy for 

CLL within the UK (Clinicaltrails.gov, 2012).  

This chapter has demonstrated that the inhibitors of both the p110α and p110δ subunits 

had the strongest effect on both CD160 mediated cell viability and shift in cell cycle, 

which when targeting the inhibition of both subunits further impaired CD160-mediated 

effects. This suggests that the pro-survival advantage conferred by CD160 stimulation, 

which is not mediated through the delta subunit alone, as originally hypothesised, but 

possibly through a combination of the p110α and p110δ. This chapter also provides 

preliminary evidence that PI3K is essential to the cytokine and chemokine secretion 

observed with the stimulation of CD160 on CLL cells. The specific subunit inhibitors 

decreased CD160-mediated IL-6, IL-8, CCL2 and CCL5 secretion, although not in a 

homogenous manner. It was an interesting observation that specific targeting of only the 

p110δ and combined p110α and p110δ inhibitor had an effect on IL-6 secretion 

(p<0.05), where as the p110α, p110δ and combined inhibition decreased the release of 

IL-8 and CCL2 (p<0.05), and only the combined inhibition of the p110α and p110δ had 
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an effect on CD160 mediated CCL5 production.  This specific inhibitor data supports 

observations in other haematological malignancies where it has been shown that CCL5 

secretion by malignant cells is dependent on functional p110δ subunits (Olsnes et al., 

2006; Meadows et al., 2012). The work here also provides an insight into the complex 

nature of the constitutively activated PI3K pathway in CLL, and that potential 

therapeutic interests should not only focus on the p110δ subunit but also the p110α 

subunit (Niedermeier et al., 2009).  

 

5.4.1 Summary 

This chapter presents the functional data demonstrating the potential for CLL cells to 

use the CD160 pathway to enhance their survival and cellular activation, in the same 

way as the activity of CD160 in normal NK cells and CD8+ T cells. Stimulation of 

CD160 on CLL cells protects against apoptosis, induces cytokine production, most 

notably IL-6 and IL-8, and leads to a subtle shift in the cell cycle as shown by increased 

Ki67 expression. The pathophysiologic relevance of these observations remains to be 

established. 

It is known that sustained activation of the Akt kinase promotes leukemic cell survival 

in CLL (Longo et al., 2008). As CD160 functions, at least partially through the PI3K 

pathway in CLL, in vivo CD160 activation may contribute to constitutively activated 

Akt. The PI3K/Akt signalling required for CD160-mediated functions in CLL cells are 

similar to that described in normal immune cells, where Syk and ERK are involved 

upstream and downstream of PI3K, respectively. Thus, malignant B-cells can 

potentially use aberrant CD160 expression to enhance survival and cellular activation 

using the same intracellular pathways as normal NK and T-cells.  
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The primary aim of this thesis was to characterise the expression of CD160 on human 

circulating lymphocytes, specifically malignant B-cells in CLL through flow cytometry, 

PCR, immunohistochemistry, and confocal microscopy. By assessing expression of 

CD160 on both normal and malignant B-cells, it was determined that CD160 is a 

tumour specific antigen in the B-cell lineage. This thesis demonstrates how this was 

then translated into clinical practice for diagnostic and minimal residual disease 

assessment by generating and validating a specific assay termed CD160FCA. The 

tumour specific nature of CD160 then led to the investigation into potential biological 

roles of CD160 on the malignant cells through in vitro cell culture systems, and 

investigation of the cellular and the molecular mechanisms through which these 

biological functions occur.  

 

6.1 CD160 is a tumour specific antigen for malignant B-cells 

The initial part of this project was to assess the expression of CD160 outside of those 

normal immune cells known to be positive for CD160. It is well documented that 

CD160 is a cysteine rich GPI-linked membrane protein that has broad specificity for 

MHC class I (Agrawal et al., 1999), and whose expression is tightly linked to NK cells, 

a subset of cytotoxic T-cells and T-cells with an ‘exhausted’ phenotype (Bengsch et al., 

2010). More recently, published at the American Society of Hematology, it has been 

shown that T-cells from patients with CLL exhibit the same exhausted phenotype 

(Riches et al., 2011).  

This study confirms that CD160 protein is expressed on both NK-cells and T-cells by 

flow cytometry and PCR, although we do not observe any expression on normal B-cells 

regardless of developmental stage or tissue of origin. This was established by both 

comprehensive flow cytometry and PCR focusing on the haematopoietic stem cells, 
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hematogones, pre-B-cells, and the so-called B1 cells isolated from both bone marrow 

and umbilical cord blood sampling.  

Initial work in this thesis has demonstrated in a large cohort that CD160 has a universal 

expression in specific chronic B-cell malignancies, namely CLL and HCL. Limitations 

of this statement could potentially be thought to be due to NK and T cell contamination, 

however the sequential gating strategies with a CD2 exclusion gate corrected for any 

potential CD2 cells in the CD19 populations, which also provided a limit of detection. 

The absence of CD160 on normal B-cells combined with the Gaussian expression on 

malignant B-cells defines CD160 as a tumour specific antigen.  This was confirmed by 

the restricted expression of CD160 mRNA to malignant B-cells versus normal B-cell 

populations. Tissue microarray confirmed expression in both CLL and HCL tissue 

samples, but not those from patients with MCL. Cytospin preparations and confocal 

microscopy further confirmed this with dual OCT-2 and CD160 staining on the 

malignant B-cells. As expected CD160 was expressed around the cell membrane, with 

OCT-2 expression located within the nucleus of the malignant cell (Zaknoen et al., 

1992). Upon performing a merging image of the two there was no evidence of co-

localisation suggesting CD160 is primarily located both on and within the cellular 

membrane.  The data in chapter 3 shows the restricted expression of CD160 on 

malignant B-cells, and its further characterisation and validation on primary material 

within in a large cohort of B-LPD patients. Within this cohort, 98% of patients with 

CLL and 100% HCL cases expressed the CD160 antigen, with sporadic expression in 

other B-LPDs. To expand the assessment of non-CLL and non-HCL samples, nine 

malignant cell lines derived from patients with mature B-cell malignancies were 

assessed including DOHH2 from a FL transformed to a refractory immunoblastic B-cell 

lymphoma. Upon repeated analysis, all cell lines lacked CD160 expression, with no 

significant differences between the cell lines. Within the original 600 CLL cases of 
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which 98% expressed the CD160 antigen, 10 cases failed to demonstrate CD160 

expression. Further investigation into these cases revealed that four of these had 

analysis performed up to 96 hours following venesection. These four cases upon repeat 

testing within 24 hours demonstrated CD160 expression – although with a weak 

intensity.  

A potential limitation to translating this work into the clinic was that the flow 

cytometric profiling of CD160 had to be performed within 24 hours of sampling. 

CD160 is known to be down-modulated upon its activation in NK-cells, and that short-

time incubation with IL-15 converted membrane bound CD160 to a soluble form 

through proteolytic cleavage (Giustiniani et al., 2007). Chapter 3 also highlights the 

unstable nature of surface CD160 in chronic B-cell malignancies, with decreased 

expression in some samples after 24 hours. In an attempt to stabilise the protein samples 

were collected and prepared at +4°C, although this had no effect in neither CLL nor 

HCL. Despite these pitfalls, the remaining 6 cases failed to demonstrate CD160 

expression both by flow cytometry and PCR.  

CLL can be considered a disease with vast molecular hetergenetity, and so to identify a 

tumour antigen candidate, then to define it as a true tumour specific antigen identified 

only in malignancy is infrequent.  Many tumour antigens are described with observed 

expression normal B-cells with an overexpression in malignancy, unlike CD160 which 

can be described as unique in its B-cell restriction. With only a few continually CD160 

negative CLL cases, CD160 is indeed a tumour specific antigen for malignant B-cells.  

 

6.2 The clinical utility of CD160  

The T-cell tyrosine kinase, ZAP-70, was originally identified to be tumour specific in 

CLL, without expression in normal B-cells. However, subsequent work showed its 

expression on activated normal human B-cells (Nolz et al., 2005), naïve, memory and 
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circulating B-cells (Scielzo et al., 2006). In contract, the truly “aberrant” and tumour 

specific nature of CD160 restricted to malignant B-cells demonstrated by the large 

dataset described in chapter 3, has yielded a specific hypothesis that its expression 

profile can be translated into a number of clinical roles within current practice.  

 
6.2.1 The role of CD160 in defining a simplified diagnostic algorithm.  

To date, B-LPDs are differentiated based on specific and where possible unique panels 

of mAbs with an ever-increasing range of target antigens. The simple nature of whether 

these antigens are present or absent immunophenotypically, provide the current clinical 

basis underpinning disease differentiation (Levy et al., 1999; Deneys et al., 2001; Jung 

et al., 2003). However, in terms of CLL, the biological heterogeneity of this disease has 

observed rare CD23 negative cases, and likewise CD23 positivity in MCL in not 

uncommon (Schlette et al., 2003; Gong et al., 2001; Dorfman and Pinkus, 1994; Jurisic 

et al., 2008). The aberrant expression of the T-cell antigen CD5, which normally binds 

to CD27 on B-cells (Raab et al., 1994), is classically used to diagnose cases of CLL and 

MCL (Moreau et al., 1997). However, there are specific subgroups of patients with CLL 

who lack CD5 and have a different clinical presentation (Cartron et al., 1998). These 

observations were also confirmed when undertaking this study. This provided the ideal 

model to implement a simplified scoring system based on the three most commonly 

expressed antigens in CLL, CD5, CD23 and CD160 on the malignant B-cells. The 

diagnostic odds ratio provides the strength of association between a positive test result, 

in this case CD160, and disease (Glas et al., 2003). This simplified “mini-CLL score” 

successfully differentiated CLL from other B-LPDs with a diagnostic odds ratio of 

1430, and a positive and negative predictive value of 99% and 94% respectively. The 

mini-score alone was not sufficient to completely differentiate CLL from MCL, with 

32% of MCL being positive for CD23. The expression of CD23 positivity in CLL was 

stronger than that observed in MCL, which prompted the development of the CD23r 
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(CD23:CD5), where a ratio of <0.80 was indicative of MCL. Combining the miniscore 

and the diagnostic discriminant resulted in a complete differentiation between the two 

disease entities with a discriminant of ≥0.50 giving a robust diagnosis of CLL (p<0.01). 

Receiver operating characteristic (ROC) curve analysis is used to globally assess the 

performance of diagnostic tests, with the area under the curve (AUC) to assess accuracy 

(Yang and Carlin, 2000). ROC analysis demonstrated that the diagnostic discriminant 

had a clear clinical application to predict CLL (AUC 0.80).  

There have been a number of antigens reported to demonstrate restricted expression 

towards CLL including CD200 (Palumbo et al., 2009) and receptor tyrosine-kinase 

orphan receptor 1 (ROR1) (Hudecek et al., 2010). CD200, despite its upregulation in 

CLL, is also expressed in normal tissues. When removing cases of CLL and MCL from 

the analysis, the remaining B-LPDs lack CD160 expression, but CD200 expression was 

clearly evident, confirming that the lack of CD200 is useful the diagnosis of MCL but 

not further differentiating between other B-cell malignancies. Similarly, ROR1 

expression is also found in normal lymphocytes and earlier subsets of B-cell 

differentiation such as hematogones (Broome et al., 2011).  

With more interest in standardising multiparameter flow cytometric panels to become 

the fundamental pillar for the diagnosis of haematological malignancies, it is here that 

CD160 has a major clinical benefit by being truly aberrantly expressed and restricted to 

malignant B-cells. The advantage of the CD160FCA over current proposed multitube 

protocols (Kalina et al., 2012; van Dongen et al., 2012), is that it is a simple single tube 

assay, which when combining the presence of CD160 and the diagnostic discriminant 

can reliable distinguish CLL from other B-NHLs. The significance of this 

discrimination remains with the clinical management of the patient, in terms of the 

treatment regimen. Ongoing and future work will look the clinical utility of the 

CD160FCA against newly described panels (Kalina et al., 2012; van Dongen et al., 
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2012), to determine if CD160FCA can be used in isolation, or if it can be improved by 

combining or replacing antigens targeted within these novel panels, including 

incorporating CD160 with kappa and lambda light chain analysis. Our focus is on 

improving the diagnosis in a more simplified and accurate methodological way that may 

negate the need for complex gating strategies and investigate the use of MFI. However, 

with CD160+ malignancies being primarily restricted to CLL and HCL, the CD160FCA 

provides itself as an easily translational assay to monitor these patients post therapy.  

 
6.2.2 The role of CD160 in the determination of minimal residual disease. 

Chapter 4 provides the logical extension to the diagnostic utility of CD160 by extending 

the validated CD160FCA into the setting of MRD analysis without the need for a new 

complex assay and set-up protocol. With the introduction of potent chemo-

immunotherapy regimens, there has been a major paradigm shift from simply treating 

patients with CLL with palliative intent, to the successful eradication of disease and 

increasing PFS. PFS in patients with CLL has now significantly increased to between 

3.5 and 6.7 years after their first line therapy (Tam et al., 2008; Hallek et al., 2010; 

Woyach et al., 2011). It has been elucidated that MRD assessment may predict response 

duration and overall survival, and is now a clinical endpoint for many clinical trials 

(Moreton et al., 2005; Del Poeta et al., 2005; Varghese et al., 2010; Bottcher et al., 

2012). Initial assessment of the feasibility of using the CD160FCA in the MRD setting 

was based on a simulation experiment (n=5) in which leucocytes from patients with 

CLL were mixed with samples from normal donors undergoing investigation for an 

unrelated haematological disorder. CLL samples represented 50% to 0.01% of the 

disease burden, in which the CD160FCA collected a minimum of 10,000 events in 

100,000 leucocytes. Comparison between the theoretical and actual expression of CLL 

cells demonstrated a highly significant concordance (Spearman rank R=0.98, p<0.001). 

Other studies raised the issue of optimal sample (PB or BM) for analysis of MRD. 
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Utilising both the CD160FCA and PCR for CD160 mRNA detection, this thesis has 

demonstrated that PB is adequate material for MRD assessment when comparing paired 

BM and PB samples even following immunotherapy.  To validate this work, a small 

pilot study utilising CD160 in two accredited diagnostic laboratories compared analysis 

against the international standardised approach (ISA). This analysis yielded a highly 

significant correlation between results in terms of the percentage of residual disease and 

in absolute terms. However this assessment was based on a pilot study of 40 patients 

and a larger multi-centre prospective study needs to be done.  

On a larger cohort, when correlating the response duration based on CD160 MRD 

detection with known pre-treatment prognostic indicators, those patients known to be at 

adverse risk (17p deletion, 11q deletion, CD38 positive, ZAP-70 positive or high serum 

β2M) had significantly shorter response duration and EFS. As the larger data set had 

enough events per variable to perform multivariate analysis (Peduzzi et al., 1995), the 

significance of MRD analysis by CD160FCA was assessed together with the commonly 

associated pre-therapeutic risk factors (cytogenetic risk, CD38 status, ZAP-70 status, 

and β2M levels) and remission status (CR or PR) in Cox regression analyses for event 

free survival. This study showed that CD160FCA positivity following therapy was an 

independent and clinically relevant indicator of EFS, along with cytogenetics and 

remission status.   

The CD160FCA can be applied to both the diagnostic and monitoring of patients for 

MRD – using exactly the same protocol. Future work will progress down a number of 

avenues including the development of a quantitative RT-PCR method to further validate 

the work presented here. With MRD analysis now being used as a clinical endpoint for 

many therapeutic trials, a number of questions arise. Can treatment be stopped early 

based on MRD negativity? Conversely, for a patient who is MRD positive after therapy, 

what approach should be taken with regards to further treatment, intensification of 
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therapy or targeted MRD eradication. All of these questions could be answered in a 

clinical trial setting using CD160FCA outcome as a trial endpoint. With CD160 being a 

unique tumour specific antigen – currently there is ongoing work to produce a fully 

humanised chimeric anti-CD160 monoclonal antibody for use in wet age-related 

macular degeneration and ocular neoangiogenesis which do not respond to exisiting 

antiangiogenic drugs (Chabot et al, 2011). With this in mind, CD160 in CLL may 

become a viable therapeutic biological target.  

 

6.3 CD160 recapitulates biological function in CLL similar to that observed in 

NK and T cells.  

6.3.1 CD160 stimulation impacts on CLL cell survival and the cell cycle 

Since the first publication on the CD160 molecule, then termed BY55 (Maiza et al., 

1993), whose major form is the GPI-anchored cell surface molecule with a single Ig 

domain on NK cells (Anumanthan et al., 1998), studies focused on determining the 

biological function unravelled its expression on a distinct NK cell subset which 

mediated cytotoxicity. Research progressed to determine that the engagement of CD160 

orchestrated a cytolytic response against HLA-C expressing target cells and triggered a 

unique cytokine production, in particular high levels of INF-γ, TNF-α and IL-6 

(Barakonyi et al., 2004), with marginal levels of IL-8, CCL2 and CCL4 (Le Bouteiller 

et al., 2011).  

The major hypothesis of chapter 5 was if CD160 expression on CLL cells recapitulate 

biological functions observed in NK-cells, does this aid the biological and 

pathophysiological understanding of the disease. Upon stimulating purified CLL cells 

with anti-CD160 monoclonal antibodies, the malignant cells demonstrated an improved 

survival in culture for up to five days. This increase in cell viability was associated with 

an increase in retained cytochrome-C, which may be partly explained by the increase in 
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Bcl-2 protein following CD160 stimulation and a significant increase in the Bcl-2 to 

Bax ratio. Further to this, a small shift in the cell cycle was observed by Ki67 

expression, indicating an attempt to drive the cells out of their classical quiescent nature 

to a more activated phenotype. This change may be the first steps to reversing an 

anergic state, which may have implications in forcing the cells to become more 

sensitive to chemotherapy. An overwhelming amount of research has recently focused 

on the malignant microenvironment and its effect on promoting growth, differentiation 

and cell survival in CLL (Burger et al., 2000; Gamberale et al., 2001; Caligaris-Cappio, 

2003; Kurtova et al., 2009). Chapter 5 supports these previous studies in that when 

culturing purified CLL cells in vitro, there is a significantly higher rate of apoptosis in 

purified CLL cells over those cells cultured with their “accessory” cells.  

 

6.3.2 Increase in CLL survival following CD160 stimulation may be partly due to 

cytokine secretion and its interaction with the microenvironment. 

Primary CLL cells when cultured in vitro have been described to secrete cytokines that 

may aid in the prevention of spontaneous apoptosis or act as growth promoters 

(Mainou-Fowler et al., 1995; Francia di Celle et al., 1996, Mainou-Fowler and Prentice, 

1996). With published data on CD160 engagement of NK cells triggering a unique 

cytokine profile (Barakonyi et al., 2004), the assessment of cytokine profiling of CLL 

cells following CD160 stimulation demonstrated a similar profile to that of NK-cells in 

terms of increased IL-6 and IL-8 production, but only small yet significant levels of 

TNF-α and INF-γ compared to unstimulated whole blood and CD19 purified cells. Of 

interest was the increase in CCL2 and CCL5 secretion suggesting that there is 

potentially a complex interaction forming between the CLL cells and the cytokine and 

chemokine networks. This in turn may regulate the expression of anti-apoptotic 

regulators and survival pathways. From this observation, it was hypothesised that the 
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resultant cytokine and chemokine production by CLL cells may be further enhanced 

with the addition of the “accessory” cells from the microenvironment. Following 

CD160 stimulation, the addition of the CD19 negative fraction to the CLL cell culture 

significantly enhanced IL-6, IL-8, CCL2 and CCL5 and cell viability. The enhancement 

of these cytokines and chemokines, combined with the increase in cell viability 

following CD160 stimulation, suggest that the anti-CD160 mAb is stimulating CLL cell 

interactions with accessory cells in vitro, resulting in growth factor secretion as well as 

potential chemoattractant signals to surrounding T-cells and macrophages. Future work 

will be to clearly define the pathophysiological significance of IL-6, IL-8, CCL2 and 

CCL5 in CLL. This theme will be taken further with future studies focusing on other 

documented cytokines and chemokines known to play a role CLL biology and 

interaction with the microenvironment such as CCL3 and CCL4 (Burger et al., 2009). 

CD160 treated cells would be cocultured with nurse like cells or stomal cell layer such 

as the HS-5 cell line. Gene expression profiling could be performed on CD19 purified 

cells before and after coculture, with and without CD160 stimulation to determine what 

potential candidate genes are upregulated, which may play a role in CLL 

pathophysiology and microenvironmental interaction.  

 

6.3.3 CD160 mediated survival, cytokine and chemokine profiling function occur 

though the PI3K signalling pathway.  

In NK cells it has been shown that CD160-mediated NK effector function is mediated 

through the recruitment of PI3K signalling (Rabot et al., 2007). CD160 is GPI linked 

and concentrated in lipid rafts, and therefore cannot signal by itself. However CD160 

may move into the immunological synapse upon stimulation and signal during immune 

activation. Within the NK and T cell interaction appears largely to be activatory 

resulting from induced tyrosine phosphorylation of LAT and subsequently increased 



   Chapter 6  

	   	   354 

association with PI3K and phospholipase-C (Inoue et al., 2002; Rabot et al., 2006). The 

PI3K/Akt/mTOR signalling pathway is one of the most frequently activated pathways 

in haematological malignancy, with a role in CLL growth, survival, regulation of 

cytokine production and secretion, and furthermore responsible for the induction of 

AKT phosphorylation and further downstream targets such as mTOR (Hoellenriegel et 

al., 2011).  Within B-cells it has been well characterised that the PI3Ks transmit these 

survival signals from a range of surface molecules including the BCR (Srinivasan et al., 

2009).  

To assess the specific engagement of CD160 and its potential impact on the PI3K 

pathway in CLL, initially utilising confocal microscopy there was a clear interaction 

with CD160 leading to PI3K recruitment and co-localisation. Using functional assays, 

flow cytometry and bead array systems, we have demonstrated that PI3K has a pivotal 

role in CD160 signalling in relation to cell survival, cell cycle, cytokine and chemokine 

secretion. Further evidence to support CD160 recruiting PI3K in CLL cells was 

demonstrated by a significant increase in phosphorylated Akt following CD160 

stimulation. This evidence was ameliorated when inhibition of the PI3K pathway with 

either Wortmannin or LY294002 further demonstrated a significant decrease in CD160 

mediated phosphorylated Akt signalling downstream of PI3K.  

With clinical interest in specific inhibition of the p110δ catalytic subunit in CLL, this 

thesis went on to study the isoform selective PI3K p110 subunits and their involvement 

in CD160 mediated biological effector functions. Inhibition of the p110δ and p110α had 

a profound effect on CD160-mediated improved cell viability, and, to some extent the 

cell cycle changes. Combining the two inhibitors led to a further decrease in these 

CD160-mediated effects, suggesting the pro-survival effect is mediated through both of 

these two catalytic isoforms. This effect was also observed in terms of inhibition of 
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CLL cell cytokine and chemokine secretion including those involved in migration of 

support accessory cells.  

These findings are not unexpected as both the p110δ and p110α subunits are primarily 

restricted to haematopoietic cells (Vanhaesebroeck et al., 1997b), and are essential for 

pre-B cell receptor signalling and B-cell development, with the combined loss of both 

subunits leading to a near-complete block in B-cell development (Ramadani et al., 

2010).  

The significant effects observed with the PI-103, although well described as a p110α 

inhibitor, also shows a broader activity towards mammalian target of rapamycin 

(mTOR), more specifically mTOR-complex 1 (mTORC1) (Park et al., 2008), which 

may further explain the decrease in CD160 CLL cell mediated functions. mTORC1 

forms one of the two complexes making up the mTOR protein, downstream of Akt, 

controlling ribosomal translation and protein production (Bjornsti and Houghton, 2004), 

increasing enzyme production for glycolysis for mTOR driven cell proliferation, cell 

growth and angiogenesis, and hence a focus of pharmacological targeted therapy (Hay 

and Sonenberg, 2004; Wullschleger et al., 2006). Within CLL, the activatory effector 

function of CD160 cannot exclude other potential co-activatory molecules present in the 

lipid raft, therefore future studies would be to assess any potential further interaction 

between CD160 and other markers involved in the signalling pathway. Further to this, 

work is ongoing looking into other signalling pathways which function following 

CD160 stimulation such as the JAK-2/STAT-3 and ERK1/2.  

There are two p110 selective inhibitors currently in clinical trial, GS-1101 (p110δ, 

Gilead Pharmaceuticals) and the combined p110α/δ inhibitor (GDC-0941, Genentech 

Pharmaceuticals Inc.). Future work would involve the use of these two therapeutic 

agents in vitro in conjunction with anti-CD160 to assess if this work can be reproduced 

with clinical inhibitors. A recent presentation at the American Society of Hematology 
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demonstrated that although p110δ is the most consistently expressed isoform in mantle 

cell lymphoma (MCL), the expression of the p110α subunit increases significantly in 

multiply relapsed MCL. This observation demonstrated greater in vitro sensitivity of 

primary MCL samples to GDC-0941, a p110α/δ inhibitor, compared to the p110δ-

selective inhibitor CAL-101 (Iyengar et al., 2011). 

Preliminary data using the JAK2 inhibitor AG490, suggesting that CD160 may also 

effect the JAK-2/STAT-3 pathway. Further work would involve interrogating the JAK-

2/STAT-3, PI3K, mTOR pathway assessing the effector functions in CLL. 

Finally, CD160 forms part of a network of functional ligands for the tumour necrosis 

factor receptor superfamily member herpes virus entry mediator (HVEM/TNFRSF14) 

(Cai et al., 2008). HVEM is a functionally promiscuous molecule, with many ligands 

and different activatory or inhibitory functions dependent on the ligand binding. 

Furthermore HVEM acts as a bidirectional molecular switch having both signal-

transducing functions itself, but also transmitting signals into the cell expressing the 

ligand (Steinberg et al., 2011). Despite our data demonstrating CD160 functioning as an 

activatory receptor in CLL, the engagement between HVEM and the CD160 receptor in 

normal immune cells has been conversely reported to deliver inhibitory signals (Cai and 

Freeman, 2009). However repeating this work in murine models have failed to 

demonstrate this inhibiton of T cell proliferation (Maeda et al., 2005; Tsujimura et al., 

2006). Moreso, CD160 has been demonstrated to activate NF-κB RelA, enforcing the 

notion that CD160 can function as a costimulatory ligand for HVEM (Cheung et al., 

2009). With CD160 forming a complex signalling network with HVEM, the logical 

extension of this work would involve looking at the expression of these receptors in B-

cell malignancies to ascertain if combinations of these HVEM-axis ligands can produce 

a more defined diagnostic algorithm utilising cluster tree analysis based on both cell 

expression as a percentage and MFI. The results of this would progress to study the 
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functional effects of these markers within these malignancies using the techniques 

described in this thesis as well as co-culture assays.  

 

Finally, there has always been ambiguity in terms of trying to define the origin of CLL 

and the unique leukaemic phenotype. The B-cell lineage specific antigens are rarely 

challenged, however there are often the presence of a number of T-cell associated 

antigens observed in CLL cells, whose aberrant expression hold both a diagnostic and 

prognostic value.  Not only CD5 and ZAP-70, but CD4, CD7 and CD8 have all been 

described in a number of CLL cases (Parisi-Duchene et al., 2006; Jani et al., 2007).  

With the aberrant expression of T-cell antigens with no clear mechanism for their 

expression, it is plausible that post translational epigenetic modifications may be 

occurring. The promotion of the “leukaemic phenotype” in other leukaemic conditions 

has been associated with varying roles in methylation, histone modification and 

miRNAs. It is possible that a combination of genomic and epigenetic events may lead to 

the aberrant expression of CD160 on CLL cells. Future work would investigate 

potential epigenetic changes including DNA methylation and histone modification, 

which may lead to the aberrant expression of CD160 being restricted to B-cells with a 

malignant phenotype. 

 

6.5 Conclusions 

In conclusion, the Ig-like activating NK-cell receptor CD160 is restricted to NK and T 

cells in normal immune cells. Neither protein nor transcript for CD160 was found in 

normal B-cells from immature precursor cells found within the bone marrow through to 

the terminally differentiated plasma cell. However, both protein and transcript were 

expressed in malignant B-cells, predominantly CLL and HCL. The tumour specific 

nature of CD160 has been demonstrated to be useful in the differential diagnosis of B-
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cell malignancies, and can be applied to monitor patients for evidence of minimal 

residual disease. From the data presented, MRD quantification utilising CD160 

demonstrated that CD160 positivity following therapy can function as an independent 

prognostic indicator of event free survival, and may guide maintenance and 

consolidation for patients with CLL.  

Functionally, CLL cells have the ability to enhance their survival via stimulation of 

CD160. This stimulation results in the CLL cells mimicking the functional activity 

observed in NK cells in terms of cytokine and chemokine production. This 

pathophysiological observation provides a novel insight into how the CLL cells evade 

apoptosis through the CD160 receptor, as there are a number of CD160 ligands 

expressed by cells in the microenvironment of lymphoid tissue capable of stimulating 

CD160. 
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Appendix A 

STATEMENT REGARDING CO-JOINT WORK 

 
Contributions to the work contained within this thesis by others are described below: 

 

• The multi-centre study validation of the CD160FCA for the detection of 

minimal residual disease was designed by myself. Full data collection and 

statistical analysis were performed by myself. In order to validate the 

CD160FCA, three other hospitals were recruited to perform MRD analysis on 

patient material supplied by myself. 

 

• The following hospital departments were involved in the validation of the assay. 

All are co-authors on the pending manuscript written by myself. 

o Royal Free London NHS Foundation Trust - Professor Archie Prentice 

o University College London Hospitals NHS Foundation Trust - Dr Amit 

Nathwani 

o Barts Health NHS Trust - Professor Marion Macey, Dr Michael Jenner, 

Dr Samir Agrawal 

 

• Western Blot of Bcl-2 family and p-AKT were performed in conjunction with 

Dr Fengting Liu. Full analyses of the raw data were performed by myself.  
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Appendix B 

Ethical consent for research volunteers 

 
The ethical submission documents were prepared by Dr Samir Agrawal and myself. 

This study was given favourable ethical approval from the National Research Ethics 

Service under REC Reference: 07/Q0604/34. 
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B.1 NHS Rec Ethical Approval 
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C.1 Tumour specific nature of CD160: Farren T, Giustiniani J, Liu FT et al, 

Blood (2011), Vol 118: pp2174-2183  

 

 
 



   Appendix C – Abstracts & Publications 

	   	   366 

 
 
 
 
 
 
 



   Appendix C – Abstracts & Publications 

	   	   367 

 
 
 
 
 
 



   Appendix C – Abstracts & Publications 

	   	   368 

 
 
 



   Appendix C – Abstracts & Publications 

	   	   369 

 
 
 



   Appendix C – Abstracts & Publications 

	   	   370 

 
 
 
 



   Appendix C – Abstracts & Publications 

	   	   371 

 
 
 



   Appendix C – Abstracts & Publications 

	   	   372 

 
 



   Appendix C – Abstracts & Publications 

	   	   373 

 
 



   Appendix C – Abstracts & Publications 

	   	   374 

 
 
 
 
 
 



   Appendix C – Abstracts & Publications 

	   	   375 

C.2 Reply to published manuscript – Blood (January 2012) 
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C.3 Function CD160 paper: Liu FT, Giustiniani J, Farren T et al, Blood (2010), 

Vol 115: 3079-3088 
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C.4  Abstracts 

The following abstracts have arisen from this study and have been presented at national 

and international meetings.  

ORAL PRESENTATIONS  

CD160: a target for minimal residual disease in Chronic Lymphocytic Leukaemia  
Timothy Farren, Archie Prentice, Amit Nathwani, Samir Agrawal 
IBMS: Biomedical Congress, 2011 
 
POSTER PRESENTATIONS 
 
Early detection of minimal residual disease detection targeting CD160 in Chronic 
lymphocytic leukaemia predicts progression free survival and correlates with biological 
prognostic risk groups. 
Timothy Farren, Mariam Fanous, Fengting Liu, Marion Macey, Michael Jenner, and Samir G 
Agrawal 
Haematologica (EHA Annual Meeting Abstracts) – June 2012 
 
Autocrine IL-6 production indicates the level of activated STAT3 and NF-kB of Chronic 
Lymphocytic Leukemia Cells. 
Fengting Liu, Li Jia, Tim Farren, John Gribben, Samir Agrawal 
American Society for Hematology, December 2011 
 
Early detection of minimal residual disease in biological prognostic risk groups in chronic 
lymphocytic leukaemia (CLL) utilizing the novel CD160FCA assay. 
Timothy Farren, Fengting Liu, Marion Macey, Michael Jenner, and Samir G Agrawal.  
American Society for Hematology, December 2011 
 
The Prognostic Significance of Monoallelic Versus Biallelic 13q Deletions in Patients with 
Chronic Lymphocytic Leukemia. 
Smita Sinha, Timothy W Farren, Marianne Grantham and Samir Agrawal 
American Society for Hematology, December 2011 
 
CD160: A novel approach to minimal residual disease (MRD) assessment in Chronic 
Lymphocytic Leukaemia (CLL) 
Timothy Farren, Fengting Liu, Marion Macey, Michael Jenner, Archie Prentice, Amit 
Nathwani, Samir G Agrawal. 
British Journal of Haematology (BSH Annual Meeting Abstracts), April 2011 – awarded best 
Clinical Lymphoid poster 
 
Inter-Laboratory Assessment of Minimal Residual Disease in Chronic Lymphocytic 
Leukemia – Evaluation of the Novel CD160FCA Assay 
T. Farren, F Liu, C Stephens, M Macey, M Jenner, A Prentice, A Nathwani and S Agrawal 
Blood (ASH Annual Meeting Abstracts) 2010; 116: 2723  
 
Autocrine IL6/STAT3 Signaling Enhances Survival of Chronic Lymphocytic Leukemia 
Cells 
F Liu, L Jia, T Farren, J Gribben and S Agrawal 
Blood (ASH Annual Meeting Abstracts) 2010; 116: 3598 
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CD160 Expression in B-cell Lymphoproliferative Disorders: Derivation and Validation of 
a New Three-Antigen Scoring System Improving Diagnostic Precision in B-cell 
Malignancies. 
T Farren, F Liu, C Stephens, D Tsitsikas, M Macey, M Jenner, S Agrawal 
Blood (ASH Annual Meeting Abstracts) 2009; 114: Abstract 4382 
 
Spontaneous in vitro death of CLL cells can be prevented by mitochondrial stabilization 
via CD160 signaling. 
FT Liu, L Jia, T Farren, J Giustiniani, A Bensussan, J Gribben, S Agrawal 
Blood (ASH Annual Meeting Abstracts) 2009; 114: Abstract 4372 
 
Expression of surface IgG is high in chronic lymphocytic leukaemia, and co-expression 
with IgM confers a worse prognosis. 
T Butler, C Wiseman, T Farren, J Gribben, S Agrawal 
Blood (ASH Annual Meeting Abstracts) 2009; 114: Abstract 4371 
 
Pilot study validating a new scoring system in B-cell Chronic Lymphocytic Leukaemia 
utilizing the NK cell antigen CD160. 
T Farren, F Liu, C Stephens, D Tsitsikas, M Macey, M Jenner, S Agrawal 
Haematologica (iwCLL Meeting Abstracts) 2009; 94 (s3): Abstract 2.8 
 
CD160 protects cell death via mitochondrial pathway 
F. Liu, T Farren, J Giustiniani, L Jia, A Bensussan, S Agrawal. 
Haematologica (iwCLL Meeting Abstracts) 2009; 94 (s3): Abstract 4.39 
 
Using CD160 as a Novel Approach to the Assessment of Minimal Residual Disease 
(MRD) in Chronic Lymphocytic Leukaemia (CLL). 
Farren T, Giustiniani J, Johansson U, Lim C, Athorn G, Newland A, Macey M, Agrawal S. 
Blood (ASH Annual Meeting Abstracts) 2008; Volume 110, 2036A 
 
CLL Cell Proliferation and IL-6 Production Are Regulated by CD160 – MHC Class I 
Interactions Offering New Therapeutic Targets. 
Giustiniani J, Wiseman C, Farren T, Gribben J, Agrawal S 
Blood (ASH Annual Meeting Abstracts) 2007; Volume 110, 1126A 
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