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Thesis Abstract

X-linked lymphoproliferative (XLP) disease is a severe primary immunodeficiency. 

Immunodysregulatory phenomena are observed following EBV infection suggesting 

that defects exist in these effector populations. The gene defective in XLP is SAP 

(SLAM-associated protein), an intracellular adaptor protein that mediates signals 

through SLAM and other immunoglobulin superfamily receptors including 2B4. 

Cytotoxic T cells (CTLs) and natural killer (NK) cells play a major role in the normal 

immune response to Epstein-Barr virus (EBV) infection. EBV specific T cell lines 

(EBV-T cell lines) were generated from normal individuals and XLP patients and 

examined for CTL function in response to different stimuli. It has been shown that 

XLP patients can generate EBV-T cell lines that are phenotypically similar to those 

from unaffected individuals. XLP patient derived EBV-T cell lines showed a 

significant decrease in interferon-gamma (IFN-y) production in response to 2B4 and 

autologous EBV transformed lymphoblastoid cell line (LCL) stimulation but not in 

response to SLAM. Furthermore, XLP EBV-T cell lines demonstrated markedly 

decreased cytotoxic activity against autologous LCLs. By retroviral gene transfer of 

the SAP gene into XLP patient derived EBV-T cell lines, reconstitution of IFN-y 

production and cytotoxic activity has been shown, confirming the defects are SAP 

dependent. These studies demonstrate that in XLP the lack of SAP affects specific 

signalling pathways resulting in severe disruption of CTL function.

In addition, SLAM and 2B4 expression on immune cell lineages has been 

investigated, the results suggest a wider range of 2B4 expression and deserve further 

investigation in relation to XLP molecular and cellular pathogenesis.
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Chapter 1 Introduction

1.1 Definition of X-linked lymphoproliferative (XLP)

X-linked lymphoproliferative (XLP) disease is one of the X linked primary

immune deficiencies. It is characterised primarily by an inappropriate response to 

Epstein-Barr virus (EBV) infection, which is often fatal and has excessive damaging 

effects on the immune system of affected individuals. Since XLP was identified as a 

new immune deficiency disorder in 1975, there have been many efforts to understand 

its molecular and cellular pathogenesis and investigate why there is extreme 

susceptibility to EBV. The following chapter focuses on the clinical, molecular and 

cellular pathogenesis of XLP and the use o f gene therapy as a potential investigational 

and therapeutic tool in this disease.

1.2 History of XLP

The history of XLP begins with the description of EBV. Following the

recognition o f Burkitts lymphoma (BL) by Denis Burkitt in 1958, Epstein and Barr 

subsequently reported the identification o f EBV, in 1964, by electron microscopy of 

cultured BL cells (reviewed by Epstein, 1999). Henle later established that EBV is 

cause o f infectious mononucleosis (IM) (Henle et al, 1968). The earliest report of 

XLP in medical literature is an abstract describing two brothers who had sequentially 

experienced IM, acquired hypogammaglobinemia (AH) and non-Hodgkin’s 

lymphoma (NHL) by Hambleton et al in 1969 but it was rejected by a referee who did 

not accept that EBV could cause IM, AH and NHL (Hambleton et al, 1969). 

However, at the same time, on April 10, 1969 Purtilo and his colleague Vawter, from 

University of Nebraska Medical Centre, performed an autopsy on an 8-year old boy, a 

member of the Duncan family who had died 30 days after the onset o f IM with
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Chapter 1 Introduction

fulminant hepatitis and bone marrow failure. This condition was excluded from a 

variety of ill-defined entities such as familial lymphohistiocytosis, acute 

lymphoblastic lymphoma and others. Later on they found that a 2 and half-year old 

male sibling had died of acute lymphoblastic leukemia earlier. At the same time 

Purtilo noticed a report on high frequency of NHL in children with inherited 

immunodeficiency disease by Gatti et al (Gatti et al, 1971). On further investigation 

of the Duncan family, Vawter found the death of a third boy and was informed by his 

mother that three nephews in her family had also died (Purtilo et al, 1991). One of AH 

after IM, another of NHL involving the ileocecal region without a history of IM, and a 

third of NHL in central nervous system in his half-brother following a protracted 

period of IM. In 1974 Bar et al also reported fatal IM in a family (Bar et al, 1974). In 

1975, Provisor et al reported three males in one family who had an illness with a 

presentation of EM. The two surviving males had agammaglobulinemia complications 

(Provisor et al, 1975). They confirmed that acquired agammaglobulinemia is a 

clinical feature in three related male children after a life-threatening illness with 

clinical and laboratory features of EM. In a report published in the Lancet by Purtilo et 

al in 1975 this immune deficiency related to EBV was identified as a new 

terminology in medicine and became recognised in the medical community. Based on 

his observations, the inheritance pattern, the clinical and histopathological findings, 

Purtilo named this new disease X-linked recessive combined variable 

immunodeficiency or Duncan’s disease (Purtilo et al, 1975). In their initial report the 

authors suggested that EBV or other viral agents may have triggered the fatal 

proliferation of lymphocytes and postulated that immunological shut-off mechanisms 

for controlling the proliferation of lymphocytes, especially B cells, were inadequate.
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Chapter 1 Introduction

For the past 30 years efforts have been contributed by clinicians and scientists 

to address the clinical symptoms and pathogenesis of XLP. The gene for XLP has 

been identified offering improved diagnostic tests and a greater awareness of the 

clinical spectrum of the condition. Furthermore, as the molecular and cellular 

pathogenesis of the condition begins to unravel, the initial suggestions of Purtilo 

continue to hold true (Purtilo, 1976).

1.3 Clinical manifestations

Although the identification of the defective gene in XLP has provided better 

diagnostic tests, it has also revealed that the clinical diversity of this condition is 

greater than was suggested by primary reports. To track and characterise this disease 

Purtilo established a registry in 1980, which serves as a world wide resource for the 

diagnosis, treatment, and research of this condition (Purtilo et al, 1991). Although 

Purtilo died in 1992, the XLP registry continues and up until 1995, 272 cases among 

80 kindreds had been identified. It has been noticed that some cases of XLP can occur 

without EBV infection (Seemayer et al, 1995). According to this database, and recent 

individual case reports, the phenotypes of XLP can be classified into three main 

subgroups and rare presentations as shown in Table 1.1 (Gaspar et al, 2002; Seemayer 

et al, 1995; Sumegi et al, 2000).

1.3.1 Fulminant infectious mononucleosis (FIM)

This forms the most common and most dramatic manifestation of XLP. The 

median age at onset of disease is 2.5 years. Importantly, this clinical phenotype also 

has the worst prognosis with over 90% mortality. The phenotype is insidious and 

follows a progression of fever, malaise, pharyngitis, and generalised lymphocytosis.
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Chapter 1 Introduction

Table 1.1 Clinical phenotypes of X-linked lymphoproliferative syndrome 
Phenotype Prevalence (%) Mean age of onset Survival

(years) rate (%)

Fulminant infectious mononucleosis 50 5 4

B-cell lymphoma 30 6 35

Dysgammaglobulinaeniw 30 9 55

Rare presentations 3 6-8 29-50

Vasculitis, aplastic anemia, pulmonary 

lymphoid granulomatosis

Based on data from: Seemayer et al, 1995; Sumegi et al, 2000; Gaspar et al, 
2002

Multi organ failure is a general feature. Hepatic coma, respiratory distress 

syndrome, and renal failure accompanying bone marrow failure progress despite 

supportive care. The lymphoid tissues undergo biphasic changes: hyperplasia 

develops first and persists for 2-3 weeks and is followed by hypoplasia (depletion). 

The vital organ damage is caused by infiltration of atypical lymphocytes, NK cells, 

EB nuclear antigen positive (EBNA+) B cells, macrophages, and an accompanying 

dysregulated cytokine release. The extensive destruction of liver and bone marrow 

often leads to a fulminant hepatitis concurrent with virus-associated haemophagocytic 

syndrome (VAHS). In early VAHS moderate pancytopenia and a myeloid hyperplastic 

marrow occur, follow by the appearance of numerous activated macrophages with 

erythrophagocytosis and nucleophagocytosis. The condition evolves with lymphoid 

infiltration associated with necrosis and hemorrhage can occur. The final step is adult 

respiratory distress syndrome and hepatic coma as VAHS persists. Whereas VAHS 

occurs in approximately 90% of cases with FIM, a few patients (5%) manifest
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hypolasia or aplasia of the bone marrow, which should not be confused with VAHS. 

In nearly 30% of those with aplastic anemia, EBV genome is present in bone marrow 

cells (Baranski et al, 1988). The aplastic anemia in XLP is characterised by marked 

depletion of haematopoietic cells, which are replaced with fat. Infiltration in other 

tissues has also been described with splenic (white pulp necrosis), cerebral 

(perivascular mononuclear cell infiltrates), heart (mononuclear cell myocarditis) and 

renal (mild interstitial nephritis) involvement.

The mortality associated with FIM is high and the registry data compiled in 

1995 shows a 4% survival rate. With the use of etoposide and cyclosporine to control 

histiocytic and T-cell proliferation and activation, the outcome for this manifestation 

may have improved, but the condition still remains extremely difficult to treat.

1.3.2 Dysgammaglobulinaemia

In one third of boys with XLP, EBV infection is not fatal as in FIM 

presentations, but is followed by abnormalities of immunoglobulin (Ig) production. 

This ranges from decreased levels of IgG to panhypogammaglobulinemia (Purtilo et 

al, 1982). It also has been reported that prior to EBV infection, one third have 

hypogammaglobulinemia (Purtilo et al, 1991). In more severe cases, humoral 

dysfunction may accompany cellular T and natural killer (NK) defects (Sullivan et al, 

1980). The abnormalities may arise from the extensive necrosis and lymphoid 

depletion throughout the lymphoreticular system that follows acute EBV infection in 

these individuals (Purtilo et al, 1975). Also it has been suggested that the Ig 

abnormalities could be secondary to T helper cell dysfunction (Crotty et al, 2003; 

Welsh et al, 2003). The identification of SAP as the defective gene in XLP now
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allows unambiguous diagnosis of the condition. As a result, some patients previously 

labelled as having common variable immunodeficiency (CVID), a primary 

immunodeficiency with unknown molecular basis, have been shown to have 

mutations in the SAP gene (Morra et al, 2001; Nistala et al, 2001). Although it has 

been suggested that all male CVID patients should be screened for SAP mutations, a 

recent study based on screening of a large cohort of men with 

hypogammaglobulinemia and CVID showed only 0.6% of them carried a germline 

SAP mutation (Eastwood et al, 2004). Therefore, it is unlikely that the true incidence 

of XLP in the CVID population is significant and there is not any benefit of SAP 

mutation analysis of all cases of CVID unless they present with other suggestive 

clinical features. The registry data suggests that this manifestation of XLP has the best 

prognosis, with greater than 50% survival.

1.3.3 Malignant lymphoma

The malignancies observed in XLP are mostly non-Hodgkin B cell 

lymphomas and have occurred in approximately one third of affected individuals with 

XLP. The most common lymphoproliferative types are extranodal, usually BL of the 

ileocecal region (Harrington et al, 1987). Also lymphomas commonly involve the 

central nervous system, hepatic and renal systems. Almost all the lymphomas were of 

B-cell origin but tumours with a T-cell phenotype have also been described (Gaspar et 

al, 2002). The median age of affected boys is 4-6 years of age (Sumegi et al, 2000). 

The lymphomas can be histologically classified as Burkitt’s lymphomas (53% of all 

B-cell lymphomas), immunoblastic lymphomas (12% of all cases), small cleaved or 

mixed cell lymphomas (12%) and unclassifiable lymphomas (5% of all cases) 

(Harrington et al, 1987). The features of lymphomas in XLP are similar to those seen
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in other primary immunodeficiencies with extra-nodal involvement, high-grade 

histology, and evidence of clonality and gene rearrangements. The survival figures 

following the development of lymphoma are poor with 35% survival (Purtilo et al, 

1991). Remission has often been achieved with lymphoma chemotherapy protocols 

but there is a high rate of relapse or development of the other manifestations of XLP. 

There is also a risk of fatal IM many years after successful treatment.

1.3.4 Uncommon clinical presentations of XLP

In addition to the above three manifestations, which represent the main clinical 

features of XLP patients, the literature also describes a number of other presentations. 

Lymphoid vasculitis is another uncommon but well-described complication of XLP. It 

affects all medium and small vessels, involving retinal, cerebral, renal, pancreatic and 

coronary vessels. Histological evidence demonstrates arterial wall destruction with 

aneurysmal dilatation. T-cell pulmonary lymphomatoid granulomatosis was the initial 

presentation with the lymphoproliferation characterised by predominant activation of 

CD4+ cells in some cases (Purtilo et al, 1991; Dutz et al, 2001; Kanegane et al, 

2005).

Aplastic anemia can also be the initial presentation rather than arising as a 

complication of fulminant infectious mononucleosis with haemophagocytosis. The 

registry reports a number of individuals who present initially with aplastic anaemia 

(3% of all cases) (Seemayer et al, 1995). As numbers are small, there is very little 

detail on the pathogenesis of this phenotype.
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Therefore, it is likely that the phenotype is determined by a number of factors, 

including the genetic elements, and environmental and infectious factors on a 

background of disease modifier genes.

FIM presentations of XLP are often accompanied by various degrees of 

haemophagocytosis. However, haemophagocytic lymphohistiocytosis (HLH) as a 

disease entity is well recognized with established diagnostic clinical and laboratory 

criteria, and exists in both familial and sporadic forms. In a certain proportion of 

patients, HLH is caused by mutations in the gene encoding perforin (Stepp et al,

1999). Arico et al reported 16% of male patients with a HLH diagnosis carried SAP 

mutation and half of them had a positive family history (Arico et al, 2001). This 

suggests that XLP should be considered in all males presenting with HLH.

1.3.5 XLP without EBV infection

XLP presents many diagnostic difficulties not just as a result of the variety of 

clinical presentations. From the early descriptions, EBV has always been reported to 

be the viral trigger for the different XLP phenotypes. However, almost 10% of XLP 

cases have shown clinical signs of immune deficiency prior to EBV infection 

(Sumegi et al, 2000). It has been reported that some affected boys with B-cell non- 

Hodgkin’s lymphoma were confirmed to have mutations in the SAP gene (Brandau et 

al, 1999; Strahm et al, 2000). Efforts to detect EBV in individuals failed despite 

using serological and genetic investigations (Brandau et al, 1999; Gilmour et al, 

2000; Nistala et al, 2001). It suggests that the XLP defect is not a specific 

susceptibility to EBV but a more general dysregulation of cellular responses to 

infection. Certainly, other viruses either alone or in combination may trigger abnormal

27



Chapter 1 Introduction

immune responses. The reports of hypogammaglobulinemia following measles 

infection (Mawhinney et al, 1971; Purtilo et al, 1977) also raises the intriguing 

possibility that there may be specific vulnerability to this virus as well.

A major milestone in the history of XLP was identification of the affected 

gene. After long investigation of the partial deletion of chromosome X among XLP 

kindreds and using restriction fragment length polymorphism (RFLP) linkage 

analysis, Skare et al showed that the XLP locus was located between DXS42 and 

DXS73 (Skare et al, 1989). Soon Skare’s laboratory established the gene locus and 

refined its location to a 2.5-Mb region in Xq25 (Skare et al, 1993). Finally in 1998, 

three independent groups identified the mutated gene in XLP, through positional or 

functional cloning (Coffey et al, 1998; Sayos et al, 1998; Nichols et al, 1998). This 

gene was designated as SAP [SLAM (signal lymphocyte activation molecule) 

Associated Protein] /SH2DA1 (SH2 domain protein 1A). Here we use the term SAP, 

indicating protein expression and SAP to define the gene. The SAP cDNA is 2,530 bp 

long and contains an open reading frame (ORF) of 462 bp, with an initiation codon 79 

bp from the start of the ORF. It contains four exons that code for a small 128 amino 

acid polypeptide with a molecular weight of 15 kD size consisting of a 5-amino acid 

N-terminal sequence, an SH2 domain, and a 25- amino acid C-terminal tail (Fig 1.1). 

The promoter and regulatory regions for the control of SAP expression have not yet 

been defined, however, the sequences upstream of exon 1 include putative binding 

sites for transcription factors important for T-lymphocyte development and function,

1.4 The genetic cause of XLP

1.4.1 Discovery of XLP gene
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Figure 1.1 SAP gene and protein structure

A) The SAP gene consists of four exons and encodes a cytoplasmic protein of 

128 amino acids. B) The protein consists of a very short N-terminal, a single SH2 

domain and a small C-terminal tail. SAP protein binds to phosphorylated residues on 

the cytoplasmic tails of SLAM-related receptors via its SH2 domain. C) Crystal 

structure of SAP and location of missense mutations identified in XLP patients. SAP 

has the overall characteristics of an SH2 domain fold, which includes a central sheet 

with helices packed against either side (C is taken from Poy et al, 1999).
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including c-est-1 and interferon (IFN) regulatory factor (IRF)-l (Coffey et al, 1998; 

Wu etal, 2000).

No hydrophobic signal sequence was found to be present, suggesting that SAP 

is localized in the cytoplasm. Northern blot analysis with probes generated from the

cDNA showed expression of an approximately 2.5-kb mRNA at high levels in thymus 

and lung, with a lower level of expression in spleen and liver. SAP expression was 

also detected by RT-PCR in all lymphocyte populations (B and T cells) assayed 

(Coffey et al, 1998; Nichols et al, 1998). Although SAP expression has been reported 

in EBV- carrying lymphoblastoid cells, it is not expressed in all EBV-transformed 

lymphoblastoid cell lines (EBV-BLCL) or EBV-negative Burkitt lymphoma (BL) 

lines as will be discussed later (see p.32) (Nagy et al, 2000).

1.4.2 SAP and EAT-2 are members of a gene family

A gene bank search for the other genes encoding proteins with a single SH2 

domain revealed EAT-2 gene (EWS-activated transcript-2) that is located on the long 

arm of chromosome 1 (lq23) approximately 700 kb from the SLAM gene in humans 

(Thompson et al, 1996). The human and mouse EAT-2 genes consist of four exons 

and encode a 132- amino acid protein that, like SAP, consists of a single SH2 domain 

followed by a short C-terminal sequence. The mouse EAT-2 gene was first identified 

as a transcript induced in transformed mouse fibroblast by EWS/FLI1 oncogene. 

Using PCR and cell separation techniques, EAT-2 was found to be expressed in 

macrophages and B cells but not in thymus-derived lymphocytes (Morra et al, 2001).

As the exon-intron structures of the SAP and EAT-2 genes are identical, it 

appears that the SAP and EAT-2 genes represent two identified members of a new
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family of genes, which are able to act as adaptor proteins and modulate cell signalling 

pathways.

1.4.3 SAP and EAT-2 expression in immune cell

lineages

SAP expression is different in immune cell lineages as well as human and 

murine. SAP is expressed in T cells, including CD8, CD4 single positive T cells 

(Sayos et al, 1998; Wu et al, 2000). Its expression is prevalent in Thl cells, but Th2 

cells also contain the transcript (Sayos et al, 2000). It has been shown that SAP in 

human T cells is up regulated at the RNA and protein level upon specific and non

specific stimulation (Nichols et al, 1998; Nagy et al, 2000; 2002). However, its 

expression in T cells is downregulated upon activation in murine cells (Mora et al,

2001). The rapid down-regulation is the result of the presence of the AUUUA 

sequence in the 3’ UT region of both the long and the short mRNA species (Sayos et 

al, 2000). It may suggest that SAP expression is regulated differently in human and 

murine systems.

The studies in human has shown that SAP is expressed at low levels in resting 

NK cells but its expression increases upon activation in vivo and in vitro (Nagy et al,

2002). Interestingly NK leukaemia lines express SAP like their normal counterparts 

(Nagy et al, 2000). However, the kinetics of SAP expression in cultured murine NK 

cells differed from murine T cells because of higher expression levels after activation 

(Sayos et al, 2000).

SAP is not expressed in all B cell subsets although its expression at the RNA 

level has been demonstrated by some groups (Yin et al, 2003). It has recently been
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shown that SAP is expressed by murine memory B cells (Feldhahn et al, 2002). 

Significantly, the gene is not expressed in EBV transformed lymphoblastoid cell lines, 

and only a small number of B cell tumours express SAP (Nagy et al, 2000). The EBV- 

carrying cell panel contained type I BL lines such as Rael, Akata and Mutu I clones 

148 and 216 were SAP positive. In contrast, the BL lines with type III latency 

phenotype (Raji, Daudi, P3HR1 and Namalwa) and EBV-negative lines (BL41, BL49, 

BL28, DG75, BL2, CA 46 and Ramos) were SAP negative (Nagy et al, 2000). 

Intriguingly, transformation of Mutu phenotype from type I (expressing only EBNA- 

1) to the type III (expressing all 6 EBNAs and 3 latent membrane proteins (LMPs)) is 

accompanied by the down regulation of SAP and the appearance of SLAM on the cell 

surface (Nagy et al, 2000).

Table 1.2 SAP and EAT-2 expression in different human immune 
cell lineages

Cell lineages SAP expression EAT-2 expression

CD4 T cells r+ -

CD8 T cells + -

NK cells 1 + +

LAK +/? -/?

NKT | +/? -/?

Monocytes - +

DCs i -/? ?

Macrophages - +

B cells ] -/? +
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SAP expression has not been reported in other periphery immune cells 

including monocytes, dendritic cells (DCs), and macrophages.

In contrast to SAP, the kinetics of EAT-2 expression has not been fully studied 

(Table 1.2). Like SAP, EAT-2 is expressed in immune cells, including macrophages, 

DCs, B cells (Morra et al, 2001). However, it is not found in T cells. Interestingly, 

only in NK cells are SAP and EAT-2 co-expressed (Bouchon et al, 2001). This may 

imply a complex competitive function for these two SH2 domain adapter molecules.

1.5 SAP mutations

Over 50 different mutations in the SAP gene have been identified so far in 

XLP patients (Sumegi et al, 2000), although this number may be much greater (Fig 

1.2). They range from large or small deletions resulting in complete loss of the gene 

or non-sense, splice-site and missense mutations that lead to premature arrest of 

protein synthesis or to a non-functional SAP (Coffey et al, 1998; Nichols et al, 1998; 

Yin et al, 1999; Sumegi et al, 2000). Despite the wide range of SAP mutations 

associated with XLP, similar to the experience found in other primary 

immunodeficiencies, there is no correlation between the type of mutation and the 

severity of the disease and the clinical phenotypes (Brandau et al, 1999; Sumegi et al,

2000). Indeed, within the same family, the same mutation has resulted in different 

clinical presentations, which implies that other factors, genetic or environmental, are 

important for determining the manifestations of the disease (Arkwright et al, 1998; 

Morra et al, 2001).
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1.6 Structure of SAP and molecular association

SAP protein has a unique structure containing only a single Src homology 

(SH)-2 domain and a short C-terminal tail. Sayos et al identified SAP using a yeast 

two-hybrid system with the 77-amino-acid human signalling lymphocyte-activation 

molecule (SLAM) cytoplasmic domain as bait and a human T-cell library. It was 

postulated that the novel protein might be involved in protein tyrosine 

phosphorylation-mediated signal transduction events. Further experiments, including 

random peptide library screening, showed that the SAP (and EAT-2) SH2 domain 

preferentially recognizes the motif TipYxxV/I (where T is threonine, pY is 

phosphotyrosine, V is Valine, I is isoleucine and x is any other residue) (Poy et al, 

1999). SH2 domain structure is highly conserved and forms a large antiparallel /3 - 

sheet with two flanking a-helices, which form a binding pocket for specific 

phosphorylated tyrosine residues (Lichtarge et al, 1996).

Crystallography and nuclear magnetic resonance (NMR) studies revealed that 

the SAP SH2 domain interacts with its ligands via an unusual mode of binding (Poy et 

al, 1999; Hwang et al, 2002). In addition to the classical “two pronged” interaction 

between an SH2 domain and its ligand peptide, a third contact point between the SH2 

domain and residues located N-terminal to phosphorylated tyrosine is formed (Scott et 

al, 2000). The existence of this additional contact significantly enhances the affinity 

of the SAP SH2 domain for its ligand (Kd *120-150 nM; compared to Kd *500 nM 

for conventional SH2 domains). A similar binding mechanism exists for EAT-2 

(Morra et al, 2001).
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Figure 1.2 Common mutation sites in SAP gene

The mutations vary from deletions, non-sense, splice-site and missense mutations that 

lead to premature arrest of protein synthesis or to a non-functional SAP. Most 

mutations are located in the SH2 p sheets. (Taken from Sumegi et al, 2000).

SAP has another unique feature limited only to SLAM binding and not to other 

members of the SLAM family, which is binding to a 14 amino acid peptide in the 

proximity of Y281 in the cytoplasmic tail of SLAM in the absence of 

phosphorylation. Although the functional significance and structural basis of this 

feature are not known, it may further enhance the interaction between SAP and 

SLAM, as opposed to binding to other SLAM family members.
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1.6.1 SAP interacts with SLAM family

SAP was initially identified as a ligand for SLAM, a CD2-subset of the 

immunoglobulin superfamily of cell surface receptors. The SLAM family of immune 

cell receptors comprises at least six members named SLAM (CD 150), 2B4 (CD244), 

Ly-9 (CD229), CD84, NTBA and CRACC (summarized in Table 1.3). These cell 

surface receptors are glycoproteins of 60-100 kD, with 3-8 potential N-linked 

glycosylation sites and share a common overall structure. In all cases except Ly-9, the 

extracellular region contains two Ig-like domains; one membrane-distal variable (V) 

non-disulfide domain and a membrane-proximal truncated Ig constant-2 (C2) domain 

containing two intrachain disulfide bonds. This configuration of Ig domains is 

duplicated in Ly-9 (Tangye et al, 2000). The cytoplasmic domains contain three or 

more unique tyrosine-based motifs TxPYxxV/I (Figure 1.3). The genes encoding the 

human SLAM family are localized to chromosome 1 at bands lq21-24.

In immune cells, SAP was shown to associate with SLAM, 2B4 and NTB-A 

(Latour et al, 2003). While it remains to be proven if SAP interacts with other SLAM- 

related receptors in immune cells, an interaction with CD84 and Ly-9 as well as 

binding o f EAT-2 to various SLAM-related receptors was seen in transfected cells 

(Sayos et al, 2001).
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Table 1.3 Members of the SLAM family

M ito r ie  Names Associates Expression Ligand Function
with

CD84 Ly9B SAP, EAT-2, 
SHP2, SHIP1

B, T cells, 
monocytes, platelets

CD84 Control of TCR-induced 
IFN-production

CPI50 SLAM SAP, EAT-2,
SHP2,SHIP1,
Fyn

Memory/effector T 
cells, activated B, 
monocytes & 
dendritic cells

CD150 Cytokine production, 
Thl/Th2 polarization, 
B&T cell proliferation

CD229 LY9 SAP, EAT-2, 
SHP2, AP2

B and T cells CD229 Unknown

CD244 2B4 SAP, EAT-2,
SHP1,SH2
andLAT

NK, CD8, 
monocytes, and 
Basophils

CD48 NK and CD8 cell 
cytotoxicity, NK co
stimulatory molecule

CSi CRACC,
Novel-LY9

SAP NK, B and T cells 
and DC

CSI SAP-independent NK- 
cell cytotoxicity

NTBA SF2000,
LY108

SAP, 
SHP1 & 
SHP2

NK, B and T cells Unknown NK-cell cytotoxicity

BLAME Unknown Macrophages & DC Unknown Unknown

CD84-H1 SF2001,
CD2F10

Unknown DCs, B, T cells, 
macrophages

Unknown Unknown

Modified from: Engel et al, 2003
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Figure 1.3 The structure of SLAM-related family receptors

The structure of SLAM, 2B4 and Ly-9 are shown. The cell surface receptors of the 

SLAM-related family are a subset of the CD2 family of glycoprotein (60-100 kD) cell 

surface molecules, which share common structures. The extracellular domains of CD2 

are compromised of a N-terminal non-disulfide bonded Ig variable (V) domain and 

membrane-proximal truncated Ig constant-2 (C2), which in Ly-9 is duplicated. The 

cytoplasmic part contains two or more tyrosine-based motifs (pY). The tyrosine-based 

motifs interact typically with SAP SH2 domain and probably with other molecules 

containing SH2 domain.
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1.6.2 Function of SLAM family in immune response

SLAM-related receptors play multiple roles in normal immune homeostasis. 

The functions of these receptors could explain how the absence of SAP may cause 

diverse pathological phenotypes. The SLAM family has been recognised as important 

co-stimulatory molecules expressed on immune cells and are important in providing 

the second signal of a two-signal paradigm of immune cell activation (Figure 1.4). 

SLAM-related family receptors are expressed differentially on lymphocyte lineages as 

described in Table 1.3. They are upregulated upon activation with various stimuli such 

as EBV infection, cytokines (Cocks et al, 1995; Nagy et al, 2000; Engel et al, 2003; 

Latour et al, 2003 & 2004).

SLAM is one of the family members, which has been extensively studied in 

relation to XLP pathogenesis. SLAM is upregulated on T and B cells following 

antigen receptor activation and similarly on dendritic and B cells through CD40 

stimulation (Cocks et al, 1995; Punnonen et al, 1997; Castro et al, 1999). Its 

expression is also induced after activation of macrophages with LPS and IFN-y 

(Howie et al, 2002).

Through its extracellular domain, SLAM has homotypic interaction ability to 

bind to SLAM on other cell lineages (Mavaddat et al, 2000). In the presence of SAP, 

these engagements conduct SLAM mediated signal transduction, which appears to 

modulate the cytokine response. SLAM activation on human and murine T cells using 

soluble anti-SLAM antibodies leads to selective production of Thl cytokines, such as 

IFN-y and tumour necrosis factor (TNFa). No effect on the production of Th2 

cytokines such as IL-4 is observed (Carballido et al, 1997). Cytokine modulation 

requires pre-activation of T cells. In human preactivated T cells, SLAM activation
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Figure 1.4 A model of SAP and SLAM function in T cell function

The binding of the SLAM-family receptors to their ligands induces the phosphorylation 

of their cytoplasmic tails, allowing the subsequent binding of SAP or SHP-2 through a 

tyrosine-containing motif located in their cytoplasmic regions. It has been suggested that 

SAP prevents SHP-2 binding. This prevents phosphatase activity at the SLAM 

cytoplasmic tail and thus prolongs phosphorylation after SLAM stimulation. SLAM 

activation also increases Dokl and Dok2 phosphorylation and NFk p levels. It leads to a 

Thl upregulation in T cells.

40



Chapter 1 Introduction

induces proliferation in a CD28 independent manner that is resistant to Cyclosporin A 

(Cocks et al, 1995). This result has not been reported in murine cells.

Recent results based on transfected murine T cell lines and SAF1' T cells 

suggest an inhibitory function of SAP following SLAM engagement rather than an 

enhancement effect (Latour et al, 2001; Howie et al, 2002; Latour et al, 2003). 

Conversely, anti-SLAM antibodies block the inhibitory effect of SLAM interaction in 

these experiments. However, it is not clear why in response to co-stimulation of TCR 

and SLAM, SAP'1' T cells still produce higher IFN-7 levels than when compared to T 

cells stimulated only through TCR (Howie et al, 2002). The paradox of these 

conflicting data needs to be further investigated especially in human T cells.

Curiously, anti-SLAM antibodies fail to enhance human B cell proliferation 

but augment the susceptibility of some B cell lines to Fas (CD95) induced apoptosis 

(Liu et al, 1998; Mikhalap et al, 1999). Some groups have reported B cell 

proliferation and Ig production following SLAM and anti-CD40 activation of B cell 

lines, but not in primary B cells (Punnonen et al, 1997).

Although SLAM is expressed on activated DCs and macrophages, its function 

has not been fully understood. It may play a major role in antigen presentation and 

immune response after viral infection. However, data from SLAM  deficient 

macrophages has revealed that it may be involved in IL-12, TNF-a, nitric oxide (NO) 

and IL-6 production (Wang et al, 2004).

While SLAM activation seems to modulate Thl responses, engagement of 

2B4 on NK cells affects both cytokine production and degranulation-mediated 

cytotoxicity (Gami-Wagner et al, 1993; Valiante et al, 1993). Interaction of CD48, a 

member of CD2 Ig superfamily with high level expression on monocytes, DCs, NK, T 

and B cells, and EBV-BLCL, with 2B4 induces the secretion of IFN-y and IL-2
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(Latchman et al, 1998; Tangye et al, 2000; Chuang et al, 2001). 2B4, CSI and NTBA 

regulate NK-cell cytotoxicity (Garni-Wagner et al, 1993; Bottino et al, 2001; 

Kumaresan et al, 2002; Falco et al, 2004).

In the absence of SAP, 2B4 and NTBA inhibit, rather than activate, NK-cell 

cytotoxicity (Parolini et al, 2000; Bottino et al, 2001). In contrast, CSI function is 

SAP-independent in NK cells. CSI might activate NK cell mediated cytotoxicity 

through an extracellular signal-regulated kinase (ERK)-mediated pathway. This 

suggests that SLAM family receptors are likely to signal through both SAP-dependent 

and SAP independent pathways. However, there is little known about function 

downstream of other SLAM family receptors, such as NTBA, Ly-9, CD84. Certainly 

further examination of their structure and function, is required to understand the 

pathogenesis of XLP and its phenotypic diversity.

1.7 Role of SAP in immune cell signalling

It has been suggested that SAP is a true adapter required for signalling through 

SLAM-related family receptors. In transiently transfected COS cells, SAP can prevent 

the SH2 domain-containing protein tyrosine phosphatase (PTP) SHP-2 binding to 

SLAM or 2B4 (Sayos et al, 1998) (Figure 1.4). By blocking SHP-2 binding or by 

displacement of SHP-2, SAP may modulate phosphatase activity of T cells upon 

SLAM activation. This is mediated by the SH2 region of SAP and the first of three 

tyrosines in the cytoplasmic domain of SLAM (Y281 in humans, Y288 in mice).

It has been also reported that SAP binds specifically to Dok (p62) to block its 

binding to SHP-2, and thereby SAP by maintaining tyrosine phosphorylation of Dok 

prolongs the inhibition induced by Dok to the Ras pathway (Sylla et al, 2000). 

However, the inhibitory role of SAP has not been shown in primary cells and with
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other members of the SLAM family. Therefore the phosphatase blocking function for 

SAP may only be an observation in in vitro models and it may not hold true in 

primary cells.

The simplicity of SAP composition was an obstacle to explain its adapter 

functions and ability to recruit other proteins. However, this recruitment function has 

been recently documented in transfected T cell lines as well as in ex vivo normal 

mouse T cells. It reflects the formation of trimolecular complex involving 

phosphorylated SLAM, SAP and Src-related protein tyrosine kinase (PTK) FynT 

(Latour et al, 2001). The capacity of SAP to recruit and activate FynT is highly 

specific and does not extend to other Src-PTK family members. The crystal structure 

of the tertiary complex reveals that SAP binds the FynT SH3 domain through an 

unusual surface-surface interaction that does not involve classical SH3 or SH2 

binding interactions. The interaction is mediated by a novel surface in SAP’s SH2 

domain that is centred around arginine 78, between the sixth @ sheet and the second a  

helix and with SH3 domain of FynT via a nonproline-based motif (Chan et al, 2003). 

It has been suggested that the interaction of SAP with the Fyn-SH3 domain may 

change the auto-inhibited conformation of Fyn into a stabilised, open and active 

conformation (Figure 1.5). This facilitates the coupling of Fyn to SLAM (Chan et al,

2003). By recruiting FynT to SLAM, SAP promotes the phosphorylation of several 

downstream intermediates and delivers an inhibitory signal associated with the 

selective attenuation of IFN-y secretion by activated T lymphocytes (Latour et al,

2001). In addition, following SLAM engagement, SHIP and adaptor molecules Dokl 

and Dok2 are also phosphorylated (Figure 1.4). A series of experiments in Fyn- 

deficient mice showed lack of FynT had inhibitory effects on the tyrosine 

phosphorylation of SLAM. Moreover, disruption of the SAP/FynT association by
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mutation of SAP Arg 78 in transfected cell lines has similar effects on SLAM tyrosine 

phosphorylation as did SLAM stimulation in FynT deficient mice T cells.

Although it remains unclear whether the association of SAP and FynT is true 

in primary human T and NK cells, co-expression of FynT and SAP in other cells 

expressing SLAM family receptors supports the SAP adaptor model.

In NK cells, stimulation of 2B4 triggers an activation signal that implicates 

phospholipase Cy (PLC-y), Vav, the p85 subunit of phosphatidylinositol (PI)-3 kinase 

and linker for activation of T cells (LAT) (Bottino et al, 2000). The association of 

LAT and 2B4 in membrane microdomains in lipid rafts, may be applicable to other 

members o f SLAM family.

The LAT and 2B4 interaction occurs through a dicysteine motif (CXC) 

located at the junction of the transmembrane and cystoplasmic regions of 2B4. 

Consistent with the involvement of PLC-y in this pathway, ligation of 2B4 can also 

induce intracellular Ca2+ fluxes and PI turnover (Valiante et al, 1993). It has been 

shown this cascade depends on SAP interaction with at least two of five tyrosines 

regions in cytoplasmic part of 2B4. Thus, in contrast to SLAM activation, SAP 

mediated signals downstream of 2B4 in NK cells are different, which may support its 

different effects in these cell populations.

In contrast, EAT-2 is unable to bind the FynT SH3 domain because of the lack 

of the arginine 78-based motif (Latour et al, 2003). This suggests an alternative 

function for EAT-2 or the possibility of EAT-2 binding to other Src-related kinases 

such as c-Fgr, Hck and Lyn.
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Figure 1.5 A model of Fyn activation and recruitment by SAP

The binding of SAP to the SH3 domain of the tyrosine kinase FynT via an unusual 

surface-surface interaction and recruitment of this complex through SAP SH2 domain 

by SLAM changes the inactive conformation of FynT into an active open and stable 

conformation. Subsequently, receptor-associated Fyn T can phosphorylate tyrosine 

residues in the cytoplasmic tail of the receptor or neighbouring receptor molecules. 

This creates docking sites for SH2 domain containing proteins such as SHP2 (SH-2 

domain-phosphatase) or SHIP (SH-2 domain-inositol polyphosphate 5’ phosphatase). 

Taken from Engel et al, 2003.
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1.8 EBV infection and related disorders

As mentioned previously, EBV plays a trigger role in the majority of XLP 

patients. It is therefore important to review EBV and its heterogeneous related 

disorders in order to obtain a greater understanding of the pathogenesis of XLP.

EBV is one of the most successful viruses, which ubiquitously infects humans 

and persists for the lifetime of the individual. EBV is classified as an enveloped 

gamma-herpesvirus and contains double stranded linear DNA of 170-175 kb in the 

nucleocapsid (Bomkamm et al, 2001). It is well known as the causative agent of 

infectious mononucleosis (IM) and post-transplant lymphoproliferative disorder 

(PTLD) (Cohen, 2003). Also, it has been demonstrated that several types of 

malignancy, including Burkitt lymphoma, nasopharyngeal carcinoma (NPC), 

Hodgkin’s disease and gastric cancer, are EBV-associated cancers. Recently, chronic 

active EBV infection (CAEBV), EBV-associated haemophagocytic 

lymphohistiocytosis (EBV-HLH), and mosquito allergy with granular 

lymphoproliferative disorder (GLPD) and CAEBV-like serological abnormality have 

been considered as neoplastic diseases related to EBV (Ohga et al, 2002). Moreover, 

lymphoproliferative disorders in patients with autoimmune lymphoproliferative 

syndrome (ALPS), which is a disorder of defective induction of apoptosis through the 

Fas- Fas ligand pathway of cell death, might be associated with infections by viruses 

such as EBV during early infancy (Dianzani et al, 1997; Wang et al, 1999). XLP 

disease is also well known genetic disorder for its recognition as a profound defective 

immune response to EBV. The EBV related immunopathological disorders are 

summarised in Table 1.4.
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Table 1.4 Characterisation of EBV-related immunopathological 
disorders

CAEBV GLPD XLP ALPS
Hereditary Unknown Unknown X-Linked AD(AR)
Sex M&F M&F M M&F
Gene localization Unknown Unknown Xq25 10q23

Responsible Gene Unknown Unknown SAP/SH2D1A Fas/F asL/caspase 
10

Clinical Phenotype LPD LPD FIM/LPD/
AGL

LPD

VAHS + + ++ +
Lymphoadenopathy +/Malignant,

Benign
+/Malignant/
Benign

+/Malignant ++/Benign,
malignant

Immunoglobulin High High Low High

Autoimmune +
- -

++

BBV-antibodies High High Low Normal-High
EBV-genome High High High Normal-high

Adapted from Hiroshi, 2002. The abbreviations are standing for: Autoimmune 

Lymphoproliferative syndrome (ALPS), Chronic Active EBV infection 

(CAEBV), Granular Lymphoproliferative Disorders (GLPD), Virus-associated 

haemophagocytosis syndrome (VAHS), X-linked Lymphoproliferative Syndrome 

(XLP).
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Although the pathogenesis of EBV and its related disorders are not fully 

understood, the ability of EBV to modulate the immune response may explain the 

pathogenesis and phenotypes of different EBV related disorders. Immune responses to 

EBV cover a wide range from very mild responses in asymptomatic infection to an 

exaggerated response in IM and potentially lethal complications in PTLD and 

particular susceptibility in XLP patients (Figure 1.6). Thus before discussing XLP 

pathogenesis in detail, a brief description of recent data on the immune response to 

EBV and its ability to modulate the immune response would be useful to understand 

XLP and diversity of its phenotypes in EBV positive patients.

In most human populations, primary EBV infection occurs during the first few 

years of life. EBV enters the oropharynx and adjacent structures, and preferentially 

infects B cells via the C3d complement receptor, CD21. Other co-receptors for virus 

entry have been reported although CD21 route remains the main pathway.

Primary infection during early childhood is mostly asymptomatic or mildly 

symptomatic, and that during adolescence causes acute IM in 30-50% of cases (Ohga 

et al, 2002). It is not clear whether the severity of age related presentation is related to 

virus load or to age related differences in host immunity. Acute IM patients present 

with fever, painful lymphoadenopathy, sore throat with pharyngotonsillitis, 

hepatosplenomegaly, and skin eruption. During this period the EBV-infected B cells 

increase to 1-20% of circulating B cells. This is followed by a vigorous immune 

response consisting of a brisk rise in NK cells, CD8 T cells, IFN-7 production, and 

antibody-dependent cell mediated cytotoxicity (ADCC) (Rickinson et al, 1997). The 

results of CD8 T cell response are an atypical lymphocytosis, which can be as many 

as 60% of the peripheral mononuclear cells population. CD8 T cells show the 

selective expansion of V/37 and V/36 in some IM patients (Smith et al, 1993).
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Figure 1.6 The immune response to E B V  infection and disturbance of 

immune function leading to LPD d isorders

Primary infection with EBV induces non-specific (NK, IFN-y) (indicated as red 

colour and specific including humoral (indicated as yellow colour) and cellular 

(indicated as green colour) mainly cellular im m une responses. EBV- infected cells can 

escape from immune surveillance with EBV genom ic invasive machinery. The EBV 

maintains its escape with invading immune response leading to aberrant cytokine 

production. As a result EBV induces B c e ll  clonal formation and finally 

LPD/Lymphoma disorders.
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However, T cells specific for lytic epitopes account for up to 44% of the CD8 T cell 

pool, while CTL specific for the immunodominant proteins of latent proteins reached 

only 1-2% (Hislop et al, 2002).

EBV infection causes B cell proliferation and humoral immune responses, 

particularly IgM secretion, in the early stages (Papesch and Watkins, 2001). IgG anti- 

EBV early antigen (EA) and IgM antibody against EBV viral capsid antigen (VCA) 

are frequently detectable at 4 weeks and reach their maximum at 6-8 weeks. This is 

followed by a late anti-EBV nuclear protein (EBNA) IgG response, which remains 

with IgG anti-VC A at a high level for many years. The pattern of serological 

responses to EBV infection may be misleading in immunosuppressed patients. 

However, the dominant immune response in EBV infection is cellular, which in itself 

sometimes has a suppressive effect on Ig secretion and B cell lymphocyte 

proliferation.

The EBV genome encodes more than 100 proteins (Epstein, 2001). In this 

context EBV is capable of modulating the immune response by encoding novel 

homologs of cytokines. BCRF1 is one of the early lytic genes, which exhibits a 

human IL-10 function and negatively regulates IL-12 to inhibit IFN-y production 

(Hiroshi, 2002). The overall biological effects of these proteins remain elusive.

EBV infected B cells also show the immortalisation ability of the EBV 

genome. Following the initial replicative (lytic) infection, the EBV genome 

circularises to be maintained as a multicopy plasmid in the B cell nucleus. There are 

12 genes which encode different proteins involved in the latency programs of EBV. 

The 6 nuclear antigens EBNA1, 2, 3 (A, B), 5 (LP), 3C and 3 latent membrane 

proteins (LMP)l, LMP2A, LMP2B are the most important in maintenance of latency 

(Papesch and Watkins, 2001). Different EBV related tumours express some of these
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antigens dependent on the type of latency (Type I,II,III). In persistent infection, the 

major latent epitopes targeted by CTLs are EBNA3A, EBNA3B, EBNA3C 

(Rickinson et al, 1997). It has been suggested that EBV- specific CD4 T cells may 

play a significant role in primary infection and in the maintenance of functionally 

competent CD8 memory (Zajac et al, 1998; Amyes et al, 2003). More recently a 

cytotoxic function of EBV- specific CD4 T cells has been reported particularly against 

EBNA1 proteins (Steigerwald-Mullen et al, 2000; Munz et al, 2000).

However, despite exciting progress in understanding the role of EBV-CTLs 

and Thl/Th2 polarization of the cytokine balance during EBV infection, many 

fundamental aspects in the pathogenesis of EBV related disorders remain unknown. 

Thus verification of cellular pathogenesis of XLP may shed some light not only on the 

EBV immune response, but also on the development of lymphoid malignancies, 

therapeutic and preventive strategies for the EBV-associated diseases.

1.9 Immunoserological studies in XLP

1.9.1 Immunoserological defects in XLP patients

Although most patients with XLP are healthy prior to EBV infection, it has 

been suspected that there may be subtle immunological abnormalities. A number of 

studies have been undertaken on XLP boys who had been identified as a result of 

previous family history and by inheritance of the abnormal X-chromosome by linkage 

analysis, but the data is inconclusive. A report from Purtilo et al showed 

approximately 5% of boys with XLP prior to EBV infection, had developed measles 

pneumonitis, with a few cases infection of Neiseria meningitis and also disseminated 

vaccinia following smallpox vaccination (Purtilo et al, 1991). Defects in 

immunoglobulin isotype switching (IgM to IgG) have been identified, using
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vaccination with the neoantigen cjD/Xl 74 (Purtilo et al, 1989). In the largest study to 

date, 32 boys were identified as having XLP, all of whom were serologically negative 

for EBV at the time of analysis (Seemayer et al, 1995). Of these, only five were 

healthy with a normal immunological profile. Of the remaining 27, 17 had 

dysgammaglobulinaemia with elevated levels of IgA and IgM and /or variable defects 

in IgG, IgGl or IgG3 production. However, in the majority of cases these findings did 

not have any significant clinical presentation.

1.9.2 Immunoserological defects in XLP female carriers

Carrier females in XLP are in general asymptomatic but analysis of humoral 

responses to EBV suggests a number of abnormalities. This includes a fourfold 

elevation in IgG anti-VCA titres, and persistence of IgM and IgA anti-VCA 

antibodies, both of which are not normally found after seroconversion (Sakamoto et 

al, 1982). IgG antibodies against the Epstein-Barr-virus early antigen (EA) were 

present in over half the carrier group but in only 19% of the control population. It has 

been suggested that these findings are indicative of continued viral replication or an 

attempt to compensate for a partial T-cell defect but the absence of other clinical and 

immunological problems in carrier females makes this unlikely. However, the recent 

data on murine models along with genetic epidemiological studies suggests that SAP 

deficiency is a recessive phenotype, therefore one normal SAP allele could keep 

immunological balance in carriers (Crotty et al, 2003; Yin et al, 2003).

1.10 Molecular and cellular pathogenesis of XLP

The hallmark of XLP is a dysregulated, ineffective host response against EBV 

and other virulent pathogens. Although the exact pathogenesis of XLP is unknown, it
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has been suggested that the inability of the immune system of XLP patients to control 

EBV-infected B lymphocytes is likely to be due to defects of Th cells, CTLs, and NK 

cells. SAP is a component of the signalling mechanism used by the SLAM family 

receptors and represents a new paradigm in signal transduction defects associated 

with primary immunodeficiencies (PIDs). In contrast to other signalling molecules 

involved in PIDs, such as yc, JAK-3, and ZAP70 in severe combined 

immunodeficiency and Btk in X-linked agammaglobulinemia which, are non adaptor 

components in immune cell signalling, SAP exhibits a modulator role in signal 

duration and intensity. Lack of SAP function leads to a series of molecular 

dysfunctions in immune cells causing diverse phenotypes.

However, a series of studies in humans and more recently in SAP deficient 

murine models has clarified some of the molecular and cellular abnormalities in XLP. 

The data from human and murine models are, in some aspects, contradictory and 

deserve further analysis. Thus the pathogenesis of XLP is discussed in two sections as 

below.

1.10.1 XLP Pathogenesis based on human findings

In the first description of XLP pathogenesis reported by Purtilo, an intrinsic 

defect in B cells was suggested to play the main role in XLP (Purtilo, 1976). The 

clinical and pathological findings reported by Purtilo showed that affected boys 

suffered from chronic bacterial infections and low serum Ig level before and after 

EBV infection. Therefore, it was suggested that the dysgammaglobulinemia was 

caused by an arrest in B cell maturation to plasma cells. In addition, he observed a 

vulnerability of XLP boys to rubeola (measles) and vaccination, and concluded that T 

cell anergy due to the B cell defect impaired the control of B cells and was a major
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part of XLP pathology. Whereas, SAP is not expressed in the majority of B cells, an 

intrinsic B cell deficiency is unlikely and the humoral immunodeficiency is likely due 

to dysregulation of T helper cell function (Lai et al, 1987). It is well documented that 

CD4 T cells play an important role in providing appropriate B cell help through 

costimulatory signals such as CD40L, CXCR5 expression and cytokine secretion, 

which may highlight SAP function in CD4 T cells in parallel with existing pathways 

to initiate B cells response to EBV infection (Breitfeld et al, 2000). It holds true when 

XLP males with immunoglobulin class and subclass deficiencies prior to EBV 

infection are considered (Grierson et al, 1991). However, this remains elusive in XLP 

pathogenesis. Also development of B-cell lymphoproliferative disease in XLP 

initially led to the proposal that B cells in XLP patients may be less susceptible to T 

cell-mediated killing (Ando et al, 1986). However, the lack of SAP expression in B 

cells particularly EBV-transformed B cells and evidence that XLP-derived B cells 

resemble normal LCLs in vitro, with respect to induction of EBV-specific cytotoxic T 

cells (CTL), the ability to present EBV viral antigens, and susceptibility to EBV- 

specific and MHC-restricted CTL-mediated killing, suggest that the cellular defect is 

not B-cell specific (Jager et al, 1998).

Large numbers of responding NK cells and CD4+ and CD8+ T lymphocytes 

are typically involved in the normal response to primary EBV infection. Furthermore, 

the large number of activated effector T cells are associated with the release of 

cytokines and inflammatory mediators that ordinarily lead to IM. Although XLP 

patients prior to EBV infection show a normal peripheral lymphocyte count, except a 

reverse CD4/CD8 ratio, it has been reported that B and T cells (mainly CD8) 

excessively proliferate and infiltrate the organs during their acute phase of EBV 

infection (Seeley et al, 1981; Lindsten et al, 1982; Sullivan et al, 1983 & 1989). This
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suggests that EBV infection is the significant trigger for the phenotypic expression of 

XLP syndrome due to the excessive T cell activation and cytokine imbalance. Also it 

has been reported that EBV genomes were detected in peripheral blood lymphocytes 

and organs of affected males suggesting that failure of cytotoxic activity may be part 

of the pathology in XLP (Purtilo et al, 1991). As SLAM is expressed on T and B 

lymphocytes, it is postulated that homotypic binding, promotes T cell costimulation, 

proliferation, and production of Thl cytokines. During EBV infection, SLAM-SLAM 

and MHC II molecule-TCR interactions at the interface between EBV-infected B cells 

and CD4 T cells, or CD48-2B4 interaction between EBV-infected B cells and NK 

cells, may promote the development of EBV-specific Thl responses. Studies on 

specific T-cell immunity to EBV are contradictory. Firstly, Purtilo and his colleague 

suggested that T suppressor lymphocytes (CD8) might play a role in impaired 

immune surveillance against EBV (Purtilo, 1976). EBV-specific memory T-cell 

activity, as measured by inhibition of autologous EBV-LCLs outgrowth (regression 

assay), was defective in seven out of ten of XLP patients studied in comparison to 

female carriers and healthy individuals (Harada et al, 1982). Sullivan et al (1983) also 

demonstrated failure of T cell cytotoxic activity against a variety of targets related to 

EBV. In contrast Rousset et al (1986) reported two XLP patients with 

hypogammaglobulinaemia exhibited normal EBV-specific HLA-restricted cytotoxic 

activity, although he was not able to show the cytotoxic activity of the EBV specific T 

cell clone level in those patients. Later, Okano et al (1990) reported a 19 year-old boy 

with XLP and IM with defective killing activity of PBL against his LCL during the 

course of the disease. In another study, it was shown that the cytokines produced by 

T cells from ten XLP patients failed to inhibit B-LCL growth (Yasuda et al, 1991). 

For the first time, Yasuda tried to explore the underlying mechanisms of T cell
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cytotoxic dysfimtion in XLP by investigation of Thl cytokines. In Yasuda’s study, 

IFN-7 production was normal upon allogenic LCL stimulation in XLP patients. 

However, T cells from XLP patients exhibit a significant decrease in IFN-7 

production in response to stimulation by autologous EBV-LCLs (Yasuda et al, 1991). 

Furthermore, the production of IL-2 by T cells upon PHA or autologous B-LCL 

stimulation showed no difference between XLP patients and those in the normal 

control group. Okano et al reported a 20-month- old XLP boy with FIM who showed 

detectable IFN-7 in his serum and PBL culture supernatant, which decreased during 

the acute phase of EBV infection. Exogenous IFN-7 administration caused transitional 

improvement of his clinical condition with decreasing numbers of EBV positive cells 

(Okano et al, 1989 & 1990 a and b).

More recently, it was shown that Herpesvirus-saimiri-transformed CD4+ T 

cells from XLP patients exhibited severe defects in cytokine secretion (Nakamura et 

al, 2001). Stimulation with anti-SLAM caused no significant IFN-7 secretion and also 

activation of the TCR resulted in little or no up-regulation of IFN-7 or interleukin 2 

(IL-2) in comparison with controls. Similar results were observed in mixed 

lymphocyte reactions (MLRs) (Nakamura et al, 2001). Moreover, molecular studies 

of XLP transformed CD4 T cells showed an enhanced level of basal and TCR- 

induced tyrosine phosphorylation of CD3£ ZAP70, and Cbl. Other key partners of 

TCR downstream kinase families including mitogen-activated protein kinase 

(MAPKs), external signal-regulated kinase (ERKs), c-Jun NH2-terminal kinase 

(JNKs) and also pleotropic proteins (Akt, GSK) showed an increase in 

phosphorylation upon TCR activation in XLP CD4 T cells, but the level of 

phosphorylation declined faster in comparison with phosphorylation in normal CD4 T 

cells. It suggests that SAP is important in TCR down stream signalling pathways and
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may control cytokine production not only through SLAM family receptors but also 

via the TCR pathway. More recently it was shown that SAP deficient T cell lines 

generated by stimulation of T cells with allogeneic B-LCL demonstrated impaired 

TCR-CD3 signalling (Sanzone et al, 2003). In support of the above results, the SAP 

deficient lines showed an enhanced phospholipase C 7I (PLC 7I) phosphorylation 

and calcium response, but phosphorylation of VAV and downstream signal 

transduction events such as MAPKs were diminished (Sanzone et al, 2003). This also 

leads to diminished IL-2 production upon TCR activation in XLP T cell lines. 

Furthermore, it is well known that LAT (linker for activation of T cells) is a central 

adaptor for transduction in proximal CD3 signalling associated with PLC7, VAV and 

other kinase proteins (Zhang et al, 1998). Also LAT is associated with 2B4 via a 

dicysteine motif in NK cells, and the presence of SAP is important in LAT function as 

a central adaptor (Latour and Veillette, 2003). It is likely that SAP deficiency could 

provoke selective alterations in the phosphorylation of distinct LAT tyrosine residues 

either through SLAM family receptors or via alternative mechanisms causing 

imbalanced signalling in T cells from XLP patients. However, although the above 

information provides a better understanding of T cell dysfunction in XLP, the 

molecular basis of TCR mediated T cell defects, particularly in association with 

SLAM family receptors remains largely elusive and needs further investigation.

Studies on NK cells from XLP patients were more conclusive than T cells, 

and it has been suggested that the failure of cytotoxicity is 2B4-mediated, although 

other SLAM family receptors expressed on NK cells have not been excluded. NK cell 

activity was one of multiple XLP immune defects described (Sullivan et al, 1980). 

Sullivan et al in their report published in Science (1980) demonstrated XLP-NK cells 

from 12 patients aged 5-19 years old exhibit significantly lower killing activity
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against K562 target cells in comparison to controls (10 out of 12) but in 2 XLP cases 

prior to EBV infection the NK killing activity was intact. In contrast, 10 XLP carriers, 

10 patients with IM, and 33 normal individuals presented a high NK cytotoxic 

activity. In a second study by the same group, NK cytotoxic activity against K562 

target cells in 2 XLP patients was normal but abnormal in a third XLP patient 

(Masucci et al, 1981). However, it was later shown that NK cell killing activity 

against K562 or Daudi (a Burkitt’s lymphoma cell line) cell lines is abnormal in XLP 

patients (Harda et al, 1982; Argov et al, 1986; Benoit et al, 2000; Tangye et al, 2000). 

Moreover the effect of exogenous EFN-7 to improve NK cell cytotoxic function is 

controversial, and differential effects have been reported (Masucci et al, 1981; Argov 

et al, 1986; Okano et al, 1989& 1990). Argov et al (1986) also showed that NK cell 

function mediated by antibody-dependent cellular cytotoxicity (ADCC) is intact in 

XLP patients. Thus, when XLP NK cells were stimulated with receptors that do not 

bind SAP such as CD2, CD 16 or NCRs, cytotoxicity was comparable to normal 

controls, suggesting only specific pathways are affected in these patients (Argov et al, 

1986; Parolini et al, 2000; Tangye et al, 2000). 2B4-CD48 interaction augments non- 

MHC restricted cytotoxicity by NK cells (Nakajima et al, 2000). As K562 cell lines 

are CD48 and HLA negative, the recent data casts doubt over the NK cell killing 

failure reported previously. The more recent studies investigated cytotoxic function at 

a molecular level to solve this paradox. The 2B4-mediated cytotoxic activity in NK 

cells is Ras/Raf dependent and involves multiple MAPK signalling pathways 

including ERK1/2 and p38 (Chuang et al, 2001). 2B4 activates NK cells via a LAT- 

dependent signalling pathway, in which the binding of LAT and 2B4 is SAP 

dependent and 2B4- mediated cytotoxicity is dependent on SAP interaction with 2B4 

(Tangye et al, 2000; Chuang et al, 2001). Therefore, as CD48 is highly expressed on
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EBV-LCLs it was speculated that the NK cell defect in XLP is limited to 2B4/CD48- 

specific NK-cell killing activity. In addition, inducing expression of CD48 on a 

transfected K562 HLA negative leukaemia cell line enhanced killing activity of 

normal NK cells. XLP-NK cells showed decreased killing of CD48-expressing target 

cells in comparison with normal controls (Parolini et al, 2000). Disruption of the 

association between 2B4 and CD48, using a 2B4 masking antibody, restored normal 

cytolytic function, suggesting that this defect arises from the delivery of an inhibitory 

signal through the 2B4 /CD48 interaction (Parolini et al, 2000; Tangye et al, 2000).

However, it remains undefined how the lack of SAP affects cytokine 

production, particularly IFN-y, and also CS1 and NTBA function in XLP patients and 

their specific role in pathogenesis. In this regard, a subpopulation of killer cells called 

lymphokine-activated killer cell (LAK) are defective against Raji cell line (a NK- 

resistance cell line) in XLP, and again the pathology of the defect has not been fully 

explored (Benoit et al, 2000).

1.10.2 XLP pathogenesis based on murine model findings

The first animal experiments for XLP were performed in a severe combined 

immunodeficiency (SCID) mouse model by Purtilo and his colleagues (Purtilo et al, 

1991). The engraftment of PBL from 9 XLP patients showed no graft-versus-host 

disease (GVHD), suggesting T cell defects. In contrast, in a control group the majority 

of engrafted mice developed GVHD. After almost a decade, the discovery of the SAP 

gene made it possible to generate an XLP murine model. Three groups have generated 

S!4P-deficient mice models by targeting different exons of the SAP gene (exons 1,2 or

3) in mice (Czar et al, 2001; Wu et al, 2001; Yin et al, 2003). Wu et al deleted exon 

1 whereas Czar et al and Yin et al developed their model by targeting exon 2 and 3,
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respectively. In murine SAP knockout models, lymphocyte development is normal as 

previously reported in humans (Czar et al, 2001; Wu et al, 2001; Yin et al, 2003). 

Expression of cell surface markers for lymphocyte sub-population were normal in 

knockout SAP murine models (Czar et al, 2001; Wu et al, 2001; Yin et al, 2003). 

Before exposure to any kind of infection the only immunological abnormality in the 

mice model was a lower level of all IgG subclasses (Yin et al, 2003) and low level 

IgE reported in two models (Czar et al, 2001; Yin et al, 2003). However, the SAP- 

deficient models showed a number of different post infection pathological immune 

responses. Challenging of the mice with LCMV (lymphocyte choriomeningitis virus: 

a virus that elicits similar responses to infection with EBV), or murine 

gammaherpesvirus-68 (a herpesvirus of wild rodents which genetically is related to 

human herpesvirus-8 and human EBV) or Toxoplasma resulted in impaired Th2 

differentiation and Thl/Th2 skewing.

The SAP deficient mouse models present a relatively intact immune response 

to clear acute infection but progress into immune dysregulation with pathological 

presentations. However, infection with a more virulent clone of LCMV (clone 13) or 

a hepatotropic strain of LCMV (LCMV-WE) causes increased morbidity (Czar et al, 

2001) or mortality (Wu et al, 2001) in these models. Conversely, infection with 

gammaherpesvirus-68 in the SAP deficient mice does not increase in any morbidity or 

mortality (Yin et al, 2003).

Moreover, all three models showed an increased number of activated T cells, 

mainly CD8 T cells, presenting with higher IFN-7 production after 1-2 weeks in 

comparison with the wild type mice. The CD8 T cells in response to LCMV-specific 

peptides produce excessive IFN-7 and TNFa production in comparison to a normal 

control. Also the number of antigen-specific CD8 T cells for LCMV antigens stained
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with the MHC-class I Ag-specific tetramers, was significantly higher than the control 

group after LCMV infection (Czar et al, 2001). The overall proliferation of CD8 T 

cells in response to gammaherpesvirus-68 infection shows subsets expressing the V/34 

T cell receptor, a characteristic feature after murine gammaherpesvirus-68 infection 

(Yin et al, 2003). These data may confirm the function of CD8 and cytotoxicity of 

CD8-CTLs are intact in SAP defective murine models. The organ lymphocyte 

infiltration is mainly of T cells and may be caused by over responsiveness of T cells. 

The higher proliferation of SAP defective murine T cells in response to TCR or 

SLAM stimulation is reported before infection.

CD4 T cells of SAP deficient mice show an enhanced IFN-7, TNF-a and IL-2 

production in response to infection but the total number of CD4 T cells was 

comparable between wild type and SAP deficient mice, except in the Wu et al (2001) 

report in which the number of CD4 T cells was slightly higher than wild type mice 

(Czar et al, 2001; Wu et al, 2001; Crotty et al, 2003; Yin et al, 2003). In addition, it 

has been reported that T helper CD4 cells have impaired production of IL-4, IL-10, 

IL-13 in SAP deficient mice, which would be corrected with Th2 polarization (Wu et 

al, 2001). However, the murine SAP defective T cells, before infection, upon 

stimulation of TCR or SLAM also show a consistently high IFN-7 and low production 

of IL-4, IL-10, IL-13, suggesting fundamental immune response impairment. It has 

been well documented that the rapid production of IL-4 by CD4 T and NKT cells in 

response to Lieshmania major (L-M) causes persistence of infection and susceptibility 

of mice (Launois et al, 1997). The SAP knockout murine model showed a Th2 defect 

in response to L-M infection similar to that shown in response to LCMV infection, 

supporting the idea that the regulation of IL-4 production is SAP dependent (Czar et 

al, 2001).
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Furthermore, the SAP- deficient mouse model following infection with 

LCMV, T gondii, L.M, or challenged with ovalbumin (OVA) shows a lower level of 

IgE and IgG production particularly after the acute phase (Czar et al, 2001; Wu et al, 

2001; Crotty et al, 2003; Yin et al, 2003). Although the presence of 

dysgammglobulinemia before infection reported by some groups suggests an intrinsic 

B cell dysfunction in addition to impaired T helper cell function, the recent results 

using an adoptive transfer system have emphasised the role of SAP in CD4 T cell 

function for late B-cell help and development of long-term humoral immunity (Crotty 

et al, 2003). The number of antibody-secreting cells (ASCs) and IgG serum level 

(IgGl, IgG2a, IgG2b) are increased after infection but decrease after two weeks in the 

SAP deficient murine model, confirming SAP is not important for early B cell help 

and class switching. In vitro studies show murine SAF  B cells proliferate and 

differentiate into ASCs normally. The normal expression of CD40L and CXCR5 on 

SAF  CD4 T cells confirm that the interaction and migration of T helper cells as an 

important part of B cell help is intact in XLP. The reconstitution of SAF  B cell 

function after adoptive normal CD4 T cells transfer in vivo underlines the crucial role 

of Th2 cytokine polarization in XLP (Figure 1.7).

Several groups have studied the biochemical immunopathological response in 

SAP deficient murine models. Upon SLAM stimulation the SAF  T cells show 

defective phosphorylation of SHIP, the adaptor molecules Dok2, Dokl and She, and 

RasGTPase-activating protein RasGAP that leads Thl/Th2 imbalance (Latour et al, 

2001; Chan et al, 2003). This pathway is regulated by SAP dependent coupling of 

Fyn to SLAM. Although, the same dysregulation has been shown in Fyn- deficient T 

cells, it was not addressed how the absence of SAP causes the aberrant TCR signal. 

To address this question, Howie et al suggested that the recruitment of SLAM and
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Figure 1.7 SAP function via CD4 T cells and its potential role in 

pathways of B cell differentiation

In germinal centres, SAP-expressing CD4+ T cells may promote the formation and/or 

survival of B cells which after completing affinity maturation become memory B cells 

and long-lived plasma cells. In a murine model it has been shown that SAP expression is 

necessary for the long-term humoral immune response (adapted from Welsh et al, 2003).
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SAP to the site of TCR engagement may explain how SLAM influences TCR- 

mediated signals (Howie et al, 2002). More recently it has been shown that a defect of 

IL-4 production in SAP- deficient murine cells is caused by impaired TCR-mediated 

induction of the GATA-3 pathway (Cannons et al, 2004). In contrast to humans, study 

of TCR signalling revealed normal Ca2+ mobalization and ERK activation in SAP- 

deficient murine cells, but decreased PKC-0 recruitment, Bel-10 phosphorylation, 

I/cB-a degradation, and nuclear NFxBl/p50 levels. Interesting, Fyn- deficient cells 

also show the same TCR signalling dysregulation. However, the Fyn deficient model 

was able to address the down-regulation of IL-4 but not the increased IFN-7 

production precisely.

Furthermore, although these studies suggest that SAP deficiency can directly 

affect signalling downstream of the TCR in conjunction with the SLAM receptor in 

CD4 T helper cells, there is not any evidence in this model that is extendable to other 

lymphocyte populations or to other SLAM family receptors affected by SAP 

regulatory function in the immune response.

1.11 Diagnosis and treatment of XLP

Molecular analysis of the SAP gene and protein expression are the latest 

methods, which are used by a number of different centres, for diagnosis of XLP. 

Mutation analysis with direct sequencing of the four exons using intronic primers is 

performed to give high sensitivity results. However, the genetic test for XLP shows a 

low detection rate of between 54 and 64% (Yin et al, 1999) even in cases with a X 

linked pedigree and particularly in cases with sporadic presentation. The linkage 

studies on XLP probands mapped the XLP gene to the Xq25 region, suggesting that 

another gene abnormality is unlikely. Thus mutations in SAP promoter or regulatory
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regions should be sought at least in a majority of cases with a negative test of SAP 

mutation analysis. More recently, a SAP protein assay has shown a higher detection 

rate even without a positive genetic test, which again suggests the defect in some 

cases may lie in regulatory or promoter of SAP expression region rather than in the 

gene (Gilmour et al, 2000). However, the genetic test for SAP in affected males with 

an X-linked pedigree and definite XLP presentation is highly sensitive with 97% 

(Sumegi et al, 2000). The defect in cases with sporadic or atypical presentation is 

elusive. To improve the diagnosis of XLP cases and prevent misdiagnosis, the 

European Society for Immunodeficencies (ESID) and the Pan American Group for 

Immunodeficencies (PAGID) has recommended guidelines for XLP diagnosis 

(Conley et al, 1999). The criteria are based on SAP mutations, common and 

uncommon phenotypes, EBV infection, and the presence of affected maternal male 

relatives with a history of similar disease. According to these criteria there are three 

groups of cases including definite, probable, and possible criteria, where the chance of 

having XLP is different in each group. Still there are some cases with a negative 

genetic test and lack of SAP protein expression but with a similar XLP phenotype, 

known as XLP like disease, which still remain undefined. However, a better 

understanding of the underlying XLP molecular pathology will allow the design of 

more definite guidelines. The new technology such as microarrays or proteomics 

arrays would provide this along side better and more comprehensive diagnostic tools 

in XLP.

After diagnosis of XLP, the most striking challenge is treatment of XLP cases 

particularly those with a poor prognostic phenotype. At present, the only definite and 

preventive cure for XLP and the EBV and non-EBV complications is allogeneic 

hematopoietic stem cell transplantation (HSCT) either using bone marrow, peripheral
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blood, or umbilical cord blood stem cell (Gross et al, 1996). However, it is mostly 

unsuccessful in affected males with an age of more than 15 years and also with pre- 

HSCT infective complications. Other therapeutic strategies developed for treating 

manifestations of XLP such as using antiviral drugs, high-dose immunoglobulin, 

immunosuppressive agents, and IFN-7 have been largely unsuccessful, and are 

palliative at best. The lack of success of conventional treatments for XLP makes the 

development of a gene therapy strategy for XLP an attractive proposition. There is 

great potential to use gene manipulation either as investigation tool or therapeutic 

strategy in XLP. The following section will discuss the gene therapy approach in 

general and specifically on advantages of retroviral gene therapy in primary 

immunodeficiencies.

1.12 Gene therapy and viral vectors

Somatic gene therapy is defined as the delivery of new genetic material into a 

patient’s somatic cells for the treatment of disease and is made possible through the 

development of viral and non-viral gene transfer vectors. Primary immunodeficiency 

(PID) disorders are good candidate disorders for this type of therapy and have played 

a major role in the development of techniques for human gene therapy. A series of 

encouraging results obtained in chronic granulomatous disease (CGD) patients (Grez 

et al, 2000) and patients affected with the X-linked and ADA forms of severe 

combined immunodeficiency SCID (XSCID & ADA-SCID) have shown promising 

progress in recent years in the primary immune deficiency field (Blaese et al, 1995; 

Fischer et al, 2001; Aiuti et al, 2002; Gaspar et al, 2004; Muul et al, 2003). The 

technical progress will be critical for future development of gene therapy approaches 

for other forms of PIDs.
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Since the cloning of the gene responsible for XLP, it has been confirmed as 

one of the monogenic X-linked primary immunodeficiency diseases, which with our 

developing knowledge of its molecular and cellular pathogenesis makes it an 

interesting disorder to develop for gene therapy. Distribution of SAP expression 

mainly in T and NK cells strongly suggest that gene therapy would be very possible 

since, both T and NK cells are readily accessible and particularly since T cells can be 

efficiently transduced. Gene reconstitution in XLP could be a strong tool to study the 

cell mediated immune response in XLP and also it might offer a new approach for 

treatment of this fatal genetic disorder.

To successfully achieve gene therapy for XLP, it is crucial to develop an 

optimal vector. An ideal vector should; (1) allow efficient and selective transduction 

of the target cell of interest, (2) be maintained and (3) expressed at levels necessary 

for achieving therapeutic effects, and, last but not least, (4) be safe in terms of 

avoiding unwanted side effects in the host. Viruses are considered as a good tool for 

gene transfer as they have evolved to deliver their genome efficiently to target cells 

with subsequent high level-gene expression. Vector systems for therapeutic gene 

transfer have been developed from different virus groups, each system having specific 

advantages and drawbacks. Viruses are obligate parasites and cannot replicate without 

the help of host cells. Thus they are, by nature, adapted to efficiently transmit genetic 

information to cells. Among the viruses many different strategies have evolved that 

allow them to enter cells, and the form of their genetic information to some extent 

determines the latter mechanisms used for replication and production of new virus 

particles or virons.

Retroviruses are particularly of interest in this respect, because although they 

carry an RNA genome, this genome is transcribed into a double-strand DNA in the
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infected cell, which can then efficiently integrated into the host cell DNA (reviewed 

by Coffin et al, 1997). Once integrated, the virus DNA, known as a provirus, is 

transcribed like any other cellular gene and the virus-specific DNA is used to produce 

viral proteins and new genomic RNA, both of which are assembled into new virons. 

The integrated provirus is a stable part of the cell genome for life of the cell and is 

passed on to all daughter cells that arise from the original infected cell. This latter 

property of retroviruses makes them ideal candidates as gene delivery vehicles, or 

vectors, that give long-term gene expression. The ability to integrate up to 9 kb of 

foreign DNA into the host genome and the lack of immunogenicity has made the use 

of retroviral vectors very popular. So far retroviral vectors have been used in human 

gene therapy in different areas such as: adoptive immunotherapy, tumor vaccination, 

suicide gene transfer, and modified stem cell therapy (Rooney et al, 1995; Plavec et 

al, 1996; Qasim et al, 2002; Gaspar et al, 2003).

Retroviruses are classified based on genome structure into seven groups, 

which are summarized in Table 1.5. Until recently, most retroviral vector systems 

used for human gene therapy based on murine leukemia viruses (MLVs). These 

belong to the mammalian C-type retroviruses and are further classified according to 

the species distribution of their receptors (Coffin et al, 1997). To understand retroviral 

vector architecture the following section is dedicated to structure of simple retrovirus 

type C such as MLV.
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Table 1.5 Retrovirus genera

G a in s Example viruses

Avian leukosis sarcoma

Mammalian C type

Rous sarcoma virus (RSV)

Murine leukaemia virus (MLV), several strains: such as 
Moloney, Harvey Abelson 
Feline Leukemia virus (FeL V)
Gibbon ape leukemia virus (GALV)

D-type viruses 

B-type viruses 

HTLV-BLV group 

Lentivirus 

Spumavirus

Mason-Pfizer monkey virus (MPMV)

Mouse mammary tumor virus (MMTV)

Human T cell leukemia virus (HTLV)-1 and 2

Human immunodeficiency virus (HIV)-land 2

Human foamy virus (HFV)

Adapted from: Coffin et al, 1997

1.12.1 Characterising of common structure of retroviruses

The common structure of retroviruses is based on two parts; cis-active and 

trans- active (Figure 1.8), which control all crucial elements for the replicative life

cycle of retroviruses (Campbell et al, 1997; Coffin et al, 1997; Pages et al, 2004).

The trans-active part of a retrovirus is the polycistronic RNA, which encodes 

more than one gene, and which with alternative splicing mechanisms produces two or 

more gene products. The trans-active elements of retroviruses carry at least three
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major genes including: 1) gag encoding the internal structure protein of all 

retroviruses which provide the matrix protein and package the two retroviral RNA 

genome into a viral nucleocapsid. 2) pol encodes several enzymes necessary for virus 

replication including DNA polymerase, ribonuclease H (RNase H), integrase which is 

specific for each virus, and the viral protease which cleaves the gag and pol 

precursors into the individual proteins. 3) env which encodes glycosylated envelope 

that by its specific interaction with ligand on target cells control virus entry into host 

cells.

The cis-acting elements regulate viral gene expression and all steps necessary 

for viral life cycle (reviewed by: Belshe, 1991; Campbell et al, 1997; Coffin et al, 

1997; Hu et al, 2000). The cis-acting elements in pro virus are flanked by the long 

terminal repeats (LTRs), carrying the terminal attachment (att) site. The att site or 

inverted repeat (IR) is a short sequence (3-25bp) that forms a perfect inverted repeat 

at the ends of the LTR and provides recognition sites for integrase which has specific 

sequences in each retrovirus subtypes. Generating the linear duplication of the LTR in 

both 5’ and 3’ in retroviral DNA is necessary to establish suitable substrates for 

integration and to regenerate regulatory sequences (the promoter and polyadenylation 

site) that are lost when the provirus is transcribed into genomic RNA.

The LTR is composed of three parts the U3, R, U5, sites. The U3 region 

carries the viral enhancer and promoter elements. Transcription of viral genomic RNA 

begins at the 5’ LTR and is controlled by U3 activity and in the 3’ LTR, initiation of 

transcription is suppressed by 5’ LTR interference and polyadenylation signal in R 

region of 3’ LTR.
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Figure 1.8 Schematic of the proviral form of a replication-competent 

simple C-type retrovirus

The combination of cis and trans components in a simple C-type retrovirus. (Adapted 

from Baum et al, 1999).

Components active in trans:

Gag : MA (matrix, p i5), p i2, CA( caspid, p30), NC (nucleocapsid, plO)

Pol: protease (PR), reverse transcriptase/RnaseH (RT), integrase (IN)

Env: SU (surface protein, gp70), TM (transmembrane protein, pl5SE) 

Components active in cis:

att: integration signal vp: dimerization and packaging signal

E P: enhancer/ promoter PP: polypurine tract

PBS: tRNA-primer binding site Pa: poly adenylation signal

SD, SA: splice donor, splice acceptor
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The R is an identical repeated (R) redundant and short sequence (15-250 

nucleotides) present at 5’ and 3’ ends of the RNA genome which play an important 

role during reverse transcription with providing the complementary sequence of 

minus- strand strong- stop DNA copy from R region. The U5 or Unique 5’ is a 

sequence (70-250 nucleotides) positioned between R and primer binding site (PBS). 

The U5 is present once in genomic RNA and twice in the LTR of the provirus, which 

is crucial for reverse transcription and terminus with att site. The 5’ LTR immediately 

is followed with untranslated leader sequence upstream of gag which is 18 nucleotides 

long and beginning with a 5’ TGG that forms the primer binding site (PBS). The PBS 

is perfectly complementary to the 3’ terminus of a specific host tRNA species. The 

PBS provides the binding site for a tRNA that acts as the primer for reverse 

transcriptase to initiate synthesis of the minus strand of viral DNA. Leader sequences 

downstream of the PBS contain the splice donor site for generating the subgenomic 

RNAs, as well as the packaging signal sequences. These sequences are termed “Psi” 

(vj/) or alternatively “E”. They are required as a dimerization signal, which directs 

incorporation of the two viral RNA genomes into virons and thus are necessary for 

reverse transcription (Rein, 1994; Berkowitz et al, 1996). Optimal packaging can also 

require additional sequences, such as the first 400 nucleotides of gag in MLV-based 

vectors (Bender et al, 1987).

1.12.2 Virus life cycle

Knowledge of retrovirus structure helps us to better understand the 

sophisticated virus life cycle in host cells and physiological aspects of retroviral 

vectors function and architecture. The life-cycle of a retrovirus consists of three 

essential major parts: 1) virus entry, 2) reverse transcription, 3) integration
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Figure 1.9 Transcription and reverse transcription steps of MLV

Provirus 1 is transcripted into the retroviral genome flanked by the R sequences. Two 

genomes are packaged into each virion and released from the cell. After infection of 

the target cell the genomic RNA is reverse transcribed into provirus 2. (Adapted from 

Baum et al, 1999).
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envelope

receptor

Figure 1.10 Life cycle of a replication-competent retrovirus

1) virion binding; 2) virion penetration and uncoating; 3) reverse transcription of RNA 

genome into proviral DNA (for detail see Figure 1.9); 4) nuclear transport of 

preintegration complex and integration of provirus; 5) transcription of genomic and 

subgenomic mRNA and translation of viral gene products; 6) nucleocapsid assembly, 

budding, and maturation of virion. (Adapted from Baum et al, 1999).
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(Figure 1.9). Following fusion of viral and cellular membranes, the nucleocapsid is 

released into the cytoplasm (Coffin et al, 1997). The next stage is a multi step reverse 

transcription process, which provides the DNA (provirus) format of the retroviral 

RNA genome (Figure 1.10). The nucleocapsid protein (NC) increases the efficiency of 

reverse transcription and remains with the viral genome during the reverse 

transcription process. Retroviral DNA synthesis is absolutely dependent on the two 

distinct enzymatic activities of RT: a DNA polymerase that can use either RNA or 

DNA as a template, and a nuclease, termed ribonuclease H (RNase H), that is specific 

for the RNA strand of RNA: DNA duplexes.

After reverse transcription, the nucleocapsid proteins remain tightly associated 

with proviral DNA. This complex carries all factors necessary for integration of the 

viral DNA into the genome of the host cell (Coffin et al, 1997). For some types of 

retroviruses such as MLVs, this complex cannot pass through the nuclear pores, and 

nuclear transport requires mitosis with breakdown of the nuclear membrane. In 

lentiviruses, such as HIV, this step is not cell division dependent and probably the vpr 

protein (a protein, found in virons, that causes infected cells to arrest in G2) with virus 

matrix facilitates passing the complex through nucleus pores (Federico, 1999).

1.12.3 Retroviral vector architecture

Based on retroviral physiology and the flexible structure of their genome, 

retroviral vector systems can provide promising gene delivery systems with a large 

capacity and stable expression. To consider safety issues for design of a replication 

deficient retroviral vector, the virus production machinary is split into two parts: 1) 

packaging cell line (Figure 1.11) and 2) vector containing transgenic cDNA.
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Introducing the retroviral SFFV backbone or 
virus supernatant
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Virus Harvesting A
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Replication-Incompetent 
SFFV retroviral vector

Figure 1.11 Principles of retroviral packaging cell systems

The retroviral plasmid, carrying a target gene of interest, is transfected into the 

packaging cells using standard chemical approaches (NX Ecotrpic). In the second step 

replication-incompetent retroviral particles are used to infect amphotropic PG13 

packaging cell lines. The gag-pol and env components are supplied independently. 

Vector RNA combines with the products of gag-pol and env genes to produce 

infectious virus. When the virus infects a target cell, the cycle of replication is aborted 

once the proviral DNA integrates in the host genome as the viral structural and 

envelope proteins are missing. (Adapted from Lemoine and Cooper, 1996).
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A modem, safety-modified packaging cell line contains at least two expression 

constructs for viral genes, one encoding for gag-pol and one for envelope genes 

(Miller, 1990; Cosset et al, 1995). Although, these mRNAs are designed without the 

packaging signal for safety purposes the packaging cells encode all trans-acting viral 

elements required for particle assembly, release, maturation, and transduction of the 

target cell (Miller, 1990).

The vector contains those cis-active elements required for a single 

transduction: cap site and poly (A) signal for the genomic message, packaging signal 

for incorporation into particles, BPS, PP and R-U5 sequences for reverse 

transcription, and att sites for integration (Baum et al, 1999). Moreover, it contains 

the transgene cassette(s) of interest including enhancer/promoter sequences for 

initiation of transcription.

1.12.4 SFFV hybrid retroviral vector

Moloney murine leukemia virus (Mo-MuLV) is commonly used as a retroviral 

vector (Gunxburg et al, 1996). To achieve high and constant expression by retroviral 

vectors, modification and hybridization of the retroviral backbone has been a key 

issue in vector development. The spleen focus-forming vims (SFFV) hybrid is based 

on Mo-MuLV vector. It has been engineered from at least four retrovirus derivatives 

(Baum et al, 1995; Hoatlin et al, 1998). Lastly, the polycythemic strain of SFFVp has 

been modified from Friend mink cell focus-forming vims (FMCF) as a mutant of 

replication-defective vector (Baum et al, 1995). The SFFVp contains the most potent 

retroviral enhancer configuration for gene expression in myeloerythroid progenitor 

cells. This currently represents the best backbone for strong transgene expression in 

hematopoietic cells. This hybrid has good activity in activated T cells and B cells,
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which has extra advantage to high lymphotropic vector based on Mo-MuLV (Couture 

et al, 1994; Baum et al, 1999; Qaseem et al, 2002).

To get an advantage from SFFVp hybrid vector and its wide host cells 

expression and long- term expression, we used FMEV (FMCF-MESV; murine ES cell 

virus) backbone modified in 5'LTR from PCMV (PCC4 cell passaged murine 

sarcoma virus) a myeloproliferative sarcoma virus (MPSV) subtype (Baum et al, 

1999). 5'LTR from PCMV provides high expression in packaging cell lines as a 

benefit of its active expression in embryonic carcinoma cells and further has 

advantage from the SFFVp 3’ LTR which controls recombinant virus incompetent 

replication expression activity (Baum et al, 1995).

The vector backbone construct contains packaging signals from LX based Mo- 

MuLV vector (including 400bp of gag sequence with disrupting AUG) (Miler et al, 

1989; Hawley et al, 1994; Baum et al, 1999). To enhance efficiency of this vector to 

transduce haemopoietic progenitors and mainly lymphocytes, a GALV pseudotype 

vector has been used. Pseudotype retroviral vectors are generated by co-expression of 

vector RNA containing the packaging signal, with retroviral Gag and Pol, and the 

unrelated glycoprotein (Miller et al, 1991; Bauer et al, 1995; Bunnell et al, 1995).

1.12.5 Third generation of lentivirus vectors

The lentiviruses are members of complex retroviruses, which have provided 

very efficient vectors for gene delivery. The ability of lentiviruses to integrate into 

non-dividing cells relies on nuclear localization signals present in the preintegration 

complex that allow their entry into the nucleus without the need for nuclear 

membrane fragmentation (Bukrinsky et al, 1993). Recent third-generation HIV-1 

based vectors and self-inactivating (SIN) vectors represent highly efficient and more
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advanced viral vehicles (Miyoshi et al, 1998). The HIV genome codes for three 

structural (gag, pol, and env) and six regulatory (Vif, Vpr, Vpu, Tat, Rev and Nef) 

proteins (Trono, 1995). The first generation HIV vector kept all elements and lacked 

packaging signal and env but in the second generation vectors, developed to be safer, 

more elements; Vif, Vpr, Vpu, and Nef were deleted in the packaging construct 

(Luciw, 1999). However, the second generation vectors kept cis-active elements in the 

transfer construct vector and rev-responsive element (RRE) and tat in packaging 

vector construct (Zufferey et al, 1997). It has been shown that the rev protein is 

strictly required for efficient viral production and with tat it is necessary for stable 

viral transcription (Emerman et al, 1989). However, further improvements to generate 

safer lentiviral vectors have been achieved by third generation based self-inactivating 

HIV1 virus (Miyoshi et al, 1998; Bai et al, 2003). SIN vectors are obtained by 

deleting all genes unnecessary for viral replication from 3’ LTR of the transfer vector, 

corresponding to most of the U3 in 3’ LTR. In other word, SIN vectors lack any 

LTR-driven transcription activity in target cells and no significant decreases in the 

viral titers were observed. In viruses generated from SIN transfer vectors, inactivation 

of 5’ LTR prevents promoter interference with only external promoter such CMV 

located downstream of 5’ LTR (Kim et al, 1998). To enhance the efficiency of SIN 

lentivirus vectors in our lab the SIN transfer vector has been modified by addition of a 

central polypurine tract (cPPT) and termination sequence upstream of external SFFV 

promoter and also insertion of the Woodchuck hepatitis virus post-transcription 

regulatory element (WPRE) in the 3’ untranslated region (Demaison et al, 2002). The 

cPPT and termination sequence in this lentiviral vector facilitates reverse 

transcription, nuclear entry, transduction and also gene expression (Dardalhon et al, 

2001; Manganini et al, 2002). It seems gene expression by this vector is boosted due
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to addition of the WPRE and cPPT elements (Demaison et al, 2002). Efficiency of 

this vector particularly in non-dividing cells and haematopoietic cells, may make it a 

very useful tool for gene delivery into T cells.

1.13 Project plan

The project had developed in regard to study cellular pathogenesis of the XLP. 

The aims of this study were refined based on the study results and the data published 

in the literature. The main target was to use an in vitro model to confirm and 

investigate the cellular functionality of XLP cytotoxic T cells. Therefore to develop 

an in vitro model for this study we were able to achieve following aims:

1) The generation of retroviral and lentiviral vectors for the transfer of SAP 

gene into XLP T cells.

2) Developing transduction protocols for gene transfer into EBV-T cells using 

retroviral and lentiviral vectors.

3) Generating EBV-T cell lines from XLP patients and normal controls and 

reconstitution of cell lines with retroviral vector encoding SAP from both groups

4) Immunophenotyping of EBV-T cell lines and immune cell lineages

5) Assessment that the function of immune cells in XLP is SAP dependent for 

cytokine production and cytotoxicity.
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Chapter 2 Materials and Methods

2.1 Reagents and buffers

All general chemicals were supplied by Sigma unless otherwise stated.

2.1.1

Bis-tris

Reagents

Bovine Serum Albumin (BSA) 

Dimethyl Sulfoxide (DMSO) 

Ethylenediamineteraacetic acid (EDTA) 

Ethidium bromide 

Paraformaldyde (PFA)

Phosphate Buffered Saline (PBS)

NaOH

Sucrose

Tryptone peptone 

Yeast extract 

Bacto tryptone 

Phytohaemaglutinin (PHA)

Phorbol 12-myristate 13-acetate (PMA) 

Ficoll-Paque Plus 

Cyclosporin (CSA)

Acyclovir

Primers

(New England Biolabs)

(Gibco)

(Difco)

(Difco)

(Difco)

(Pharmacia Biotech)

(Sandoz pharmaceuticals, UK) 

(Faulding Pharmaceutical Pic, 

UK)

(Sigma Genosys Ltd)

HyperLadder I lkb
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Agarose

Taq DNA polymerase, dNTPs buffer

Resriction enzymes

Shrimp alkaline phosphtase

T4 DNA Ligase, buffer

Dulbecco’s modified Eagle medium (DMEM)

R PM I1640

Fetal calf serum (FCS)

Glutameax

Trypsin/EDTA solution 

L-glutamine 

Penicillin-Streptomycin 

X-Vivo10

Recombinant Retronectin

Recombinant IL-2 

Emeryville, CA)

ElectroMAX DH10B Cells

(Gibco BRL)

(Qiagen)

(Promega)

(Promega)

(GibcoBRL)

(GibcoBRL)

(Myoclone Superplus) 

(GibcoBRL)

(Gibco BRL)

(Gibco BRL)

(Gibco BRL)

(Bipwhittaker)

(Takara Biomedicals, Shiga, 

Japan)

(Proleukin, Chiron,

(Gibco BRL)

2.1.2 Buffers

4% PFA/3% (w/v) Glucose: 4g of PFA was weighted out in a fume cupboard 

and added to PBS warmed to 60°C. Concentrated NaOH was added to aid dissolution. 

3g sucrose was added and the solution was made to pH 7.4 using concentrated HC1 

and to 100 ml with PBS. Stocks were divided into 5 ml aliquots and frozen for use.
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1% (w/v) PFA: 4% PFA was made as above and diluted with PBS to make 

1% PFA.

1% (w/v) BSA: lg  bovine serum albumin (BSA) dissolved in 100 ml PBS.

1M Tris-HCl pH 8.0: 60.7 g Tris and 400 ml dH20 , stirred to dissolve. Once 

dissolved concentrated HC1 was to achieve a pH of 8.0 and the solution was made up 

to 500ml with dH20 .

TAE (x50): 0.2M Tris, 1M glacial acetic acid (BDH), EDTA, pH 8.0

L-Broth: lOg Tryptone peptone (Difco), 5g yeast extract (Difco), lOg NaCl in 

500ml water.

CSA: For stock: 10 mg powder added to 10 ml absolute alcohol and filtered 

through 0.2 pm filter. To make working solution: (lOOpg/ml), 1ml of stock CSA 

added to 9ml RPMI and filtered through 0.2 pm filter.

Acyclovir: Making lOOpM of Acyclovir in RPMI (The molarity of

Acyclovir is 1.1 M and molecular weight is 225g).

Western Blotting buffers:

PBS-Tween (PBS-T): 500ml PBS, 500 pL Tween-20.

2.5% milk-PBS-T (w/v): 1.25 g milk (Marvel), 50ml PBS-T

Stacking gel buffer: 30.35 g Tris was dissolved in 400 ml (IH2O and the pH 

was corrected to 6.8 with HC1. 2.5 ml 20% sodium dodecyl sulphate (SDS) was added 

and the solution was made up to 500ml with dH20 .

Main gel buffer: 91.06g Tris was dissolved in 400ml dH20 and the pH 8.0 

with HCL. 2.5ml 20% SDS was added and the solution was made up to 500ml in 

dH20.

Running buffer: 3g Tris and 14.4 glycine were dissolved in 997.5 ml (IH2O. 

2.5ml 20% SDS was added and mixed.
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Transfer buffer: AlOx stock was made by dissolving 29. lg  Tris and 14.65g 

glycine in 450ml (IH2O. The pH was corrected to 9.2, the solution was made up to 

500ml with dH20, and filter sterilized for storage. 10ml of the lOx stock were added 

to 70ml dH20 and 20ml methanol immediately before use.

NP40 lysis buffer: 1% (v/v) NP40 (Calbiochem), 20mM Tris-HCL pH 8.0, 

130mM NaCL, lOmM NaF, ImM diothiotheitrol (DTT), 20pM leupeptin, 1% 

aprotinin, lOOpM Na3VC>4, ImM phenylmethylsulfonylfluoride (PMSF). The solution 

was filter sterilized before use.

2x SDS buffer: 75g Tris, 0.5mg bromphenol blue, 10ml glycerol, 20ml dH20 

and 5ml 20% SDS were mixed. The solution was corrected to pH 6.8 with HC1, made 

up to 50ml with (IH2O and filter sterilized before use.

SDS sample buffer: 3ml 2x SDS buffer, 60 pi p-mercaptoethanol.

2.1.3 Kits

Plasmid miniprep/maxiprep/megaprep kit (Qiagen)

ELISPOT Kit (Biosource)

CytoTox 96 (Non-Radioactive Cytotoxicity assay) (Promega)

2.1.4 Equipment

0.4 cm glass cuvette (Biorad)

Gene Pulser Electroporator (Biorad)

Qiaex gel extraction kit (Qiagen)
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Table 2.1 List of Antibodies that were used in this study 

labelled Antibodies

A stibo& y Label Species Isotype Company Use

pe , fit c , per Mouse IgGl Pharminogen F.C

AmM noBCD4 PE, FITC, APC Mouse IgGl Pharminogen F.C

AHd-tame CDS PE, FITC, APC Mouse IgGl Pharminogen F.C

A li hnnwaCDllC PE Mouse IgG2b Pharminogen F.C

A nfrhuB iC P t4 PE Mouse IgG2a Bectoo Dickinson F.C

Am' b u rn t CP16 FITC Mouse IgGl Pharminogen F.C

A*M am nCD19 FITC Mouse IgGl Pharminogen F.C

As&bnnNnCD25 PE Mouse IgGl Pharminogen F.C

AmMm CHO CD27 PE Mouse IgG2a Becton Dickinson F.C

AMMnmiCD2S PE, FITC Mouse IgGl Pharminogen F.C

A a^hm nC M SK A PE, FITC Mouse IgGl Pharminogen F.C

A nti-hum t CD45RO PE, FITC Mouse IgGl Pharminogen F.C

Anti-human CD56 PE, APC Mouse IgGl Pharminogen F.C

Anti-human CD69 PE Mouse IgG2 Pharminogen F.C

Anti-human CD95 PE Mouse IgGl Pharminogen F.C

(F»)

M ta in C S lS O PE Mouse IgGl Pharminogen F.C

(SLAM)

Anti-human CD224 FITC, CY Mouse IgGi Pharminogen F.C

(2B4)

^tMnaaCGl5 PE Mouse IgG2b R&D Systems F.C

Anti-bumanCCL5 FITC Mouse IgG2 Pharminogen F.C

Anti-human OCR7 FITC Mouse IgGl R&D Systems F.C

Anti-human O0TCR | FITC Mouse IgGl Dako F.C

Anti-human yBTCR PE Mouse IgGl Dako F.C

LNGFR PE Mouse IgGl Dako F.C

Anti-Rabbit I HRP Goat Poly Sigma Western Blot

Abbreviations: F.C; Flow Cytometry
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Cont. Table 2.1 List of Antibodies that were used in this study 

Purified Antibodies

Antibody Purified Species Isotype Company Use

Aati-hirr— CD3 Purified Jsnssen-CHag Cell Activation

Anti-boom CD28 Purified Mouse IgGl Becton Dickinson Cell Activation

Anti human CD150 Purified Mouse IgGl BDPhaxMinogen Cell Activation

Anti-fcuiniaCD224 Purified Mouse IgG2 Immunotech- Cell Activation

Couher

Anti-SAP Purified Rabbit Cell Activation

AatM»mn OPN̂ y Purified Mouse IgGl MabtechAB ELISPOT

Antibumni OL-5 Purified Mouse IgGl Mabtech AB ELISPOT

AnHtonw IL-10 Purified Mouse IgGl Biosource ELISPOT

2 .2 C loning

2.2.1 Plasmids

pGEM-T containing human SAP cDNA: Human SAP (SH2D1A) cDNA 

(OMIM no: AL023657) cloned into pGEM-T (Promega, Madison, USA) was a gift 

from Dr. Alison Coffey (The Sanger Center, Cambridge, UK).

pBS (plasmid Bluescript): contains the internal ribosomal entry sequences 

(IRES) from Encephalomycarditis virus and red shifted variant of the green 

fluorescent protein (eGFP) or LNGFR.

SFFVp retroviral backbone vector: A murine replication deficient 

oncoretroviral vector containing the U3 modified 3' LTR from SFFV, 5'LTR from 

PCMV (PCC4 cell passaged murine sarcoma virus) and PBS (Primer binding site) (a 

gift from Dr K Parsley, ICH).

87



Chapter 2 Materials and Methods

SIN HIVI backbone vector: A HIV1 self inactivated (SIN) based vector was 

used which takes advantage of the U3 part of the spleen focus forming virus (SFFV) 

strain P long terminal repeat sequence (SFFV-U3LTR), upstream of the central 

polypurine tract cis-active sequence (cPPT) and central termination sequence (CTS) 

and also the non-translated Woodchuck hepatitis virus posttranscriptional regulatory 

element (WPRE) sequence down stream of 3’LTR of vector backbone. 

pMD.G. plasmid: encoding VSV-G envelope protein

pCMVR8.91 packaging plasmid: providing (gag-pol, cPPT, Rev, and tat 

elements.

2.2.2 Conventional gel electrophresis

DNA fragments were resolved by electrophoresis through 1% agarose gels. 

Agarose was dissolved in lx TAE buffer by boiling it in a microwave. The gel was 

allowed to cool to 60°C before ethidium bromide was added at 0.5pg/ml and the gel 

poured into a gel former with a comb fitted. The gel was then immersed in lxTAE 

buffer and liquid samples of DNA mixed with loading buffer (bromophenol blue in 

0.1 M EDTA, 20% Ficoll) were loaded into the wells. DNA standard size markers 

were also run to enable accurate size determination of DNA fragments. The gel was 

then subjected to a voltage of 50-100V (up to 150mA) and the DNA was visualised 

by exposing it to ultra violet light.

2.2.3 Restriction endonuclease digestion of DNA

DNA (generally 0.2-2 pg) was cut in a 20 pi final volume of 1 x buffer (10 x 

supplied by manufacturer and diluted in sterile water). The amount of enzyme used 

varied depending of the concentration of the enzyme stock and the amount of DNA,
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but never exceeded 10% (v/v) of the total reaction volume. The endonuclease reaction 

was carried out at the manufacturer’s recommended temperature for 1-2 hours the 

reaction parameters were altered accordingly. If a double digest was required, in 

which the two enzymes were active in incompatible buffers, the DNA was first 

digested with one enzyme, and then the cut DNA cleaned by PCR DNA Kit and 

resuspended in the buffer compatible with the second enzyme.

2.2.4 Dephosphorylation of vector ends

In cases in which a digested vector had compatible termini, the ends of the 

linear molecule were dephosphorylated to prevent vector self-re-ligation. Shrimp 

alkaline phosphatase (SAPh) is a phosphomonoesterase purified from shrimp 

intestinal mucosa that hydrolises 5’-phosphate groups in DNA and was used in all 

reactions. The enzymes was supplied as a 26 U /d_1 stock and was diluted in lx  SAPh 

dilution buffer such that after dilution it contributed no more than 1/ 10th of the final 

restriction volume. The enzyme was generally added to restriction enzyme digests that 

had been inactivated, by heating or a phenol/chloroform extraction, prior to gel 

purification and therefore did not require additional dephosphorylation buffer.

Dephosphorylation of 1 pmol of DNA 5’-protruding ends requires 0.01 U of 

SAPh at 37 °C for 30 minutes, whilst 1 pmol of DNA 5’-recessed or blunt ends 

required 1 U at 50 °C for 1 hour. If the reaction is allowed to proceed for too long, the 

SAPh damage the strand termini so the enzyme was inactivated by heating to 70 °C 

for 10 minutes, followed by a gel extraction.
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2.2.5 Ligation

The amount of DNA added to ligation reactions varied depending upon the 

nature of the reaction. In general however, the ratio of vector: insert ranged from 1:1 

to 1:3. Ligations were carried out in a total volume of 10 /d. A 1:10 dilution of the T4 

DNA ligase enzyme was prepared in lx ligase buffer and the DNA, dfLO, ligase 

buffer and 1 fi\ (lu) of the diluted enzyme were mixed together. Ligations were 

carried out 16 °C for 16 hours or 37 °C for 2 hours. The ligation were used to 

transform competent bacteria immediately, or were stored at -20 °C for later use.

2.2.6 Ethanol precipitation

This procedure was used to remove salts from DNA solutions or to 

concentrate DNA by precipitating it from solution. The volume of DNA solution was 

estimated and one-tenth the volume of 3 M sodium acetate (pH5.2) and two times the 

volume of 100% ethanol were added. The solution was mixed by inversion and placed 

at -80°C for 15 minutes to precipitate the DNA that was then pelleted by 

centrifugation at 17,000 xg for 30 min at 4°C. The supernatant was then discarded and 

the pellet washed in 70% ethanol, with centrifugation for 10 min under the previous 

conditions. The ethanol was removed and the pellet was briefly air dried and 

resuspended in an appropriate volume of 10 mM Tris-HCI pH 8.0. Plasmid DNA was 

stored at -20°C.

Purification of DNA fragments from agarose using silica particles. Following 

electrophoresis of the DNA in an agarose gel the required band was excised using a 

clean scalpel blade under low intensity long-wave ultraviolet (UV) light in order to

2.2.7 Gel purification of DNA
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minimise DNA degradation. Then DNA was extracted from the agarose using Qiaex 

II or QLAquick kits (Qiagen). Wash steps were performed under high salt conditions 

to eliminate the agarose and subsequently in an ethanol-based solution to eliminate 

residual salt and dyes. The DNA was eluted from the silica gel particles/column under 

low salt conditions with TE or Tris buffer. The procedure was carried out according to 

the manufacturer’s instructions and the DNA eluted in a total volume of 30 pi TE pH

8.0 or 10 mM Tris-HCI pH 8.0.

2.2.8 Polymerase chain reaction (PCR)

PCR DNA amplification was generally performed in a total volume of 10 pi 

containing lOOng of DNA, each primer at 0.5 pM, dNTPs each at 200 pM, 2.5 U Taq 

polymerase and the appropriate buffer (Qiagen). The appropriate buffer for each 

primer pair was defined by titration of the concentration of MgCh in the supplied 

buffer. The cycle conditions were optimised.

Primers were designed with two Sal I sites (sequences shown with underline) 

within the forward and reverse primers (Sigma):

SAP-F: GCC CAA GAGTCGACCAGG CCA TGG

SAP-R: GTA CAA GGT GTT TTAGTC GAC TTC ATG GGG GCT TTC

A PCR reaction was prepared in total volume of 50 pi and the PCR cycle was 

set up as below:

1) 94 °C for 2min/l cycle

2) 50 °C for lmin and 72°C for 1 min and 94°C for lmin/5 cycles

3) 60°C for 1 min and 72°C for 1 min and 94°C for 1 min/30 cycles
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2.2.9 Transformation of plasmid DNA by electroporation

E coli DH5a electrocompetent cells were used to transform plasmid DNA. 

Cells were stored in 10% glycerol in 50pl aliquots at 70°C. Ligation mix or plasmid 

preparation was dialysed on 10mm filter paper floating on dF^O for 20-25 minutes. 

10pl of the preparation was added to an aliquot of DH5a on ice in a 0.4 cm glass 

cuvette. The sample was immediately electroporated (Voltage 2.5kV, Resistance 

200Q; Capacitance 25pF) using a Gene Pulser. The cells were then resuspended in 

940pl of LB medium and incubated in a shaking incubator at 37°C for 60 minutes, 

after which they were plated onto LB-Ampicillin agar plates. Plates were incubated 

overnight at 37°C and colonies picked using sterile pipette tips, and used to inoculate 

3-5ml LB-Ampicillin cultures.

2.3 Tissue Culture

2.3.1 Peripheral blood mononuclear cells prep

Whole blood anticoagulated with EDTA was diluted 1:1 in Dulbecco’s PBS, 

layered over lymphoprep (Nycomed) and spun for 25 minutes at 2400 rpm (750g), no 

brake. Peripheral blood mononuclear (PBMCs) were collected from the interface and 

washed in HBSS at 1200 rpm (250g) x 10 minutes. A further 2 washes were carried 

out at 1100 rpm (150g) for 5 minutes to reduce platelet contamination. PBMCs were 

used for further experiments where used to generate different cell lines or were frozen 

according to instruction to be used in future work.
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2.3.2 Cell counting

Cells were counted using a Naubauer haemocytometer by Trypan blue 

exclusion and phase contrast microscopy.

2.3.3 Cell cryopreservation and thawing

A cryopreservation solution of 90% FCS and 10% DMSO was used for cells 

other than primary T cells, for which human AB serum was used. Cells were re

suspended in DMEM or RPMI, cooled on ice and equal volume of cryopreservation 

solution added dropwise. Aliquots were then frozen at -70°C using a cooling 

chamber, before transfer to liquid nitrogen.

Table 2.2 List of cell lines and suppliers
C ell L in e O rig in S u p p lie r M edium

B95-8 EBV carrying marmoset ECACC, Salisbury, UK RPMI

HeLa Human cervical 
carcinoma

ECACC, Salisbury, UK DMEM

PG13 NIH 3T3 mouse fibroblast Gift from Pro. Collins, 
UCL. London, UK

DMEM

Phoenix 293T human embryonic 
kidney

Nolan Laboratories, 
Stanford, USA

DMEM

293T 293T human embryonic 
kidney

ECACC, Salisbury, UK DMEM

ECACC: European collection of cell culture, NIH: National Institute of Health, 
UCL: University College London

93



Chapter 2 Materials and Methods

Thawing of frozen cells was carried out by immediately placing cryovials in a 37°C 

water bath. The cells were transferred slowly to 10 ml of appropriate pre-warmed 

growth medium and pelleted by centrifugation. They were then resuspended in 1 ml 

of growth media and transferred to 4 ml of pre-warmed medium in a 25cm2 tissue 

culture flask.

2.3.4 DC preparation

PBMCs were resuspended in complete medium and plated at 3-6x106 cells per 

ml in 6 well tissue culture plates (Falcon). After 2 hours incubation at 37°C /5%Co2 , 

non-adherent cells were gently washed off. The adherent fraction was cultured in 

complete medium with lOOng/ml, recombinant human granulocyte-macrophage 

colony-stimulating factor (GM-CSF) (Leucomax, Sandoz/Schering Plough) and 

25ng/ml recombinant interleukin-4 (IL-4) (gift from Dr S.Bums, ICH). Cytokines 

were refreshed on day 3 or 4 of culture.

2.3.4.1 Harvest of DC

On day 6-7 non-adherent, immature DC were removed, layered over 

Lymphoprep and spun at 1600rpm (400g) for 25 minutes, brake off Cells from the 

interface were washed twice in HBSS AT 1200rpm (250g) for 10 and 5 minutes, 

respectively. DC were purified to approximately 90% by immunodepletion using CD3 

and CD 19 Dynabeads (Dynal) to extract T and B lymphocytes. DC and beads were 

incubated on a rotator at 4°C for 20-30 minutes before magnetic removal of beads.

Mature DCs were harvested on day 7 or 8 after 24hr incubation with LPS by 

the same method. Mature cells from large loosely adherent clumps were washed into 

suspension in the well for collection.
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2.3.4.2 Maturation of DC

Immature DC were matured by addition of 50ng/ml LPS (from E. coli 026.B6, 

Sigma) on day 6 o f culture for a total of 24 hours.

2.3.5 Generation and culture LAK cell lines

Non-adherent PBMCs were plated at 2 x l06/ml in six-well tissue culture plates 

in complete RPMI 16 medium with 1000 IU/ml recombinant human (rIL-2) incubated 

at 37°C/5% CO2. The supernatant (non-adherent cells and media) was removed on 

day 3 and replaced with 2 ml of media and 500 IU/ml of rIL-2. Every 3 days, for 12 

days, media replaced accordingly. On day 14, adherent cells were harvested for use in 

the designed assays.

2.3.6 Preparation of concentrated EBV from B95-8 cell line 

culture

The B95-8 cell line was cultured in complete RPMI medium. The volume was 

expanded to 1000ml during two weeks according to the cells growth. The vented cap 

of flasks containing cell lines were sealed with parafilm for 7-10 days to let viruses go 

into lytic phase. The cell culture was centrifuged at 2000rpm for 10 minutes. The 

supernatant was filtered into 0.8 p filter. The suspension was transferred into sterile 

Beckman tubes and centrifuged at 16,000rpm for 2 hours at 4°C.The supernatants 

were removed gently and pellet resuspended in RPMI medium and aliquoted 100 pi 

per cryovial and stored at-70°C
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2.3.7 Generating EBV-BLCLs from XLP patients and 

normal individuals

EBV-BLCL lines were produced by mixing 2xl06 PBMCs with 100-200 pi 

concentrated B95-8 virus and lOpl Cyclosporin A (CSA) in 1ml complete RPMI 20% 

medium. The PBMCs were incubated at 37°C for 1 hour then were diluted (final 

concentration lxlO6 cells/ml) and dispensed in 48 well plates. They were fed weekly 

with completed RPMI and after two weeks were treated with acyclovir 100 pM twice 

per week. After 4weeks, the generated EBV-BLCL lines were transfered to 25ml flask 

and kept in RPMI 10% FCS (lxlO6 cells per ml) at 37°C incubator for further use.

2.3.8 Generation and culture of EBV-T cell lines

EBV transformed LCLs were generated from normal donors and EBV 

seropositive XLP patients (PI and P2) standard techniques. EBV-T cell lines were 

generated by stimulating 1 x 106/mL PBMCs cells with 2.5 x 104/mL autologous 

LCLs (40/1 cell ratio) using standard culture conditions. Cells were restimulated and 

re-cultured at a concentration of 1 x 106/mL as described in Chapter 4. Cells were 

either prepared for gene transfer or kept in culture with re-stimulations weekly at an 

effectoritarget ratio of 4:1. A total of 20 IU of IL-2 was added to the cultures for the 

first time at day 10 and twice weekly thereafter. All cell lines were cultured for up to 

8-10 weeks. EBV-T cell lines with mainly a CD4+ phenotype were produced by 

stimulation with PHA (5 ng/ml) and IL-2 (20 IU/ml) as described in Chapter 4 

continued in the same conditions as described above.
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2.4 Generation of viral supernatant

Retroviral vector supernatants were generated using Phoenix ecotropic and 

PG13 amphotropic packaging cell lines. Single cell sorting by FACS (Beckman 

Coulter EPICS) into 96 well plates was used to select clones with high virus 

production. In the case of lentiviral vector supernatants, the virus was generated by a 

co-transfection system (using 293T cell line). The viral titre was measured by 

measuring the efficiency of transduction of HeLa cells by single exposure to a range 

of virus dilutions for 48 hours.

2.5 Gene transfer

Stimulated EBV T cells with different protocols (Protocol No 1-3, see Table 

4.1) were washed with Xvivo 10 and counted by staining and lxlO6 cells in XvivolO 

cultured for two hours at 37 C, 5% CO2. In cases using retronectin, non tissue culture 

24 well plates were coated with 15 /d retronectin (lmg/ml) in 185 /d PBS per well 

(total volume 200 /d) overnight at 4°C or at least for two hours at room temperature. 

Then plate was blocked with 1% human serum albumin for 1 hour at room 

temperature and washed with PBS. Coated plates were preloaded with at least 100- 

200 /d per well retrovirus supernatant or in case of lentivirus with 10-20 /d diluted 

with Xvivo 10 per well (to reach 200 /d total volume) and centrifuged at 2000 rpm 

(550g) for 20 mins. Cultured cells were replated into coated plates in Xvivo 10 

medium at present rIL-2 and virus in Xvivo 10 used at different MOI ratio to 

transduce cells. When using polybrene, cells were cultured in Xvivo 10 in the 

presence of polybrene at 4 /zg/ml and rIL-2 for 3-4 hours before transduction and 

virus supernatant was then added. In all experiments, cells were cultured at a final 

concentration of lxlO6 cells/ml. Then cells were centrifuged at 1500 rpm (350g) at
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room temperature for 30 min and incubated at 37C, 5% CO2 overnight. The next day 

half the medium was replaced with fresh Xvivo 10 and additional rIL-2. After 48 

hours of the first round of transduction, the second round infection was carried out 

with the addition of viral supernatant. On the fourth day, cells were stained and 

analyzed for CD3, CD4, CD8, eGFP expression with flow cytometry or cultured 

further to generate EBV specific CTL clones.

2.6 LDH release cytotoxic assay

The cytoxicity of EBV-T cell lines was measured using LDH release assays 

(Promega). Briefly, autologous LCLs were used as target cells with EBV-T cell lines 

as effector cells at different effector:target cell ratios. All targets were plated in 

triplicate. After 4h incubation, supernatants were harvested and the specific 

cytotoxicity determined using a microplate ELISA reader (Dynatech). The percentage 

of specific lysis was calculated as 100% * (experimental release [-] spontaneous 

release)/(maximum release [-] spontaneous release). Maximum release was obtained 

by adding 100 pi of 5% Triton X-100 to the 100 pL medium containing target cells. 

Spontaneous release was consistently below 15% of maximum release in all assays. 

Ideally a specificity control should be have done using autologous PHA blast to 

measure probability of cytotoxic activity of EBV- T cell lines against self-antigens. 

This has not been done completely due the shortage of patient blood’s samples (data 

on some lines not shown in this thesis).

2.7 Antibody stimulation

For antibody stimulation of PBMCs and EBV-T cell lines, all antibodies (CD3 

or OKT3, CD28, a-SLAM, 2B4) used at concentrations of 5pg/ml (as soluble) or 1
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pg/ml (pre-coated non-tissue culture plates). The stimulated cells were used for 

ELISPOT assay or for SLAM-2B4 expression studies.

2.8 MHC class I blocking of target cells

W6/32 monoclonal antibody (a gift from Dr Bin Gao, ICH) was used to block 

MHC class I antigen presentation on LCLs. Cells were washed twice with PBS and 

then incubated with W6/32 mAb (1 /-ig/ml) on ice for 1 h. The cells were then washed 

and used in cytotoxicity assays.

2.9 ELISPOT assay

PBMCs and EBV-T cell lines were plated at 1 x 104/well for IFN-y detection

assay and lx  105 /well for IL-5 and IL-10 detection assays. Responder cell 

populations were seeded across a range of concentrations to achieve 10 to 100 

spots/well so as to facilitate accurate and reproducible counting. For LCL stimulators 

with PBMC responders, the concentration used was 5 x 103 LCLs to 2 x 104 

PBMC/well; stimulators with EBV-T cell line responders, this was 5 * 103 LCLs to 2 

x 104 EBV-T cell lines/well. For antibody stimulation of PBMCs and EBV-T cell 

lines, all antibody concentrations used in the ELISPOT assay were optimized at 

5pg/ml (CD3 or OKT3, CD28, a-SLAM, 2B4 and as a positive control PBMC or 

EBV-T cell lines stimulated with 2.5 pg/ml PMA, or Ags (gift from Dr L. 

Weddelouin, ICH), or LPS and 1 pg/ml ionomycin (Sigma). All cells were cultured in 

RPMI-FCS 10% supplemented to a final volume of 200 pL/well. After undisturbed 

incubation for 24 to 48 h at 37°C, with 5% CO2, plates were washed 4 times with PBS 

containing 0.05% Tween 20 (PBS/0.05% Tw). Wells were incubated with 

biotinylated ‘detection’ antibody against IFN-y, IL-5 or IL-10. The plates were
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washed 6 x with PBS/0.05% Tw. 100 pi of Avidin-Peroxidase-Complex (AEC; 

prepared according to manufacturer’s instructions; Vector Laboratories) was added 

per well for 1 h at room temperature. The plates were washed 3 x with PBS/0.05% 

Tw, followed by 3 washes with PBS. AEC substrate (Sigma, St. Louis, MO) was 

prepared according to manufacturer’s instructions and filtered through a 0.45 pM 

filter prior to use. 100 pi was added per well. After 4 minutes the reaction was 

stopped with deionized water and the plates dried overnight prior membrane removal. 

The spot number was determined in an independent blinded fashion (Bioreader 3000; 

Bio-Sys). In each experiment, the result was expressed as spots/1000 cells (for IFN-y) 

or spots/10000 (for IL-5 and IL-10) and the results of three experiments were used to 

calculate means and standard deviations.

2.10 SAP immunoblotting

Cell lines from patients and healthy donors used to produce cell lysates 

according to previous protocols. Briefly cells were pelleted by centrifugation x 5 

minutes at 2000 rpm (550g) in Eppendorf tubes, washed with PBS to remove medium 

and repelleted. Approximately lOOpl NP40 lysis buffer was added, on ice for every 1 

x 106 cells. After 10 minutes debris was pelleted by centrifugation for 5 minutes at

14,000 rpm, 4°C and supernatant was transferred to a fresh tube. To lOOpl of lysate, 

100pl SDS sample buffer was added and the sample was then stored at -20°C.

2.10.1 Gel preparation

Glass gel plates were cleaned with 70% ethanol, dried and assembled. In a 

uinversal tube, 6ml 30% (w/v) acrylamide (Protogel from National Diagnostics), 5ml 

main gel buffer, 8.8ml water, 20pl tetramethylenediamine (TEMED) and 200jil 10%
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(w/v) ammonium persulphate (APS) were added together to make a 10% gel. The gel 

was poured into the assembled gel plates and overlaid with water. Once polymerized, 

the water was poured off. A 4% stacking gel was made by adding together 1.3 ml 

30% acrylamide, 2.5ml stacking gel buffer, 6.1ml water, lOjul TEMED and lOOpl 

10% APS and was poured on top of the main gel. Combs were inserted and the gel 

was left to polymerase. Once polymerized, the gel assembly was placed into a gel 

tank with approximately 500ml of running buffer in the top chamber and 500ml of 

running buffer into the bottom chamber. Cell lysates were heated to 100°C for 3 

minutes, spun briefly at 13,000 rpm in a microcentrifuge and loaded to the gel. 

Recombinant protein molecular weight markers (Amersham) were also loaded to the 

gel. The gel was run at between 100-200V.

2.10.2 Gel transfer

A sheet of nitrocellulose (MSI) and six pieces of Whatmann 3MM paper of a 

similar size to the gel being transferred were soaked in transfer buffer. A transfer 

stack was assembled as follows: 3 pieces Whatmann, gel, nitrocellulose, 3 pieces 

Whatmann. Air bubbles between layers were removed by rolling a pipette carefully 

on the stack. The gel was transferred using a semi-dry blotter (Biorad) at 12V for 20- 

30 minutes before the stack was dismantled and the membrane was either placed in 

2.5% milk-PBS-T for immunostaining or stored at 4°C wrapped in Saran Wrap.

2.10.3 Immunoblotting

The membrane was blocked in 1% milk-PBS-T for 1 hour at room 

temperature and then incubated for 2 hours at room temperature with anti-SAP 

antibody generated against the C-terminal end of SAP protein at a final concentration
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of 1:1000. The membrane was washed with PBS-T and incubated with a horseradish 

peroxidase-conjugated anti-rabbit antibody (Sigma) for 30-45 minutes. After a 

further 5 washes in PBS-T an enhanced chemiluminescence (ECL; Amersham 

Biosciences) was applied for 1 minute for detection. In the dark room film was placed 

in the cassette and exposed to the blot for 30 seconds. A longer or shorter exposure 

was occasionally required.

2.11 Flow cytometric analysis and FACS

To prepare samples for analysis, a minimum of 2xl04 cells/tube in a small 

volume (<100pl) and appropriate amounts of antibody (see Table 2.1) were added to 

FACS tubes on ice and incubated in the dark for 15-30 minutes. Cells were washed 

with PBS, before cenrifugation at 1500 rpm (300g) for 5 minutes at 4°C. Supernatants 

were flicked off and pellets resuspended in 200pi 1% PFA. Samples were stored at 

4°C in the dark till flow cytometric analysis. Flow cytometry of EBV-T cell lines was 

performed using an EPICS XL flow cytometer (Beckman Coulter, High Wycombe, 

UK)

Gene-modified EBV-T cell lines were purified using an EPICS Altra 

fluorescence activated cell sorter (FACS) (Beckman Coulter, High Wycombe, UK). 

Cells were stained with phycoerythrin (PE) conjugated CD3 (BD Pharmingen, San 

Diego, CA) and analyzed for PE-CD3 and eGFP expression. Dual-color positive cells 

(positive fraction) and single-color CD3 cells (negative fraction) were sorted to high 

purity (more than 99%). One unsorted fraction was retained. The three cell fractions 

were subsequently used separately for cytotoxicity assays.

102



Chapter 2 Materials and Methods

2.12 Statistical analysis

The T test was used for statistical analysis, unless otherwise stated.

2.13 Ethical approved, consenting and materials of normal 
individuals and XLP patients

The Institutional Research Ethics Committee approved this study and 

informed written consent was obtained from all subjects before taking blood. Anti

coagulated whole blood was derived from three healthy donors (C) who were EBV 

seropositive and three XLP patients (PI, P2 and P3) for this study. The three patients 

were all from different kindreds and each had a different mutation in the SAP gene, 

which led to the absence of SAP expression (see Chapter 5, Table5.1).
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3.1 Introduction

Gene therapy was initially developed as a replacement strategy for treatment 

of monogenic diseases. It is a new area in biology that has taken feasible advantages 

from genomic techniques, particularly in developing sophisticated vectors to 

introduce a transgene into the new host. Vector construction involves the generation 

of a plasmid that contains all of the elements necessary for the expression of 

interested genes. Viral vectors are the most common vectors in the gene therapy field. 

They are genetically engineered to incorporate the transgene with the aim of selective 

expression in the target cell following transfection.

To study the feasibility of gene therapy for XLP, retroviral and lentiviral 

backbone vectors (discussed in Chapter 1) encoding SAP and a reporter gene or only 

a reporter gene were generated in this study (summarized in Figure 3.1). The 

Encephalomyocarditis Virus derived internal ribosomal entry sequence (IRES) was 

used to design bicistronic vectors. An enhanced variant of the green fluorescent 

protein (eGFP) from the jellyfish Aequorea victoria was used as a reliable 

bioluminescent reporter for retroviral mediated transduction (Zhang et al, 1996). 

Expression of the molecule is not thought to be toxic to lymphocytes or have any 

known influence on function. The truncated form low affinity nerve growth factor 

receptor (ALNGFR) was also chosen as the alternative cell surface marker in this 

study to investigate the effect of reporter protein on the expression of two transgenes 

from our bicistronic vectors.

Replication-incompetent retroviral particles were produced using packaging 

cell lines. The Phoenix-Ecotropic (3>e) cell line has been used to produce SFFVp 

retrovirus encoding SAP and a reporter protein. The Phoenix cell packaging line is a
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bipartite packaging system, which minimises the potential for recombination overlap 

and for the creation of wild-type virus. The Phoenix ecotropic packaging cell line has 

been generated by introducing the gag-pol and env genes under non-Moloney 

promoters to reduce recombination potential in the two separate constructs, firstly the 

gag-pol with a hygromycin resistant gene selection and also a second vector encoding 

the env gene (ecotropic envelope) with diphtheria resistance as a co-selectable marker. 

These packaging lines have been engineered to allow monitoring of gag-pol 

production through linkage to a CD8a  surface marker downstream of the reading 

frame of the gag-pol construct. Phoenix packaging lines are capable of carrying 

episomes for long-term stable production of retrovirus. High efficiency transfection 

was achieved using polyethyleneimine (PEI) and the retroviral virions produced were 

harvested from the spematant of subconfluent cultures. The filtered supernatant from 

phoenix ecotropic cells was used to stably transduce the PG13 line. PG13 cell line 

was derived from TK-NIH/3T3 mice fibroblast cells (Miller et al, 1991). This 

packaging cell line is based on gibbon ape Leukaemia Virus (GALV) and provides 

retroviral vectors with GALV envelope. The GALV envelope has been reported to be 

more efficient for retroviral delivery to haematopoietic cells in humans (Von Kalle et 

al, 1994; Bunnell et al, 1995). The GALV receptor (GALVR-1) is expressed on 

lymphocytes at much greater levels than receptors for amphotropic viruses, and the 

PG13 packaged vectors have been shown to transduce T cells at a higher efficiency 

than the previous generation of vectors (Lam et al, 1996).

The lentiviral virions (VSV-G pseudotype vector) were produced by a 

transient co-transfection system using 293T cells line as discussed in section 3.8.2. A 

reliable virus titre was achieved using this system.
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Then the SAP expression in transduced cells was assessed by immune blotting 

technique.

3.2 Preparation of SAP cDNA

The SH2D1A cDNA is 2,530 bp long and contains an open reading frame 

(ORF) of 462bp, with an initiation codon 79bp from the start of the ORF (Coffey et 

al, 1998) (SAP (SH2D1A) cDNA OMIM: AL023657). The SAP cDNA (670bp) was 

cloned into pGEM-T (Promega) vector, which was kindly provided by Dr. A Coffey 

(Sanger Center-UK) (Figure 3.2 A). To avoid the poly A signal downstream of the 

SAP ORF and to prepare a reliable site for the next step of cloning, a PCR based 

mutagenesis site technique was used. By PCR, two Sal mutation sites upstream of the 

ORF and downstream before the poly A signal were designed.

The PCR product was run on a 1% agarose gel and the SAP band was 

identified around 400 bp as expected (Figure 3.2 B).

3.3 Cloning of SAP in pBluescript (pBS) vector

pBluescript (pBS) (Stratagene) is a vector with multiple cloning site (MCS).

It confers ampicillin resistance on the host, allowing for selection of bacteria 

transformed with plasmid. We used a pBS vector which already encoded the internal 

ribosomal entry sequences (IRES) from Encephalomyocarditis virus and enhanced 

green fluorescent protein (eGFP) downstream of the multiple cloning site (MCS). The 

Sail site of MCS of pBS was used in conjunction with the Sal 1 site of SAP.
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Figure 3.1 Summary of vectors used in this study

The SFFVp retroviral vectors are shown which encoding human SAP cDNA and 

reporter genes eGFP or LNGFR (A-C). The two lentiviral vectors encoding human 

SAP cDNA and reporter genes eGFP or only eGFP are presented (D, E). For the 

abbreviations refer to Chapter 1.
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Figure 3.2 Plasmid map of human SAP cDNA and PCR product
A) The pGEM-T (Promega) vector including the SAP cDNA (670bp). B) The SAP PCR 

products were run on an agarose gel. Different SAP DNA concentrations were used for 

PCR reaction (0.1 pg, 0.2pg and 0.5pg for PCR reaction 1, 2, 3 respectively). The PCR 

products were loaded to a 1% agarose gel (Lines 1, 2, 3 represent the PCR product from 

PCR reaction one, two and three, respectively). The PCR product band was identified as 

about 400 bp as SAP band in all lanes. The PCR reaction 3 was selected for the next 

cloning step.
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The SAP PCR product was cloned into the pBS vector at the Sal I site. After 

transforming bacteria using electroporation, 20-40 colonies were obtained. DNA from 

nine of these colonies was prepared and analysed with Nco I restriction endonuclease 

digestions as shown in Figure 3.3 A. Results from digest experiments (Figure 3.3 B) 

revealed that Clones 3, 6, 9 have a single SAP insert. The comparison of the plasmid 

map revealed that only Clone 3 contains SAP in the correct orientation.

3.4 Sequencing of SAP insert

To show correct sequence of cloned SAP, the pBS vector containing SAP- 

IRES-eGFP (Clone 3) was prepared for sequencing using standard M l3 primer. The 

DNA was precipitated and then sequenced by LARK Technologies Co. The provided 

sequence for forward and reverse complement of the pBS SAP were checked by 

Vector NTI software (InforMax) to compare with SAP cDNA map (OMIM: 

AL023657) and no difference or mutation was identified.

3.5 Cloning SAP-IRES-eGFP in the retroviral SFFV 
backbone

We used a FMEV backbone modified in the 5'LTR from PCMV (PCC4 cell 

passaged murine sarcoma virus), a MPSV subtype and the SFFVp 3’ LTR and 

containing a packaging signal from LX based Mo-MuLV vector (including 400bp of 

gag sequence with disrupting AUG) (see Chapter 1). The backbone vector included a 

MCS for insertion of a transgene of approximately 5.8 Kb in size.

110



Chapter 3 Generation of SAP Retroviral and Lentiviral Vectors

A

Ampicillin

CdE1 origin

f1 origin

m13.f/p

Not\(T21)

eGFP

Ncol (1451)

IRES

Sail (2053)

Ncol (2443)

LadderC 1 C 2 C 3 C 4  C 5 C 6 C 7 C 8 C 9

Vector Back bone

992 bp band 
-612 bp band

Figure 3.3 Plasmid map and restriction digestion analysis of the pBS 
SAP-IRES-eGFP
A) The map pBS SAP-IRES-eGFP vector containing of the SAP cDNA with Sail sites. 

As indicated on the map, the Ncol site can be used for selecting right clone with correct 

SAP orientation. Digestion of the vector containing the SAP in the correct orientation 

would release a band of 992 bp. Plasmid DNA of harvested clones were digested with 

Ncol restriction enzyme. Digested DNA of 9 clones was run on a 1% agarose gel. 

According to the digest only clones 3, 6, 9 contained the SAP cDNA. Clone 3 contains 

the SAP insert in the correct orientation with size of 992 bp.
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To prepare the SFFV backbone vector for ligation, it was digested by EcoR 

I and Not I (not shown). The insert was prepared by releasing the SAP-IRES-eGFP 

fragment from the pBS- SAP-IRES-eGFP vector (from the previous step, see section 

3.3) by EcoR I and Not I digestion and the isolated fragment was cleaned as discussed 

in Chapter 2. It was ligated into the prepared SFFV backbone vector (Figure 3.4).

After transforming bacteria with ligation reaction, growing colonies were screened for 

DNA plasmid containing the insert. Finally, DNA from one of the correct clones 

(clone 6) containing the SAP gene was prepared for viral vector production.

3.6 Cloning SAP-IRES- ALNGFR in SFFV backbone

To generate retrovirus SFFV vector encoding SAP with another selectable 

marker protein, we used the retroviral SFFV vector containing the gene encoding the 

truncated form low affinity nerve growth factor receptor (ALNGFR) -IRES. SAP was 

released from pBS-SAP-IRES-eGFP using Sal I restriction enzyme. The insert (SAP) 

was cloned in the SFFV vector down-stream of IRES sequences in Sal I site. The 

plasmid DNA from 30 clones was digested with Nco I to check the SAP insert had the 

correct orientation. The clones containing the SAP-IRES (1149 bp) band were 

identified according to the vector map (data not shown).

3.7 Generating retrovirus using packaging cell lines

To produce replication-incompetent SFFV retroviral vector encoding 

transgenic SAP and reporter proteins eGFP or ALNGFR, we used two steps,
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Figure 3.4 Plasmid map and restriction digestion analysis of 
retroviral SFFV-SAP-IRES-eGFP backbone vector

A) The map of retroviral SFFVp backbone vector encoding SAP and eGFP. B) Ten 

clones were investigated for Retroviral SFFV vector containing SAP-IRES.eGFP. The 

DNA was digested with EcoR I and Not I. The 1753 bp band of SAP-IRES-eGFP was 

identified in all clones. The clone 6 was selected for virus production in all 

experiments.
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introducing vector genomes into packaging cell lines, by transfection and in the final 

step by retroviral transduction which gives the highest titer virus possible as described 

in Chapter 1.

The Phoenix-Ecotropic (<t>e) cell line has been used to produce SFFVp 

retrovirus encoding SAP and a reporter protein. The SFFV vector plasmid construct 

containing the SAP and eGFP or ALNGFR genes was prepared for transfection. DNA 

delivery was facilitated using polyethyleneimine (PEI) as cationic DNA complex.

Cells were transfected with the PEI and DNA complexes. In the next step virus was 

harvested as described in Chapter 2 and used for the PG13 packaging cell line 

transduction. We used the PG13 cell line to produce permanent SFFV retrovirus 

vector containing SAP-IRES-eGFP or SAP-IRES-ALNGFR with GALV envelopes. In 

this step harvested virus from the previous step was used to transduce PG13 

packaging cell line. The expression was checked by flow cytometric analysis for both 

viral vectors (Figure 3.5). Thus introduction of retroviral vector into PG13 cells 

provides vector integration and permanent viral vector RNA expression and a constant 

source of replication- incompetent SFFV retroviral vector production.

3.7.1 Sorting PG13 packaging cell bulk culture with 

high expression reporter gene to isolate single clone

The bulk culture of transduced packaging cell line consists of heterogenous 

packaging cells with different viral production titre capability. To achieve the highest 

titre of virus, transduced packaging cells were sorted to single cell clones. FACS Cell 

sorting was used to select single cell clones of PG13 packaging cell lines transduced 

by SFFV-SAP retroviral vector. Transduced PG13 cell line for both viral vectors were
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Figure 3.5 Production of PG13 packaging cell lines

Analysing transduced PG13 packaging cell lines with flow cytometry. The 

supernatant from Phoenix cells was used for PG13 transduction. The cells were 

harvested 72 hours after transduction with (A) SFFV-SAP-IRES-eGFP (B) ALNGFR 

and were analysed for eGFP or ALNGFR (using anti-ALNGFR PE antibody) 

expression based on fluoresence intensity. Histograms from a representative 

experiment are displayed and were generated by gating on cells with a high forward 

and side scatter and then on eGFP or ALNGFR positive cells.
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prepared in suspension in FACS buffer. In the case of SFFV-SAP/ALNGFR, the 

sample was stained using a- ALNGFR antibody conjugated with PE. The prepared 

cells were sorted by gating on the cell population expressing reporter protein and then 

selecting the 1 -2% of cells expressing reporter protein with highest mean fluorescence 

intensity (MFI) into a single cell per well in 96 wells plate with complete DMEM 

medium. The clones were cultured for two weeks and growing clones transferred into 

24 well plates and the virus supernatant harvested. At this stage clones were screened 

for virus production.

3.7.2 Selection of a single clone with the highest virus titre 

production

Screening of clones was performed by fluorescence microscopy and titration 

of virus particles by measuring infection capability on the HeLa cell line. HeLa cells 

were infected by virus supernatant harvested from each PG13 clone at a different 

dilution. A day later, half the supernatant from each well was replaced with fresh 

medium. The infected HeLa cells were prepared for flow cytometric analysis after 48 

hours (Figure 3.6). The percentage of positive infected cells with reporter protein 

eGFP or /ALNGFR was calculated using Expo analyze program.

The titre of the virus was determined according to the following formula:

( %  of positive cells) x  (dilution) x (number of infected cells)= Viral titer (Viral particles /ml)

100

The clones with virus titres of up to 106 for both vectors were selected and 

used for reconstitution studies.
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Figure 3.6 Titration of retrovirus particles produced by PG13 clones

HeLa cells were exposed to serial dilutions of virus supernatant in a final volume of 

lml (1:2, 1:20, 1:200). The infected HeLa cells were analysed by flow cytometry for 

reporter protein expression (eGFP/ALNGFR; A and B respectively). Using 5pi of 

supernatant (1:200) a transfer efficiency of 10-12% was observed and hence the titre 

of the viral preparation is estimated at 106/ml in this experiment.
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3.8 Generating lentivirus vector containing SAP

Vectors based on the lentivirus subclass of retroviridae are able to transduce a 

wide range of target cells, and may be a promising tool for gene delivery into non

dividing cells. The latest generation of HIV-1 based vectors called SIN (self 

inactivating) HIV-1 vector as discussed in Chapter 1 were used in this study. A 

pseudotyped lentiviral vector encoding SAP was produced by transient co-transfection 

of pHR’ SIN lentivirus vector and the envelope plasmid pMD.G encoding vesicular 

stomatitis virus G envelope (VSV-G) protein and the packaging plasmid pCMVR8.91 

(providing gag-pol, cPPT, Rev, and tat elements) as discussed below.

3.8.1 Cloning of SAP in pHR’ SIN SFFVp lentivirus

backbone vector

Cloning of SAP in the cassette pHR’ SIN lentivirus backbone vector, was 

achieved using a two step cloning procedure.

First the pBS shuttle plamid encoding WPRE (a gift from Dr Kate Parsley,

ICH) was digested with BamH I and Not I enzymes and linear plasmid prepared for 

ligation (data not shown). Then SAP-IRES-eGFP fragment was selected from pBS 

containing SAP-IRES-eGFP (from section 3.3) by digesting with BamH I and Not I 

and the relevant fragments were isolated from the gel (data not shown). The vector 

and insert were used in a ligation reaction to transform bacteria by electroporation 

(Chapter 2). The DNA of transformed clones was screened for SAP-IRES-eGFP 

insertion with multiple restriction endonuclease digestions (BamH I and Not I) and 

analysis by gel electrophoresis (data not shown). The clone showing the correct 

restriction map was reserved for next stage in the cloning process.
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Figure 3.7 Plasmid map and restriction digestion analysis of pHR 
SINcPPT- SFFVp-SAP-IRES-eGFPS-WPRE (SIEW)

A) The map of lentiviral SIN HIV1 vector (pHR SINcPPT-SIEW) with size of 10 Kb. B; 

DNA from selected clones was digested with Sal I or Kpn I. Digestion with Sal I (lane 1) 

released four bands 8.3 kb, 1.3 kb, 0.7 kb, and 400 bp and digestion with Kpn I (lane 2) 

released only two bands of 9 and 1.6 kb.
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To construct pHR’ SIN SFFV lentivirus backbone vector encoding SAP- 

reporter eGFP protein under SFFV U3 promoter, the cassette of SAP-IRES-eGFP- 

WPRE was prepared from last step (pBS -SAP-IRES-eGFP-WPRE with ~ 6 kb size) 

with digestion of DNA (data not shown). The DNA fragment was cloned in the pHR’

SIN SFFV lentivirus backbone vector at BamH I and EcoR I sites. The transformed 

E. coli colonies were selected and DNA was screened by digestion with Sal I or Kpn I 

restriction endonuclease as shown in Figure 3.7. The DNA from the clone with correct 

map was used to produce lentiviral vector.

3.8.2 Preparation of lentiviral vector particles

VSV-G pseudotype vector was produced by transient transfection of three 

plasmids into 293T cells: the pHR’ SIN transfer vector plasmid, multideleted 

packaging plasmid pCMVAR8.91, and pMD.G plasmid (Figure 3.8). The DNA plus 

PEI complexes were used to transfect 293T cells as described in Chapter 2. The vector 

particles were concentrated 20 to 100-fold by ultracentrifugation (see Chapter 2).

The virus particles was resuspended in serum free medium and kept at -80°C until 

use. The virus vectors were titrated as described before by infecting HeLa cells with 

serial 1:10 dilution of virus and analyzing for eGFP expression at 72 hours 

postinfection. The titre for harvested virus was calculated as explained and a final titre 

108 was achieved (Figure 3.9).
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Figure 3.8 Producing lentiviral particles using a co-transfection 
system

A) The plasmid constructs essential for virus production

B) The co-transfection system using 293 T cell line for virus harvesting
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Figure 3.9 Titration of lentivirus particles produced by 293 T cell 

lines

HeLa cells were exposed to serial dilutions of virus supernatant in a final volume of 

lml (1:106, 1:105, 1:104, 1:103 shown B-E respectively). The infected HeLa cells were 

analysed by flow cytometry for reporter protein (eGFP) expression by gating on cells 

with a high forward and side scatter (A) and then on eGFP positive cells (B-E). Using 

lpl of supernatant (1:103) a transfer efficiency of 75% and hence the titre of the viral 

preparation is 10 /ml in this experiment.
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3.9 Detection of SAP expression in HeLa transduced cell 
lines by retroviral and lentiviral vectors

The use of bicistronic expression vectors has improved the efficiency of 

selection during transduction by ensuring that over 90%-95% of cells expressing the 

selectable marker also express the gene of interest. The retroviral vectors encoding 

IRES are well recognized for use in expressing two genes, under the control of one 

promoter. The IRES element is able to promote internal initiation of translation of 

RNA in a cap independent manner, which facilitates the expression of two or more 

proteins from a polycistronic transcription unit in eukaryotes (Martinez-Salas et al, 

1996).

In order to investigate whether generated retroviral and lentiviral vectors could 

induce SAP expression in human cells along with the surface reporter protein, SAP 

expression was detected by western blotting. The HeLa cells were infected with 

harvested retroviral and lentiviral encoding SAP as described before. To measure 

transduction efficiency of a viral vector, the ratio of number of viral particles per 

millilitre to number of cells per millilitre or multiplicity of infection (MOI) is a widely 

used parameter in gene manipulation. Retroviral and lentiviral vectors were used at 

MOI 20 and 10, respectively. As a control, retroviral and lentiviral constructs 

encoding only eGFP protein were used to infect HeLa cells. After 48-72 hours, 

transduction efficiency was measured by flow cytometric analysis of eGFP expression 

and showed up to 50-60% transduction. The lysates from transduced and non

transduced HeLa cells were examined by western blotting, for the presence of SAP 

(Figure 3.10).
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t

Figure 3.10 Detection of SAP in HeLa transduced cells by 

immunoblotting

Immunoblot analysis using an anti-SAP antibody shows a 15kD protein expressed in 

transduced HeLa cells with retroviral vector encoding SAP-eGFP (A) and lentiviral 

vector encoding SAP/eGFP (C) not in cells transduced with retroviral encoding eGFP 

(B).
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Equivalent amounts of total protein from 106 cells were loaded in each lane. As 

shown, only HeLa cells transduced with viral vectors encoding SAP showed SAP 

expression.

3.10 Discussion

Retroviral vectors are the most commonly used gene delivery vehicles in 

clinical gene therapy trials. So far the progress of retroviral vectors have included; a) 

general design improvements, b) greater insight into retroviral stability and 

production, c) safer systems to ensure that replication-competent virus is not 

produced, d) vectors based on lentiviruses. The latest generation of retroviral vectors 

are resistant to silencing and provide the strongest transcriptional activity particularly 

in haematopoietic cells. Therefore, retroviral vectors are ideal for gene delivery to T 

cells, and hence their use in this study.

The constructs generated here are summarized in Figure 3.1. The generated 

retroviral vector is a SFFV hybrid based on Mo-MuLV vector with several features as 

described in Chapter 1, which make it an attractive vehicle for T cell gene transfer. 

Moreover, the lentiviral vector constructed here is a third-generation HIV-1 based 

vectors with self-inactivating (SIN) advantage and as described in Chapter 1, has 

different elements to improve its efficiency. The lentiviral vectors, unlike MLVs, are 

able to infect differentiated cells, and it was thought that they may give advantages to 

target EBV-specific T cells in our study without the need for a high number of cell 

division cycles. This appears to be due to the presence of redundant nuclear 

localisation signals both in the HIV MA protein as well as in the HIV accessory gene
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product Vpr associated with MA protein (Heinzinger et al, 1994). The transduction 

efficiency on EBV- T cell lines of two vectors is studied in Chapter 4.

The cell surface markers eGFP and ALNGFR were designed to enable us to 

select transduced cells. The SAP and marker protein expression were under a single 

SFFV promoter using the ERES element derived from the encephalomyocarditis virus 

(ECMV). It has been shown there is a direct linear correlation between the genes (Zhu 

etal, 1999).

To generate retroviral SFFV vector, the PG13 packaging cell line was used 

and single cell high virus titre clones were selected. It has been reported that the two 

step approach to the production of retroviral vector from infected cell clones 

containing a single provirus provide higher and more stable virus production (Coffin 

et al, 1997). The clones were selected with a virus production titre higher than 

106infectious particles/ml for this study. The titration was measured by infecting a 

fixed number of HeLa cells mediated with polybrene. However, because the viral 

envelope used here is GALV, the titration of virus particles on HeLa cells may not 

exactly represent the number of particles infecting T cells (further studied in Chapter 

4).

The co-transfection system was used to generate lentiviral vectors because 

there were no packaging cell lines to produce lentiviral SIN vector at the time of our 

work. The transient transfection of 293 T cells with different constructs shown in 

Figure 3.8 produced a high number of viral particles with VSV envelope (G) known 

as pseudotyping. The titration of concentrated virus on HeLa cells showed a titre 

higher than 108 infectious particles/ml.
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The risk of generation of the replication competent viruses for retroviral and 

lentiviral vectors is low in both systems. A GALV-pseudotyped retrovirus is incapable 

of infecting murine cells (PG13 cell lines) and so the chance of self-infection and re

combination of introduced SFFV retroviral vector with PG13 endogenous murine 

retroviral sequences is near impossible. Also using a SIN HIV-1 based vector and 

providing the trans-active elements and envelope with different plasmid constructs 

reduces significantly the chance of replication competent virus production.

Because SAP is a small cytoplasmic protein, the SAP expression in 

transduced cells with retroviral and lentiviral vectors was detected using immuno 

blotting. The results here shows that all steps of cloning human SAP into vectors and 

producing the viruses with above mentioned methods were successful and were able 

to express stable and detectable SAP in the human cells under the SFFV promoter. 

However, although the 40-50% of transduced cells were negative for eGFP 

expression, the SAP band was very strong showing a high level of expression. It 

remains to be addressed whether the constructed vectors have the same capability to 

express SAP in T cells, and this is further investigated in Chapters 4 and 7.
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Chapter 4 Transduction of EBV-T Cells

4.1 Introduction

The first ever approved clinical trial of gene therapy began in 1990 at the NIH, 

and involved repeated ex vivo transduction of autologous peripheral blood T cells with 

retroviral vector expressing human ADA, followed by expansion and reinfusion into 

two patients (Blaese et al, 1995). Genetic manipulation of T lymphocytes may 

significantly benefit patients with various genetic or acquired haematologic disorders. 

Although T cells present a mature blood cell population, they can be very long lived 

and have the capacity for limited clonal activation and expansion. In the switch 

between the resting and the activated status, chromosomal organisation and 

transcription factor equipment is reordered. Thus, a stably integrating retroviral vector 

is an excellent tool for genetic manipulation of T cells, but vector expression may 

vary depending on the cellular activation status. At this time, the most widely used 

method for gene transfer into human T cells has involved Moloney murine leukemia 

virus (MuLV)-based vectors. MuLV based vectors allow stable and efficient gene 

transfer but efficiency mainly depends on cell division. In recent trials, the virus 

supernatant used along with co-localisation agents such as fibronectin has improved 

the efficiency of transduction of haematopoietic stem cells (HSC) and T cell 

transduction by retroviral vectors (Moritz et al, 1996; Stockschlader et al, 1999; 

Parsley et al, 2002). The fibronectin binds to the integrins VLA-4 (very late antigens) 

and VLA-5 (expressed on T cells) through its active CH-269 carboxy-terminal 

chymotryptic moiety, which is currently being used for clinical trials (Retronectin).

Furthermore, most protocols for primary T cell transduction are based on 

using mitogen (PHA), anti-CD3 alone or in combination with anti-CD28, and IL-2 

with reliable results (Bonini et al, 1997; Pollok et al, 1999; Ferrand et al, 2000). In 

spite of this, gene transfer into antigen (Ag) specific T cells is difficult to achieve with
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current techniques and methodology. New lentiviral vectors based on HIV 1 may be 

appropriate candidates for targeting T cells without polyclonal expansion and may 

target Ag stimulated T cells which have limited proliferation capacity in comparison 

with ordinary stimuli.

While this methodology holds promise, optimism has been moderated by the 

difficulties encountered in achieving high levels of gene transfer into T cells without 

affecting their TCR repertoire distribution and function (Sauce et al, 2002; Qasim et 

al, 2003). For instance the stimulation of T cells with anti-CD3 caused shifting of T 

cells from naive to the memory phenotype (Verhoeyen et al, 2003). In a recent report 

by Koehne et al, they succeeded in transducing purified EBV stimulated T cells with 

a dicistronic based MuLV vector which achieved 10% transduction but the efficiency 

was still very low (Koehne et al, 2000). Moreover, the third generation of lentiviral 

vectors based on HIV-1 as described in Chapter 1 may hold promise to improve gene 

delivery to Ag specific T cells without extra stimulation.

Since the well developed protocols for T cell targeting are mainly based on 

non-specific T cell activation and preparing patient material is a significant problem 

particularly in the rare diseases; developing a convenient practical system to target T 

cells without unwanted effects is a major aim. We have therefore tried to develop an 

efficient transduction protocol to minimise the ex-vivo manipulation of primary T 

cells and preserve the high efficiency of transduction using retroviral or lentiviral 

vectors. It was also a major objective to target mainly primary EBV- specific T cells 

with higher transduction efficiency rather than the T cell general population. Finally, 

we have been able to show efficient transduction of EBV- T cells from XLP patients 

with a defined protocol.
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4.2 EBV T cells stimulation

To define conditions resulting in maximal transduction of antigen-reactive T 

cells, we initially examined different stimulation protocols based on autologous 

BLCL stimulation to achieve proper EBV specific T cell proliferation. 2 x 106 

PBMCs from three normal EBV seropositive donors (Cl, C2, C3) were stimulated 

with irradiated autologous BLCL at a 1/40 cell ratio (BLCL/ PBMCs) and cultured 

with complete RPMI medium at a concentration of lxlO6 cells/ml as described in 

Chapter 2. To prepare cells for transduction, different stimulation protocols were 

tested (summarised in Table 4.1) and expanded EBV T cell polyclonal lines analyzed 

for cell proliferation, CD4/CD8 ratio or prepared for transduction.

Table 4.1 Stimulation protocols used in this study for EBV-T cell 
polyclonal lines 

P ro to co l F irs t S tim u latio n  Second S tim u latio n

Protocol 1

Protocol 2

PBMCs stimulated with On 4* day with PHA (5ug/ml) and

Autologous BLCL and rEL-2 for 3 days rEL-2 (20 IU/ml) for 48 hours

PBMCs stimulated with 

Autologous BLCL for 7 days

On 7* day with PHA (5ug/ml) and 

rEL-2 (20IU/ml) for 48 hours

Protocol 3 PBMCs stimulated with 

Autologous BLCL for 7 days

On 7-8* day restimulated with 

Autologous BLCL (4/1) and rDL-2
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Following stimulation with each protocol, proliferative responses were 

analysed using Trypan blue to count live cells. There was an average 3.5 fold increase 

in cell number using protocol No.2 (Figure 4.1). However, using protocol No.l and 

No.3, there was a 2 and 2.5 fold increase in cell number, respectively. In order to 

show T cell percentage and CD4/CD8 ratio upon different stimulation, stimulated 

cells were analysed by flow cytometry for CD3, CD4 and CD8 expression. All 

stimulated cells showed up to 80-90% CD3 positive phenotype with protocol No.l 

showing less CD3 expression than others around 80% (Figure 4.2). In addition, the 

CD4/CD8 ratio presented considerable diversity using the different stimulation 

methods. Cells stimulated with protocol No.l and No.3 exhibited 2.5:1 to 1.7:1 

CD4/CD8 ratio whereas cells stimulated with protocol No.2 shifted to 1:1 CD4:CD8 

ratio. Thus although cells stimulated with protocol No.2 showed a greater increase in 

cell number, it had an unwanted effect on the CD4:8 ratio.

4.3 Optimising EBV T cells transduction with viral vectors

So far optimal ex vivo conditions for T cell manipulations, transduction 

protocols, and vector constructs that maintain adequate transgene expression, have 

been under refinement. We next investigated the optimal transduction of EBV T cell 

clones with retroviral and lentiviral vectors using different stimulation and 

transduction protocols (Figure 4.3). Firstly, the transduction protocol was justified to 

prepare prestimulated T cells using fibronectin or polybrene to enhance gene delivery 

efficiency. In this study, retroviral SFFV vectors encoding SAP-eGFP or eGFP alone 

(a gift from Dr.W. Qasim, ICH) and SIN lentiviral (pHR’cPPT SFFV) vectors
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Figure 4.1 T cell proliferation rate in response to stimulation 

protocols No 1-3

Prestimulation of PBMCs (C l-3) with stimulation protocols No 1-3 (see Table 

4.1) induced T cell proliferation. The number of cells in culture were counted at the 

end of pre-activation (48 hours) using Trypan blue dye exclusion. Prestimulated cells 

(C l-3) without additional stimulation were used as the control for analysis. Data from 

three experiments on three volunteer donors is presented. The mean value (± SD) for 

each condition was used for statistical analysis. Significant differences are indicated 

by asterisks (no asterisk, no statistical significance; *, 0.05 > p  >0.001; **, 0.001>/?).
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Figure 4.2 The effect of stimulation with protocols Nol-3 on CD4/8 

ratio

CD4/CD8 T cells ratio were studied in response to different types of stimuli 

combination (protocol stimulation number 1-3) in three normal individuals. The 

CD4/CD8 ratio were measured 48 hours after final step of stimulation with flow 

cytometric analysis respectively. The data is based on three experiments. The mean (± 

SD) for each condition was used for statistical analysis.
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encoding SAP-eGFP or eGFP were used (Figure 3.1). The viral vectors were prepared 

as explained previously.

4.4 EBV-T cells transduction with viral vectors

Stimulated EBV T cells, as described in Chapter 2, were prepared for 

transduction. The titre of virus, established in Chapter 3, was 106 particles/ml for 

retroviral vectors and 108 particles/ml for lentiviral vectors. Two commonly used 

facilitation agents, polybrene and retronectin, were used to increase transduction 

efficiency. EBV-T cells were exposed to two rounds of infection with virus. The 

introduction of an additional step, whereby EBV-T cells and viral supernatant were 

centrifuged for 20 minutes, before the addition of fresh supernatant and rIL2. On the 

fourth day, cells were stained and analysed for CD3, CD4, CD8, eGFP expression 

with flow cytometry or cultured further to generate EBV- T cell clones as described in 

Chapter 2 (Figure 4.3).

4.4.1 Transduction EBV T cells with retroviral vectors

EBV T cells were infected with retroviral SFFV vector containing SAP-eGFP 

or eGFP alone using recombinant Retronectin. Because activated T cells express very 

late antigens (VLA)-4, and VLA-5, which interact with fibronectin, this may improve 

transduction of T cells with retroviral vectors (Stockschlader et al, 1999). Following 

stimulation with protocol No 2, the flow cytometry results showed transduction 

efficiencies were between 35-40%. Upon stimulation with protocol No.l,
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EBV-T cells Transduction Protocol

4 DAYS

Culture for 6-8 weeks\ 

And weekly stimulation 

with Auto-LCL & r l L - /

Stimulation
Protocol

PBMCs
isolation

Retronectin FCM

VIRUS

X-Vivo 10/10% Autologous serum/rIL-2

Figure 4.3 Protocol for the transduction of stimulated EBV-T cells

The following procedure was judged to achieve optimal levels of gene transfer into 

EBV- T cell polyclonal lines. Stimulated T cells from the stimulation protocols (1-3) 

were suspended in X-Vivo 10 with 10% autologous serum and 20iu/ml of rIL-2 at 

0.5xl06/ml. The cells were transferred to fibronectin coated plates that had been pre- 

loaded with viral supernatant. Two rounds of 24 hours virus exposure were carried out 

and the cells were cultured for 48-72 hours before analysis by flow cytometry. The 

cells stimulated with protocols 2 and 3 were cultured for 6-8 weeks to generate EBV- 

T cell lines.
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Figure 4.4 Transduction efficiency of retroviral vector in stimulated T 
cells with protocols No 1-3

Stimulated T cells from three normal individuals were transduced with retroviral vector 

encoding SAP-eGFP or eGFP following stimulation protocol 1-3. The eGFP expression 

was measured by flow cytometry after four days of transduction. The mean (±SD) for 

each condition based on three experiments was used for statistical analysis.
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efficiency was very low with 10-15% (Figure 4.4). However, prestimulated T cells 

with protocol No.3 in which there was only stimulation with specific antigens 

(autologous BLCL) exhibited wide range of transduction efficiency with 10-50% 

efficiencies (Figure 4.4). The comparison of MFI for all experiments was constant 

with 200-250 mean range (data not shown). Analysis of CD4, CD8 expression on 

transduced cells with both vectors showed the same distribution of T cell populations 

as seen prior to infection with retroviral vectors (results not shown). Therefore, there 

was not preferential transduction of CD4 and CD8 T cell. The efficiency of both 

retroviral vector constructs suggests that SAP expression does not affect the 

transduction efficiency by retroviral vectors. In addition, the retroviral SFFV vector 

encoding SAP-ALNGFR was used to test whether the reporter gene has any effect on 

transduction efficiency. Flow cytometric analysis results showed no difference with 

above results (data not shown).

4.4.2 Transduction EBV T cells with lentiviral vectors

To investigate whether SIN lentiviral vectors based on HIV are promising 

vehicles for gene delivery to prestimulated or unstimulated T cells, particularly EBV 

T cells, transduction efficiency with lentiviral vector was examined using different 

stimulations and conditions. A modified lentiviral SIN backbone vector was used, 

which benefits from cPPT and WPRE under the SFFVp U3 promoter. Two vectors 

were used encoding SAP-eGFP or eGFP for these experiments. Transduction of 

prestimulated T cells with different quantities of viron particles demonstrated 10-20% 

efficiency. There was a positive correlation between MOI and transduction efficiency.
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Figure 4.5 Transduction efficiency of lentiviral vector in stimulated T 
cells with protocols No 1-3

T cells stimulated with different protocols (stimulation protocols No 1-3, see table 4.1) 

were transduced with lentiviral vectors encoding SAP-eGFP or only eGFP (data 

presented for vector encoding only eGFP). The MOI for all experiments presented in this 

figure was 30. On the fourth day of transduction, they were analysed with flow 

cytometry for eGFP expression. The mean (±SD) for each condition based on three 

experiments was used for analysis.
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However, this correlation was limited to MOI under 50 and the best efficiency 

achieved in MOI o f 20-40 (units) (data not shown). Moreover, stimulation with 

different protocols did not increase transduction efficiency (Figure 4.5) and quantities 

more than 50 MOI had toxic effects on T cells. Although other studies showed a high 

MOI does not have toxic effect in some type of cells, the toxicity of viral particles in 

primary T cells can be as the result of viral proteins such as VSV-G. To examine 

whether low efficiency was caused by specific EBV T cell line stimulation or caused 

by vector insufficiency, T cells were stimulated by co-localized OKT3 and CD28 for 

48 hours and then cells infected with lentivirus particles. The results showed no 

improvement in transduction efficiency (data not shown). However, infection of 

Jurkat cells or non-stimulated T cells did not change expression level (results not 

shown). Instead, retroviral vectors infected Jurkat cells with up 50-60% transduction 

efficiency. In addition co-localization of lentiviral vectors and target cells on 

fibronectin only increased eGFP expression by less than 5% and using polybrene did 

not show enhanced eGFP expression (Figure 4.6). The results from both lentiviral 

vectors were consistent.

4.5 Transduction of EBV T cell lines of XLP patients

In order to show feasibility of SAP reconstitution in T cells by retroviral 

vectors, the optimized transduction system was performed on EBV-T cell lines of 

XLP patients. Considering the result of transduction efficiency of retroviral and 

lentiviral vectors in stimulated T cells with BLCL (protocols No 1-3), the stimulation 

protocols No 2, and No 3 were used with retroviral vectors. The prestimulated EBV-T 

cells from two EBV seropositive XLP patients were prepared with protocol No 2 and 

No 3. Then cells were transduced either with retroviral vector encoding SAP-eGFP or
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Protocol Nol Protocol No3Protocol No2

Figure 4.6 The effect of retronectin and polybrene on transduction 
efficiency of lentiviral vector in stimulated T cells with protocol N ol-3

The effect of Retronectin and Polybrene on the transduction percentage of stimulated T 

cells (with protocol No 1-3) with lentivirus vector was studied. PBMCs from three 

normal individuals (C l-3) were stimulated with protocol No 1-3 and transduced with 

lentiviral vector (see figure 4.3) and transduction efficiency were measured with analysis 

of transduced cells for eGFP expression using flow cytometry. The mean (± SD) was 

estimated for each condition based on three experiments. The interindividual difference 

for each condition was not significant using stimulation protocols No 1-3.
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Figure 4.7 The efficiency of retroviral vector transduction of EBV-T 
cell stimulated with protocol No 3 in XLP patients versus controls

Transduction efficiency of retroviral SFFV vector encoding SAP and eGFP or eGFP 

alone on EBV-T cells. EBV-T cells from XLP 1, 2 and C 1 (C2, 3 data not shown) were 

stimulated with protocol No 3. Transduced cells were analysed by flow cytometry for 

eGFP expression on the fourth day. The flow cytometry histograms show CD3-PE 

expression of T cell clones and eGFP expression (XLP1, 2 and Cl). The eGFP 

expression was significantly variable in different individuals from 25% to 50%. The data 

was confirmed based on three or more experiments in all three normal individuals and 

two XLP patients.
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eGFP alone. Consequently, the result from protocol No2 was identical with 

transduction of normal T cells. XLP 1 showed low transduction efficiency of 

approximately 25% with protocol No3 but EBV stimulated T cells from XLP2 

(stimulated with protocol No 3) were transduced up to 50% with both vectors (Figure 

4.7). The transduced cells from XLP patients and normal were prepared for generation 

of EBV-T cell lines in further experiments.

4.6 Discussion

Conditions to achieve optimal gene transfer into EBV-T cell lines were 

evaluated using PBMCs from three healthy EBV seropositive controls (C l-3). 

Exposure of PBMCs to EBV-LCLs is a well-known method to generate EBV- T cell 

lines (Moss et al, 1988; Papadopoulos et al, 1994; Heslop et al, 1997; Haque et al, 

2002). Therefore, we hypothesised that if  EBV-LCLs were used for the necessary 

stimulation of T cells prepared for transduction with viral vectors, it would have 

advantages for generating transduced EBV- specific T cell lines without requiring 

excessive non specific T cell prestimulation. So, three types of T cell stimulation 

developed here are based on EBV-LCL Ags challenge. The different pre-stimulation 

of primed EBV-T cells were tried in protocols 1, 2 and 3 to ensure active division at 

the time of retrovirus or lentiviral exposure. It has been shown that although PHA and 

anti-CD3/28 stimulation increases T cell transduction, it causes CD4:CD8 ratio 

alteration (Duarte et al, 2002). Movassagh et al also reported that preferential 

expansion of CD8 T cells led to the CD4:CD8 ratio becoming inverted after T cell 

activation upon anti-CD3 and rIL-2 (high level of rIL-2) (Movassagh et al, 2000). 

Although there was considerable inter-individual variation between healthy donors, 

comparing the average data among individuals was consistent. In support of previous
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work, the results showed that the activated cells were predominantly T cells at time of 

analysis with each different protocol. Moreover, the results presented here confirmed 

that only protocol No 2 demonstrated a reversed CD4:CD8 ratio. However, although 

PHA was used with protocol N ol, the change in CD4:CD8 ratio was nearly similar to 

protocol No3 in which only Ag stimulation and a very low level of rIL2 was used. 

The CD4 preference seen with protocol Nol may be explained by the early analysis of 

the stimulated T cells whereas other studies have shown that the CD4:CD8 ratio 

changed after five days of ex vivo stimulation (Movassagh et al, 2000).

It has been reported recently that highly efficient primary T cell transduction 

with MLV based retroviral vectors can be achieved using retronectin and CD3/28 

stimulation (Qasim et al, 2002). Also it has been shown that the additional 

centrifugation of target cells and virus (also referred to as spinoculation) improved 

infection efficiency (Qasim et al, 2002; Kuhlcke et al, 2002). The same transduction 

method was used here in addition to using different stimulations. However, although 

protocol Nol showed the highest increase in cell numbers following stimulation of 

EBV-T cells, the transduction efficiency results were lower (10-20%) than the two 

other protocols. Whereas the results of transduction with protocol No2 were more 

efficient and comparable with other reports, using a non-specific mitogen, such as 

PHA, would have an effect not only on the T cells function as reported by Duarte et al 

(2002), it also has an effect on EBV- T cell lines phenotype, as we describe later in 

this study (see Chapter 5). In contrast, the percentage of transduced cells stimulated 

with protocol No3 varied considerably amongst individuals (10-50%) but is still more 

efficient than previous reports (Koehne et al, 2000). It may be explained by the 

different frequencies of EBV-specific CTLp in population. The achievement of a 

reliable transduction efficiency with protocol No3 enables us to avoid the extra
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stimulation such as PHA which has a striking effect on depletion of both EBV- 

specific and allospecific T cells as previously reported (Koehne et al, 2000). In 

addition, the percentage of transduced CD4 and CD8 was similar using different 

protocols. This is in support of previous studies (Duarte et al, 2002; Qasim et al, 

2002). In all these experiments, the two retroviral constructs preserved the same 

transduction efficiency confirming that different transgenes do not interfere with gene 

transfer efficiency.

Furthermore, the lentiviral vectors are recognised for their ability to transduce 

the target cells without any extra stimulation. However, the reports on the efficiency 

of lentiviral vectors to transduce T cells showed that extra stimulation with IL-2 alone 

or with PHA enhance the efficiency from around 2% to 40-70% (Manganni et al,

2002) although others reported lower efficiency (Verhoeyen et al, 2003). However, 

these stimulations would have effects on T cell functionality and phenotype as 

described before. In our results using lentiviral SIN vector taking advantage of trans

active elements such as cPPT and under SFFVp as explained in Chapter 1, the 

efficacy of transduction was not as high as using retroviral vectors. The protocols 

N ol, 2, and 3 showed almost the same results and applying co-localising agents did 

not have significant effect on outcomes. Interestingly, using anti-CD3/28 stimulation 

did not improve transduction efficiency. More recently, application of IL-7, a 

cytokine which interacts with T cells through its receptors, has been shown to 

improve the lentiviral transduction without any impact on T cell phenotype 

(Verhoeyen et al, 2003). It could be possible that using IL-7 may be beneficial for 

transducing EBV-T cells with higher efficiency without affecting EBV-specific and 

allospecific T cell subpopulations. However, these issues remain to be investigated in 

future studies.
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Therefore, in these studies retroviral vectors provide the ideal tool to transduce 

EBV-T cells. The results presented here show that we have been able to transduced 

EBV-T cell from XLP patients and controls (26%-50%) with our constructs using 

defined stimulation protocol with transduction efficiencies appropriate for further 

investigations.
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Chapter 5 Immunophenotyping of EBV-T Cell Lines

5.1 Introduction

During the primary response and again during secondary infection, the most 

important function of cytotoxic T lymphocyte (CTLs) is to eliminate noncytopathic 

viruses, which may otherwise cause significant immunopathology. EBV provides one 

of the most informative systems with which to study CTL responses in humans (see 

Chapter 1). EBV is well known for its growth-transforming function that is regulated 

by a specific subset of genes, the latent genes, which are expressed in latently infected 

lymphoblastoid cell lines (LCL) in a coordinated manner (Tatsumi, 1992). LCLs arise 

following viral infection of resting B cells in vitro and provide an in vitro model to 

investigate T cell responses to EBV latency Ags (Rickinson et al, 1997). The infected 

B cells have the ability to generate cytotoxic T cells by presenting the viral antigen 

(Ag) to TCRs. Moreover, memory CTLs in the blood of healthy virus carriers can be 

reactivated in vitro by stimulation with autologous LCL and expanded as polyclonal T 

cell lines or as CTL polyclones in interleukin 2 (IL2)- conditioned medium.

So far EBV-specific cytotoxic CD8 lymphocytes in normal individuals have 

been well characterized for memory-effector and activation immunophenotypes 

(Callan et al, 1996 & 1998; Hislop et al, 2001; Appay et al, 2002). Also their 

dominant reactivities are well documented to one or more latency antigens, mainly 

EBNA 3A, 3B, 3C (Rickinson et al, 1997). However, studies of specific T cell 

immunity to EBV in XLP are contradictory (Chapter 1; Gaspar et al, 2002). In order 

to study XLP T cell responses to EBV, an in vitro autologous LCL system was used 

in the work presented here. Although XLP patients respond to EBV infection with T 

cell proliferation, those who survive from FIM maintain a dominant CD8 population 

and a reverse CD4/CD8 ratio (see Chapter 1). However, the T cell phenotype and
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responses such as HLA-restricted EBV-specific T cell memory have not been 

investigated in detail or compared with normal EBV carriers. More recently, cytotoxic 

CD4 lymphocytes have been defined and in EBV infection, particularly in response to 

EBNA 1, play an important role in immunity (Munz et al, 2000; Nikiforow et al, 2001 

& 2003). In contrast with cytotoxic CD8 cells, these have not yet been studied 

comprehensively and their character with regard to effector phenotype remains 

undetermined. In order to compare the phenotype of EBV- T cell lines in XLP 

patients (with defined genetic lesions; see Table 5.1) with normal controls, two kinds 

EBV-T cell lines were generated following the stimulation protocols No.2 and No.3, 

which were explained in the previous chapter. Furthermore, they were evaluated for 

SAP-related receptors and chemokines, which recently have been suggested to be 

important in immune response to viral infection.

Table 5.1 Details of XLP patients who were investigated in this study

XLP patient Age Mutation Phenotype EBV serotype

XLP1 (PI) 4 years G -  T (nt500) EBV+HLH Seropositive

XLP2 (P2) 16 years N448-159 del EBV+B cell 
lymphoma

Seropositive

XLP3 (P3) 19 years IVS: '32—28 
Del A TTTT

CVED Seronegative
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5.2 Generating EBV-T cell lines and their proliferation 
response to autologous EBV-LCL

Generating CTL in vitro has been well described for almost two decades and 

has been used beneficially in different clinical applications (Papadopoulos et al, 1994; 

Mackinnon et al, 1995; Heslop et al, 1997; O’Reilly et al, 1997; Haque et al, 2002). 

Simply, peripheral T cells can be divided into two subsets: naive and memory cells. 

Memory cells have the capacity to proliferate and generate effector cells in response 

to specific Ags. Autologous BLCLs can be considered as effective antigen presenting 

cells. Although they are not as potent as dendritic cells and macrophages because of 

poor B7.1 and B7.2 ligand expression, they have been used in many studies to 

generate EBV-specific T cells in response to most latency antigens. As XLP is a rare 

disease and considering the difficulties of obtaining material from XLP patients, 

generating EBV-T cell lines using autologous BLCL as antigen presenting cells is an 

ideal system for this study.

To generate autologous BLCL lines from XLP patients (XLP 1, 2) and normal 

control donors (Cl, 2, 3), 2-3 million PBMCs were infected with EBV, which was 

prepared from the B95-8 cell line as described in Chapter 2. Autologous BLCL from 

XLP3 was generated from bone marrow cells because the patient had B cell 

lymphopenia. The established transformed cells were analyzed using flow cytometry 

for CD 19 (a B cell marker) and CD 3 (T cell marker). All lines were over 95% CD 19 

positive and negative for CD3 (data not shown). These EBV-LCL lines were used to 

generate EBV- specific T cell lines.

Pre-stimulated EBV- T cells were generated using protocols No2 and No3 (see 

Table 4.1), and used to produce EBV-T cell lines, which were either transduced (with 

SAP-eGFP or only eGFP) or non-transduced (as described in Chapter 4). The lines 

were stimulated with irradiated autologous BLCL and rIL-2 weekly and cultured in
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complete RPMI as shown in Figure 4.3. EBV- specific T cell lines were successfully 

generated from two XLP patients and two normal controls. All lines generated using 

protocol No2 were mainly CD4 positive (85-95%) and lines generated with protocol 

No3 were mainly CD8 (80-95%) positive (see Table 5.2 and Table 5.3).

As shown in Figure 5.1, the rate of EBV- specific T cell lines expansion obtained in 

XLP patients was comparable to the pattern observed with lines from healthy donors, 

with a mean of 4-4.5- fold expansion after 4 stimulations. In addition, non-specific 

polyclonal stimulation of XLP T cells with lectin substances such as PHA induced a 

2- fold expansion, which was consistent with results from healthy controls. To 

summarise, these results confirmed that T cells from XLP patients show normal 

proliferation capacity in response to autologous BLCL or a polyclonal stimulator 

demonstrating that lack of SAP expression does not affect this process.

5.3 EBV-T cell line immunophenotyping

The EBV-T cell lines generated were CD3 positive (95-99%) with more than 

90% of cells positive for the ap  TCR and less than 5-10% of the lines expressing yS 

TCR (Figure 5.2). Natural killer cells (defined as cells expressing CD56 and /or CD 16 

antigen but lacking CD3 expression) represented less than 2-5% of the population in 

both CD4 and CD8 lines. In addition, the EBV -T cell lines were almost negative (less 

than 1-2%) for lymphokine activated killer (LAK) (CD3+/CD56+). As shown in 

Table 5.2 and 5.3, EBV-T cell lines were examined for other markers, which are 

explained in detail below.
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Figure 5.1 T cell proliferation in XLP patients and controls

EBV- T cell proliferation was measured by cell counting in two XLP patients and two 

controls under protocol stimulation number 2 and 3 after four weeks. The mean (± 

SD) data for each group (XLP and control groups) were calculated based on at least 

three occasions. As a control, PBMCs were stimulated with PHA and the increase in 

cell number was measured after 48 h.
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Figure 5.2 Surface expression of ap and y8 TCR by EBV-T cell lines

The surface expression of ap  and y8 TCR EBV- T cell lines were examined by flow 

cytometric analysis. Plots from a representative experiment (XLP1) are displayed and 

were generated by gating on cells with a high forward and side scatter then on CD3 

positive population. Quadrants were placed according to their isotype controls (not 

shown). All the lines from control and XLP patients were mainly ap  TCR positive 

with a small percentage y8 TCR T cell population.
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Table 5.2 Cell surface phenotype of EBV-CD8 T cells from 
controls and XLP patients

Cell surface 
m arker

%  expression (MFI) % expression (MFI)

NORMAL 
Cl C2

PATIENT 
XLP1 XLP2

CD3 95-95(136) 95-95(227) 95-98(183) 95-99(133)

CD4 5-15(19.6) 12-20(39.5) 7-8(26) 10-12(43)

CD8 80-95(283) 85-95(232) 90-95(185) 80-90(223)

CD16 3-10(1.6) 2-5(2.1) 7-13(1.3) 10-12(1.6)

CD56 5-15(3.4) 10-12(3) 8-10(2.8) 10-12(3.1)

CD45RA 2-5(3.5) 2-5(2.1) 3-6(2.5) 8-10(3.3)

CD45RO 90-95(70.6) 90-97(60.1) 94-97(40.3) 90-93(51.4)

CD28 0.5(2.5) 0 9(1.5) 1.05(2.7) 1(1-9)

CD25 1-2(12) 3-5(3.2) 2-3(11.2) 1-2(4.2)

CD27 30-50(1.2) 30-55(2.4) 25-55(2.1) 20-60(1.5)

CD69 20-70(41.9) 20-65(56) 20-55(61)

CCR5 50-55(10.4) 50-75(13.1) 3-8(6.1) 2-4(23)

CCR7 5-12(4.2) 5-7(3.9) 10-12(3.6) 7-10(5.6)

SLAM 1-4(1.8) 2-3(2.7) 1-4(8.4) 3-5(3.2)

2B4 40-90(27) 35-95(31) 40-95(38) 30-85(41)

CD95 10-13(1.6) 6-7(1.2) 7-9(1) 7-15(1.7)

The EBV-T cell lines (from two XLP patients 1, 2 and two healthy controls 1, 2) were 

stimulated with protocol No 3 and were analysed for different CTL and NK markers 

with flow cytometry. The lines were mainly CD3/CD8 positive. The percentage 

expression and mean fluorescence intensity (MFI) were estimated on at least two 

occasions. The CCR5 expression was different in the XLP and control lines (It is 

highlighted with Bold font).
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Table 5.3 Cell surface phenotype of EBV-CD4 T cell lines from 
controls and XLP patients

Cell
surface

% expression (MFI) % expresssion (MFI)

marker
NORMAL PATIENT

C l C 2 XLP1 XLP2
CD3 99-99.5(213) 98-99(234) 97-99(300) 98-99(330)

CD4 90-95(99) 85-95(102) 90-95(116) 90-97(93)

CD8 5-7(1.9) 10-15(3.4) 7-8(1.9) 5-8(1.7)

CD16 3-4(1.5) 4-5(1.2) 2-6(1.1) 5-7(1.6)

CD56 6-8(3.1) 3-4(2.8) 4-8(2.3) 5-7(2.7)

CD45RA i 1-3(5.8) 2~3(2.4) l-2(2.6) 1-5(2.8)

CD45RO 90-97(95.5) 95-98(69.3) 98-99(78.9) 94-99(70)

CD28 86-85(1.5) 70-86(1.6) 80-87(1.7) 57-75(1.5)

CD25 85-90(21) 87-92(24.6) 80-90(27.1) 85-94(21.3)

CD27 60-70(1.5) 65-73(1.7) 55-70(2.1) 47-73(1.7)

CD69 40-90(31) 35-85(28) 45-85(36) 40-80(33)

CCR5 <1 <1 <1 <1
CCR7 10-15(2.4) 8-17(3.2) 5-7(2.7) 10-12(3.3)

SLAM 1-4(2.2) 3-4(2.2) 2-5(2.6) 3-4(2.8)

2B4 85-99(22) 86-95(17) 80-95(23) 80-97(39)

CD95 W M  2-5<L2> 3-7(1.5) 6-7(1.3) 5-8(1.6)

The EBV T cell lines (from two XLP patients 1, 2 and two healthy controls 1, 2) were 

stimulated with protocol No 2 and were analysed for different CTL and NK markers 

with flow cytometry. The lines were mainly CD3/CD4 positive. The percentage 

expression and mean fluorescence intensity (MFI) were estimated on at least two 

occasions.
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5.3.1 Memory-effector EBV-T cell lines phenotype

In order to characterize EBV-T cell lines for memory and effector phenotype, 

they have been analysed by flow cytometry for surface expression of CD28, CD27, 

CD45RA and CD45RO. CD28 and CD27 are costimulatory receptors involved in 

regulation of T cell activation and in the generation of antigen-primed cells 

respectively (Hintzen et al, 1994; Lenschow et al, 1996; Appay et al, 2002). CD28 

interacts with CD80 (B7-1) and CD86 (B7-2), which are expressed on APCs and has 

a dual role as an adhesion and a signalling molecule (Mauri et al, 1995; Sansom et al,

2003). On the other hand, CD27 binds to CD70 and plays a role in TCR-induced 

expansion of both CD4 and CD8 T cells (Hendriks et al, 2000).

While CD28 is down regulated after TCR stimulation, CD27 is up regulated 

and the expression of CD28 and CD27 is particularly useful in distinguishing between 

subsets of differentiated effector/memory T cells (Hamann et al, 1997; Tomiyama et 

al, 2002). It has been reported that CD28- CD27+ and CD28- CD27- phenotypes 

define late and intermediate effector subset differentiation in humans (Tomiyama et 

al, 2002). The results of CD8 CTL lines were 25-60% positive for CD27 and almost 

negative for CD28 (less than 2%) in XLP patients and in normal controls. In contrast 

57-87% of CD4 CTL lines were positive for CD28 at a low fluorescent intensity and 

were 47-73 % positive for CD27. CD27 expression was slightly higher than that seen 

in the CD8 population. The expression of CD27 and CD28 on CD4 CTL lines was 

similar between XLP patients and controls. Moreover, for both XLP and control CD4 

and CD8 CTL lines very low levels of CD45RA (1-10%) were expressed but more 

than 90% of each population was positive for CD45RO. Interestingly, CD25 

expression on CD8 lines was very low (1-5%) instead of high expression (80-94%) on 

CD4 lines. The results for other activation marker CD69 were dependent on the
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stimulation conditions and showed similar patterns in both patients and healthy 

donors. Together, these results suggest that while CD4 and CD8 EBV-T cell lines 

demonstrate a slightly different effector phenotype, which were the low expression of 

CD28 and CD25 (1-10%) on CD8 lines in comparison with high expression (60-90%) 

on CD4 lines. However, there was no difference between XLP and normal lines for 

these markers.

5.3.2 SLAM-2B4 expression in EBV- specific T cell lines

To date, it has been shown that the CD2 Ig super family members SLAM and 

2B4 are mainly involved in the pathogenesis of the XLP syndrome through SAP, 

although the role of other members of this receptor family cluster remains to be 

determined. It has been reported that SLAM is expressed on CD45ROhlgh peripheral- 

blood memory T cells in vivo and it is rapidly induced on naive CD45RO' T cells and 

enhanced on CD45ROh,gh T cells after activation (Cocks et al, 1995). It has been 

speculated that during EBV infection, SLAM-SLAM interactions at the interface 

between EBV-infected B cells and T cells may promote the development of EBV- 

specific T responses but this has not been studied for CTLs. Moreover, 2B4 is 

expressed mainly in NK cells, CD8y5 and almost half of CD8ap  cells, but the 

regulation of its expression has not been fully investigated in CTLs or in T cells 

generally. In order to address this, EBV-T cell lines were examined for 2B4 and 

SLAM expression by flow cytometric analysis. Interestingly both CD4 and CD8 

EBV-T cell lines displayed very low or negative (1-5%) SLAM expression but high 

2B4 expression (40-95%) was seen (Figure 5.3). The level of 2B4 expression varied 

with different stimulation situations. The similarity of the phenotype of lines from
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Figure 5.3 SLAM and 2B4 surface expression of EBV-CD8 T cell 

lines

The surface expression of SLAM and 2B4 on EBV-CD8 T cell lines from Cl was 

examined by flow cytometry analysis. Plots from a representative experiment are 

displayed and were generated by gating on cells with a high forward and side scatter 

then on CD3 positive population. Quadrants were placed according to their isotype 

controls (not shown). EBV-CD8 T cell lines expressed a low level of SLAM and a 

high level of 2B4. Flow cytometric analysis of CD4 and CD8 lines show the same 

pattern for SLAM and 2B4 expression in XLP patients and healthy controls (see table 

5.2-3).
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Figure 5.4 SLAM and 2B4 surface expression of CMV- T cell lines

The surface expression of SLAM and 2B4 by CMV- T cell line from a healthy 

individual was examined by flow cytometric analysis. Plots from a representative 

experiment are displayed and generated by gating on cells with a high forward and 

side scatter then on CD3 positive population. Quadrants were placed according to 

their isotype controls (not shown). CMV- T cell line expressed a high level of 2B4 

and negative for SLAM.
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XLP patients and healthy donors confirmed that SAP is not necessary for SLAM and 

2B4 expression. Furthermore, to detect whether this phenotype is EBV specific or is a 

general phenotype for cytotoxic T cells, CMV specific T cell lines were generated 

using DCs pulsed with CMV peptide (kindly gifted by Dr S. Mackinnon) and 

investigated for SLAM and 2B4 expression. Similar to EBV-T cell lines, the results 

from flow cytometric analysis showed 59- 69 % positivity for 2B4 and very low or 

negative SLAM expression (Figure 5.4).

This data demonstrates that 2B4 is a dominant marker an effector cells which 

might play a role in T cell response to EBV latency Ags. It remains to be investigated 

whether higher expression of 2B4 on CTL lines compared with SLAM expression is 

consistent during generating of CTLs.

In addition it remains unclear whether 2B4 is the main SAP related pathway. 

As a result, it is crucial to answer this question with regard to the SAP related 

pathway for CTLs in XLP. These questions are investigated further in Chapter 6 .

5.3.3 Chemokine and chemokine receptors characteristics of 
EBV- specific T cell lines

Chemokines play well-established roles as attractants of nai've and effector T 

cells (Cyster, 1999; Campbell et al, 2000; Sallusto et al, 2000). It has been recently 

reported that chemokine families also play important roles in T cell differentiation 

along with cytokines such as IFN-y (Luther et al, 2001). Moreover, studies of immune 

response to viruses particularly HIV demonstrated the importance of chemokines 

(Cocchi et al, 1995; Hadida et al, 1998; Littman, 1998). Therefore, chemokines may 

play a crucial role in the pathogenesis of XLP, which is well documented to be
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EBV-CD8 T cell line XLP2 (7.93%)

 ►

CCR5

B

EBV-CD8 T cell line Cl (5.30%) 
EBV-CD8 T cell line XLP1 (26.26%) 
EBV-CD8 T cell line XLP2 (10.12%)

 ►

CCR7

Figure 5.5 Surface CCR5 and CCR7 expression by EBV-CD8 T cell 
lines from Cl and XLP patients

The surface expression of CCR5 (A) and CCR7 (B) by EBV-CD8 T cell line from 

Cl and XLP1, 2 was examined by flow cytometric analysis. Histograms from a 

representative experiment are displayed and were generated by gating on cells with a 

high forward and side scatter then on CD3 positive population. The expression of 

CCR5 and CCR7 shown as overlay histogram.
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Figure 5.6 Intracellular expression of RANTES by EBV-CD8 T cell 
lines

Intracellular RANTES expression by EBV-CD8 T cell lines (XLP1 and C l) was 

examined by flow cytometric analysis. Plots from a representative experiment are 

displayed and were generated by gating on cells with a high forward scatter. 

Quadrants were placed according to their isotype controls (not shown). The 

expression of RANTES in XLP1 was very low in comparison with control (Cl).

EBV-T cell Line PIEBV-T cell Line Cl
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triggered by viral infections, especially EBV. Thus, to investigate the significance of 

chemokines in XLP, surface expression of CCR5 and CCR7 and intracellular 

expression of RANTES (CCL5) were examined. It is known that CCR5 is upregulated 

by Thl cytokines such as IL-2 and IL-12 on T cells (Bonecchi et al, 1998; Loetscher, 

1998; Sallusto et al, 1998). In EBV-T lines there was a significant difference in CCR5 

chemokine receptor expression between XLP and normal EBV-CD8 T cell lines. 

XLP-CD8 lines showed very low CCR5 expression (2-8% of total population) 

compared with 50-75% positivity in normal donors (Figure 5.5 A). EBV- CD4 T cell 

lines showed similar CCR5 expression level in XLP and normal controls (data not 

shown). In contrast, CCR7 a chemokine involved in homing memory of T cells was 

only expressed in 5-26% of the total population in both CD4 (data not shown) and 

CD8 lines from normal and XLP donors (Figure 5.5 B). Next, RANTES a ligand for 

CCR5 was investigated in CD8 CTL lines. Interestingly, intracellular expression of 

RANTES in XLP CD8 CTL lines was very low (1%) in comparison with normal 

lines, which had a 70-75% expression level (Figure 5.6).

These results raise the possibility that SAP may be involved in the regulation 

of chemokines and chemokine receptors, which could be important for the 

pathogenesis of XLP.

5.4 Discussion

In normal individuals the immune response to EBV infection, the major 

pathological trigger in XLP, is dominated by the proliferation of CD8+ EBV-T cell 

lines and NK cells. The development of EBV driven lymphoma and fulminant IM in 

XLP would strongly suggest that defects exist in these effector populations (See 

Chapter one). In this study we show that it is possible to generate EBV-T cell lines
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from XLP patient blood. Using different culture conditions we were able to generate 

T cell lines of both CD8+ and CD4+ phenotype from both normal and XLP patients. 

It has been shown T cells are normally capable of proliferating under different stimuli 

in SAP deficient murine models (Howei et al, 2002). Our results demonstrated that T 

cells from XLP patients show a comparable proliferation response to mitogen (PHA) 

or EBV-LCL. Sanzone et al (2003) recently showed that non-transformed T cell lines 

from two XLP patients failed to proliferate upon CD3 or CD3/28 stimulation but not 

with PHA, suggesting SAP is involved in early T cell activation. However, our 

results and a recent report by Plunkett et al (2005) support the idea that the early 

proliferation capacity of primary XLP T cells is intact. The different observations may 

be due to the investigational model (primary T cells versus established T cell lines) or 

the inter-individual differences between XLP samples that may have experienced a 

variable time course or type of exposure to infection (such as EBV).

Furthermore, although most cytotoxic T cell lines are CD8+, polyclonal 

expansion of T cells in response to viral antigens can result in CD4+ T cell lines and 

CD4+ cytotoxicity is well documented (Peggs et al, 2001; Sun et al, 2002). Cell 

surface marker expression profiles and intensity of expression were similar in both 

XLP and control groups. Interestingly, in both controls and XLP EBV-T cell lines 

there was very little SLAM expression observed while 2B4 was expressed at 

significant levels. To date, SLAM has been cited as the main partner for SAP binding 

and as an important co-stimulatory molecule in T cell responses to antigenic 

stimulation. Much of this work has been performed on murine T cells and the 

differential expression of SLAM and 2B4 in human effector cells has not been 

extensively studied. Our analysis shows abundant 2B4 expression in both control and 

XLP EBV-T cell lines, while SLAM expression was minimal. Furthermore, in our
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studies, stimulation of EBV-T cell lines and PBMCs from normal individuals shows 

no significant enhancement in SLAM expression at least in the early response period 

(Chapter 7). Our observations would suggest that 2B4, not SLAM, is the major 

partner for SAP in EBV-T cell lines and, as previously observed in NK cells, 

signalling through 2B4 in XLP EBV-T cell lines may be defective.

Furthermore, all XLP lines showed a similar phenotype as compared to normal 

controls except for CCR5 expression in CD8 lines, which in XLP lines was minimal 

but expressed at high levels in normal EBV-CD8 T cell lines. CCR5 is chemokine 

receptor, which is up regulated by Thl cytokines such as IL-2 and IL-12 through the 

STAT4 pathway (Bleul et al, 1997). CCR5 is expressed mainly on T cells with a Thl 

phenotype (Loetscher, et al 1998) and recruits lymphocytes to sites of inflammation. 

As CCR5 upregulation is important in response to MEFa in DC and T cell 

interactions, this could play a role to initiate immune responses in APC process. More 

recently it has been reported that XLP patients show an abnormality in chemokine 

expression (Malbran et al, 2004). This may be as the result of the cytokine imbalance 

reported in XLP patients. However, the possibility of CCR5 mutations has not been 

ruled out in these patients as reported in HIV patients (Liu et al, 1996; Samson et al, 

1996). More interestingly, the CD8 T cell lines from XLP patients showed a 

significant defect in RANTES (CCL5) production. It has been reported that RANTES 

(CCL5) magnifies the cytokine polarity of the T cell response and therefore may play 

a key role in the immune response to viral infection (Luther et al, 2001). In 

particular, chemokines are likely to play important roles in the pathophysiology of 

disease associated with EBV (Nakayama et al, 2004). EBV infection induces B cells 

to up regulate their constitutive expression of MIP-1<VCCL4, and RANTES, which 

are known to attract Thl cells and activated cytotoxic T cells via CCR5 (Yoshie et al,
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2001; Nishimura et al, 2002). Moreover, it has been demonstrated that T cells are a 

major source of RANTES production upon EBV infection in vitro (Jabs et al, 2002).

Together, this might demonstrate that due to lack of SAP function, or as a 

result of the reduction of IFN-y response, there may be a consequent reduction of 

RANTES and CCR5 expression. This may play some role in the cellular pathogenesis 

or at least determine severity of IM in XLP patients. This result provides intriguing 

data regarding XLP pathogenesis and requires further investigation.
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Chapter 6 Expression of SLAM & 2B4 on Immune Cell Lineages

6.1 Introduction

Immune cells are activated as a result of productive interactions between 

ligands and various receptors. The result of this orchestrated response provides the 

balanced participation of several immune cell types. In immune cells, SAP is shown 

to associate with SLAM, 2B4, and NTB-A and other members of this group shown in 

transfected cell lines as mentioned previously. In this context, interaction of SAP with 

SLAM family members regulates activation of T and B cells, which may be important 

in the immune response to Ags such as EBV (Latour et al, 2004).

As discussed in section 1.6.2, SAP regulatory function seems to be complex. 

In particular, this is highlighted by its interaction with heterogeneously expressed 

SLAM family members in immune cells. Thus the pathogenesis of XLP may be more 

complex than previously thought. Investigation of SAP expression and its receptors in 

leading the dynamic processes of the immune response may shed some light on the 

pathogenesis of XLP and the role of the SAP pathway signalling machinery. It has 

been reported by several groups that SAP expression in human T and NK cells is 

regulated differently to that in murine cells (see section 1.4.3). Moreover, it has been 

reported that in the murine model, SLAM is upregulated upon T cell activation by 

non-specific stimulators but SAP at the mRNA level is down regulated (see section 

1.6.2). Therefore, considering the importance of SAP in balancing function in T and 

NK cells, it is fundamental to look at regulation of SAP expression and the expression 

of its ligands particularly SLAM and 2B4. Thus in the following chapter SLAM-2B4 

expression in different cell lineages in both the resting and activated condition will be 

discussed.
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6.2 SLAM and 2B4 expression on immune cell lineages

SLAM and 2B4 expression on different immune cell lineages were described 

in Chapter 1 (see Table 3.1). However, there is little known about coexpression of 

SLAM family receptors on immune cells in the resting and active condition. 

Therefore, in the following section co-expression of SLAM and 2B4 pre and post 

stimulation is discussed.

6.2.1 SLAM and 2B4 expression on T cell subsets

SLAM and 2B4 expression on T cell subpopulations were investigated by flow 

cytometric analysis. As shown in Figure 6.1-2, SLAM expression on both resting CD4 

and CD8 populations was low (1.5%-3%). However, 2B4 expression averaged 27% 

(15-30%) for CD8 cells and for CD4 cells an average of 9% (7-12%) expression was 

seen (Figure 6.1 and 6.2).

6.2.2 SLAM and 2B4 expression on B cells and BLCLs

EBV-BLCL lines showed double positive expression of both 2B4 and SLAM 

with 90-95% expression but 2B4 showed relatively low fluorescence intensity. 

Primary B cells showed very low SLAM expression and were negative for 2B4 

(Figure 6.3).
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Figure 6.1 The surface coexpression of SLAM and 2B4 on CD4 T cells

The surface expression of SLAM and 2B4 by peripheral blood CD4 T cells was 

examined by flow cytometric analysis. Plots from a representative experiment are 

displayed and were generated by gating on cells with a high forward and side scatter 

then on the CD3/4 double positive population. CD4 T cells expressed a low level of 

SLAM and a moderate level of 2B4 in unstimulated conditions.
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Figure 6.2 The surface coexpression of SLAM and 2B4 on CD8 T cells

The surface expression of SLAM and 2B4 by peripheral blood CD8 T cells was 

examined by flow cytometric analysis. Plots from a representative experiment are 

displayed and were generated by gating on cells with a high forward and side scatter 

then on the CD3/8 double positive population. Quadrants were placed according to 

their isotype controls (not shown). CD8 T cells expressed a very low level of SLAM 

but a higher level of 2B4 in unstimulated conditions.
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Figure 6.3 The surface coexpression of SLAM and 2B4 on B cells (A) 
and BLCL lines (B)

The surface expression of SLAM and 2B4 by peripheral blood B cells and BLCLs 

was examined by flow cytometric analysis. Plots from a representative experiment are 

displayed and were generated by gating on cells with a high forward and side scatter 

then on the CD19 positive population. B cell expressed a very low level SLAM and 

2B4 in unstimulated condition (panels group A). BLCL expressed a very high level of 

SLAM and 2B4 (panels group B).
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6.2.3 SLAM and 2B4 expression on primary NK cells and

NK/LAK cell lines

It has been well documented that 2B4 is expressed on primary NK cells (see

section 1.6.1). In support of previous work, we have found that non-activated NK

cells express 2B4 at 55-70% level (marker set up based on negative control) while 

they are negative for SLAM expression (Figure 6.4). Moreover, NK and LAK lines 

from three normal individuals tested and were positive for 2B4 on over 90% of cells 

and negative for SLAM (data shown only for LAK lines, Figure 6.5). The results 

confirmed that SLAM is not expressed on NK cells either in the resting or active 

condition.

6.2.4 SLAM and 2B4 expression on DCs

Furthermore, SLAM and 2B4 expression on DCs were studied with flow 

cytometric analysis. It has been reported that unlike monocytes, which are negative 

for SLAM and show low expression of 2B4, only mature DCs express SLAM (see 

section 1.61). However, 2B4 expression on DCs has not yet been reported. In order to 

answer this question, harvested DCs were analysed for 2B4 and SLAM. Immature 

DCs based on a C D llc positive phenotype (100%) and very low expression of CD86 

(10.12%) a marker indicative of DC maturation, and mature DCs double positive for 

C D llc (100%) and CD86 (99%) were analysed. Interestingly, immature DCs were 

positive for 2B4 with 35-45% expression but were SLAM negative. After maturation 

over 48 hours, mature DCs showed 10-12% SLAM but were 75-76% 2B4 positive 

(Figure 6.6).

173



Chapter 6 Expression of SLAM & 2B4 on Immune Cell Lineages

0 200 400 600 800 1000
FSC +leighl

oo

a .

IDaCJU
o

o  ^

•

% •
V

11
0 U 1 0 1

r . l  n 1 . 

1 0

1 i n n r j - i  1II 

1 0 ^  1 0

2b4FlTC

TT O -|

00O -

0.03%

M1

SLAM PE

i
5
I
i

55%

Figure 6.4 The surface coexpression of SLAM and 2B4 by NK cells

The surface expression of SLAM and 2B4 by peripheral NK cells was examined by 

flow cytometric analysis. Plots from a representative experiment are displayed and 

were generated by gating on cells with a high forward and side scatter then on CD3 

negative and CD56 positive population. NK cells expressed a very high level 2B4 

(55%) (marker was based on negative control) and no expression of SLAM in 

unstimulated conditions.
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Figure 6.5 SLAM and 2B4 expression by LAK cell lines (CD3/56/16)

The surface expression of SLAM and 2B4 by LAK cell lines (presenting the results 

from Cl) were examined by flow cytometry. Plots from a representative experiment 

are displayed and were generated by gating on cells with a high forward and side 

scatter. Quadrants were placed according to their isotype controls (not shown). The 

cells were positive for CD3/CD56/CD16. LAK cell lines expressed a very high level 

of 2B4 and were negative for SLAM expression.
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Figure 6.6 The surface coexpression of SLAM and 2B4 by immature 

and mature DCs

The surface expression of SLAM and 2B4 by normal immature and LPS-matured DC 

was examined by flow cytometric analysis. Plots from a representative experiment are 

displayed and were generated by gating on cells with a high forward and side scatter. 

DCs were identified by expression of C D llc and absence of lineage markers: CD3, 

CD 14, CD 16, CD 19, CD20, CD56. Quadrants were placed according to their isotype 

controls (not shown). Maturation upregulated the CD86 surface marker. Immature 

DCs expressed high levels of 2B4 and a very low level of SLAM. Surface expression 

of 2B4 further increased with maturation while SLAM expression increased slightly.
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6.3 SLAM and 2B4 expression upon specific stimuli

It has been shown in humans that SLAM is up regulated upon CD3-CD28, 

Con A and PHA stimulation on T cells. Although initial reports showed that 

established CD4 Thl clones show high SLAM expression with low expression on Th2 

clones (Cocks et al, 1995), SLAM expression has not been comprehensively studied 

in primary T cells upon specific stimulation. To date, 2B4 expression has been mainly 

studied on NK cells but not on T cell populations. In this context there is little known 

about 2B4 expression in human T cells, although it has been suggested that 2B4 is up 

regulated after stimulation in murine cells (Sayos et al, 2000). The combination of 

SLAM/2B4 dual expression has not been investigated in T and NK cells, particularly 

their dynamic coexpression over time upon specific stimulation.

Therefore, after observing the predominance of 2B4 expression on EBV- 

specific T cell lines and on CD4 or CD8 T cells, we considered investigating the 

expression of these two markers under specific stimuli on different populations of T 

cells and NK cells.

SLAM and 2B4 expression upon CD3-CD28, CD3-SLAM, CD3-2B4, and autologous 

BLCLs stimulation at differing time points were investigated using flow cytometric 

analysis. Equal number of PBMCs from three normal donors were stimulated either 

with co-localised antibody (Ab) combination CD3/CD28, CD3/SLAM, CD3/2B4 or 

with autologous BLCL lines at a ratio of 10:1 cell (PBMCs/BLCL cells) were cultured 

in complete RPMI medium as described in Chapter 2. To check efficiency of 

activation, stimulated cells were analysed for CD69, an activation marker on T and 

NK cells. As shown in Figure 6.7, upon different antibody stimuli, T and NK cells 

showed constant activation during the stimulation period, with 40-67% of populations
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positive for CD69 expression (data show expression after 12 hours). In contrast, cells 

when stimulated with BLCL showed rising CD69 expression after 6-12 hours of 

stimulation with over 95% CD69 positivity on both T and NK cells (data not shown). 

To consider the effect of the above stimuli on cell proliferation, stimulated cells were 

counted using Trypan blue to detect live cells. There was no significant difference in 

proliferation responses to specific stimuli (data not shown). Stimulated cells were then 

analysed with four colour flow cytometry for SLAM, 2B4, CD3, and one of CD4, 

CD8, CD56 parameters at time 0, 12, 24, and 48 hours after stimulation (some were 

checked after 6 hours or in case of stimulation with BLCL, checked after 72 hours). 

Results are presented based on CD8, CD4, and NK cell analysis and are discussed as 

follows.

6.3.1 SLAM and 2B4 expression on CD8 T cells

As described above, CD8 T cells express 2B4 at greater levels than SLAM in 

the resting situation. Interestingly, 2B4 upregulation was significantly higher and 

earlier than SLAM upregulation (Figure 6.8). However, SLAM was upregulated after 

CD3/28 stimulation reaching its highest level after 48 hours. Stimulation with BLCL 

induced no increasing of SLAM expression even after 72 hours, which correlates with 

our previous data from CTL lines. Double positive populations for SLAM and 2B4 on 

resting CD8 cells and upon different stimuli were very low except after CD3/CD28 

stimulation, where an increase in 2B4 and SLAM double positive cells were observed 

after 24 hours. Significant 2B4 expression was observed regardless of the type 

stimulation, and only its expression upon CD3/2B4 stimulation at early time points 

was decreased but increased again after 12 hours. It may be due to internalization of
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Figure 6.7 Surface expression of CD69 by activated T cell
The surface expression of CD69 by T cell was examined by flow cytometric analysis. 

Plots from a representative experiment are displayed and were generated by gating on 

cells with a high forward and side scatter then on CD3 positive population (not 

shown). Quadrants were placed according to their isotype controls (not shown). T 

cells were negative for CD69 expression at the time zero before stimulation. Upon 

different stimulation (CD3/28, SLAM, 2B4) CD69 expression upregulated between 6- 

12 hours (the results present the CD69 expression after 12 hours).
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this receptor. These results showed early and sustained up regulation of 2B4 in 

comparison to SLAM.

6.3.2 SLAM and 2B4 expression on CD4 T cells

It has been reported previously that SLAM is the dominant receptor on CD4 

cells. In contrast, it is believed that 2B4 is not significantly expressed on CD4 T cells. 

However, the data from CD4 CTL lines showed high levels of 2B4 expression. These 

results, together with our observation on resting CD4 T cells showing 2B4 expression 

made a strong case to investigate expression of these receptors on CD4 T cells. Upon 

CD3/CD28 stimulation, SLAM and 2B4 expression was similar, but after 24 hours 

2B4 was more highly expressed, although SLAM expression remained high (Figure 

6.9). In contrast, upon other stimuli SLAM upregulation was not significant. Low 

SLAM expression after CD3/SLAM stimulation as observed on CD8 T cells might be 

related to SLAM internalization. Significant 2B4 expression over 48 hours of 

stimulation, strongly suggests an important role for 2B4 on CD4 T cells.

It remains to be addressed whether Thl or Th2 specific CD4 T cells show the 

same characteristics.

6.3.3 SLAM and 2B4 expression on CD56 NK cells

It has been shown in murine cells that 2B4 is highly expressed on NK cells, 

and SLAM is only expressed at low levels on primary NK cells. Recently it has been 

reported that NTB-A (SF2000) and CRACC (CS-1) are expressed on NK cells. 

However, although 2B4 is expressed on primary NK cells and up regulates upon IL-2
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Figure 6.8 SLAM and 2B4 surface expression on CD8 T cells upon 
activation by different stimuli
SLAM and 2B4 expression on CD8 T cells was investigated after CD3-SLAM (A), 

CD3-2B4 (B), CD3-CD28 (C), and autologous BLCLs (D) stimulation at differing 

time points using flow cytometric analysis. Three healthy different individuals were 

studied twice each. The values for each experiment were derived from flow 

cytometric analysis of the data, and the average percentage (± SD) of expression for 

each individual and mean percentage for all three was calculated for each point. The 

percentage expression of SLAM, 2B4 and double positive (SALM+2B4) are shown in 

blue, red and green, respectively.
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Figure 6.9 SLAM and 2B4 surface expression on CD4 T cells upon 
activation by different stimuli
SLAM and 2B4 expression on CD4 T cells was investigated after CD3-SLAM (A), 

CD3-2B4 (B), CD3-CD28 (C), and autologous BLCLs (D) stimulation at differing 

time points using flow cytometric analysis. Three healthy different individuals were 

studied twice each. The values for each experiment were derived from flow 

cytometric analysis data and the average percentage (± SD) of expression for each 

individual and mean percentage for three was calculated for each single time point. 

The percentage expression of SLAM, 2B4 and double positive (SLAM+2B4) are 

shown in blue, red and green, respectively.
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Figure 6.10 SLAM and 2B4 surface expression on NK cells upon 
activation by different stimuli
SLAM and 2B4 expression on NK cells was investigated during PBMCs stimulation 

after CD3-SLAM (A), CD3-2B4 (B), CD3-CD28 (C), and autologous BLCLs (D) 

stimulation at differing time points using flow cytometric analysis. Three healthy 

different individuals were studied twice each. The values for each experiment were 

derived from flow cytometric analysis data and the average percentage (± SD) of 

expression for each individual and mean percentage for three controls was calculated 

for each time point. The percentage expression of SLAM, 2B4 and double positive 

(SLAM+2B4) are shown in blue, red and green, respectively.
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activation, it remains to be determined if SLAM and 2B4 are co-expressed on NK 

cells after various activations. SLAM was detected on 0.5-1% of resting NK cells 

with slight upregulation up to 3% on activated NK cells regardless of activation type. 

In contrast, 2B4 was up regulated upon all stimuli and highly expressed on 

CD56+/CD3- cells (Figure 6.10). Analysing CD56+/CD3+ cells showed the same 

expression for 2B4 and SLAM (data not shown). 2B4 internalisation was detected 

after a-2B4 stimulation on NK cells as observed by sudden decrease in 2B4 

expression.

6.4 Discussion

Studies on SLAM and 2B4 expression showed, in contrast to SLAM, which is 

expressed at low levels on unstimulated T cells and not on other immune cell lineages, 

2B4 has a high level of expression. It has been reported that monocytes are positive 

for 2B4 expression (Nakajima et al, 1999). Interestingly, we have found that 2B4 was 

expressed in immature DCs and was upregulated on mature DCs. In addition, 2B4 

was expressed on LAK cell lines and EBV-LCLs suggesting a wider 2B4 distribution 

than thought previously. As described before (Chapter 1), 2B4 functions in 

cytotoxicity and T cells proliferation are well documented. However, the results 

shown here may suggest 2B4 plays a more diverse role in immune cell interaction.

Receptors of the SLAM family regulate immune cell function including 

regulating cytokine production and cytotoxicity. As has been addressed they are 

expressed heterogeneously and study of their co-expression under physiological 

conditions may be critical to understand the pathogenesis of the XLR The results 

reported here on co-expression of 2B4 and SLAM upon specific stimuli suggest high
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expression of 2B4 receptors as an early response on T and NK cells. It may suggest 

that SLAM probably is involved as part of an intermediate T cell response rather than 

in the very early response. However, the only condition where SLAM expression was 

higher than 2B4 was on CD4 T cells upon CD3/28 stimulation after 12 hours, which 

decreased after 24 hours. It reveals that regulation of SLAM family receptors 

expression is more complex than has been thought and the combination of different 

stimuli determines the outcome of cellular responses. In addition, there were double 

SALM/2B4 positive CD4 and CD8 T cell populations, whose percentage varied upon 

different stimulation. It would be very interesting to investigate the function and 

phenotype of these populations.

Moreover, SLAM and 2B4 showed significant internalization upon stimulation 

with combinations of CD3/SLAM and CD3/2B4 respectively. More recently, it has 

been shown that CD229 (Ly9) a family member of SLAM family is rapidly 

internalized on T cells after antibody ligation. Although CD229 extracellular domains 

are slightly different from rest of SLAM family (it has 4 extra cellular domains 

instead of two domains), it is possible other members of this family may mimic a 

similar pattern (Del Valle et al, 2003). Internalisation may be crucial step in formation 

of signal synapse involving SLAM and 2B4 in immune cell lineages.

In brief, the results presented here require more fundamental investigations 

and reconsideration of the role of SAP and its receptors involvement in immune cell 

activation, the results of which may help us to understand the pathogenesis of the 

XLP.

186



Chapter 7 

Immunocellular Function 

of XLP Patients



Chapter 7 Immunocellular Function of XLP patients

7.1 Introduction

An adequate immune response to EBV requires a coordinated humoral and 

cell mediated immune response including Th, Tc and NK cells to eradicate and 

control EBV infection. Although the exact pathogenesis of XLP is poorly understood, 

it has been suggested that the abnormalities of the immune system of XLP patients 

may be due to defects of Th cells, CTLs, and NK cells (see section 1.10). So far it has 

been shown that the hallmark of XLP is a dysregulated, ineffective host response 

against EBV in the majority of cases with a formal demonstration that a T cell defect 

is central to the pathophysiology. However, the most supportive data of this 

hypothesis are based on a murine model, which was shown to exhibit an Thl/Th2 

imbalance, particularly increased EFN-y production upon TCR and SLAM stimulation 

either in combination or alone. More recently, it has been shown in a murine system 

that SAP has an essential role in maintaining late B cell help and long term humoral 

immunity by effective CD4 T cell function.

In humans, the T cell paradigm in the pathogenesis of XLP is controversial 

and not well documented. It remains to be investigated further whether the Thl and 

Th2 cytokine profile in XLP is similar to that observed in mice, particularly in 

response to specific stimuli. Furthermore, as shown in previous chapters SLAM 

expression is not necessarily dominant either on EBV-T cell lines nor on activated T 

cells and instead higher levels of 2B4 expression have been demonstrated. It remains 

to be addressed whether SLAM or 2B4 has the dominant role in controlling the Thl 

profile of XLP patients and in particular IFN-y secretion and how these functions are 

regulated by SAP.
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In XLP it has been suggested that the inability of the immune system to 

control EBV-infected B lymphocyte proliferation may be due to defects of cytotoxic 

activity by CTL and/or NK cells. Studies on NK cells from XLP patients show failure 

of 2B4 mediated cytotoxic killing of CD48 expressing target cells and EBV-LCLs 

(see Chapter 1). This defect is thought to arise from the delivery of an inhibitory 

signal through the 2B4/CD48 interaction since disruption of this association restores 

normal cytolytic function (Parolini et al, 2000). However, as discussed in Chapter 1, 

the results of studies on specific T cell immunity to EBV are contradictory. In 

particular T cell cytotoxicity against EBV remains elusive. In these studies 

cytotoxicity due to TCR specific EBV antigen recognition has not been addressed 

comprehensively because of technical difficulties. In S/lP-deficient murine models, 

although CTL function was not studied specifically it was shown that following 

challenge with LCMV (lymphocyte choriomeningitis virus) the numbers of tetramer- 

positive CD8 cells were three to fivefold higher in the spleens of SAP deficient mice 

in compared to wild type mice (Wu et al, 2001). It was concluded that CD8 T cells 

were effective at eliminating the virus in SAP-deficient mice by measurement of virus 

load. In contrast, XLP patients who were EBV seropositive were shown to have 

persistent high numbers of EBV-infected B cells in the peripheral blood and other 

lymphoid tissues indicating a defective cell mediated immune response (Okano et al, 

1990). Together, current data from XLP patients and SAP deficient mice models are 

contradictory with regard to CTL function.

To understand the cellular defects in XLP, we investigated the Thl/Th2 

profiles of primary PBMCs by ELISPOT assay in response to TCR stimulation with 

SLAM, 2B4, CD28, CD3 or combinations thereof and specific Ag stimulation 

(BLCL). To determine Thl and Th2 profiles, IFN-y and IL-5, IL-10 were
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investigated, respectively, whereas in XLP only IFN-y was studied because of lack of 

access to patient material. We also used EBV autologous specific T cell lines from 

XLP patients and studied the functionality of these effector T cells with IFN-y profiles 

and cytotoxic activity. Finally, using a retrovirus gene delivery system encoding 

hSAP cDNA, we demonstrated reconstitution of cytokine secretion and cytotoxic 

function in patient EBV-T cell lines, thereby confirming SAP dependent cellular 

defects in XLP.

7.2 Cytokine production by PBMCs from XLP patients

and normal individuals

7.2.1 IFN-y production in PBMCs

Disturbances in cytokine secretion may play an important role in the 

pathogenesis of XLP and recent studies on SAP deficient murine strains demonstrated 

increased secretion of IFN-y in response to viral infection and TCR and SLAM 

stimulation (see section 1.10.2). IFN-y release in patients with XLP has been 

previously studied but the existing data is controversial.

Therefore, IFN-y production in cells from XLP patients in comparison to 

normal individuals was studied in response to a variety of different stimuli. In initial 

experiments responses in PBMCs from three XLP (PI, P2 and P3) individuals (with 

defined genetic lesions; see Table 5.1) were analyzed by ELISPOT assays and 

compared to responses seen in control samples (C). Following PMA stimulation, cells 

from XLP patients showed high levels of IFN- y production with profiles similar to 

these observed in normal individuals, suggesting an intact capacity to produce IFN- y 

(Figure 7.1). Cells were then activated with more specific stimuli. In these specific 

receptor stimulation experiments we observed significant differences in IFN- y
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production between controls and patient responses. After stimulation with CD3, 

CD3/2B4 and 2B4, significantly less IFN- 7 secretion was observed in patient samples 

compared to controls (Fig 7.2 A and B). One exception to this was P3 (who was EBV 

seronegative at the time of analysis), who showed an increased IFN-7 response 

following CD3 stimulation (p>0.05). His responses to CD3/2B4 and 2B4 were similar 

to the other patients. Cells were then stimulated with autologous EBV immortalized 

LCLs and again the IFN- 7 was decreased in all patients, although in P3 who was 

EBV seronegative and where no spots were observed, this may be expected due to 

lack of memory to EBV (Fig 7.2 B). Cells were also stimulated with CD28, 

CD3/CD28, SLAM or CD3/SLAM but no differences were observed between control 

individuals and XLP patients (data not shown).

7.2.2 Th2 cytokines production in PBMCs

Th2 cells induce humoral and allergic responses and downregulated 

inflammation through production of IL-4, IL-5, IL-6, IL-9, IL-10 and IL-13 cytokines. 

It has been reported that in murine CD4 Ag-specific clones ligation of SLAM by anti- 

SLAM Abs redirected Th2 responses to a Thl or ThO phenotype. More recently, it has 

been demonstrated that SAP deficient murine T cells are unable to produce Th2 

responses following challenge with pathogens or upon TCR activation (see 

section 1.10.2). These studies may suggest that SLAM and SAP modulate Th2 

responses. However, the role of SLAM family receptors and SAP in Th2 profiles has 

not been studied on primary human T cells, and in particular in response to specific 

stimuli. To investigate this matter, we studied IL-5 and IL-10 production in cells from
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Figure 7.1 IFN-y expression by PBMCs from controls and XLP 

patients following stimulation with PMA

ELISPOT analysis was used to determine EFN-y expression following stimulation of 

PBMCs from controls (C) and XLP patients (PI, P2 and P3) with PMA. Control 

values for each experiment were derived from pooled data on a number of control 

individuals so that each experiment has a single control value, mean and standard 

deviation. Three different control individuals were studied each in triplicate and 

therefore the control mean is obtained from 9 data points. Each mean patient response 

and variance was then compared against the control response for each experiment.
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Figure 7.2 IFN-y expression by PBMCs from controls and XLP 

patients following specific stimulation

ELISPOT analysis was used to determine IFN-y expression following stimulation of 

PBMCs from controls (C) and XLP patients (PI, P2 and P3) with CD3 or CD3/2B4

(A), 2B4 alone or autologous LCL stimulation (B). Control values for each 

experiment were derived from pooled data on a number of control individuals so that 

each experiment has a single control value, mean and standard deviation. Three 

different control individuals were studied each in triplicate and therefore the control 

mean is obtained from 9 data points. Each mean patient response and variance was 

then compared against the control response for each experiment and analysed for 

statistical significance using a one tail unpaired T-test assuming, unequal variance 

between the two study groups. Significant differences are indicated by asterisks (no 

asterisk, no statistical significance; *, p<0.05: **, p<0.01; ***, p<0.001).
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normal donors in response to a variety of different stimuli. IL-5 is often co-expressed 

with IL-4 and anti-CD3 induces production of both cytokines in humans. This 

cytokine is responsible for eosinophil differentiation and activation and is involved 

with helping B cells in IgM, IgE production along with IL-4 (Coffman et al, 1998). In 

contrast to IL-5, IL-10 was identified as a Th2 cytokine synthesis inhibitory factor, 

which has cytokine inhibitory function and inhibits Thl cytokine production 

particularly from T and NK cells. T and B cells are the sources of IL-10 production 

mainly.

In this study, responses in PBMCs from two normal individuals (C2,C3) were 

analysed with ELISPOT assays. Responses to Ags or LPS were used respectively for 

IL-5 and IL-10 as positive control (see chapter 2). Stimulation with CD3 induced IL- 

5, which was equivalent responding to Ags. In contrast, IL-10 production upon CD3 

stimulation was less than response to LPS (Figure 7.3 A, C). Cells were stimulated 

with CD3 and combination of CD28, SLAM or 2B4 showed a slightly decrease in IL- 

5 and no any change in IL-10 production (Figure 7.3 B, D). Stimulation with 

autologus BLCL only decreased IL-10 production and not IL-5. Upon CD28, SLAM 

and 2B4 stimulation alone, no IL-5 and IL-10 secretion was observed (data not 

shown). Put together, the results showed SLAM or 2B4 and TCR activation in human 

might modify some of Th2 cytokines response.
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Figure 7.3 IL-5 and IL-10 expression by PBMCs from healthy 

controls following specific stimulation

ELISPOT analysis was used to determine IL-5 and IL-10 expression following 

stimulation of PBMCs from controls (C2, 3) with Ags, LPS or CD3 (A, C) and 

CD3/28, CD3, SLAM, CD3/2B4 or BLCL (B, D). Two different control individuals 

were studied each in triplicate and three times. Data from three experiments on two 

volunteer donors is presented. The mean value (± SD) for each condition was used for 

statistical analysis.

198



Chapter 7 Immunocellular Function of XLP patients

7.3 EBV-T cell line function in XLP and reconstitution of 

defects following SAP gene transfer

It has been postulated that the cellular pathogenesis of XLP may reside in 

abnormal function of EBV-T cell lines and in their inability to control EBV infection. 

Previous reports, performed before the identification of the SAP gene defect, are 

inconclusive with certain studies demonstrating that cytokine secretion and cytoxicity 

are abnormal and others suggesting that both functions are intact. We also examined 

whether introducing expression of the SAP gene into EBV-T cell lines from XLP 

patients (known to lack SAP expression) could restore these observed functional 

defects. We transduced EBV-T cell lines from XLP patients PI and P2 (CTLP1 and 

CTLP2) with a retroviral vector encoding the SAP cDNA and the reporter eGFP 

(transduced cells designated S+CTLP1 and S+CTLP2). Transduced EBV-T cell lines 

were analyzed and showed the same phenotypic characteristics as the parent cell lines 

(data not shown). The expression of eGFP and SAP in the transduced cell lines was 

confirmed by flow cytometric and immunoblot analysis, respectively (Figure 7.4A-B). 

The percentage of cells transduced was approximately 45% and these cells were 

purified by FACS for use in the reconstitution experiments described below.
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S+CTLP1

42J5*>

eGFP

CTLC1 S+CTLC1 G+CTLC1 S+CTLP1 G+CTLP1 CTLP1

< SAP

Figure 7.4 eGFP and SAP expression following retroviral 

transduction of EBV-T cell lines from XLP patients

(A) Flow cytometric analysis of EBV-T cell lines from XLP patient PI following 

transduction with eGFP/SAP encoding retroviral construct shows 42% expression of 

eGFP in the EBV-T cell line from patient 1 (S+CTLP1).

(B) Immunoblot analysis using an anti-SAP antibody shows a 15kD protein expressed 

in EBV-T cell lines from a control (CTLC1) and in cells transduced using the 

eGFP/SAP retroviral vector (S+CTLC1) and a vector encoding eGFP only 

(G+CTLC1). The 15kD protein is also seen in XLP EBV-T cell lines transduced with 

the eGFP/SAP retroviral vector (S+CTLP1) but not in EBV-T cell lines transduced 

with the vector encoding eGFP only (G+CTLP1) or in untransduced EBV-T cell lines 

(CTLP1).
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7.3.1 IFNy production by CD8+EBV-T cell lines from XLP 
patients and controls

CD8+ EBV-T cell lines from normal individuals (C), XLP patients 

untransduced (CTLP1, CTLP2) and SAP transduced (S+CTLP1, S+CTLP2) were 

then activated with the same set of stimuli used in the PBMC experiments described 

above. Following PMA, CD3, CD28, CD3/CD28, SLAM and CD3/SLAM 

stimulation no difference in IFN- 7 secretion was observed between control EBV-T 

cell lines and untransduced and transduced XLP EBV-T cell lines (data not shown). 

Cells were then stimulated with CD3/2B4, 2B4 or autologous LCLs using a range of 

target:effector cell ratios. Figure 7.5 shows that in comparison to the control CTL 

response, there is significantly decreased IFN-y secretion observed in XLP EBV-T 

cell lines from both patients following all three stimuli. However, SAP reconstituted 

lines, S+CTLP1 and S+CTLP2, show marked increases in IFN-7 secretion that, 

following 2B4 or autologous LCL stimulation are no different from the control EBV- 

T cell line response. The most dramatic reduction in IFN-7 secretion and 

reconstitution of function is seen following autologous LCL stimulation (Figure 

7.5C). As a further control, XLP EBV-T cell lines transduced with eGFP alone did 

not show any differences in IFN- 7 secretion suggesting that the process of retroviral 

transduction per se did not affect cytokine secretion (data not shown).

7.3.2 Cytotoxic activity of unreconstitute and reconstitute 
EBV-T cell lines from XLP patients and normal 
individuals

We next tested the ability of XLP EBV-T cell lines to kill autologous LCLs 

using a standard LDH release assay (Figure 7.6). EBV-T cell lines from both XLP
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Figure 7.5 IFN-y expression by EBV-T cell lines from controls and 

XLP patients following stimulation

ELISPOT analysis was used to determine IFN-y expression following stimulation of 

EBV-T cell lines from controls (C) and XLP patients (CTLP1 and CTLP2) and SAP 

transduced XLP patient EBV-T cell lines (S+CTLP1, S+CTLP2) with (A) CD3/2B4,

(B) 2B4 alone or (C) autologous LCL. Control values for each experiment were 

derived from pooled data on a number of control individuals so that each experiment 

has a single control value, mean and standard deviation. Two different control 

individuals were studied each in triplicate and therefore the control mean is obtained 

from 6 data points. Each mean patient response and variance was then compared 

against the control response for each experiment and analysed for statistical 

significance using a one tail unpaired T-test assuming, unequal variance between the 

two study groups. Significant differences are indicated by asterisks (no asterisk, no 

statistical significance; *, p<0.05: **, p<0.01; ***, p<0.001).
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Figure 7.6 EBV-T cell line cytotoxicity against autologous LCL in 

controls and XLP patients

Cytoxicity of untransduced and transduced EBV-T cell lines from controls and XLP 

patients was measured using LDH release assays. (A) EBV-T cell lines from Cl, 

untransduced (CTLC1), eGFP/SAP vector transduced (S+CTLC1) and eGFP alone 

vector (G+CTLC1), (B) as for (A) using CTLC2, (C) as for (A) using CTLP1, (D) as 

for (A) using CTLP2.
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patient PI and P2 showed markedly decreased cytotoxic activity in comparison to 

EBV-T cell lines from two normal individuals (Figure 7.6). SAP reconstitution 

experiments were then performed to see if cytotoxic function could be restored to 

XLP EBV-T cell lines. We demonstrate that cytotoxic function can be increased from 

30% to 60% cell lysis for CTLP1 (Figure 7.6C), and from 20% to 60% for CTLP2 

(Figure 7.6D), at effectontarget cell ratios of 10:1. At similar effector:target cell ratios 

approximately 80% cell lysis was seen in EBV-T cell lines from normal individuals 

Cl and C2 (Figure 7.6A-B). Normal EBV-T cell lines transduced with SAP or eGFP 

(S+CTL or G+CTL) or XLP EBV-T cell lines transduced with eGFP (G+CTLP) did 

not show any differences in cytotoxic activity from untransduced cell lines, again 

suggesting that retroviral transduction per se did not affect cytotoxic activity. To 

confirm MHC class I specific mediated killing, incubation with an MHC class I 

antibody reduced cytotoxic activity to 20-30% cell lysis in both normal and S+CTLP 

lines (Figure 7.7).

7.4 Discussion

Following the identification of SAP as the defective gene in XLP, there has 

been considerable progress in the understanding of the SAP protein structure, its 

interaction with cell surface molecules and more recently with proximal tyrosine 

kinases such as Fyn T (Chan et al, 2003; Latour et al, 2003). However, the cellular 

pathogenesis of XLP in humans remains poorly understood, especially given the 

different clinical phenotypes of the disease. Murine models of SAP deficiency suggest 

a tendency to a dysregulated Thl responses with T cell activation and increased IFN-7 

production, but it is clear from studies of other immunodeficiencies that abnormalities 

observed in murine models do not always accurately reflect human disease
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Figure 7.7 Blocking EBV-T cell line cytotoxicity against autologous 

LCL in controls and XLP patients

Incubation of eGFP/SAP vector transduced EBV-T cell lines from both controls and 

XLP patients (S+CTLC1, S+CTLC2, S+CTLP1, S+CTLP2) with W6/32 antibody. 

Cytoxicity of untransduced and transduced EBV-T cell lines from controls and XLP 

patients was measured using LDH release assays.

(Khan et al, 1995). It is evident from a number of reports that human NK cell defects 

are present in this condition, but there is very little clear functional data on specific T 

cell populations (Nkajima et al, 2000; Parolini et al, 2000; Tangye et al, 2000). In this 

study the use of EBV-T cell lines from XLP patients represents a physiological 

human T cell effector population. The lack of cellular transformation or species 

differences provides a relevant model for examining defects in this condition.In 

normal individuals the immune response to EBV infection, the major pathological
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trigger in XLP, is dominated by the proliferation of CD8+ EBV-T cell lines and NK 

cells. The development of EBV driven lymphoma and fulminant IM in XLP would 

strongly suggest that defects exist in these effector populations. In this study we show 

that XLP patients are indeed capable of generating EBV-T cell lines.

Using different culture conditions we were able to generate T cell lines of both CD8+ 

and CD4+ phenotype from both normal and XLP patients (see Chapter 5).

A number of studies have reported cytokine abnormalities in XLP. However, 

in the majority of studies undertaken, the response to specific cell surface stimuli has 

not been addressed. In this analysis we stimulated both PBMCs and XLP EBV-T cell 

lines with specific T cell stimuli and assessed the IFN-y response. In both populations, 

differences were observed in response to CD3, CD3/2B4, 2B4 or autologous LCLs 

and not in response to PMA, CD28, CD3/CD28, SLAM or CD3/SLAM. The lack of 

response to CD3/SLAM or SLAM alone would be in keeping with the low levels of 

SLAM observed in these cell lines.

Following CD3 stimulation alone, PI and P2, who are EBV experienced, 

demonstrated significant downregulation of IFN-y production. This is in keeping with 

observations made by Sanzone et al. where EBV experienced XLP patients were 

analysed (Sanzone et al, 2003). However, P3 (who was EBV-seronegative at the time 

of analysis) shows an exaggerated EFN- y response that is significantly elevated from 

controls and is similar to the CD3 stimulation T cell responses observed in SAP 

deficient mice (Czar et al, 2001; Wu et al, 2001). Importantly stimulation via 2B4 or 

CD3/2B4 in P3 shows a downregulated response and is similar to PI and P2. These 

observations albeit in only one patient, suggest that SAP deficiency in the EBV 

inexperienced individual augments CD3 stimulation which after EBV infection is 

downregulated. The role of SAP downstream of CD3 triggering without co-
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stimulatory input is unclear but these data suggest a regulatory role for SAP, which 

needs further investigation in larger numbers of patients.

In addition, it is possible that combination of CD3 and 2B4/SLAM stimulation 

regulates Th2 response IL-5 and IL-10 in normal individuals as we showed here. 

However, it remains unclear whether in human T cells it is a direct function of 2B4 or 

SLAM signalling in Th2 regulation as it has been recently shown in SAP and SLAM 

deficient murine models (Cannons et al, 2004; Wang et al, 2004).

In our study, differences in XLP and normal EBV-T cell lines following 

CD3/2B4 or 2B4 activation suggest that activation through this specific pathway is 

important in EBV-T cell line function and, given the similarities in the cell surface 

phenotype between the two T cell populations, point to defective SAP expression as 

being responsible for aberrant transduction of the 2B4 signal. Similar findings after 

stimulation by autologous LCLs are consistent with these findings. Cell surface 

LCL/EBV-T cell line interactions include homotypic association between SLAM 

molecules (though in this study low SLAM expression negates this pathway) and also 

between 2B4 on EBV-T cell lines with its ligand CD48 which is abundantly 

expressed on LCLs. Disruption of the signal arising from this interaction results from 

the lack of SAP expression in XLP EBV-T cell lines probably leading to decreased 

IFN- 7  expression and to the observed failure of cytotoxicity of autologous LCLs.

Our studies on human cells from EBV experienced individuals demonstrate a 

decrease in IFN- 7 production in response to specific stimuli and contrast significantly 

with murine data. A possible explanation for this discrepancy may be the fact that in 

murine studies, animals were examined at an early age and only after limited 

antigenic exposure. It would be interesting to repeat these studies on mice exposed to 

repeat or chronic antigen stimuli. This would better mimic the situation in XLP,
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which was initially described as a ‘progressive’ immunodeficiency and where 

repeated immunological insults and more specifically with EBV may result in a 

gradual deterioration in immune function.

We demonstrate that human EBV-T cell lines from two patients with a 

molecular diagnosis o f XLP and lack of SAP expression show significant defects in 

direct killing of autologous LCLs. Previous studies have suggested this using indirect 

assays such as LCL growth regression. That this defect occurs via the 2B4/CD48 

pathway is supported by the abundance of 2B4 rather than SLAM expression and also 

by the demonstration of 2B4/CD48 abnormalities in NK cell cytotoxicity in XLP 

(Nakajima et al, 2000). The molecular detail o f this pathway is unclear but it has been 

shown that 2B4 associates with the LAT (linker for activation of T cells) leading to 

tyrosine phosphorylation of both molecules. Whether this interaction is SAP 

dependent has yet to be defined. It is also evident that other receptors are involved in 

mediating cytoxicity in T cells. NTB-A is a recently identified member o f the SLAM 

family and can bind SAP following phosphorylation of its cytoplasmic tail (Bottino et 

al, 2001). NTB-A behaves in an analogous manner to 2B4 in NK cells triggering 

cytotoxicity but is also expressed in T cells suggesting that the observed defects in 

XLP EBV-T cell lines may arise from abnormal signaling downstream of a number of 

different surface receptors. The final events in these pathways may be the inability to 

form the cytolytic machinery such as release of granzyme or perforin molecules and 

expression of such proteins in XLP EBV-T cell lines is currently being investigated. 

More recently it has been shown that the lytic effectors perforin and granzyme-B are 

normal in SAP-deficient CTL derived from XLP patients (Dupre et al, 2005).

The cytokine expression and cytotoxicity defects are SAP dependent since 

introduction of SAP by gene transfer restored functionality. A marked increase was
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seen in both patients for both cytotoxicity and cytokine assays. Although the 

restoration of function was not entirely equivalent to control samples, mock 

transfected cells did not show any reconstitution.

Retroviral transfer of the SAP gene into EBV-T cell lines was achieved during 

the repeated stimulation of T cells by autologous LCLs and makes CTLs an attractive 

target for gene transfer. Although the studies were principally conducted to show that 

the defects were SAP dependent, the restoration of function suggests that SAP gene 

transfer in XLP may hold some therapeutic value. In cases without a matched sibling 

donor, gene corrected CTLs could be generated and stored for future use if  lymphoma 

or fulminant IM were to arise in XLP patients. However, much further work would be 

necessary to show that constitutive SAP expression under the control of a viral LTR 

does not lead to adverse effects. The possibility of SAP expression under the control 

of a T lineage restricted or endogenous SAP promoter could also be explored.

To date functional cytotoxic T cell defects in XLP have not been carefully 

defined, especially in response to EBV infection. Using this autologous EBV- 

LCL/EBV-T cell line model we clearly demonstrate that both cytokine production and 

cytolytic activity are severely impaired as a result of SAP deficiency. In combination 

with previously described NK cell defects this may explain the failure to control EBV 

infection and predisposition to B cell lymphoma which occurs in one third of XLP 

patients and which indeed was the presenting feature of XLP patient P2. One may 

also speculate that the tendency to fulminant IM (as in PI) and hemophagocytosis 

may possibly arise from the initial CTL and NK cell failure leading to further 

dysregulated immune responses.
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8.1

SAP is the defective gene in XLP, a disease, which results in dysregulated 

immune responses. Many features of the disease are unexplained, including excessive 

susceptibility to EBV infection, cellular and humoral immune dysfunction, late 

haematopoietic malignancy and further diverse phenotypes. However, evidence 

unravelling the molecular defect responsible for XLP in recent years has led to critical 

new insights into the pathophysiology of this disease. It has been demonstrated that 

SAP is involved in regulation of the immune response particularly in T and NK cells. 

In particular, SAP interacts with the SLAM family of immune cell receptors. Whereas 

the functions of these receptors are only beginning to be elucidated, they seem to play 

a major role in XLP pathogenesis (see Chapter 1). More recently, development of 

XLP murine model has made it possible to investigate the immune function of SAP in 

vivo and in vitro following challenge with various pathogens. However, one limitation 

of the SAP deficient murine models is that mice are not susceptible to EBV infection 

and therefore are unlikely to be useful in explaining the molecular and cellular 

features of the SAP defect in humans. This is also debate particularly when CTL and 

NK cells function consider as major and crucial players in immune response to EBV 

infection in humans. Moreover, it is becoming clear that SLAM family receptors are 

widely involved in immune cell function and attributing all molecular features of XLP 

to the SLAM pathway is likely to be an oversimplification.

The main aim of this thesis, therefore, was to investigate the cellular 

pathogenesis of XLP in humans in particular to explore the function of EBV-CTLs 

and to develop an ex vivo re-constitutional model using a retroviral gene transfer 

system. As a subsidiary aim, it was planned to characterise and profile the cytokine- 

phenotype of lymphocyte lineages in XLP patients in a more detailed manner.
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8.2 The role of SAP in immune cell functions

Appropriate immune responses rely on the functions of immune cells 

controlled by the signalling of complex and heterogenous receptor families. The 

balance between the signalling pathways determines the specificity of immune 

response and regulates its intensity and duration. Adaptors play crucial roles to 

maintain this balance and orchestrate the intracellular pathways. SAP is an example of 

a modulator protein, which is expressed predominantly in T and NK cells. Defective 

SAP in XLP syndrome highlights the important function of these adaptors in the 

pathophysiology of immune responses (Latour et al, 2004). The unique structure of 

SAP represents a family of adaptors, including EAT-2, that have the ability to interact 

with a variety of immune cells receptors from the SLAM family.

SLAM family receptors conduct a variety of functions including the 

modulation of cytokine production and cytotoxicity (see Chapter 1). In addition, it has 

been reported that expression of human SLAM facilitates infection of lymphoid cells 

by measles virus infection (Hsu et al, 2001). While the roles of this family are only 

beginning to be understood, the clinical and pathology findings of XLP suggest the 

functions of SAP-SLAM family receptors are vital in immune responses, in particular 

to EBV infection in humans. EBV infection has several aspects, which are different 

from other viral pathogens, particularly modulation of cytokine production and B cell 

immortalization as described in Chapter 1. In this context, SAP function may provide 

an essential role in the immune surveillance against EBV. SAP enables SLAM family 

receptors to mediate their diverse functions through facilitating tyrosine 

phosphorylation of their cytoplasmic tails. Depending on the tyrosine- based motifs 

present in their intra-cytoplasmic domain, SLAM family receptors can recruit distinct 

sets of SH-2 domain-containing effectors that lead to different signals with distinct
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biological consequences (Figure 8.1). Typically, SAP makes a triple complex and 

promotes the recruitment and activation of Src-related tyrosine kinase (PTK) Fyn and 

its interaction with SLAM in murine T cells (Latour et al, 2001; Chan et al, 2003; 

Latour et al, 2003; Davidson et al, 2004). These observations suggest that SAP acts 

like a modulator and differently from all signalling molecules such as ZAP70 and Btk 

described in Chapter 1. Moreover, the unique structure of SAP makes it different from 

other adaptors involved in signalling such as the SLP-76 adaptor family including B 

cell linker (BLNK) or Dok family. Although this adaptor family, like the SAP family, 

are not receptors or kinase, they exhibit more complex structure and bind to SH2 

domain-containg partners. For instance, upon BLNK interaction with Syk, BLNK 

becomes rapidly phosphorylated on multiple N-terminal tyrosine residues, which act 

as binding sites to recruit the SH2 domain containing proteins PLC*y2, Btk, Vav, Grb2 

and Nek into signalling complex (Goitsuka et al, 1998; Kurosaki et al, 2000). 

Therefore BLNK acts as a molecular scaffold to link the pre-BCR (B cell receptor) 

activated Syk kinase to regulators of multiple downstream signalling pathways 

(Schebesta et al, 2002).

Recent biochemical investigations suggested that SAP deficiency might cause 

an abnormal TCR signalling cascade in human T cells (Nakamura et al, 2001; 

Sanzone et al, 2003). Studies on T cells from XLP patients showed that early TCR- 

induced signals such as tyrosine phosphorylation of PLC-7 and calcium fluxes were 

increased in SAP-deficent T cells, whereas T cells from a SAP deficient murine
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Figure 8.1 Regulation of SLAM family receptors by SAP

A model of SLAM-related receptor regulation by SAP is presented. SAP binds to 

tyrosines in the intra-cytoplasmic domain of SLAM family receptors (the consensus 

binding sites are boxed in red), thereby allowing recruitment and activation of FynT. 

This leads to tyrosine phosphorylation of the receptor, and recruitment and activation 

of downstream effectors that activate cellular responses (as specified in the figure). 

The presence of distinct sets on tyrosine-based motifs in the cytoplasmic domain of 

the various SLAM-related receptors enables these receptors to transduce different 

signals and mediate unique functions. (Taken from Latour et al, 2004).
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model showed normal calcium mobilization and ERK activation upon TCR 

activation, but PKC-0 recruitment, Bel-10 phosphorylation, I/cB-a degradation, and 

nuclear NF-xBl/p50 levels were increased (Sanzone et al, 2003; Cannons et al, 

2004). However, it is not clear that SAP directly regulates the TCR downstream 

signals or whether it is part of SAP’s regulatory function interacting with SLAM 

family receptors pathways, although interaction of SAP with cytoplasmic proteins 

such as Dokl reported by Sylla et al may be part of this regulatory axis (Sylla et al, 

2000).

The difference between human and mice TCR-induced signals may be caused 

by excessive challenge of the immune system in affected XLP patients by EBV 

infection, compared to the naive immune system in SAP deficient murine models. 

However, it cannot be excluded that the different phenotypes in human and mice may 

be caused by differences in signalling pathways controlled by SAP function. It is 

notable that recent data demonstrated SAP deficiency in murine T cells appears to 

selectively affect NF-k/3 members (Cannons et al, 2004). For example c-Rel required 

for IL-2 production is not affected by lack of SAP in T cells. Interestingly, this pattern 

has been reported in Fyn 7'T cells, supporting the assumption that SAP-Fyn 

interaction is necessary for the PKC-0/NF- k/3 pathway (Cannons et al, 2004). 

Whereas, recruitment of Fyn by SAP has not been reported in humans and also given 

the preference of other PTK members such as Lck in human T cells, it is therefore 

possible that SAP may play different roles in controlling T cell activation in humans 

and mice and deserves further exploration.
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8.3 Thl/Th2 profile in XLP human and mice

SAP deficiency causes abnormalities in Thl/Th2 cytokine profiles as 

described in Chapter 1. It has been demonstrated that there are different patterns of 

cytokine production in human and SAP deficient mice. Whereas these mice were 

shown to exhibit an augmentation of Thl responses (IFN-y production) and reduced 

Th2 responses (especially IL-4 production), human T cells from XLP patients failed 

to produce Thl cytokines such as IFN-y and IL-2, although the Th2 profile has not 

been investigated in these patients (Nakamura et al, 2001; Sanzone et al, 2003). Our 

results presented in Chapter 7 not only reveal Thl response failure (IFN-y) in primary 

T cells and EBV- T cell lines in agreement with the previous reports (Yasuda et al, 

1991; Nakamura et al, 2001), but also we have been able to show this defect is partial 

as highlighted upon stimulation through specific receptors (Sharifi et al, 2004; this 

thesis). The fact that stimulation with PMA and ionomycin overcome the defects of 

SAP-deficient T cells observed upon TCR stimulation (with anti-CD3 Ab) strongly 

suggests that SAP is involved in proximal T cell signalling. Moreover, in our patients 

IFN-y production was lower than normal levels upon TCR stimulation, except in an 

EBV seronegative XLP case that had showed a significant increase of IFN-y 

production in comparison to normal controls. Whether this is related to EBV 

seronegative condition or cytokine polymorphisms is not clear and this may 

emphasise the complexity of cytokine imbalance in humans affected with XLP when 

compared with SAP deficient murine models. More recently, it has been shown that 

TCR stimulation (with anti CD3/28 or lectin) of SAP-deficient CD8 T cell-lines 

(autologous and allogenic) from three XLP patients lead to normal production of IL-2, 

IL-4 and IFN-y (Dupre et al, 2005). This controversy remains to be addressed 

probably with a larger sample size and more well defined methods.
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Intriguingly, the studies on SAP deficient murine models consistently show 

aberrant TCR response conducting Thl/Th2 production (Czar et al, 2001; Wu et al, 

2001; Latour et al, 2001). The precise mechanism by which the SAP signalling 

pathway modulates production of cytokines by T cells is not well documented. 

However, it seems that FynT, SHIP-1, Dok family adaptors and or RAS/GAP are 

implicated in this effect. The most recent reports showed that CD4 T cells from non

infected SAP Knock out mice exhibiting a slightly increased IFN-7 production in 

comparison to controls, while IL-2 production was normal (Cannons et al, 2004; 

Davidson et al, 2004). The Fyn T  T cells presented the same phenotype as seen in 

SAP T  T cells. Moreover, the profound defect in Th2 cytokine secretion (IL-4 

production) in SAP-deficient T cells appears to be independent of the effects of IFN-7 

level. The defect in Th2 response has been shown in Fyn T cells and also in T cells 

from 5^4PR78a Knockin mice (a mouse model in which the Fyn T binding site of SAP, 

R78, was replaced by an alanine in the germ line) suggesting the impaired TCR- 

mediated signals are SAP-Fyn dependent (Cannons et al, 2004; Davidson et al, 2004). 

SAP-deficient CD4 T cells are able to polarize and secrete normal levels of both Thl 

and Th2 cytokines (Latour et al, 2001; Wu et al, 2001; Cannons et al, 2004). 

However, the affected CD4 T cells showed down-regulation of GATA-3 and not T- 

bet expression level (GATA-3 and T-bet are master regulators of Th2 and Thl 

differentiation, respectively). Thus, murine SAP-deficient CD4 T cells have a specific 

defect in GATA-3 induction in response to TCR-mediated signals.

Furthermore, the recent description of mice lacking SLAM expression 

revealed that TCR-induced secretion of IFN-7 was only slightly increased by CD4 T 

cells whereas Th2 response (IL-4 production) was profoundly impaired (Wang et al, 

2004). It questions the previous reports in mice showing that SLAM is important in
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Thl cytokine regulation with an inhibitory outcome. This along with the recent 

reports suggests that the triple complex of SAP-Fyn-SLAM is a major regulator in 

Th2 response and not Thl response (Cannons et al, 2004; Davidson et al, 2004). 

These findings suggest that SLAM is an activator of IL-4 production. This is most 

perplexing, as CD4 T cells upon anti-SLAM stimulation did not produce IL-4 

cytokine. However, an explanation for these models could be co-localization of 

SLAM with the TCR upon T cell activation (Howie et al, 2002).

It is notable that the additional SLAM-related receptors expressed in T cells, 

including 2B4, Ly-9 and NTBA, are candidates, which should be studied and could be 

incorporated in this model. It should be pointed out that the recruitment of Fyn to 

SLAM by SAP has not been shown with other SLAM family receptors. These 

receptors may play different roles in T cell population function and homeostasis.

According to evidence based on SAP deficient murine models, it seems 

probable that the immunological abnormalities in XLP are caused by a defect in Th2 

response (IL-4) rather than Thl responses. However, although Th2 response defect 

may explain dysgammagloubinemia phenotype of XLP, this Th2 paradigm is unlikely 

to address the uncontrolled FIM and late haematopoietic malignancy features of XLP. 

Firstly, the cytokine IFN-y plays a central role in resistance of the host to EBV 

infection via a direct antiviral effect as well as through modulation of the immune 

system response (Morrison et al, 2001). Therefore, considering the essential role of 

the Thl response in pathophysiology of EBV infection, defects in Thl response as 

seen in XLP patients (Chapter 7) remain unexplained by data from murine studies. 

Secondly, we have been able to show that the SLAM responses likely to be a late 

response, and also that its expression in comparison to 2B4, is relatively low on T cell 

populations (Chapter 6). This contradicts to the idea that the pathophysiology of SAP
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defect is predominantly related to SAP-Fyn-SLAM pathway, which assumes that 

SLAM upregulation is the main receptor in signals regulated by SAP. Future work is 

needed to investigate how SAP modulates other SLAM family receptors such as 

CD84/CS1/NTBA/2B4 that are expressed in T cells. Lastly, it is important to note 

that the defects in antibody production in response to viral infections observed in SAP 

V murine model were a late defect (Crotty et al, 2003) and not related to B cell 

function. Therefore, severe Th2 impairment reported in the murine model is unlikely 

to explain the late defect of B cells function. SAP may have a role at least in some B 

cell population and homeostasis of Igs production, a role which is under estimated and 

not effectively addressed by Th2 imbalance theory.

It has been suggested that SLAM family receptors, particularly SLAM, are 

involved in Thl cytokine production and not the Th2 response in humans (see 

Chapter 1). However, the Th2 cytokine profile has not been comprehensively studied 

in XLP patients particularly in response to various stimuli. As it has been shown in 

Chapter 7, SLAM and 2B4 may have an inhibitory effect on Th2 cytokine production 

(IL-5 and IL-10 production) by human primary T cells and this requires further 

investigation. Also it is important to investigate whether the lack of SAP affects the 

Th2 cytokine balance in XLP patients and if dysregulation of Th2 cytokine production 

contributes to XLP pathogenesis in humans.

8 .4  C T L  f u n c t io n  in  X L P  p a t i e n t s

EBV infection triggers the pathological presentation in 90% of XLP cases. T 

and NK lymphocyte roles in cytotoxic function and cytokine homeostasis are crucial 

in the immune response to EBV infection (Rickinson et al, 1997). The Th2 response 

failure theory demonstrated by murine models may not completely explain the
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observed defects in these cell populations. The preliminary results reported by Wu et 

al indicated that NK and CTL function in SAP T  mice are normal during acute phase 

of infection (Wu et al, 2001). However, the function of these lymphocyte populations 

in the murine model has not been investigated in detail.

The results reported in Chapter 7 demonstrate SAP dependent defects in T 

cells cytotoxicity in XLP patients, where the defect was corrected by SAP gene 

transfer (Sharifi et al, 2004). This is consistent with observations made by Sanzone et 

al where reconstitution of allogenic T cell lines from two XLP patients using 

retroviral vector encoding the SAP gene has completely restored abnormal signalling 

events (Sanzone et al, 2003). The impaired EBV- T cell function, including Thl 

response defects suggest that these abnomalities may participate in the 

pathophysiology of the disease. Firstly, this is supported with evidence from XLP 

patients who are unable to eliminate the EBV virus from the blood and other organs. 

Secondly, the feature of tumourgenesis in XLP is in favour of T and NK cell 

surveillance defects in these patients. Thirdly, the data presented on abnormalities of 

NK cell function in XLP patients (Sullivan et al, 1980; Harada et al, 1982; Nakajima 

et al, 2000; Parolini et al, 2000; Tangye et al, 2000) confirmed that the cellular 

pathogenesis of XLP is not only caused by Thl/Th2 imbalance, but that impaired 

cytotoxicity of NK cells along with CTLs could play a major role in the clinical 

manifestations of XLP due to SAP deficiency. Although, 2Z?4-deficient mouse NK 

cells were found to exhibit increased NK cell- mediated cytotoxicity and IFN-y 

production (Lee et al, 2004), this may highlight the differences in pathology between 

XLP patients and S^P-deficient murine models.

The failure of EBV-specific T cell line cytotoxicity is unlikely to be SLAM 

dependent, as the cytotoxic T cells were mainly 2B4 positive (Sharifi et al, 2004;
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Dupre et al, 2005). In T cells, triggering of 2B4 does not lead to T cell activation by 

itself, but it can augment antigen-specific T cell cytotoxicity (Nakajima et al, 1999; 

Lee et al, 2003). In addition, the CD48-2B4 interaction is important for the regulation 

of CD8 T cell proliferation (Kambayashi et al, 2001). SAP is essential for 2B4 

signalling, probably by preventing SHP-2 and possibly SHP-1 binding to 2B4 and 

also by recruiting Fyn to 2B4 (Tangye et al, 1999; Eissmann et al, 2005). However, 

the mechanism of the cytotoxicity defect of XLP EBV-specific T cell lines in our 

study remains elusive. A recent study has demonstrated that SAP-deficient CTLs from 

patients with XLP exhibit a specific lytic defect against autologous and allogeneic 

EBV-positive B cells; the defect was 2B4 dependent due its role in lytic synapse 

formation (Dupre et al, 2005). It has been suggested that SAP regulates 2B4 activity 

by controlling lytic synapse formation (Roda-Navaroo et al, 2004). Effective lytic 

activity requires the formation of a lytic immunological synapse with immediate 

central polarization of perforin-containing lytic granules at the effector T cell: target 

cell contact (Stinchcombe et al, 2001; McGavem et al, 2002). The absence of SAP 

may cause a defect in the assembly of the lytic immunological synapse. Dupre et al 

have been able to show that CTLs from three XLP patients exhibit impaired 

polarization of both lytic granules and lipid rafts at the contact point of CTLs with 

target cells (Dupre et al, 2005). Interestingly, the defect was restricted to EBV- 

positive target cells with CD48 expression, whilst the polarization of lytic granules 

(perforin and GM1) and lytic activity against the K562 targets were not affected in 

SAP-deficient CTL (Dupre et al, 2005). This supports previous studies on NK cells 

from XLP patients, which show failure of 2B4-mediated cytotoxic killing of CD48- 

expressing target cells and EBV-immortalized LCLs (Nakajima et al, 2000; Parolini 

et aly 2000; Tangye et al, 2000).
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In most viral infections, specific CTL activity arises within 3-4 days after 

infection, peaks by 7-10 days, eliminating virions during this period (Ramshaw et al, 

1997). Since humoral immune response defects may be a late defect in XLP patients, 

the function of CTL and NK in elimination of EBV infected B cells would be 

essential in these patients. It has been reported that the rapid elimination of B cells 

immediately following EBV exposure in two XLP patients using the anti-CD20 

antibody rituximab, provided recovery from viral infection symptoms and reduction 

of EBV circulating viral load in addition to reduction of post EBV infection morbidity 

such as FIM or lymphoma (Milone et al, 2005). Although these patients exhibit an 

increased numbers of CD8 T cells, the T cell dysfunction has not been investigated 

directly. However, the effect of eliminating infected B cells using a monoclonal 

antibody, demonstrates the importance of the CTL and NK cell eliminating function 

in XLP pathogenesis.

Although there is substantial evidence supporting CTL dysfunction as a 

crucial role in XLP pathogenesis, the molecular aspects of XLP pathology in these 

cells remain uncertain, particularly the relationship of SAP to SLAM family receptors 

expressed in these cells such as 2B4, CS1, NTBA.

8.5 Feasibility of gene therapy for XLP

Although rare, primary immunodeficiencies are in many ways ideally suited to the 

application of somatic gene therapy. This technology has delivered promising 

outcomes in treatment of various types of immundeficienies disorders in recent years, 

mostly targeting haematopoietic stem cells (Bordignon et al, 1995; Cavazzana-Calvo 

et al, 2000; Hacein-Bey-Abina et al, 2002; Gaspar et al, 2004). The lack of success of 

conventional treatment for XLP makes the development of a gene therapy strategy for
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XLP an attractive proposition. The disease is monogenic and the coding sequence of 

SAP cDNA spans only 400bp and is readily incorporated into retroviral vector 

constructs. In addition the major cellular deficit lies in T and NK cell populations, 

which are easily accessible. More recently it has been shown that SAP is a crucial 

regulator on NKT cell ontogeny in humans and mice (Nichols et al, 2005). Therefore, 

other lymphocyte populations such as NKT and LAK cells may be potential targets 

for XLP gene therapy.

Advances in the genetic modification of T lymphocytes have led to the development 

of therapeutic approaches including suicide gene therapy after allogeneic HSCT 

(Heslop et al, 1996; Bonini et al, 1997; Qasim et al, 2002), and ADA-SCED gene 

therapy (Blaese et al, 1995; Muul et al, 2003). It also has been used for rapid selection 

of antigen-specific T lymphocytes (Koehne et al, 2000). However, many issues have 

been raised such as the impact of T cell gene therapy on their functionality including 

cytotoxicity (Duarte et al, 2002; Sauce et al, 2002), T cell subpopulations and T cell 

receptor repertoire (Dietrich et al, 1997; Movassagh et al, 2000; Qasim et al, 2003). 

For instance, it has been reported that the transduction protocol using anti-CD3 

antibody and IL-2 to activate T cells leads a significant reduction in EBV-reactive T 

cells (Sauce et al, 2002).

In this study we have tried to investigate the feasibility of an in vitro gene 

therapy approach targeting EBV-specific T cells as a potential treatment for XLP. We 

have been able to develop a T cell transduction protocol using only Ags (autologous 

BLCLs) stimulation with reliable efficiency with a retroviral vector encoding SAP 

(Chapter 4). Although both retroviral and lentiviral vectors showed good transduction 

efficiency with non-specific stimulation (PHA, IL-2, CD3/28), the transduction 

efficiency of lentiviral vectors was limited when we used a Ags stimulation protocol
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only (Chapter 4). Recent data suggests that lentiviral vectors cannot efficiently 

transduce primary T cells without prior stimulation, such as IL-7 pre-stimulation, 

despite their unique ability to transduce different cell types (Verhoeyen et al, 2003).

We have been able to demonstrate that the transduction of EBV-specific T 

cells with retroviral vector constructs using Ags stimulation protocol, maintains the 

cytotoxicity and EFN-7 production abilities of transduced T cells (Chapter 7). Most 

importantly we have showed that the in vitro EBV-specific T cell model for XLP gene 

therapy shows promising results and can reconstitute the cytotoxicity and IFN-7 

production in EBV-specific T cell lines (Chapter 7; Sharifi et al, 2004). Other groups 

have also recently shown reconstitution of SAP expression by retroviral vectors 

encoding SAP led to significant restoration of TCR signalling defects in T cell lines 

derived from two XLP patients (Sanzone et al, 2003). In addition our retroviral vector 

constructs encoding SAP have been used by Plunkett et al in a study on the 

telomerase activity in primary CD8 T cells of XLP patients and again have shown 

stable SAP expression (Plunkett et al, 2005).

However, the next step to measure the feasibility of the EBV-specific T cell 

model for XLP gene therapy is to develop an in vivo model. The SCID (RAG-73) 

mouse strain model is an ideal model to study the in vivo behaviour o f engrafted 

human tumour cells and primary lymphocytes (Goldman et al, 1998). Intraperitoneal 

inoculation of EBV-LCLs and administration of autologous EBV-specific T cells to 

this type of mice results in the eradication of EBV driven lymphoproliferative disease 

(Lacerda et al, 1996). Therefore, this model provides a relevant physiological model 

to assay the ability of SAP reconstituted EBV-specific T cells.

The insertional mutagenesis has been reported subsequently of HSC retroviral 

transduction in mice and human (Li et al, 2002; Hacein-Bey-Abina et al, 2003).
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Retroviruses integrate essentially at random into the host genome which could induce 

malignancies as has been reported in mice and rhesus monkeys through repeated 

infection that cause multiple synergizing mutations in the same cell (Nathwani et al, 

2004). The tumorgenesis following integration is known to arise by activation of 

oncogene sequences occuring as a result of promoter/ enhancer insertion, and/ or 

tumour suppressor gene (TSG) inactivation (Neil et al, 1987). However, alteration of 

gene expression following proviral insertion also has been demonstrated in mice, 

which can lead to lethal ebmryonic outcomes (Jaenisch et al, 1983).

In the French gene therapy trial for SCID-XI, three boys have developed T cell 

leukaemia (Hacein-Bey-Abina et al, 2003). T cells originated from a single 

transduced cell, in which the oncoretroviral genome inserted in the vicinity of LIM 

domain only 2 (LMO-2) locus, in a manner that enabled the retroviral promoter to 

mediate aberrant expression of LMO-2 in these cells. The LMO-2 gene encodes a 

transcription factor that is required for normal haematopoiesis; however, when 

aberrantly expressed, it is associated with childhood leukaemia (McCormack et al,

2004). However, although insertional mutagenesis is a rare incidence (Kohn et al, 

2003), with replication -incompetent retrovial vectors, it is not clear whether this is as 

a consequence of wild type promoter or combination with encoded transgene such as 

Tc.

Thus, the murine model also could provide useful information regarding 

transgenic mutations in targeted cells and safety issues following introduction of new 

gene by retroviral vectors. Whether the promoter in retroviral vector affects the 

chance of insertional mutagenesis is not clear and replacement the SFFV promoter 

with a tissues specific promoter such as CD28 or CD3 promoter may reduce the 

chance of mutagenesis.
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8.6 Future work

8.6.1 SAP and SLAM & 2B4 expression

SAP and the SLAM family are expressed heterogeneously in immune cells. 

The results presented in Chapter 6 add further information on SLAM and 2B4 

expression in primary immune cell lineages. SAP expression in LAK cells and 

recently in NKT shown by Nichols et al suggest a wider regulatory function for SAP 

(Chapter 1; Nichols et al, 2005). Moreover, there is uncertainty regarding regulation 

of SAP expression particularly in its promoter region and in signalling cascades both 

of which require further investigation.

We have been able to study co-expression of SLAM and 2B4 on different 

immune cell lineages. The expression of 2B4 on DCs and CD4 T cells may suggest a 

more complex function of this receptor in immune cells rather than controlling 

cytotoxicity and IFN-7 production and may also point to critical roles in Ag 

presentation and B cell help. In addition, stimulation studies of T (CD4/8) and NK 

cells with a variety of stimuli showed 2B4 expression is more dominant than SLAM 

expression in the early response and SLAM is expressed as a late response upon TCR 

stimulation with combination of CD28, 2B4 and SLAM (Chapter 6). Although other 

groups showed that SLAM up regulates upon lectin stimulation or CD3 in 

combination with high level of IL-2 in CD4 T cells in vitro, the co-expression of these 

receptors and the effect of different methods has not been fully investigated.

8.6.2 Chemokines role in XLP

Chemokines are important in a wide range of physiological functions 

including, chemotaxis, angiogenesis, haematopoiesis, embryonic development, and 

metastasis (Gerard et al, 2001; Oppermann, 2004). It has been well documented that

228



Chapter 8 Discussion

they play crucial roles in directing cell movements necessary for the initiation of T 

cell immune responses (Luther et al, 2001). More recently, the chemokines profiles 

have been investigated in common variable immunodeficiency (CVED) showing a low 

CCR7 expression profile (Holm et al, 2004) and in XLP patients demonstrating 

reduction of circulating CCR4 T cells (Malbran et al, 2004). With the results reported 

in Chapter 5, we have been able show low CCR5 and RANTES expression profiles in 

two XLP patients. Whether this phenotype is secondary to Thl/Th2 imbalance profile 

in XLP patients or is due to direct effect of SAP signalling impairment should be 

addressed in further studies. The chemokine profile in XLP may also help to classify 

the XLP disorder as has been suggested in CVID (Holm et al, 2004).

8.6.3 New targets for gene therapy in XLP

NK cells are a very attractive target for immune cell and gene therapy. The 

defect in NK cells derived from XLP patients is well documented. Therefore, SAP 

reconstitution of NK cells with viral or non-viral vectors may provide an alternative 

treatment in those patients with FIM or malignant lymphoma clinical phenotypes. 

However, the transduction of primary NK cells has not been successful so far and 

developing an appropriate vector and stimulation protocol would be crucial steps 

towards this application.

Successes in targeting X-linked SCID and ADA deficiency with HSC gene 

therapy suggest that similar approaches may be effective at least for other forms of 

primary immunodeficiency (reviewed by Gaspar et al, 2003). However, the major 

consideration in HSC gene therapy in XLP would be heterologous SAP expression in 

immune cells. SAP reconstitution of HSC using a gene therapy approach in SAP
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deficient murine models and also of human HSCs from normal individuals may 

provide valuable information to investigate efficiency of SAP reconstituted HSC in 

correction of XLP phenotype, as well as SAP over expression effect on immune cell 

functions and phenotype. So far the HSC gene therapy model has not been used either 

in murine or human systems.

8.6.4 Application of new technologies in study of XLP

XLP remains a difficult disease in terms of its molecular and cellular 

pathogenesis. Although the T cell paradigm suggested by Purtilo still holds true, it 

may represent an oversimplification. The recent studies into the XLP pathogenesis 

mainly after developing the SAP deficient mice have been beneficial to give a clear 

understanding of the disease process and to shed some light into the complexity of 

SAP function in immune system. With the advent of gene microarrays and protein 

mass spectrometry (proteomics) it becomes possible to examine thousands of gene 

and proteins involved in a particular disease in comparison with normal controls. 

Already the proteomics approach (SELDI-Ciphergen Co) has been used in many 

different areas including haematological disorders (Kummo et al, 2004; Hanna et al,

2005). These technologies would be great tools to establish genomic and proteomic 

fingerprints in XLP patients with different clinical phenotypes as well as in different 

lymphocyte subpopulations. They would produce high output data, which if 

effectively interpreted will help us in making a platform to develop better diagnostic 

assays and treatment procedures.

230



References

Aiuti A, Slavin S, Aker M, Ficara F, Deola S, Mortellaro A, M orecki S, Andolfi G, 
Tabucchi A , Carlucci F, M arinello E, Cattaneo F, Vai S, Servida P, M iniero R, Roncarolo 
MG, Bordignon C. Correction o f  A D A -SC ID  by stem cell gene therapy com bined with 
nonm yeloablative conditioning. Science. 2002 Jun 28;296(5577):2410-3.

Aiuti A, Vai S, Mortellaro A, Casorati G, Ficara F, Andolfi G, Ferrari G, Tabucchi 
A, Carlucci F, O chs H D, N otarangelo LD, Roncarolo M G, B ordignon C. Immune 
reconstitution in A D A -S C ID  after PBL gene therapy and discontinuation o f  enzym e 
replacement. Nat Med. 2002 M ay;8(5):423-5.

Akgun E, Z ieg ler M, Grez M. Determ inants o f  retrovirus gene expression in 
embryonal carcinoma cells. J Virol. 1991 Jan;65(l):382-8.

Appay V, Dunbar PR, Callan M, Klenerman P, G illespie GM, Papagno L, Ogg GS, 
King A, Lechner F, Spina CA, Little S, Havlir DV, Richman DD, Gruener N, Pape G, Waters 
A, Easterbrook P, Salio M, Cerundolo V, M cM ichael AJ, Rowland-Jones SL. Memory CD8+  
T cells vary in differentiation phenotype in different persistent virus infections. Nat Med. 
2002 Apr;8(4):379-85.

Argov S, Johnson DR, Collins M, Koren HS, Lipscom b H, Purtilo DT. D efective  
natural killing activity but retention o f  lym phocyte-m ediated antibody-dependent cellular 
cytotoxicity in patients with the X-linked lymphoproliferative syndrome. Cell Immunol. 1986 
Jun; 100(1): 1-9.

A rico M, Imashuku S, Clementi R, Hibi S, Teramura T, D anesino C, Haber DA, 
N ichols KE. H em ophagocytic lym phohistiocytosis due to germ line mutations in SH 2D1A, 
the X-linked lymphoproliferative disease gene. Blood. 2001 Feb 15;97(4): 1131-3.

Arkwright PD, Makin G, W ill AM , Ayres M, Gokhale D A , Fergusson W D, Taylor 
GM. X linked lym phoproliferative disease in a United Kingdom  fam ily. Arch D is Child. 
1998 Jul;79(l):52-5.

A m yes E, Hatton C, M ontamat-Sicotte D, Gudgeon N , R ickinson A B , M cM ichael 
AJ, Callan MF. Characterization o f  the CD4+ T cell response to Epstein-Barr virus during 
primary and persistent infection. J Exp Med. 2003 Sep 15; 198(6):903-11.

Bai Y, Soda Y, Izawa K, Tanabe T, Kang X, Tojo A, Hoshino H, M iyoshi H, Asano 
S, Tani K. E ffective transduction and stable transgene expression in human blood cells by a 
third-generation lentiviral vector. Gene Ther. 2003 Aug; 10(17): 1446-57.

Baranski B, Arm strong G, Truman JT, Quinnan GV Jr, Straus SE, Young NS. 
Epstein-Barr virus in the bone marrow o f  patients with aplastic anemia. Ann Intern Med. 
1988 Nov l;109(9):695-704.

Bar RS, DeLor CJ, Clausen KP, Hurtubise P, Henle W, Hewetson JF. Fatal infectious 
mononucleosis in a family.N Engl J Med. 1974 Feb 14;290(7):363-7.

231



Bauer TR Jr, M iller A D , Hickstein DD. Improved transfer o f  the leukocyte integrin 
CD 18 subunit into hem atopoietic cell lines by using retroviral vectors having a gibbon ape 
leukemia virus envelope. Blood. 1995 Sep 15;86(6):2379-87.

Baum C, H egew isch-B ecker S, Eckert HG, Stocking C, Ostertag W. N ovel retroviral 
vectors for e ff ic ien t exp ression  o f  the m ultidrug resistance (m dr-1) gene in early 
hematopoietic cells. J Virol. 1995 Dec;69(12):7541-7.

Baum C, Eckert HG, Stockschlader M, Just U, H egew isch-Becker S, Hildinger M, 
Uhde A, John J, Ostertag W. Improved retroviral vectors for hem atopoietic stem cell 
protection and in vivo selection. J Hematother. 1996 Aug;5(4):323-9. Review.

Baum C, Richters A , Ostertag W. Retroviral vector-m ediated gene expression in 
hematopoietic cells. Curr Opin Mol Ther. 1999 Oct; 1 (5 ):605-12. Review. Benoit L, Wang X, 
Pabst HF, Dutz J, Tan R. D efective NK cell activation in X -linked lymphoproliferative 
disease. J Immunol. 2000 Oct l;165(7):3549-53.

Baum C, Ostertag W, Stocking C, von Laer D. Retrovial Vector D esign for Cancer 
Gene Therapy. Gene therapy o f  cancer, Academic Press. 1999; p 5 1 -56.

Belshe Robert B. Text book o f  human virology, M osby Year Book. 1991, p242-273.

Bender M A, Palmer TD, Gelinas RE, Miller AD. Evidence that the packaging signal 
o f  M olon ey  m urine leukem ia  virus extends into the gag region . J V irol. 1987 
May;61(5): 1639-46.

Berkow itz R, Fisher J, G o ff SP. RNA packaging. Curr Top M icrobiol Immunol. 
1996;214:177-218. Review.

B laese RM, Culver KW, M iller A D , Carter CS, Fleisher T, Clerici M, Shearer G, 
Chang L, Chiang Y, Tolstoshev P, Greenblatt JJ, Rosenberg SA, Klein H, Berger M, Mullen 
CA, Ram sey WJ, Muul L, Morgan RA, Anderson WF. T lym phocyte-directed gene therapy 
for A D A - SCID: initial trial results after 4 years. Science. 1995 Oct 20;270 (5235):475-80.

Bleul CC, Wu L, H oxie JA, Springer TA, Mackay CR. The HIV coreceptors CXCR4 
and CCR5 are differentially expressed and regulated on human T lym phocytes. Proc Natl 
Acad Sci U S A .  1997 Mar 4;94(5): 1925-30.

Bonecchi R, Bianchi G, Bordignon PP, D'Ambrosio D, Lang R, Borsatti A, Sozzani 
S, A llavena P, Gray PA, M antovani A, Sinigaglia F. Differential expression o f  chemokine 
receptors and chem otactic responsiveness o f  type 1 T helper cells (T h is)  and Th2s. J Exp 
Med. 1998 Jan 5; 187(1): 129-34.

Bonini C, Ferrari G, Verzeletti S, Servida P, Zappone E, Ruggieri L, Ponzoni M, 
R ossini S, M avilio  F, Traversari C, Bordignon C. H SV -TK  gene transfer into donor 
lym p h ocytes for control o f  a llo g en e ic  graft-versu s-leu k em ia . S c ien ce . 1997 Jun 
13;276(5319): 1719-24.

Bordignon C, Notarangelo LD, Nobili N, Ferrari G, Casorati G, Panina P, Mazzolari 
E, M aggioni D, Rossi C, Servida P, Ugazio AG, M avilio F. Gene therapy in peripheral blood 
lym phocytes and bone marrow for A D A -im m unodeficient patients. Science. 1995 Oct 
20;270(5235):470-5.

Bornkamm GW , Hammerschmidt W. M olecular virology o f  Epstein-Barr virus. 
Philos Trans R Soc Lond B Biol Sci. 2001 Apr 29;356(1408):437-59. Review.

232



Bottino C, Falco M, Sivori S, Moretta L, Moretta A, Biassoni R. Identification and 
molecular characterization o f  a natural mutant o f  the p50.2/K IR2DS2 activating NK receptor 
that fails to mediate NK cell triggering. Eur J Immunol. 2000 D ec;30(12):3569-74.

Bottino C, Falco M, Parolini S, Marcenaro E, Augugliaro R, Sivori S, Landi E, 
Biassoni R, N otarangelo LD, Moretta L, Moretta A. N T B -A  [correction o f  G N TB-A ], a 
novel SH2D1 A -associated surface m olecule contributing to the inability o f  natural killer cells 
to kill Epstein-Barr virus-infected B cells in X-linked lym phoproliferative disease. J Exp 
Med. 2001 Aug 6;194(3):235-46.

Bouchon A , C elia M, Grierson HL, Cohen JI, Colonna M. Activation o f  NK cell- 
mediated cytotoxicity by a SAP-independent receptor o f  the CD2 fam ily. J Immunol. 2001 
Nov 15;167(10):5517-21.

Brandau O, Schuster V, W eiss M, Hellebrand H, Fink FM, Kreczy A, Friedrich W, 
Strahm B, N iem eyer C, Belohradsky BH, Meindl A. Epstein-Barr virus-negative boys with 
non-H odgkin lym phom a are mutated in the SH 2D 1A  gene, as are patients with X-linked  
lymphoproliferative disease (XLP). Hum Mol Genet. 1999 D ec;8(13):2407-13.

Breitfeld D, Ohl L, Kremmer E, Ellwart J, Sallusto F, Lipp M, Forster R. Follicular 
B helper T cells express CXC chem okine receptor 5, localize to B cell follicles, and support 
immunoglobulin production. J Exp Med. 2000 Dec 4; 192(11): 1545-52.

Bukrinsky MI, Haggerty S, D em psey MP, Sharova N , Adzhubel A , Spitz L, Lewis P, 
Goldfarb D, Emerman M, Stevenson M. A nuclear localization signal within HIV-1 matrix 
protein that governs infection o f  non-dividing cells. Nature. 1993 Oct 14;365(6447):666-9.

Bunnell B A , Muul LM, Donahue RE, B laese RM, Morgan RA. H igh-efficiency  
retroviral-m ediated gene transfer into human and nonhuman primate peripheral blood  
lymphocytes. Proc Natl Acad Sci U S A .  1995 Aug 15;92(17):7739-43.

Callan MF, Steven N , Krausa P, W ilson JD, M oss PA, G illesp ie  GM , Bell JI, 
Rickinson A B , M cM ichael AJ. Large clonal expansions o f  CD8+ T cells in acute infectious 
m ononucleosis. Nat Med. 1996 A ug;2(8):906-11.

Campbell JD, HayG lass KT. T cell chem okine receptor expression in human T h l-  
and Th2-associated diseases. Arch Immunol Ther Exp (Warsz). 2000;48(6):451-6. Review.

Campbell S, V ogt VM . In vitro assem bly o f  virus-like particles with Rous sarcoma 
virus Gag deletion mutants: identification o f  the plO domain as a m orphological determinant 
in the formation o f  spherical particles. J Virol. 1997 Jun;71(6):4425-35.

Cannons JL, Yu LJ, Hill B, Mijares LA, Dombroski D, N ichols KE, Antonellis A, 
Koretzky GA, Gardner K, Schwartzberg PL. SAP regulates T(H)2 differentiation and PKC- 
theta-mediated activation o f  NF-kappaBl. Immunity. 2004 N ov;21(5):693-706.

Carballido JM, Aversa G, Kaltoft K, Cocks BG, Punnonen J, Y ssel H, Thestrup- 
Pedersen K, de Vries JE. Reversal o f  human allergic T helper 2 responses by engagement o f  
signalling lymphocytic activation molecule. J Immunol. 1997 Nov 1; 159(9):4316-21.

Castro AG, Hauser TM, Cocks BG, Abrams J, Zurawski S, Churakova T, Zonin F, 
Robinson D, Tangye SG, Aversa G, N ichols KE, de V ries JE, Lanier LL, O'Garra A. 
M olecular and functional characterization o f  m ouse signaling lym phocytic activation  
m olecule (SLAM ): differential expression and responsiveness in T hl and Th2 cells. J 
Immunol. 1999 Dec 1; 163( 1 1):5860-70.

233



Cavazzana-Calvo M, H acein-Bey S, de Saint Basile G, Gross F, Yvon E, Nusbaum P, 
Selz F, Hue C, Certain S, Casanova JL, Bousso P, D eist FL, Fischer A. Gene therapy o f  
human severe com bined  im m u n od eficien cy  (S C ID )-X l d isease. S cien ce . 2000  Apr 
8;288(5466):669-72.

Chan B, Lanyi A, Song HK, Griesbach J, Simarro-Grande M, Poy F, H ow ie D, 
Sumegi J, Terhorst C, Eck MJ. SAP couples Fyn to SLAM immune receptors. Nat Cell Biol. 
2003 Feb;5(2): 155-60.

Chuang SS, Kumaresan PR, M athew PA. 2B 4 (C D 244)-m ediated activation o f  
cytotoxicity  and IFN -gam m a release in human NK cells involves distinct pathways. J 
Immunol. 2001 Dec 1;167(11):6210-6.

Cocchi F, D eV ico AL, Garzino-Demo A, Arya SK, Gallo RC, Lusso P. Identification 
o f  RANTES, MIP-1 alpha, and MIP-1 beta as the major HIV-suppressive factors produced by 
CD8+ T cells. Science. 1995 Dec 15;270(5243): 1811-5.

Cocks BG, Chang CC, Carballido JM, Y ssel H, de Vries JE, Aversa G. A novel 
receptor involved in T-cell activation. Nature. 1995 Jul 20;376(6537):260-3.

C offey AJ, Brooksbank RA, Brandau O, Oohashi T, H owell GR, Bye JM, Cahn AP, 
Durham J, Heath P, Wray P, Pavitt R, W ilkinson J, Leversha M, Huckle E, Shaw-Smith CJ, 
Dunham A, Rhodes S, Schuster V, Porta G, Yin L, Serafini P, Sylla B, Z ollo M, Franco B, 
Bentley DR, et al. Host response to EBV infection in X-linked lymphoproliferative disease 
results from mutations in an SH2-domain encoding gene. Nat Genet. 1998 Oct;20(2): 129-35.

Coffman RL, Beebe AM. Genetic control o f  the T cell response to Leishmania major 
infection. Adv Exp Med Biol. 1998;452:61-6. Review.

Coffin JM. Retrovirus restriction revealed. Nature. 1996 Aug 29;382(6594):762-3.

C offin JM, Hughes SH, Varmus HE, Retroviruses. Cold Spring Harbor, NY: Cold 
Spring Harbor Laboratory Press, 1997.

Cosset FL, Takeuchi Y, Battini JL, W eiss RA, Collins MK. High-titer packaging cells 
producing recombinant retroviruses resistant to human serum. J Virol. 1995 D ec;69(12):7430-
6 .

Couture LA, M ullen C A , M organ RA. Retroviral vectors containing chimeric 
promoter/enhancer elem ents exhibit cell-type-specific gene expression. Hum Gene Ther. 1994 
Jun;5(6):667-77.

C ohen  JL B en ign  and m alignant E pstein-B arr v iru s-a sso c ia ted  B -ce ll 
lymphoproliferative diseases. Semin Hematol. 2003 Apr;40(2):l 16-23. Review.

C on ley  M E, N otarangelo  LD, E tzioni A. D iagnostic  criteria for primary 
im m unodeficiencies. Representing PAGID (Pan-American Group for Immunodeficiency) and 
ESID (European Society for Immunodeficiencies). Clin Immunol. 1999 Dec;93(3): 190-7.

Crotty S, Kersh EN, Cannons J, Schwartzberg PL, Ahmed R. SAP is required for 
generating long-term humoral immunity. Nature. 2003 Jan 16;421(6920):282-7.

Cyster JG. Chem okines and cell migration in secondary lym phoid organs. Science. 
1999 Dec 10;286(5447):2098-102. Review.

234



Czar MJ, Kersh EN, Mijares LA, Lanier G, Lewis J, Yap G, Chen A, Sher A, Duckett 
CS, Ahmed R, Schwartzberg PL. Altered lymphocyte responses and cytokine production in 
m ice deficient in the X-linked lymphoproliferative disease gene SH 2D 1A /D SH P/SA P. Proc 
Natl Acad Sci U S A .  2001 Jun 19;98(13):7449-54.

Danno S, Itoh K, Baum C, Ostertag W, Ohnishi N, Kido T, Tom iwa K, Matsuda T, 
Fujita J. Efficient gene transfer by hybrid retroviral vectors to murine spermatogenic cells. 
Hum Gene Ther. 1999 Jul 20; 10( 11): 1819-31.

Dardalhon V , Herpers B, Noraz N, Pflum io F, Guetard D, Leveau C,Dubart- 
Kupperschmitt A, Chameau P, Taylor N. Lentivirus-mediated gene transfer in primary T cells 
is enhanced by a central D NA flap. Gene Ther. 2001 Feb;8(3): 190-8.

D avidson D, Shi X , Zhang S, Wang H, Nem er M, Ono N , Ohno S, Yanagi Y, 
Veillette A. G enetic evidence linking SAP, the X-linked lymphoproliferative gene product, to 
Src-related kinase FynT in T(H)2 cytokine regulation. Immunity. 2004 Nov;21(5):707-17.

Del V alle JM, Engel P, Martin M. The cell surface expression o f  SAP-binding 
receptor C D 229 is regulated via its interaction with clathrin-associated adaptor com plex 2 
(AP-2). J Biol Chem. 2003 May 9;278( 19): 17430-7.

D em aison C, Parsley K, Brouns G, Scherr M, Battmer K, Kinnon C, Grez M, 
Thrasher AJ. H igh-level transduction and gene expression in hematopoietic repopulating cells 
using a human im m unodeficiency [correction o f  im unodeficiency] virus type 1-based  
lentiviral vector containing an internal spleen focus forming virus promoter. Hum Gene Ther. 
2002 May 1; 13 (7 ):8 0 3 -l3.

Dianzani U, Bragardo M, DiFranco D, Alliaudi C, Scagni P, Buonfiglio D, Redoglia 
V, B onissoni S, Correra A , Dianzani I, Ramenghi U. D efic ien cy  o f  the Fas apoptosis 
p a th w a y  w ith o u t  F as g e n e  m u ta tio n s  in p e d ia tr ic  p a t ie n ts  wi t h  
autoimmunity/lymphoproliferation. Blood. 1997 Apr 15;89(8):2871 -9.

Dietrich PY, W alker PR, Schnuriger V, Saas P, Perrin G, Guillard M, Gaudin C, 
Caignard A. TCR analysis reveals significant repertoire selection during in vitro lymphocyte 
culture. Int Immunol. 1997 Aug;9(8): 1073-83.

Duarte RF, Chen FE, Lowdell MW, Potter MN, Lamana ML, Prentice HG, Madrigal 
JA. Functional impairment o f  human T-lym phocytes follow ing PHA-induced expansion and 
retroviral transduction: implications for gene therapy. Gene Ther. 2002 Oct;9(20): 1359-68.

Dupre L, A ndolfi G, Tangye SG, Clem enti R, Locatelli F, A rico M, Aiuti A, 
Roncarolo MG. SAP controls the cytolytic activity o f  CD8+ T cells against EBV-infected  
cells. Blood. 2005 Jan 27; DOI 10.1182.

Dutz JP, Benoit L, Wang X, Demetrick DJ, Junker A, de Sa D, Tan R. Lymphocytic 
vasculitis in X-linked lymphoproliferative disease. Blood. 2001 Jan 1 ;97( 1 ):95 -100.

Eastwood D, Gilmour KC, Nistala K, Meaney C, Chapel H, Sherrell Z, Webster AD, 
Davies EG, Jones A, Gaspar HB. Prevalence o f  SAP gene defects in male patients diagnosed 
with common variable immunodeficiency. Clin Exp Immunol. 2004 Sep;137(3):584-8.

Eissmann P, Beauchamp L, Wooters J, Tilton JC, Long EO, Watzl C. Molecular basis 
for positive and negative signaling by the natural killer cell receptor 2B 4 (C D 244). Blood. 
2005 Feb 15;

235



Em erm an M , V azeu x R, Peden K. The rev gene product o f  the human 
im m unodeficiency  virus a ffects en velop e-sp ecific  RNA localization . C ell. 1989 Jun 
30;57(7): 1155-65.

Engel P, Eck MJ, Terhorst C. The SAP and SLAM fam ilies in immune responses 
and X -linked  lym phoproliferative disease. Nat Rev Immunol. 2003 O ct;3 (10):813-21. 
Review.

Epstein, A. On the discovery o f  Epstein-Barr virus: a memoir. Epstein-Barr Virus 
Rep. 1999; 6, 58-63.

Falco M, Marcenaro E, Romeo E, Bellora F, Marras D, V ely F, Ferracci G, Moretta 
L, Moretta A, Bottino C. Homophilic interaction o f  NTBA, a member o f  the CD2 molecular 
family: induction o f  cytotoxicity and cytokine release in human NK cells. Eur J Immunol. 
2004 Jun;34(6): 1663-72.

Federico M. Lentiviruses as gene delivery vectors. Curr Opin Biotechnol. 1999 
O ct;10(5):448-53. Review.

Feldhahn N , Schwering I, Lee S, Wartenberg M, Klein F, W ang H, et al. Silencing o f  
B-cell receptor signals in human naive B cells. J Exp Med 2002; 196:1291.

Ferrand C, Robinet E, Contassot E, Certoux JM, Lim A, Herve P, Tiberghien P. 
R etroviru s-m ed iated  gen e transfer in prim ary T lym p h ocytes: in flu en ce  o f  the 
transduction/selection process and o f  ex vivo expansion on the T cell receptor beta chain 
hypervariable region repertoire. Hum Gene Ther. 2000 May 20; 11 (8): 1151-64.

Fischer A, H acein-Bey S, Le Deist F, de Saint Basile G, Cavazzana-Calvo M. Gene 
therapy for human severe com bined im m unodeficiencies. Immunity. 2001 Jul; 15(1): 1-4. 
Review.

Gami-W agner BA, Purohit A, Mathew PA, Bennett M, Kumar V. A  novel function- 
associated m olecule related to non-MHC-restricted cytotoxicity mediated by activated natural 
killer cells and T cells. J Immunol. 1993 Jul 1; 151(1 ):60-70.

Gaspar HB, Sharifi R, Gilmour KC, Thrasher AJ. X -linked lym phoproliferative  
disease: clinical, diagnostic and molecular perspective. Br J Haematol. 2002 D ec;l 19(3):585- 
95. Review.

Gaspar HB, Howe S, Thrasher AJ. Gene therapy progress and prospects: gene therapy 
for severe combined immunodeficiency. Gene Ther. 2003 Nov; 10(24): 1999-2004. Review.

Gaspar HB, Parsley KL, H ow e S, King D, Gilm our KC, Sinclair J, Brouns G, 
Schmidt M, Von Kalle C, Barington T, Jakobsen M A, Christensen HO, Al Ghonaium A, 
White HN, Smith JL, Levinsky RJ, Ali RR, Kinnon C, Thrasher AJ. Gene therapy o f  X-linked  
severe com bined im m unodeficiency by use o f  a pseudotyped gammaretroviral vector. Lancet. 
2004 Dec 18;364(9452):2181-7.

Gatti RA, Good RA. Occurrence o f  m alignancy in im m unodeficiency diseases. A 
literature review.Cancer. 1971 Jul;28(l):89-98. Review.

Gerard C, Rollins BJ. Chemokines and disease. Nat Immunol. 2001 Feb;2(2):108-15.
Review.

236



Gilmour KC, Cranston T, Jones A, Davies EG, Goldblatt D, Thrasher A, Kinnon C, 
N ichols KE, Gaspar HB. D iagnosis o f  X-linked lymphoproliferative disease by analysis o f  
SLAM -associated protein expression. Eur J Immunol. 2000 Jun;30(6):1691-7.

G oitsuka R, Fujimura Y , Mamada H, Umeda A, Morimura T, Uetsuka K, Doi K, 
Tsuji S, Kitamura D. BA SH , a novel signaling m olecule preferentially expressed in B cells o f  
the bursa o f  Fabricius. J Immunol. 1998 Dec 1; 161(11):5804-8.

Goldman JP, Blundell MP, Lopes L, Kinnon C, Di Santo JP, Thrasher AJ. Enhanced 
human cell engraftment in m ice deficient in RAG2 and the common cytokine receptor gamma 
chain. Br J Haematol. 1998 Nov;103(2):335-42.

Grez M, Akgun E, Hilberg F, Ostertag W. Embryonic stem cell virus, a recombinant 
murine retrovirus with expression in embryonic stem cells. Proc Natl Acad Sci U S A .  1990 
D ec;87(23):9202-6.

Grez M, Zornig M, N ow ock  J, Ziegler M. A single point mutation activates the 
M oloney murine leukem ia virus long terminal repeat in embryonal stem cells. J Virol. 1991 
Sep;65(9):4691-8.

Grez M, Becker S, Saulnier S, Knoss H, Ott MG, Maurer A, Dinauer MC, Hoelzer D, 
Seger R, H ossle  JP. G ene therapy o f  chronic granulom atous d isease. Bone Marrow 
Transplant. 2000 May;25 Suppl 2:S99-104.

Grierson HL, Skare J, Hawk J, Pauza M, Purtilo DT. Im munoglobulin class and 
subclass d e fic ien c ie s  prior to Epstein-Barr virus in fection  in m ales w ith X -linked  
lymphoproliferative disease. Am J Med Genet. 1991 Sep l;40(3):294-7.

Gross TG, F ilipovich AH, Conley ME, Pracher E, Schm iegelow  K, Verdirame JD, 
V ow els M, W illiam s LL, Seem ayer TA. Cure o f  X-linked lymphoproliferative disease (XLP) 
with a llogen eic  hem atopoietic stem cell transplantation (HSCT): report from the XLP 
registry. Bone Marrow Transplant. 1996 M ay;17(5):741-4.

Gunzburg WH, Fleuchaus A, Sailer R, Salm ons B. Retroviral vector targeting for 
gene therapy. Cytokines Mol Ther. 1996 Sep;2(3): 177-84. Review.

H acein-B ey-A bina S, Von Kalle C, Schm idt M, M cCormack MP, W ulffraat N, 
Leboulch P, Lim A , Osborne CS, Pawliuk R, Morillon E, Sorensen R, Forster A, Fraser P, 
Cohen JI, de Saint B asile G, Alexander I, W intergerst U, Frebourg T, Aurias A, Stoppa- 
Lyonnet D, Romana S, Radford-W eiss I, Gross F, V alensi F, D elabesse E, Macintyre E, 
Sigaux F, Soulier J, Leiva LE, W issler M, Prinz C, Rabbitts TH, Le D eist F, Fischer A, 
Cavazzana-Calvo M. L M 02-associated  clonal T cell proliferation in two patients after gene 
therapy for SCID-X1. Science. 2003 Oct 17;302(5644):415-9.

H acein-B ey-A bina S, Le Deist F, Carlier F, Bouneaud C, Hue C, De Villartay JP, 
Thrasher AJ, W ulffraat N , Sorensen R, Dupuis-Girod S, Fischer A, D avies EG, Kuis W, 
L eiva L, C avazzana-C alvo  M. Sustained correction o f  X -lin k ed  severe com bined  
im m unodeficiency by ex vivo gene therapy. N Engl J Med. 2002 Apr 18;346( 16): 1185-93.

Hadida F, Vieillard V, Autran B, Clark-Lewis I, Baggiolini M, Debre P. HIV-specific 
T cell cytotoxicity  mediated by RANTES via the chem okine receptor CCR3. J Exp Med. 
1998 Aug 3;188(3):609-14.

237



Hamann D, Baars PA, Rep MH, Hooibrink B, Kerkhof-Garde SR, Klein MR, van 
Lier RA. Phenotypic and functional separation o f  memory and effector human CD8+ T cells. 
J Exp Med. 1997 N ov 3;186(9): 1407-18.

Hambleton G, Cottom DG. Familial lymphoma. Proc R Soc Med. 1969 Nov;62 (11 
Part 1): 1095

Hanna J, Fitchett J, Rowe T, Daniels M, Heller M, Gonen-Gross T, Manaster E, Cho 
SY, LaBarre MJ, M andelboim O. Proteomic analysis o f  human natural killer cells: insights on 
new potential NK immune functions. Mol Immunol. 2005 Feb;42(4):425-31.

Haque T, W ilkie GM, Taylor C, Amlot PL, Murad P, Iley A, Dombagoda D, Britton 
KM , S w erd low  AJ, Crawford DH. Treatment o f  E pstein-B arr-virus-positive post
transplantation lym phoproliferative disease with partly HLA-matched allogeneic cytotoxic T 
cells. Lancet. 2002 Aug 10;360(9331):436-42.

Harada S, Bechtold T, Seeley JK, Purtilo DT. Cell-mediated immunity to Epstein- 
Barr virus (E B V ) and natural killer (N K )-cell activity in the X-linked lymphoproliferative 
syndrome. Int J Cancer. 1982 Dec 15;30(6):739-44.

Harada S, Sakam oto K, Seeley  JK, Lindsten T, B echtold T, Y etz J, Rogers G, 
Pearson G, Purtilo DT. Immune deficiency in the X-linked lymphoproliferative syndrome. I. 
Epstein-Barr virus-specific defects. J Immunol. 1982 D ec;129(6):2532-5.

Harrington DS, W eisenburger DD, Purtilo DT. Malignant lymphoma in the X-linked 
lymphoproliferative syndrome. Cancer. 1987 Apr 15;59(8): 1419-29.

Hawley RG, Lieu FH, Fong AZ, Hawley TS. Versatile retroviral vectors for potential 
use in gene therapy. Gene Ther. 1994 Mar; 1(2): 136-8.

Heinzinger NK, Bukinsky MI, Haggerty SA, Ragland AM , Kewalramani V, Lee MA, 
G endelm an HE, Ratner L, Stevenson  M, Emerman M. The Vpr protein o f  human 
im m unodeficiency virus type 1 influences nuclear localization o f  viral nucleic acids in 
nondividing host cells. Proc Natl Acad Sci U S A. 1994 Jul 19 ;9 1(15 ):7311-5.

Hendriks J, Gravestein LA, Tesselaar K, van Lier RA, Schumacher TN, Borst J. 
C D 27 is required for generation and long-term  m aintenance o f  T cell immunity. Nat 
Immunol. 2000 N ov;l(5):433-40 .

H eslo p  H E, R o o n ey  CM . A d o p tiv e  ce llu la r  im m unotherapy for EBV  
lymphoproliferative disease. Immunol Rev. 1997 Jun; 157:217-22. Review.

H islop A D , Gudgeon NH, Callan MF, Fazou C, Hasegawa H, Salmon M, Rickinson 
AB. E B V -specific  C D 8+ T cell memory: relationships between epitope specificity , cell 
phenotype, and immediate effector function. J Immunol. 2001 Aug 15; 167(4):2019-29.

Hintzen RQ, de Jong R, Lens SM, van Lier RA. CD27: marker and mediator o f  T-cell 
activation? Immunol Today. 1994 Jul; 15(7):307-11. Review.

Hintzen RQ, Lens SM , Beckmann MP, G oodwin RG, Lynch D, van Lier RA. 
Characterization o f  the human CD27 ligand, a novel member o f  the TNF gene family. J 
Immunol. 1994 Feb 15; 152(4): 1762-73.

238



Hislop A D , Annels NE, Gudgeon NH, Leese AM , Rickinson AB. Epitope-specific 
evolution o f  human C D 8(+) T cell responses from primary to persistent phases o f  Epstein- 
Barr virus infection. J Exp Med. 2002 Apr l;195(7):893-905.

Hoatlin ME, G om ez-L ucia E, Lilly F, Beckstead JH, Kabat D. Origin and rapid 
evolution o f  a novel murine erythroleukemia virus o f  the spleen focus-form ing virus family. J 
Virol. 1998 M ay;72(5):3602-9.

Holm AM , Sivertsen EA, Tunheim SH, Haug T, Bjerkeli V, Yndestad A, Aukrust P, 
Froland SS. Gene expression analysis o f  peripheral T cells in a subgroup o f  common variable 
im m unodeficiency show s predom inance o f  CCR7(-) effector-m em ory T cells. Clin Exp 
Immunol. 2004 N ov;138(2):278-89.

H ow ie D, Simarro M, Sayos J, Guirado M, Sancho J, Terhorst C. M olecular 
dissection o f  the signaling and costimulatory functions o f  C D 150 (SLAM ): C D 150/SA P  
binding and CD150-m ediated costimulation. Blood. 2002 Feb l;99(3):957-65.

H ow ie D, Okam oto S, Rietdijk S, Clarke K, W ang N, G ullo C, Bruggeman JP, 
Manning S, C oyle AJ, G reenfield E, Kuchroo V, Terhorst C. The role o f  SAP in murine 
CD 150 (SLAM )-m ediated T-cell proliferation and interferon gamma production. Blood. 2002 
Oct 15; 100(8):2899-907.

Hsiang YH, Spencer D, Wang S, Speck NA, Raulet DH. The role o f  viral enhancer 
"core" m otif-related  sequences in regulating T cell receptor-gam m a and -delta gene 
expression. J Immunol. 1993 May 1; 150(9):3905-16.

Hsu EC, Iorio C, Sarangi F, Khine A A , Richardson CD. C D w l50(S L A M ) is a 
receptor for a lym photropic strain o f  m easles virus and m ay account for the 
immunosuppressive properties o f  this virus. Virology. 2001 Jan 5;279(1):9-21.

Hu W S, Pathak VK. D esign o f  retroviral vectors and helper cells for gene therapy. 
Pharmacol Rev. 2000 D ec;52(4):493-511. Review.

Hwang PM, Li C, Morra M, Lillywhite J, Muhandiram DR, Gertler F, Terhorst C, 
Kay LE, Pawson T, Forman-Kay JD, Li SC. A "three-pronged" binding mechanism for the 
SA P/SH 2D 1A  SH2 domain: structural basis and relevance to the XLP syndrome. EMBO J. 
2002 Feb 1 ;2 1 (3 ):3 14-23.

Jabs WJ, W agner HJ, Maurmann S, Hennig H, Kreft B. Inhibition o f  macrophage 
inflam m atory p ro te in -1 alpha production by Epstein-Barr virus. B lood . 2002 Mar 
1 ;99(5): 1512-6.

Jaenisch R, Harbers K, Schnieke A, Lohler J, Chumakov I, Jahner D, Grotkopp D, 
Hoffmann E. Germ line integration o f  m oloney murine leukemia virus at the M ovl3  locus 
leads to recessive lethal mutation and early embryonic death. Cell. 1983 Jan;32(l):209-16.

Jager M, Benninger-Doring G, Prang N, Sylla BS, Laumbacher B, Wank R, W olf H, 
Schw arzm ann F. Epstein-Barr virus-infected  B ce lls  o f  m ales w ith the X -linked  
lym phoproliferative syndrome stimulate and are susceptible to T-cell-m ediated lysis. Int J 
Cancer. 1998 May 29;76(5):694-701.

Julias JG, Boyer PL, M cW illiams MJ, Alvord WG, Hughes SH. Mutations at position 
184 o f  human im m unodeficiency virus type-1 reverse transcriptase affect virus titer and viral 
DNA synthesis. Virology. 2004 Apr 25;322(1): 13-21.

239



Kambayashi T, Assarsson E, Chambers BJ, Ljunggren HG. Cutting edge: Regulation 
o f  C D 8(+ ) T ce ll proliferation  by 2B 4/C D 48 interactions. J Im m unol. 2001 D ec  
15; 167( 12 ):6706-10.

Kanegane H, Ito Y, Ohshima K, Shichijo T, Tomimasu K, Nomura K, Futatani T, 
Sumazaki R, M iyawaki T. X-linked lymphoproliferative syndrome presenting with systemic 
lymphocytic vasculitis. Am J Hematol. 2005 Feb;78(2): 130-3.

Khan W N, Alt FW, Gerstein RM, et al. Defective B cell developm ent and function in 
Btk-deficient mice. Immunity. 1995;3: 283-299.

Kim VN, Mitrophanous K, Kingsman SM, Kingsman AJ. Minimal requirement for a 
lentivirus vector based on human im m unodeficiency  virus type 1. J V irol. 1998 
Jan;72( 1 ) :8 11-6.

Koehne G, Gallardo HF, Sadelain M, O'Reilly RJ. Rapid selection o f  antigen-specific 
T lymphocytes by retroviral transduction. Blood. 2000 Jul 1 ;96( 1): 109-17.

Kohn DB, Sadelain M, Glorioso JC. Occurrence o f  leukaemia follow ing gene therapy 
o f  X-linked SCID. Nat Rev Cancer. 2003 Jul;3(7):477-88. Review.

Kommu S, Sharifi R, Eeles RA. The proteomic approach to urological biomarkers. 
BJU Int. 2004 Dec;94(9): 1215-6.

Kuhlcke K, Fehse B, Schilz A, Loges S, Lindemann C, Ayuk F, Lehmann F, Stute N, 
Fauser A A , Zander AR, Eckert HG. H ighly efficient retroviral gene transfer based on 
centrifugation-m ediated  vector preloading o f  tissue culture vesse ls . M ol Ther. 2002  
Apr;5(4):473-8.

Kumaresan PR, Lai WC, Chuang SS, Bennett M, Mathew PA. CS1, a novel member 
o f  the CD 2 fam ily, is hom ophilic and regulates NK cell function. M ol Immunol. 2002  
Sep;39( 1 -2): 1 -8.

Kurosaki T, Tsukada S. BLNK: connecting Syk and Btk to calcium  signals. 
Immunity. 2000 Jan; 12(1): 1-5. Review.

Lacerda JF, Ladanyi M, Louie DC, Fernandez JM, Papadopoulos EB, O'Reilly RJ. 
Human Epstein-Barr virus (E B V )-specific cytotoxic T lym phocytes hom e preferentially to 
and induce selective regressions o f  autologous EBV-induced B cell lymphoproliferations in 
xenografted C .B-17 scid/scid mice. J Exp Med. 1996 Mar 1;183(3): 1215-28.

Lai PK, Yasuda N, Purtilo DT. Immunoregulatory T cells in m ales vulnerable to 
Epstein-Barr virus with theX-linked lymphoproliferative syndrome. Am J Pediatr Hematol 
Oncol. 1987 Summer;9(2): 179-82.

Lam, J.S., R eeves, M .E., Cowherd,R., Rosenberg, S.A ., & Hwu, P. Improved gene 
transfer into human lym phocytes using retroviruses with the gibbon ape leukaemia virus 
envelope. Hum. Gene Ther. 1996;7, 1415-1422.

Latchman Y, M cKay PF, Reiser H. Identification o f  the 2B4 m olecule as a counter
receptor for CD48. J Immunol. 1998 Dec 1; 161(11):5809-12.

Latour S, Gish G, Helgason CD, Humphries RK, Pawson T, Veillette A. Regulation 
o f  SL A M -m ediated signal transduction by SAP, the X -linked lymphoproliferative gene 
product. Nat Immunol. 2001 Aug;2(8):681-90.

240



Latour S, V e ille tte  A. M olecular and im m u n olog ica l b asis  o f  X -linked  
lymphoproliferative disease. Immunol Rev. 2003 Apr; 192:212-24. Review.

Latour S, Roncagalli R, Chen R, Bakinowski M, Shi X, Schwartzberg PL, Davidson 
D, V eillette  A. B inding o f  SAP SH2 domain to FynT SH3 dom ain reveals a novel 
mechanism o f  receptor signalling in immune regulation. Nat Cell Biol. 2003 Feb;5(2): 149-54.

Latour S, V eillette  A. The SAP family o f  adaptors in immune regulation. Semin 
Immunol. 2004 D ec;16(6):409-19.

Lavillette D, Maurice M, Roche C, Russell SJ, Sitbon M, C osset FL. A proline-rich 
m otif downstream o f  the receptor binding domain modulates conformation and fusogenicity  
o f  murine retroviral envelopes. J Virol. 1998 D ec;72(12):9955-65.

Lavillette D, Ruggieri A, Russell SJ, Cosset FL. Activation o f  a cell entry pathway 
com m on to type C mammalian retroviruses by soluble envelope fragments. J Virol. 2000  
Jan;74(l):295-304.

Lee KM, M cNerney ME, Stepp SE, Mathew PA, Schatzle JD, Bennett M, Kumar V. 
2B 4 acts as a non-major histocom patibility com plex binding inhibitory receptor on mouse 
natural killer cells. J Exp Med. 2004 May 3; 199(9): 1245-54.

Lee KM, Bhawan S, Majima T, Wei H, Nishimura MI, Yagita H, Kumar V. Cutting 
edge: the NK cell receptor 2B 4 augments antigen-specific T cell cytotoxicity through CD48 
ligation on neighboring T cells. J Immunol. 2003 May 15; 170( 10 ):4881 -5.

Lenschow DJ, Herold KC, Rhee L, Patel B, Koons A, Qin HY, Fuchs E, Singh B, 
Thom pson C B, B luestone JA. C D 28/B 7 regulation o f  T hl and Th2 subsets in the 
developm ent o f  autoimmune diabetes. Immunity. 1996 Sep;5(3):285-93.

Li CM, Park JH, Simonaro CM, He X, Gordon RE, Friedman AH, Ehleiter D, Paris 
F, Manova K, Hepbildikler S, Fuks Z, Sandhoff K, Kolesnick R, Schuchman EH. Insertional 
m utagenesis o f  the m ouse acid ceram idase gene leads to early em bryonic lethality in 
h om ozygotes and progressive lipid storage d isease in heterozygotes. G enom ics. 2002  
Feb;79(2):218-24.

Lichtarge O, Bourne HR, Cohen FE. An evolutionary trace method defines binding 
surfaces common to protein families. J Mol Biol. 1996 Mar 29;257(2):342-58.

Lindsten T, Seeley  JK, Ballow  M, Sakamoto K, St Onge S, Yetz J, Aman P, Purtilo 
DT. Immune deficiency in the X-linked lymphoproliferative syndrome. II. Immunoregulatory 
T cell defects. J Immunol. 1982 Dec;129(6):2536-40.

Littman DR. Chem okine receptors: keys to AIDS pathogenesis? C ell. 1998 May 
29;93(5):677-80. Review.

Liu R, Paxton W A, Choe S, Ceradini D, Martin SR, Horuk R, M acDonald ME, 
Stuhlmann H, Koup RA, Landau NR. Hom ozygous defect in HIV-1 coreceptor accounts for 
resistance o f  som e m ultip ly-exposed  individuals to HIV-1 infection. C ell. 1996 Aug  
9;86(3):367-77.

Loetscher P, U guccioni M, Bordoli L, Baggiolini M, M oser B, Chizzolini C, Dayer 
JM. CCR5 is characteristic o f  Thl lymphocytes. Nature. 1998 Jan 22;391(6665):344-5.

241



Luciw PA, Mandell CP, Himathongkham S, Li J, Low TA, Schmidt KA, Shaw KE, 
Cheng-M ayer C. Fatal immunopathogenesis by SIV/HIV-1 (SH IV) containing a variant form 
o f  the H IV-1SF33 env gene in juvenile and newborn rhesus macaques. V irology. 1999 Oct 
10;263(1): 112-27.

Luther SA, Cyster JG. Chemokines as regulators of T cell differentiation. Nat 
Immunol. 2001 Feb;2(2): 102-7. Review.

M ackinnon S, Papadopoulos EB, Carabasi MH, Reich L, C ollins NH, O'Reilly RJ. 
Adoptive immunotherapy using donor leukocytes follow ing bone marrow transplantation for 
chronic m yeloid leukemia: is T cell dose important in determining biological response? Bone 
Marrow Transplant. 1995 Apr;15(4):591-4.

Malbran A, B elm onte L, Ruibal-Ares B, Bare P, Massud I, Parodi C, Felippo M, 
Hodinka R, Haines K, N ichols KE, de Bracco MM. Loss o f  circulating C D 27+ memory B 
cells and CCR4+ T cells occurring in association with elevated EBV loads in XLP patients 
surviving primary EBV infection. Blood. 2004 Mar 1; 103(5): 1625-31.

Malik P, Krall WJ, Yu XJ, Zhou C, Kohn DB. Retroviral-mediated gene expression 
in human m yelom onocytic cells: a comparison o f  hem atopoietic cell promoters to viral 
promoters. Blood. 1995 Oct 15;86(8):2993-3005.

Manganini M, Serafini M, Bambacioni F, Casati C, Erba E, Follenzi A, Naldini L, 
B ernasconi S, G aipa G, Ram baldi A , B iondi A , G olay J, Introna M. A human 
im m u n od eficien cy  virus type 1 pol gene-derived sequence (cPPT /C T S) increases the 
efficiency o f  transduction o f  human nondividing m onocytes and T lym phocytes by lentiviral 
vectors. Hum Gene Ther. 2002 Oct 10; 13(15): 1793-807.

M artinez-Salas E, Regalado MP, Dom ingo E. Identification o f  an essential region for 
internal in itiation  o f  translation in the aphthovirus internal ribosom e entry site and 
implications for viral evolution. J Virol. 1996 Feb;70(2):992-8.

M asucci MG, Szigeti R, Emberg I, Masucci G, Klein G, C hessels J, S ie ff C, Lie S, 
Glom stein A, Businco L, Henle W, Henle G, Pearson G, Sakamoto K, Purtilo DT. Cellular 
immune defects to Epstein-Barr virus-determined antigens in young males. Cancer Res. 1981 
N ov;41(l 1 Pt 1):4284-91.

Mauri D, W yss-Coray T, Gallati H, Pichler WJ. Antigen-presenting T cells induce the 
developm ent o f  cytotoxic  C D 4+ T cells. I. Involvem ent o f  the C D 80-C D 28 adhesion  
m olecules. J Immunol. 1995 Jul 1; 155(1): 118-27.

Mavaddat N, Mason DW, Atkinson PD, Evans EJ, Gilbert RJ, Stuart DI, Fennelly JA, 
Barclay A N , D avis SJ, Brown MH. Signaling lymphocytic activation m olecule (C D w l50) is 
h om op h ilic  but se lf-a sso c ia te s  w ith very low  affin ity . J B io l Chem . 2000  Sep 
8;275(36):28100-9.

M awhinney H, A llen IV, Beare JM, Bridges JM, Connolly JH, Haire M, Nevin NC, 
N eill DW , Hobbs JR. Dysgam m aglobulinaem ia com plicated by dissem inated measles. Br 
M edJ. 1971 May 15;2(758):380-1.

McCormack MP, Rabbitts TH. Activation o f  the T-cell oncogene L M 02 after gene 
therapy for X -linked  severe com bined im m unodeficiency. N Engl J Med. 2004  Feb 
26;350(9):913-22. Review.

242



M cGavern D B , Christen U, Oldstone MB. M olecular anatomy o f  antigen-specific 
CD8(+) T cell engagem ent and synapse formation in vivo. Nat Immunol. 2002 Oct;3(10):918- 
25.

M ikhalap SV , Shlapatska LM, Berdova AG, Law CL, Clark EA, Sidorenko SP. 
C D w l5 0  associates w ith src-hom ology 2-containing inositol phosphatase and modulates 
CD95-mediated apoptosis. J Immunol. 1999 May 15; 162( 10):5719-27.

M iller A D , Bender M A, Harris EA, Kaleko M, G elinas RE. D esign  o f  retrovirus 
vectors for transfer and expression  o f  the human beta-g lob in  gene. J Virol 1989 
M ar;63(3):1493.

M iller A D . Retrovirus packaging cells. Hum Gene Ther. 1990 Spring; 1(1):5-14.
Review.

M iller A D , Garcia JV, von Suhr N, Lynch CM, W ilson C, Eiden MV. Construction 
and properties o f  retrovirus packaging cells based on gibbon ape leukemia virus. J Virol. 1991 
M ay;65(5):2220-4.

M ilone MC, Tsai DE, Hodinka RL, Silverman LB, Malbran A, W asik M A, Nichols 
KE. Treatm ent o f  primary Epstein-Barr virus in fection  in patients w ith X -linked  
lymphoproliferative disease using B-cell-directed therapy. Blood. 2005 Feb l;105(3):994-6.

M iyoshi H, Blom er U, Takahashi M, Gage FH, Verma IM. Developm ent o f  a self- 
inactivating lentivirus vector. J Virol. 1998 O ct;72(10):8150-7.

M oritz T, Dutt P, X iao X , Carstanjen D, V ik T, Hanenberg H, W illiam s DA. 
Fibronectin im proves transduction o f  reconstituting hem atopoietic stem cells by retroviral 
vectors: evidence o f  direct viral binding to chymotryptic carboxy-terminal fragments. Blood. 
1996, 88, 855-862.

Morra M, Silander O, Calpe S, Choi M, Oettgen H, Myers L, Etzioni A, Buckley R, 
Terhorst C. A lterations o f  the X -linked lym phoproliferative d isease gene SH 2D 1A  in 
common variable im munodeficiency syndrome. Blood. 2001 Sep 1 ;98(5): 1321-5.

Morra M, H ow ie D, Grande MS, Sayos J, Wang N, Wu C, Engel P, Terhorst C. X- 
linked lym phoproliferative disease: a progressive im m unodeficiency. Annu Rev Immunol. 
2001;19:657-82. Review.

Morra M, Lu J, Poy F, Martin M, Sayos J, Calpe S, Gullo C, H ow ie D, Rietdijk S, 
Thompson A, C oyle AJ, Denny C, Yaffe MB, Engel P, Eck MJ, Terhorst C. Structural basis 
for the interaction o f  the free SH2 domain EAT-2 with SLAM  receptors in hematopoietic 
cells. EMBO J. 2001 N ov 1 ;20(21 ):5840-52.

Morra M, Simarro-Grande M, Martin M, Chen A S, Lanyi A , Silander O, Calpe S, 
Davis J, Pawson T, Eck MJ, Sum egi J, Engel P, Li SC, Terhorst C. Characterization o f  
SH 2D 1A  m issense mutations identified in X-linked lym phoproliferative disease patients. J 
Biol Chem. 2001 Sep 28;276(39):36809-16.

Morrison TE, Mauser A, W ong A, Ting JP, Kenney SC. Inhibition o f  IFN-gamma 
signaling by an Epstein-Barr virus immediate-early protein. Immunity. 2001 Nov;15(5):787- 
99.

243



M ovassagh M, B oyer O, Burland MC, Leclercq V, Klatzmann D, Lem oine FM. 
Retrovirus-mediated gene transfer into T cells: 95% transduction efficiency without further in 
vitro selection. Hum Gene Ther. 2000 May 20; 11 (8): 1189-200.

Munz C, Bickham  KL, Subklewe M, Tsang ML, Chahroudi A, Kurilla MG, Zhang D, 
O'Donnell M, Steinm an RM. Human CD 4(+) T lym phocytes consistently respond to the 
latent Epstein-Barr virus nuclear antigen EBNA1. J Exp Med. 2000 May 15; 191(10): 1649-60.

Muul LM, Tuschong LM, Soenen SL, Jagadeesh GJ, Ramsey WJ, Long Z, Carter CS, 
Garabedian EK, A lleyne M, Brown M, Bernstein W, Schurman SH, Fleisher TA, Leitman SF, 
Dunbar CE, B laese RM, Candotti F. Persistence and expression o f  the adenosine deaminase 
gene for 12 years and immune reaction to gene transfer components: long-term results o f  the 
first clinical gene therapy trial. Blood. 2003 Apr 1; 101 (7):2563-9.

N agy N , Cerboni C, Mattsson K, Maeda A, Gogolak P, Sumegi J, Lanyi A, Szekely 
L, Carbone E, K lein G, K lein E. SH 2D 1A  and SLAM  protein expression in human 
lymphocytes and derived cell lines. Int J Cancer. 2000 Nov l;88(3):439-47.

N agy N, Maeda A, Bandobashi K, Kis LL, Nishikawa J, Trivedi P, Faggioni A, Klein 
G, Klein E. SH 2D 1A  expression in Burkitt lymphoma cells is restricted to EBV positive 
group I lines and is downregulated in parallel with im m unoblastic transformation. Int J 
Cancer. 2002 Aug 1 ;100(4):433-40.

Nakajima H, Celia M, Langen H, Friedlein A, Colonna M. Activating interactions in 
human NK cell recognition: the role o f  2B4-CD48. Eur J Immunol. 1999 May;29(5): 1676-83.

Nakajima H, Colonna M. 2B4: an NK cell activating receptor with unique specificity  
and signal transduction mechanism. Hum Immunol. 2000 Jan;61(l):39-43. Review.

Nakamura H, Zarycki J, Sullivan JL, Jung JU. Abnormal T cell receptor signal 
transduction o f  CD 4 Th cells in X-linked lymphoproliferative syndrome. J Immunol. 2001 
Sep l;167(5):2657-65.

Nakayama T, Hieshim a K, Nagakubo D, Sato E, Nakayama M, Kawa K, Yoshie O. 
Selective induction o f  Th2-attracting chem okines CCL17 and CCL22 in human B cells by 
latent membrane protein 1 o f  Epstein-Barr virus. J Virol. 2004 Feb;78(4): 1665-74.

Nathwani AC, D avidoff AM , Linch DC. A review o f  gene therapy for haematological 
disorders. Br J Haematol. 2005 Jan; 128(1):3-17. Review.

N eil JC, Forrest D, D oggett DL, M ullins JI. The role o f  feline leukaemia virus in 
naturally occurring leukaemias. Cancer Surv. 1987;6( 1): 117-37. Review.

N ess SA , Engel JD. Vintage reds and whites: com binatorial transcription factor 
utilization in hem atopoietic differentiation. Curr Opin Genet D ev. 1994 O ct;4(5):718-24. 
Review.

N ichols KE, Harkin DP, Levitz S, Krainer M, Kolquist KA, G enovese C, Bernard A, 
Ferguson M, Zuo L, Snyder E, Buckler AJ, W ise C, A shley J, Lovett M, Valentine MB, Look 
AT, Gerald W, Housman DE, Haber DA. Inactivating mutations in an SH2 domain-encoding 
gene in X -linked lym phoproliferative syndrome. Proc Natl Acad Sci U S A .  1998 Nov  
10;95(23): 13765-70.

244



N ich ols KE, Horn J, G ong SY, Ganguly A, Ma CS, Cannons JL, Tangye SG, 
Schwartzberg PL, Koretzky GA, Stein PL. Regulation o f  NKT cell developm ent by SAP, the 
protein defective in XLP. Nat Med. 2005 Mar;l l(3):340-345.

Nikiforow S, Bottom ly K, Miller G, Munz C. Cytolytic C D 4(+)-T -cell clones reactive 
to EBNA1 inhib it Epstein-B arr v irus-induced B -ce ll proliferation . J V irol. 2003  
Nov;77(22): 12088-104.

N ikiforow S, Bottom ly K, Miller G. CD4+ T-cell effectors inhibit Epstein-Barr virus- 
induced B-cell proliferation. J Virol. 2001 Apr;75(8):3740-52.

Nistala K, Gilmour KC, Cranston T, Davies EG, Goldblatt D, Gaspar HB, Jones AM. 
X -linked  lym phoproliferative disease: three atypical cases. C lin Exp Immunol. 2001 
Oct; 126(1): 126-30.

Ohga S, Nomura A, Takada H, Hara T. Immunological aspects o f  Epstein-Barr virus 
infection. Crit Rev Oncol Hematol. 2002 Dec;44(3):203-15. Review.

Okano M, Thiele GM, Kobayashi RH, Davis JR, Synovec M S, Grierson HL, Jaffe 
HS, Purtilo DT. Interferon-gamma in a family with X-linked lymphoproliferative syndrome 
with acute Epstein-Barr virus infection. J Clin Immunol. 1989 Jan;9(l):48-54.

Okano M, Pirruccello SJ, Grierson HL, Johnson DR, T hiele GM , Purtilo DT. 
Im m unovirological studies o f  fatal infectious m ononucleosis in a patient with X-linked  
lymphoproliferative syndrome treated with intravenous immunoglobulin and interferon-alpha. 
Clin Immunol Immunopathol. 1990 (a) Mar;54(3):410-8.

Okano M, T hiele GM , Gross TG, D avis JR, Purtilo DT. Differential cellular 
susceptibility to Epstein-Barr virus infection in a patient with X-linked lymphoproliferative 
disease. J Med Virol. 1990 (b) Sep;32(l):47-52.

Oppermann M. Chem okine receptor CCR5: insights into structure, function, and 
regulation. Cell Signal. 2004 Nov; 16(11): 1201-10. Review.

O'Reilly RJ, Small TN, Papadopoulos E, Lucas K, Lacerda J, Koulova L. B iology  
and adoptive cell therapy o f  Epstein-Barr virus-associated lym phoproliferative disorders in 
recipients o f  marrow allografts. Immunol Rev. 1997 Jun; 157:195-216. Review.

Pages JC, Bru T. Toolbox for retrovectorologists. J Gene Med. 2004 Feb;6 Suppl 
L S67-82. Review.

Papadopoulos EB, Ladanyi M, Emanuel D, Mackinnon S, Boulad F, Carabasi MH, 
Castro-Malaspina H, Childs BH, Gillio AP, Small TN, et al. Infusions o f  donor leukocytes to 
treat Epstein-Barr virus-associated lym phoproliferative disorders after allogeneic bone 
marrow transplantation. N Engl J Med. 1994 Apr 28;330( 17): 1185-91.

Parolini S, Bottino C, Falco M, Augugliaro R, Giliani S, Franceschini R, Ochs HD, 
W olf H, B onnefoy JY, B iassoni R, Moretta L, Notarangelo LD, Moretta A. X-linked 
lym phoproliferative d isease. 2B 4 m olecules d isplaying inhibitory rather than activating 
function are responsible for the inability o f  natural killer cells to kill Epstein-Barr virus- 
infected cells. J Exp Med. 2000 Aug 7;192(3):337-46.

Parsley K, Gilm our K, Brouns G, Kinnon C, Trasher A. Successful treatment o f  
human X -SC ID  using a GALV pseudotypes retroviral vector. M olecular Therapy. 2002, 5, 
S26.

245



Papesch M ., W atkins R. Epstein-Barr virus in fectiou s m on on u cleosis. Clin. 
Otolaryngol. 2001, 26, 3-8.

Peggs K, Verfuerth S, Mackinnon S. Induction o f  cytom egalovirus (C M V )-specific  
T-cell responses using dendritic cells pulsed with CMV antigen: a novel culture system free 
o f  live CMV virions. Blood. 2001 Feb 15;97(4):994-1000.

Plavec I, V oytovich A, M oss K, Webster D, Hanley MB, Escaich S, Ho KE, Bohnlein  
E, DiGiusto DL. Sustained retroviral gene marking and expression in lymphoid and myeloid  
cells derived from transduced hematopoietic progenitor cells. Gene Ther. 1996 Aug;3(8):717- 
24.

Plunkett FJ, Franzese O, Belaramani LL, Fletcher JM, Gilmour KC, Sharifi R, Khan 
N, H islop A D , Cara A , Salmon M, Gaspar HB, Rustin MH, W ebster D, Akbar AN. The 
im pact o f  telom ere erosion  on m em ory C D 8(+) T ce lls  in patients w ith X -linked  
lymphoproliferative syndrome. Mech Ageing Dev. 2005 Aug;126(8):855-65

Pollok KE, van der Loo JC, Cooper RJ, Kennedy L, W illiams DA. Costimulation o f  
transduced T lym phocytes via T cell receptor-CD3 com plex and CD28 leads to increased 
transcription o f  integrated retrovirus. Hum Gene Ther. 1999 Sep 1; 10( 13):2221-36.

Popov S, Rexach M, Zybarth G, Reiling N, Lee MA, Ratner L, Lane CM, Moore MS, 
Blobel G, Bukrinsky M. Viral protein R regulates nuclear import o f  the HIV-1 pre-integration 
com plex. EMBO J. 1998 Feb 16; 17(4):909-17.

Poy F, Yaffe MB, Sayos J, Saxena K, Morra M, Sumegi J, Cantley LC, Terhorst C, 
Eck MJ. Crystal structures o f  the XLP protein SAP reveal a class o f  SH2 domains with 
extended, phosphotyrosine-independent sequence recognition. M ol Cell. 1999 Oct;4(4):555- 
61.

Provisor AJ, Iacuone JJ, C hilcote RR, Neiburger RG, Crussi FG. Acquired  
agam m aglobulinem ia after a life-threatening illness with clinical and laboratory features o f  
in fectious m on on u cleosis in three related m ale children. N Engl J M ed. 1975 Jul 
10;293(2):62-5.

Punnonen J, Cocks BG, Carballido JM, Bennett B, Peterson D, Aversa G, de Vries 
JE. Soluble and m em brane-bound forms o f  signaling lym phocytic activation m olecule 
(SLAM ) induce proliferation and Ig synthesis by activated human B lym phocytes. J Exp Med. 
1997 Mar 17; 185(6):993-1004.

Purtilo DT, Cassel C, Yang JP. Letter: Fatal infectious m ononucleosis in familial 
lym phohistiocytosis.N  Engl J Med. 1974 Oct 3;291(14):736.

Purtilo DT, Cassel CK, Yang JP, Harper R. X-linked recessive progressive combined 
variable im m unodeficiency (Duncan'sdisease). Lancet. 1975 Apr 26; 1(7913):935-40.

P urtilo  DT. P a th o g en esis  and p h en o ty p es o f  an X -lin k e d  r ecess iv e  
lymphoproliferative syndrome. Lancet. 1976 Oct 23;2(7991):882-5.

Purtilo DT, DeFlorio D Jr, Hutt LM, Bhawan J, Yang JP, Otto R, Edwards W. 
Variable phenotypic expression o f  an X-linked recessive lym phoproliferative syndrome. N 
Engl J Med. 1977 N ov 17;297(20): 1077-80.

246



Purtilo DT, Sakamoto K, Bamabei V, Seeley J, Bechtold T, Rogers G, Yetz J, Harada 
S. Epstein-Barr virus-induced d iseases in boys with the X -linked lym phoproliferative  
syndrome (XLP): update on studies o f  the registry. Am J Med. 1982 Jul;73(l):49-56.

Purtilo DT, Grierson HL, Ochs H, Skare J. Detection o f  X-linked lymphoproliferative 
disease using molecular and immunovirologic markers. Am J Med. 1989 Oct;87(4):421-4.

Purtilo DT, Falk K, Pirruccello SJ, Nakamine H, Kleveland K, D avis JR, Okano M, 
Taguchi Y, Sanger W G, B eisel KW. SCID m ouse model o f  Epstein-Barr virus-induced  
lymphomagenesis o f  immunodeficient humans. Int J Cancer. 1991 Feb 20;47(4):510-7.

Purtilo DT, Grierson HL, Davis JR, Okano M. The X -linked lymphoproliferative 
disease: from autopsy toward cloning the gene 1975-1990. Pediatr Pathol. 1991 Sep- 
Oct;l 1 (5 ):685-710. Review.

Purtilo DT. X-linked lymphoproliferative disease (XLP) as a m odel o f  Epstein-Barr 
virus-induced  im m unopathology . Springer Sem in Im m unopathol. 1991; 13(2): 181 -97. 
Review.

Qasim  W, Thrasher AJ, Buddie J, Kinnon C, Black ME, Gaspar HB. T cell 
transduction and suicide with an enhanced mutant thym idine kinase. Gene Ther. 2002  
Jun;9(12):824-7.

Qasim W, King D, Buddie J, Verfuerth S, Kinnon C, Thrasher AJ, Gaspar HB. The 
impact o f  retroviral suicide gene transduction procedures on T cells. Br J Haematol. 2003  
Nov; 123(4):712-9.

Ram shaw IA, Ramsay AJ, Karupiah G, Rolph M S, M ahalingam  S, Ruby JC. 
Cytokines and immunity to viral infections. Immunol Rev. 1997 Oct; 159:119-35. Review.

Rein A. Retroviral RNA packaging: a review. Arch Virol Suppl. 1994;9:513-22.
Review.

Rickinson A B, M oss DJ. Human cytotoxic T lymphocyte responses to Epstein-Barr 
virus infection. Annu Rev Immunol. 1997;15:405-31. Review.

Roda-Navarro P, Mittelbrunn M, Ortega M, Howie D, Terhorst C, Sanchez-Madrid F, 
Fernandez-Ruiz E. D ynam ic redistribution o f  the activating 2B 4/S A P  com plex at the 
cytotoxic NK cell immune synapse. J Immunol. 2004 Sep 15;173(6):3640-6.

Rooney CM, Smith CA, N g CY, Loftin S, Li C, Krance RA, Brenner MK, Heslop 
HE. Use o f  gene-m odified virus-specific T lymphocytes to control Epstein-Barr-virus-related 
lymphoproliferation. Lancet. 1995 Jan 7;345(8941):9-13.

Rousset F, Souillet G, Roncarolo MG, Lamelin JP. Studies o f  EBV-lym phoid cell 
interactions in two patients with the X-linked lymphoproliferative syndrome: normal EBV- 
specific HLA-restricted cytotoxicity. Clin Exp Immunol. 1986 Feb;63(2):280-9.

R owe M, Y oung LS, Cadwallader K, Petti L, K ieff E, Rickinson AB. Distinction  
between Epstein-Barr virus type A (EBNA 2A) and type B (EBNA 2B) isolates extends to the 
EBNA 3 family o f  nuclear proteins. J Virol. 1989 M ar;63(3):1031-9.

Sallusto F, Lenig D, Mackay CR, Lanzavecchia A. Flexible programs o f  chemokine 
receptor expression on human polarized T helper 1 and 2 lymphocytes. J Exp Med. 1998 Mar 
16; 187(6):875-83.

247



Sallusto F, M ackay CR, Lanzavecchia A. The role o f  chem okine receptors in 
primary, effector, and m em ory immune responses. Annu Rev Immunol. 2000;18:593-620. 
Review.

Sam son M, Libert F, Doranz BJ, Rucker J, Liesnard C, Farber CM, Saragosti S, 
Lapoumeroulie C, Cognaux J, Forceille C, Muyldermans G, Verhofstede C, Burtonboy G, 
Georges M, Imai T, Rana S, Yi Y, Smyth RJ, Collman RG, Dorns RW, Vassart G, Parmentier 
M. Resistance to HIV-1 infection in Caucasian individuals bearing mutant alleles o f  the CCR- 
5 chemokine receptor gene. Nature. 1996 Aug 22;382(6593):722-5.

Sansom  DM , M anzotti CN, Zheng Y. What's the difference between C D80 and 
CD86? Trends Immunol. 2003 Jun;24(6):314-9. Review.

Sanzone S, Zeyda M, Saemann MD, Soncini M, Holter W, Fritsch G, Knapp W, 
Candotti F, Stulnig TM, Parolini O. SLAM -associated protein deficiency causes imbalanced 
early signal transduction and blocks downstream activation in T ce lls from X-linked  
lymphoproliferative disease patients. J Biol Chem. 2003 Aug 8;278(32):29593-9.

Sauce D, Tonnelier N, Duperrier A, Petracca B, de Carvalho Bittencourt M, Saadi M, 
Saas P, Ferrand C, Herve P, Tiberghien P, Robinet E. Influence o f  ex vivo expansion and 
retrovirus-m ediated gene transfer on primary T lym phocyte phenotype and functions. J 
Hematother Stem Cell Res. 2002 D ec;l l(6):929-40.

Sayos J, Wu C, Morra M, Wang N, Zhang X, A llen D, van Schaik S, Notarangelo L, 
Geha R, Roncarolo MG, Oettgen H, De Vries JE, Aversa G, Terhorst C. The X-linked  
lym phoproliferative-disease gene product SAP regulates signals induced through the co
receptor SLAM. Nature. 1998 Oct l;395(6701):462-9.

Sayos J, Nguyen KB, Wu C, Stepp SE, Howie D, Schatzle JD, Kumar V, Biron CA, 
Terhorst C. Potential pathways for regulation o f  NK and T cell responses: differential X- 
linked lymphoproliferative syndrome gene product SAP interactions with SLAM and 2B4. Int 
Immunol. 2000 Dec; 12(12): 1749-57.

Sayos J, Martin M, Chen A, Simarro M, H ow ie D, Morra M, Engel P, Terhorst C. 
Cell surface receptors Ly-9 and C D84 recruit the X-linked lymphoproliferative disease gene 
product SAP. Blood. 200*1 Jun 15;97(12):3867-74.

Scott MP, Miller WT. A peptide model system for processive phosphorylation by Src 
family kinases. Biochemistry. 2000 N ov 28;39(47): 14531-7.

Sakam oto K, Seeley  JK, Lindsten T, Sexton J, Y etz J, B allow  M, Purtilo DT. 
Abnormal anti-Epstein Barr virus antibodies in carriers o f  the X-linked lymphoproliferative 
syndrome and in females at risk. J Immunol. 1982 Feb;128(2):904-7.

Seeley  J, Sakam oto K, Ip SH, Hansen PW, Purtilo DT. Abnormal lymphocyte 
subsets o f  X-linked lymphoproliferative syndrome. J Immunol. 1981 Dec; 127(6):2618-20.

Seeley J, Svedmyr E, Weiland O, Klein G, Moller E, Eriksson E, Andersson K, van 
der Waal L. Epstein Barr virus selective T cells in infectious m ononucleosis are not restricted 
to HLA-A and B antigens. J Immunol. 1981 Jul; 127( 1 ):293-300.

Seemayer TA, Gross TG, Egeler RM, Pirruccello SJ, Davis JR, Kelly CM,Okano M, 
Lanyi A, Sum egi J. X -linked lym phoproliferative disease: tw enty-five years after the 
discovery. Pediatr Res. 1995 Oct;38(4):471-8. Review.

248



Sharifi R, Sinclair JC, Gilmour KC, Arkwright PD, Kinnon C, Thrasher AJ, Gaspar 
HB. SAP m ediates specific  cytotoxic T -cell functions in X -linked lym phoproliferative 
disease. Blood. 2004 May 15;103 (10):3821-7.

Skare JC, Grierson HL, Sullivan JL, Nussbaum RL, Purtilo DT, Sylla BS, Lenoir 
GM, R eilly D S, W hite BN, M ilunsky A. Linkage analysis o f  seven kindreds with the X- 
linked lymphoproliferative syndrome (XLP) confirms that the XLP locus is near D X S42 and 
D XS37. Hum Genet. 1989 Jul;82(4):354-8.

Skare J, Wu BL, Madan S, Pulijaal V, Purtilo D, Haber D, N elson  D, Sylla B, 
Grierson H, N itow sky H, et al. Characterization o f  three overlapping deletions causing X- 
linked lymphoproliferative disease. Genomics. 1993 A pr;16(l):254-5.

Smith TJ, Terada N, Robinson CC, Gelfand EW. Acute infectious m ononucleosis 
stim ulates the selective expression/expansion o f  V beta 6.1-3 and V beta 7 T cells. Blood. 
1993 Mar 15 ;8 1 (6): 1521-6.

Steigerwald-M ullen P, Kurilla MG, Braciale TJ. Type 2 cytokines predominate in the 
human C D 4(+) T-lym phocyte response to Epstein-Barr virus nuclear antigen 1. J Virol. 2000 
Aug;74( 15):6748-59.

Stepp SE, Dufourcq-Lagelouse R, Le Deist F, Bhawan S, Certain S, Mathew PA, 
Henter JI, Bennett M, Fischer A, de Saint Basile G, Kumar V. Perforin gene defects in 
familial hemophagocytic lymphohistiocytosis. Science. 1999 Dec 3;286(5446): 1957-9.

Stinchcom be JC, B ossi G, Booth S, Griffiths GM. The im m unological synapse o f  
CTL contains a secretory domain and membrane bridges. Immunity. 2001 Nov; 15(5):751-61.

Stockschlader M, Haiss M, Exner S, Schmah O, Veelken H, Folio M, Ruger R, Finke 
J. E xpansion and fibronectin-enhanced retroviral transduction o f  primary human T 
lym phocytes for adoptive immunotherapy. J Hematother Stem Cell Res. 1999 Aug;8(4):401- 
10 .

Strahm B, Rittweiler K, Duffner U, Brandau O, Orlowska-Volk M, Karajannis MA, 
Stadt U, Tiemann M, Reiter A, Brandis M, Meindl A, N iem eyer CM. Recurrent B-cell non- 
Hodgkin's lym phom a in two brothers with X-linked lym phoproliferative disease without 
evidence for Epstein-Barr virus infection. Br J Haematol. 2000 Feb;108(2):377-82.

Sullivan JL, Byron KS, Brewster FE, Purtilo DT. D eficient natural killer cell activity 
in x-linked lymphoproliferative syndrome. Science. 1980 Oct 31;210(4469):543-5.

S u llivan  JL, Byron K S, B rew ster FE, Baker SM , O chs H D. X -linked  
lymphoproliferative syndrome. Natural history o f  the im m unodeficiency. J Clin Invest. 1983 
Jun;71(6): 1765-78.

Sullivan JL, W oda BA. X-linked lymphoproliferative syndrome. Immunodefic Rev. 
1989; 1 (4):325-47. Review.

Sumegi J, Huang D, Lanyi A, Davis JD, Seemayer TA, Maeda A, Klein G, Seri M, 
W akiguchi H, Purtilo DT, Gross TG. Correlation o f  mutations o f  the SH 2D 1A  gene and 
epstein-barr virus in fectio n  w ith c lin ica l phenotype and ou tcom e in X -lin k ed  
lymphoproliferative disease. Blood. 2000 Nov 1 ;96(9):3118-25.

Sumegi J, Seemayer TA, Huang D, Davis JR, Morra M, Gross TG, Yin L, Romeo G, 
Klein E, Terhorst C, Lanyi A. A spectrum o f  mutations in SH 2D 1A  that causes X-linked

249



lym phoproliferative d isease  and other Epstein-Barr v iru s-associa ted  illn esses . Leuk 
Lymphoma. 2002 Jun;43(6):l 189-201. Review.

Sun Q, Burton RL, Lucas KG. Cytokine production and cytolytic m echanism  o f  
C D 4(+) cytotoxic T lym phocytes in ex vivo expanded therapeutic Epstein-Barr virus-specific 
T-cell cultures. Blood. 2002;99: 3302-3309.

Sun W, Graves BJ, Speck NA. Transactivation o f  the M oloney murine leukemia virus 
and T-cell receptor beta-chain enhancers by cb f and ets requires intact binding sites for both 
proteins. J Virol. 1995 Aug;69(8):4941-9.

Sylla BS, Murphy K, Cahir-McFarland E, Lane WS, M osialos G, K ieff E. The X- 
linked lym phoproliferative syndrome gene product SH 2D1A associates with p62dok (D ok l)  
and activates NF-kappa B. Proc Natl Acad Sci U S A .  2000 Jun 20;97(13):7470-5.

Takeuchi Y , V ile  RG, Sim pson G, O'Hara B, C ollins MK, W eiss RA. Feline 
leukemia virus subgroup B uses the same cell surface receptor as gibbon ape leukemia virus. J 
Virol. 1992 Feb;66(2): 1219-22.

Tangye SG, Lazetic S, W oollatt E, Sutherland GR, Lanier LL, Phillips JH. Cutting 
edge: human 2B 4, an activating NK cell receptor, recruits the protein tyrosine phosphatase 
SHP-2 and the adaptor signaling protein SAP. J Immunol. 1999 Jun 15; 162( 12):6981 -5.

Tangye SG, Phillips JH, Lanier LL. The CD2-subset o f  the Ig superfamily o f  cell 
surface m olecules: receptor-ligand pairs expressed by NK  cells and other immune cells. 
Semin Immunol. 2000 Apr; 12(2): 149-57.

Tangye SG, Cherwinski H, Lanier LL, Phillips JH. 2B 4-m ediated activation o f  
human natural killer cells. Mol Immunol. 2000 Jun;37(9):493-501.

Tangye SG, Phillips JH, Lanier LL, N ichols KE. Functional requirement for SAP in 
2B 4-m ediated  activation  o f  human natural killer ce lls  as revealed  by the X -linked  
lymphoproliferative syndrome. J Immunol. 2000 Sep 15;165(6):2932-6.

Tatsumi E. Epstein-Barr virus (EBV) and human hem atopoietic cell lines: a review. 
Hum Cell. 1992 M ar;5(l):79-86. Review.

Thompson A D , Braun BS, Arvand A, Stewart SD, May W A, Chen E, Korenberg J, 
Denny C. EAT-2 is a novel SH2 domain containing protein that is up regulated by Ewing's 
sarcoma EWS/FLI1 fusion gene. Oncogene. 1996 Dec 19; 13( 12):2649-58.

Tom iyam a H, Matsuda T, Takiguchi M. Differentiation o f  human C D 8(+) T cells 
from a memory to memory/effector phenotype. J Immunol. 2002 Jun 1; 168(11):5538-50.

Trono D. HIV accessory proteins: leading roles for the supporting cast. Cell. 1995 Jul 
28;82(2): 189-92. Review.

Valiante N M , Trinchieri G. Identification o f  a novel signal transduction surface 
molecule on human cytotoxic lymphocytes. J Exp Med. 1993 Oct 1; 178(4): 1397-406.

Verhoeyen E, Dardalhon V, Ducrey-Rundquist O, Trono D, Taylor N , Cosset FL. IL- 
7 surface-engineered lentiviral vectors promote survival and efficient gene transfer in resting 
primary T lymphocytes. Blood. 2003 Mar 15;101(6):2167-74.

250



von Kalle C, Kiem HP, Goehle S, Darovsky B, Heimfeld S, Torok-Storb B, Storb R, 
Schuening FG. Increased gene transfer into human hem atopoietic progenitor cells by 
extended in vitro exposure to a pseudotyped retroviral vector. Blood. 1994 N ov 1;84(9):2890-
7.

W akiguchi H. Overview o f  Epstein-Barr virus-associated diseases in Japan. Crit Rev 
Oncol Hematol. 2002 Dec;44(3): 193-202. Review.

W ang H, Kavanaugh MP, North RA, Rabat D. Cell-surface receptor for ecotropic 
murine retroviruses is a basic amino-acid transporter. Nature. 1991 Aug 22;352(6337):729- 
31.

Wang J, Zheng L, Lobito A, Chan FK, Dale J, Sneller M, Yao X, Puck JM, Straus 
SE, Lenardo MJ. Inherited human Caspase 10 mutations underlie defective lymphocyte and 
dendritic cell apoptosis in autoimmune lymphoproliferative syndrome type II. Cell. 1999 Jul 
9;98(l):47-58.

Wang N , Satoskar A, Faubion W, Howie D, Okamoto S, Feske S, Gullo C, Clarke K, 
Sosa MR, Sharpe AH , Terhorst C. The cell surface receptor SLAM  controls T cell and 
macrophage functions. J Exp Med. 2004 May 3; 199(9): 1255-64.

W elsh RM, Stepp SE, Szom olanyi-Tsuda E. B cell memory: sapping the T cell. Nat 
Med. 2003 Feb; 9(2): 164-6.

Wu C, Sayos J, Wang N, Howie D, Coyle A, Terhorst C. Genom ic organization and 
characterization o f  m ouse SAP, the gene that is altered in X -linked lymphoproliferative 
disease. Immunogenetics. 2000 Aug;51(10):805-15.

Wu C, N guyen KB, Pien GC, Wang N , Gullo C, H ow ie D, Sosa MR, Edwards MJ, 
Borrow P, Satoskar AR, Sharpe AH, Biron CA, Terhorst C. SAP controls T cell responses to 
virus and terminal differentiation o f  TH2 cells. Nat Immunol. 2001 M ay;2(5):410-4.

Yasuda N, Lai PK, Rogers J, Purtlo DT. D efective control o f  Epstein-Barr virus- 
infected B cell growth in patients with X -linked lym phoproliferative disease. Clin Exp 
Immunol. 1991 Jan;83(l):10-6.

Yin L, Ferrand V, Lavoue MF, Hayoz D, Philippe N, Souillet G, Seri M, Giacchino 
R, Castagnola E, Hodgson S, Sylla BS, Romeo G. SH 2D 1A  mutation analysis for diagnosis 
o f  XLP in typical and atypical patients. Hum Genet. 1999 N ov;105(5):501-5.

Yin L, A l-A lem  U, Liang J, Tong WM, Li C, Badiali M, Medard JJ, Sumegi J, Wang 
ZQ, Rom eo G. M ice deficient in the X-linked lymphoproliferative disease gene sap exhibit 
increased susceptib ility  to murine gam m aherpesvirus-68 and hypo-gam m aglobulinem ia. J 
Med Virol. 2003 N ov;71(3):446-55.

Zajac AJ, M urali-Krishna K, Blattman JN, Ahm ed R. Therapeutic vaccination  
against chronic viral infection: the importance o f  cooperation between C D 4+ and CD8+ T 
cells. CurrOpin Immunol. 1998 Aug;10(4):444-9. Review.

Zhang G, Gurtu V, Kain SR. An enhanced green fluorescent protein allows sensitive 
detection o f  gene transfer in mammalian cells. Biochem  Biophys Res Commun. 1996 Oct 
3;227(3):707-l 1.

251



Zhang W, Trible RP, Sam elson LE. LAT palm itoylation: its essential role in 
membrane m icrodom ain targeting and tyrosine phosphorylation during T cell activation. 
Immunity. 1998 Aug;9(2):239-46.

Zhu J, M usco ML, Grace MJ. Three-color flow  cytom etry analysis o f  tricistronic 
expression o f  eBFP, eGFP, and eYFP using EMCV-IRES linkages. Cytometry. 1999 Sep 
1 ;37( 1 ):51 -9.

Zufferey R, N agy D, Mandel RJ, Naldini L, Trono D. M ultiply attenuated lentiviral 
vector achieves efficient gene delivery in vivo. Nat Biotechnol. 1997 Sep;15(9):871-5.

252



Appendix 

Publications

These enclosed three publications have resulted from this work.

253



IMMUNOBIOLOGY

SAP mediates specific cytotoxic T-cell functions in X-linked 
lymphoproliferative disease
Reza Sharifi, Joanna C. Sinclair, Kimberly C. Gilmour, Peter D. Arkwright, Christine Kinnon, Adrian J. Thrasher, and H. Bobby G aspar

BLOOD, 15 MAY 2 0 0 4  • VOLUME 103, NUM BER 10 3821



3822 SHARIFI et al BLOOD, 15 MAY 2004 • VOLUME 103, NUMBER 10



BLOOD, 15 MAY 2004-VOLUME 103, NUMBER 10 CYTOTOXIC T-CELL DEFECTS IN XLP 3823



3824 SHARIFI et al BLOOD, 15 MAY 2004 • VOLUME 103, NUMBER 10



BLOOD, 15 MAY 2004 • VOLUME 103, NUMBER 10 CYTOTOXIC T-CELL DEFECTS IN XLP 3825



3826 SHARIFI et al BLOOD, 15 MAY 2004 • VOLUME 103, NUMBER 10



BLOOD, 15 MAY 2004-VOLUME 103, NUMBER 10 CYTOTOXIC T-CELL DEFECTS IN XLP 3827



Available online at www.sciencedirect.com  

s c i e m c e ^ d i r e c t - mechanisms of ageing 
and development

ELSEVIER M echanisms o f Ageing and Development 126 (2005) 855-865
www.elsevier.com/locate/mechagedev

The impact o f  telom ere erosion on memory CD8+ T cells in patients 
with X-linked lymphoproliferative syndrome

Fiona J. Plunkett3, Omella Franzese3’1, Lavina L. Belaramani3, Jean M. Fletcher3, 
Kimberly C. Gilmourb, Reza Sharifie, Naeem Khand, Andrew D. Hislopd,
Andrea Carae, Mike Salmonf, H. Bobby Gasparc, Malcom H.A. Rusting,

David Websterh, Arne N. Akbar a *

0047-6374/$ -  see front matter to  2005 Elsevier Ireland Ltd. All rights reserved, 
doi: 10.1016/j.mad.2005.03.006

http://www.sciencedirect.com
http://www.elsevier.com/locate/mechagedev


856 F.J. Plunkett et a l . /  Mechanisms of Ageing and Development 126 (2005) 855-865



F.J. Plunkett et a l . /  Mechanisms o f Ageing and Development 126 (2005) 855-865 857



858 F.J. Plunkett et a l . /  Mechanisms o f Ageing and Development 126 (2005) 855-865



F.J. Plunkett et a l . /  Mechanisms o f Ageing and Development 126 (2005) 855-865 859



860 F.J. Plunkett et a l . /  Mechanisms o f Ageing and Development 126 (2005) 855-865



F.J. Plunkett et a l . /  Mechanisms o f Ageing and Development 126 (2005) 855-865 861



862 F.J. Plunkett et a l . /  Mechanisms o f Ageing and Development 126 (2005) 855-865



F.J. Plunkett et al./M echanism s o f Ageing and Development 126 (2005) 855-865 863



864 F.J. Plunkett et al./M echanisms o f Ageing and Development 126 (2005) 855-865



F.J. Plunkett et al./M echanisms o f Ageing and Development 126 (2005) 855-865 865



British Journal of Haematology, 2 0 0 2 .  1 1 9 , 5 8 5 - 5 9 5

Review

© 2002 Blackwell Publishing Ltd 585



586 Review

© 2002 Blackwell Publishing Ltd, British Journal o f Haematology 119: 585-595



Review  587

© 2002 Blackwell Publishing Ltd, British Journal o f H aematology 119: 585-595



588 Review

© 2002 Blackwell Publishing Ltd, British Journal o f Haematology 119: 585-595



Review  589
Table II. Diagnostic criteria for XLP.

© 2002 Blackwell Publishing Ltd, British Journal o f Haematology 119: 585-595



590 Review

© 2002 Blackwell Publishing Ltd, British Journal o f Haematology 119: 585-595



Review  591

© 2002 Blackwell Publishing Ltd, British Journal o f Haematology 119: 585-595



592 Review

© 2002 Blackwell Publishing Ltd, British Journal o f Haematology 119: 585-595



Review  593

© 2002 Blackwell Publishing Ltd, British Journal of Haematology 1 19: 585-595



594 Review

2 0 0 2  Blackwell Pub l ish ing  Ltd. British Journal o f Haematology 119:  5 8 5 - 5 9 5



Review  595

© 2002 Blackwell Publishing Ltd, British Journal o f Haematology 1 19: 58 5-595


