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Abstract 

Common Variable Immunodeficiency Disorder (CVID) is a disorder characterised by low 

level of serum immunoglobulin and increased susceptibility to infection.  The aim of this 

study was to develop a better understanding and prognosis for CVID patients.  

Clinical details and disease histories were analysed in 39 CVID patients.  The time taken to 

diagnose CVID when symptoms first appear was in steady decline for the past 80 years.  

Those who develop CVID at a young age were more likely to develop bronchiectasis.  

Ten genes known to cause CVID in human or mouse were analysed in 95 patients (45 CVID, 

50 hypogammaglobulinaemia).  Thirty one SNPs and one deletion were identified with 

certain mutations already reported in literature.  The following new mutations were 

identified: R20H and K186del in TACI; G42V in Bob-1; S77N in IL-15; T75M and N146T in 

IL-15Rα. 

The C104R mutation in TACI is linked to susceptibility to CVID.  Segregation analysis was 

performed for a family with this mutation.  Having one or both copies of the C104R allele is 

not a reliable predictor of CVID since the allele is not always present in family members with 

CVID.  A healthy brother with the C104R/C104R genotype was identified.  His markedly 

reduced immunoglobulin levels and reduced vaccine response requires close monitoring.  The 

total CD8 central memory T cell or marginal zone B cell numbers could be potential health 

indicators in this family because these cell numbers are related to health status. 

B and T cell phenotyping were reported to predict clinical outcomes in CVID.  The question 

is how consistent these assays are over time.  The three B and one T cell assays were 

evaluated monthly over 6 and 3 months respectively.  The EUROclass B cell classification 

system was the most consistent.  CCR7 was the more reliable marker than CD62L for the 

memory T cell assay.   

Several potential markers for CVID were identified in this work.  Certain cell subsets were 

significantly (p  0.01) elevated (CD38low CD21low B cells, transitional B cells, CD4+ 

effector memory T cells and CD4+ Tim3+) or decreased (switched memory B cells and 

CD4+ naïve T cells) compared to normal donors. 
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Chapter 1. B and T lymphocytes in the immune system 

The response to infection is mediated by the innate and the adaptive immune systems [1-3].  

The innate immune system relies on a limited repertoire of receptors (including Toll-like 

receptors) but recognises conserved pathogen-associated molecular patterns shared by large 

groups of pathogens by pattern recognition molecules.  This system is a fast reacting response 

to invading pathogens and toxins [4].  The innate immune system is evolutionarily conserved 

while the adaptive immune system has developed, more recently, in the jawed vertebrates [5, 

6].   

The adaptive immune system takes longer to respond after the first encounter but produces 

long-lived cells that respond more rapidly after subsequent encounters [7].  The adaptive 

immune system is more specific and flexible than the innate immune system and is able to 

recognise a wider spectrum of molecular structures [1, 8, 9].  Adaptive immune responses can 

be categorised as humoral and cellular immunity [10]. 

Humoral immunity is characterised by the production of high affinity antibodies (ABs) by B 

cells in response to antigens [11] while cellular immunity is based on the activation of 

antigen-specific T cells and the production of cytokines [10].  

The innate and adaptive immune systems act together in response to pathogens.  An essential 

link between the two systems is provided by antigen-presenting cells (APCs) such as B cells, 

dendritic cells (DCs) and macrophages [1, 8, 9, 12-14]. 

1.1. B cell development 

The development of immune cells begins when pluripotent stem cells differentiate into 

lymphoid progenitor cells [7].  The early stages of B cell development are antigen and T cell-

independent and take place in the bone marrow (Figure 1-1) [15, 16].  At the pro B cell stage 

the cells express the B cell specific surface markers CD19 and CD20 [17].  Late pro B cells 

and early pre B cells commence assembling the immunoglobulins (Igs) and signalling 

components.  The Ig loci contain arrays of variable (V), diversity (D) and joining (J) 

segments.  Genomic rearrangement of the V, D and J elements of the heavy chain genes, and 

the V and J elements of the light chain genes, result in the surface expression of IgD and IgM 

and antigen specificity of these cells [11].   
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Figure 1-1: B cell development.  Different stages of the B cell development in humans.  Abbreviations: CLP, 

common lymphoid progenitor; CSR, class switch recombination; SHM, somatic hypermutation.  Reproduced 

from LeBien and Tedder, 2008 [18]. 

When the central development of B cells is accomplished, immature B cells (also referred to 

as transitional B cells) leave the bone marrow to mature in the periphery. Survival and 

maturation of B cells in the periphery is regulated by different mediators, including TNF-

family members (BAFF and APRIL) and their receptors (TACI, BCMA and BAFF-R)[19].  

TNF, and TNF receptors, are members of a subfamily of genes that transduce key signals to 

regulate both survival and apoptosis of immune cells.  BAFF binds three TNF receptors 

selectively expressed on B cells called BAFF-R, TACI and B cell maturation protein 

(BCMA; Figure 1-2).  TACI and BCMA also bind a second ligand, APRIL [20]. Studies in 

gene-targeted mice revealed that the BAFF-BAFF-R pair is primarily responsible for cell 

survival and maturation in the B lineage [21], while BAFF-TACI and APRIL-TACI pairs 

participate in T cell-independent immune responses and isotype switching.   
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Figure 1-2: The interactions of BAFF and APRIL, with their receptors BAFF-R, BCMA and TACI.  The 

phenotypic and functional outcomes of BAFF and/or APRIL signalling with the specific TNF receptors.  

Abbreviations: APRIL, a proliferation inducing ligand; BAFF, B cell activating factor, BAFF-R, BAFF 

receptor; BCMA, B cell maturation protein; TACI, transmembrane activator and CAML interactor; TI, T cell 

independent.  Reproduced from Bacchelli et al., 2007 [22]. 

Immune responses are generated in the secondary lymphoid organs (Figure 1-1) [15].  This 

second phase of B cell development is primarily antigen and T cell dependent.  The 

production of certain antibodies depends on T cells while others are T cell-independent [23].  

Antigen stimulation in the presence of T cell co-stimulation in the secondary lymphoid 

organs leads to proliferation, maturation and differentiation of the B cells into memory cells, 

plasmablasts and plasma cells.  Development of germinal centres (GC) in the B cell follicles 

(B lymphopoiesis) of the secondary lymphoid organs, including spleen and lymph nodes, also 

occur [24].  Under influence of  T helper (TH) cells, T cell-derived cytokines induce isotype 

switching (class switch recombination, CSR) and somatic hypermutation (SHM) [23].  CSR 

results in the production of various isotypes but does not affect the antibody specificity or 

affinity.  SHM increases antibody affinity [25].  CD40 ligand (CD40L) is a co-stimulatory 

factor expressed by T cells that interacts with CD40 on B cells and is essential for inducing 

isotype switching [7].   
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1.1.1. B cell phenotyping  

Subpopulations of B cells can be differentiated by flow cytometry based on cell-surface 

markers (Table 1-1).  CD19 is a specific B cell marker while IgM, IgD and CD27 can be used 

as markers to distinguish naïve (IgM+ IgD+ CD27-), marginal zone like (IgM+ IgD+ 

CD27+) and switched memory (IgD- CD27+) B cells.  CD38, CD21 and IgM can 

differentiate B cells into CD38
low

 CD21
low

, transitional B cells (CD38++ IgM++) and 

plasmablasts (CD38++ IgM-).  These cell-surface markers have been used for classification 

schemes of CVID based on clinical phenotype [15].  

Table 1-1: B cell subset markers 

Subset Marker 

B cells CD19+ 

Naïve B cells IgM+ IgD+ CD27- 

Marginal zone B cells IgM+ IgD+ CD27 + 

Switched memory B cells IgD- CD27+ 

CD38
low

 CD21
low

 CD38low CD21low 

Transitional B cells CD38++ IgM++ 

Plasmablasts CD38++ IgM- 

 

1.2. T cell development 

T cells originate from the lymphoid progenitor in the bone marrow and migrate via the 

bloodstream into the thymus.  In the thymus they undergo a series of maturation steps (Figure 

1-3).  Initially the T cells express neither CD4 nor CD8 (double negative, DN) and can be 

subdivided into four stages (DN1-4) of differentiation based on the expression of CD44 and 

CD25 [26].  These DN T cells start to develop through the induction of genes that are 

important for T cell receptor (TCR) assembly.  The TCR loci contain arrays of variable (V), 

diversity (D) and joining (J) segments which are randomly spliced together [23].  This 

random process results in the production of a range of receptor sequences.  Selection of the 

cells with functional TCR genes occurs in the cortex of the thymus by positive and negative 

selection [7].   
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Figure 1-3: T cell development in the thymus.  Abbreviations: DN, double negative; DP, double positive; SP, 

single positive; TCR, T cell receptor.  Reproduced from Germain, 2002 [26].  

The majority of human peripheral blood T cells express TCRs consisting of α and β chains 

(αβ T cells), and a small group is composed of γ and δ chains [27].  In the thymus the αβ T 

cells differentiate into two subgroups that are characterised by the expression of either CD4 

or CD8 [27] after expressing both CD4 and CD8 (double positive, DP; Figure 1-3) [7].  

Interaction with thymic epithelial MHC class I molecules results in the selection of CD8+ 

single-positive T cells, and interaction with MHC class II molecules results in CD4+ T cells 

by positive and negative selection [23].  T cells that are fully differentiated but have never 

encountered specific antigens belong to the naïve T cell pool and can be found in the medulla 

of the thymus where they migrate into the periphery [26].   

T cell activation results in differentiation of CD4+ and CD8+ T cells into functionally distinct 

effector cells [7].  The interaction between T cells and APCs is important for the activation.  

APCs process antigens into peptides, load these peptides on to major histocompatibility 

complex (MHC) molecules and present the antigens to the naïve T cells.  The naïve T cells 

with compatible receptors activate and proliferate [28, 29].  Recognition of the peptide-MHC 

complex by the TCR alone is usually insufficient to fully activate the T cells [30, 31] and a 

co-stimulatory signal is needed.  CD28 is one of the co-stimulatory signals that interact with 
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CD80 and CD86 on APCs [30-32].  CD4+ T cells primarily function as regulators of other 

immune cells while CD8+ T cells are programmed to become cytotoxic effector cells that kill 

infected target cells [27].   

CD4+ T cells differentiate into at least four distinct subsets cells based on the nature of 

cytokines present at the site of infection (Figure 1-4): T helper 1 (TH1), T helper 2 (TH2) T 

helper 17 (TH17) and regulatory T cells (TREG) [7, 33, 34].   

Interleukin (IL)-12 and IFN-γ play a central role in the differentiation of TH cells towards TH1 

cells [35].  Interaction of IL-12 and interferon (IFN)-γ with naïve TH cells results in the 

activation of the signal transducer and activator of transcription (STAT) 4 gene and the 

coexpression of T-box transcription factor (T-bet).  T-bet is a nuclear transcription factor that 

induces the production of cytokines such as IL-2 and IFN-γ.  At the same time T-bet 

suppresses the alternative TH differentiation pathways.  IL-2 inhibits TH17 differentiation but 

is necessary for T-cell proliferation, T regulatory (Treg) cell development, and activation of 

natural killer (NK) cells, B cells, cytotoxic T cells and macrophages [36].  IFN-γ increases 

the expression of T-bet and is responsible for cell-mediated immunity [37].   

TH2 cells express the transcription factor GATA3 and produce cytokines such as IL-4, IL-5, 

IL-6, IL-10 and IL-13.  GATA-3 suppresses expression of TH1 differentiation and the 

production of IFN-γ.  TH2 cells regulate the humoral immune response and mediate immune 

responses to extracellular pathogens such as helminths [36, 38, 39].   

The development towards TH17 is mediated through activation of STAT3 by IL-6.  TH17 

cells express the transcription factor Retinoic-acid-related orphan receptor C isoform 2 

(RORC2) and produce cytokines such as IL-6, IL-17 and IL-21.  TH17 is important in 

combating extracellular bacteria and fungal infections [7, 40].  
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Figure 1-4: Differentiation of CD4 T cells into TH1, TH2 and TH17 effector cells.  Cytokines play important 

roles in differentiation of TH cells.  Differentiation involves upregulation of transcription factors and activation 

of STAT proteins.  Abbreviations: IFN, interferon; IL, interleukin; ROR, Retinoic-acid-related orphan receptor; 

STAT, signal transducer and activator of transcription; T-bet, T-box transcription factor; TGF, transforming 

growth factor; TH, T-helper cell; TSLPR, thymic stromal derived lymphoprotein receptor.  Reproduced from 

Zhu et al., 2010 [35]. 

CD8+ T cells can also be differentiated into various effector subsets based on the production 

of either IFN-γ (T cytotoxic 1; TC1) or IL-4 (T cytotoxic 2; TC2) [41].  The functionality of 

CD8+ T cells becomes gradually less during chronic viral infection.  This loss of function in 

these cells is known as ‘exhaustion’ [42].   

The γδ T cells are usually double negative cells that count for less than 5% of the 

lymphocytes in human tissue.  These cells recognise antigens presented by non-classical 

MHC molecules of the CD1 family [23].  

1.2.1. T cell phenotyping  

Human naïve and memory T cells can be identified by the expression of the surface marker 

CD45RA [43].  Memory T cells can be divided into “central memory” (TCM) and “effector 

memory” (TEM) subsets.  TCM subsets express the molecules CD62L and CCR7, which are 

essential for lymphocyte migration to lymph nodes (LN) [44, 45].  TEM subsets lack 

expression of these LN homing receptors and are located in blood, spleen and non-lymphoid 

tissues [46].  The different surface markers make it possible to distinguish different T cell 

subsets.  CD4+ naïve T cells express CD45RA, CCR7 and CD62L while the CD4+ memory 

T cells can be distinguished by the lack of expression of CD45RA.  TCM cells are CD45RA- 
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CCR7+ CD62L+ and TEM cells are CD45RA- CCR7- CD62L-.  Within the CD8+ T cells 

terminally differentiated effector memory (TEMRA) can be identified as CD45RA+ CCR7- 

CD62L-. 

For the identification of T cell subsets, CCR7, CD62L or a combination of both have been 

used in different laboratories.  The two surface markers identify the same memory T cell 

subsets although there are cells that express CCR7 in the absence of CD62L.  Unsoeld et al. 

[47] discovered a memory T cell population that expressed CCR7 in the absence of CD62L 

and classified these cells as intermediate memory T cells (TIM).   
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Chapter 2. Common Variable Immunodeficiency (CVID) 

Defects in the innate immune system or adaptive immune system result in insufficient 

response to pathogens and can lead to primary immunodeficiencies (PIDs).  PIDs consist of a 

group of over 150 heritable disorders.  A PID prevalence of 4.9 per 100,000 population was 

observed in a combined study in Australia and New Zealand, although this number was 

probably underestimated due to underreporting in some regions [48].  Other countries showed 

PID prevalence per 100,000 of 6.82 in Norway [49], 5.07 in Spain [50] and 2.9 in Ireland 

[51].  Discrepancies between countries might be due to recruitment of IgA-deficient patients 

in some countries and no active recruitment in others [48].  PIDs affect cellular immunity, 

humoral immunity, or host-defence mechanisms that are mediated by complement proteins as 

well as cells such as phagocytes and natural killer cells [52, 53].  A characteristic of PIDs is 

an increase in the susceptibility to infections caused by dysregulation or imbalance in 

immune pathways and networks.  The two most common PIDs are selective IgA deficiency 

(sIgAD) and common variable immunodeficiency disorder (CVID), both classified as 

predominantly antibody deficiencies within the PID classification [54]. 

CVID, also called acquired hypogammaglobulinaemia or adult-onset hypogamma-

globulinaemia [55], was first recognised in 1953 by Janeway et al. [56] and is the second-

most frequent PID after sIgAD [52].   

2.1. CVID is a diagnosis of exclusion 

CVID has a prevalence of approximately 1:25,000 in Caucasians.  There are marked 

differences in prevalence between ethnic groups [57].  CVID rarely occurs among Asians 

with an estimated incidence of 1 in 2 million in Japan [58].  The prevalence of CVID in 

Polynesian populations is unknown.  Both men and women are equally affected [52].  Most 

CVID cases are sporadic. However approximately 10 to 20% of the CVID cases are familial  

[55].  CVID usually presents in the first three decades of life, with a major peak of onset 

between 20 and 30 years of age [59, 60].  Recent studies show a continuum in ages for onset 

of symptoms rather than two peaks as reported previously [61, 62].   

The European Society for Immune Deficiency Disorders (ESID), the Pan American Group 

for Immune Deficiency (PAGID) and the Clinical Immunology Committee of the 

International Union of Immunological Societies (IUIS) have proposed criteria for the 

diagnosis of CVID as follows: (i) hypogammaglobulinaemia with IgG and IgM and/or IgA 
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two standard deviations below mean values for age, (ii) the inability to produce specific 

antibodies to protein and carbohydrate vaccines, (iii) and the exclusion of other causes for 

antibody deficiency (http://www.esid.org, http://www.clinimmsoc.org/, http://www.iuison-

line.org/) [63].  A minimum age of four years has also been suggested as a criteria for CVID 

to exclude children who may have other immune defects [64].   

2.2. Clinical Characteristics Common Variable Immune Deficiency 

CVID is a heterogeneous disease that is associated with low serum Ig concentrations of IgG, 

IgA, IgE and IgM [65].  Patients with CVID have defective specific antibody responses to 

vaccination and/or natural infection, including clinically increased susceptibility to infections 

of the respiratory and gastrointestinal tracts with encapsulated bacteria, other bacterial 

infections, including septicaemia and meningitis as well as some viruses and protozoans [52, 

55, 58, 62]. 

2.2.1. Infectious manifestations of CVID 

Antibody deficiencies such as CVID make affected individuals highly susceptible to 

recurrent infections by encapsulated bacteria [66].  CVID patients often suffer from recurrent 

bacterial respiratory tract infections and gut infections [67-69].  Encapsulated bacteria, such 

as Haemophilus influenzae and Streptococcus pneumoniae, are the most common pathogens 

leading to chronic lung disease, bronchiectasis, and eventually death [62, 70].   

In contrast to their response to bacterial infections, viral infections are usually well tolerated 

in patients with CVID, but with a slight increase in susceptibility to enteroviral (ECHO virus) 

and protozoal (Giardia Lambia) infections [55, 58]. 

2.2.2. Non-infectious manifestations in CVID 

Autoimmune disease is common in CVID, occurring in approximately 20% of patients and 

with a slight female predominance [62, 71].  A wide range of autoimmune diseases are seen 

in patients with CVID but autoimmune thrombocytopenia (AITP) and autoimmune hemolytic 

anemia (AIHA) are the most common disorders [66, 72].  Other autoimmune disorders that 

are more common in patients with CVID include rheumatoid arthritis, juvenile rheumatoid 

arthritis, anti-IgA antibodies and pernicious anemia [71, 73].  Associations with lymphopenia 

and autoimmune neutropenia [62, 71], lymphadenopathy, splenomegaly, lymphoid 

hyperplasia and organ infiltrates [74] have also been found.  Some CVID patients develop 

http://www.esid.org/
http://www.clinimmsoc.org/
http://www.iuison-line.org/
http://www.iuison-line.org/
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non-caseating granulomas of the lungs, spleen, liver, skin, lymph nodes and eye, a 

complication described as sarcoid-like syndrome [75, 76].  There is also an increased risk of 

malignancies, especially non-Hodgkins lymphoma [62, 66]. 

Association of CVID and systemic lupus erythematosus (SLE) is uncommon, but 

approximately 1% of the patients with CVID will develop symptoms or laboratory 

abnormalities that meet the American Rheumatology Association (ARA) criteria for SLE [62, 

71, 77]. 

2.3. Immunopathogenesis of CVID 

Various alterations of the immune system have been described in CVID patients.  The most 

consistent finding is a defect in the maturation and differentiation of B cells to memory and 

antibody producing plasma cells [78, 79].  Problems with T cell help [80] and alterations in 

innate immune system [81] have also been observed.  

The observation that B cells can produce ABs if appropriately stimulated in vitro [82, 83], 

while these patients are hypogammaglobulinaemic in vivo, suggests that B cells may not 

receive appropriate signalling for class switch and affinity maturation [84, 85].  Thus T cell 

dysfunction leading to insufficient in vivo stimulation of B cells may be of importance for the 

pathogenesis of the immunodeficiency in these patients [60, 86, 87].  Insufficient help from 

human leukocyte antigen (HLA) class-II-restricted CD4+ T cells in T cell-dependent B cell 

responses could explain the low serum Ig concentrations of all switched Ig isotypes and 

defective specific antibody production [52].  

2.3.1. B cell defects in CVID 

Total B cell numbers tend to be normal or slightly reduced in CVID patients, but B cells are 

rarely absent [73].  Absence of B cells is more closely related with x-linked agammaglobu-

linaemia [88].  The percentage of peripheral B cells correlates with the survival rate and 

severity of the disorder [62].  Early and late B cell differentiation defects have been described 

in CVID patients.  Early B cell defects result in reduced levels of mature B cells [89].  

Defects in the late stages of B cell differentiation result in normal numbers of mature B cells 

but decreased numbers of functional plasma and/or memory B cells [90, 91].  Defective up-

regulation of CD70 and CD86 [83], reduced somatic hypermutation [92] and defective 

signalling [93] were also observed in these patients.   
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Unswitched memory B cells (IgM+ IgD+ CD27+) are likely to be critical for the defence 

against encapsulated bacteria, explaining why CVID patients with low memory B cells suffer 

from an increased rate of infections by Streptococcus pneumonia.  These patients develop 

progressive lung damage and also fail to respond to pneumococcal vaccination [66, 94].  

Reduction of switched memory B cells appears to be correlated to increased rates of 

autoimmune conditions and higher prevalence of bronchiectasis [16, 73, 95], while a more 

severe reduction is related to granulomatous disease [75, 96]. 

Impaired terminal B cell differentiation leads to reduced levels of serum Igs and abnormal 

response to immunisation with protein and polysaccharide antigens [97].  Severe reduction in 

the generation of high affinity antibodies due to a failure in SHM was also observed [98, 99].   

Andersen et al. [99] reported reduced somatic hypermutation of the kappa light-chain in 77% 

of CVID patients in their study.  The low levels of light-chain mutations were associated 

strongly with severe respiratory tract infection in these patients.  The IgG–secreting cells in 

some patients also lack SHM in the heavy chain [52, 92].  This lack leads to the production of 

IgG with low affinity for antigens [92, 98, 99].   

The expansion of an unusual B cell subset, expressing low levels of CD21 (complement 

receptor 2, CR2), was also characterised in CVID patients [100].  The expansion of CD21
low

 

B cells correlates well with the presence of splenomegaly and granulomatous disease in 

CVID [101].  

2.3.2. T cell defects in CVID 

Most CVID patients have normal numbers of circulating T cells but in approximately one-

third of the patients, the number of T cells is decreased [62].  Approximately half of CVID 

patients show laboratory abnormalities in the T cell compartment [73, 91].  These 

abnormalities include decreased activation and proliferation [102], increased T cell apoptosis 

[103], impaired cytokine production to mitogens and recall antigens [94, 104-106], inversion 

of CD4/CD8 ratio due to reduced CD4+ T cell numbers [82, 86, 107], and reduced 

expression of CD40L on activated T cells [108].  Further reports describe reduced generation 

of antigen-specific memory T cells [109], increased T cell suppression [110, 111] and 

impaired TNF-RII-supported TCR co-stimulation [112, 113].  

Analysis of the T cell receptor excision circle (TREC) levels in CVID subjects revealed a 

significantly diminished content in T compartments when compared to the levels observed in 
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age-matched healthy controls, suggesting a more rapid reduction of thymic output in CVID 

individuals [114, 115].  Reduced frequency of CD31+ T cells found in patients with CVID 

also indicates impaired of thymic output [116].  

Upregulation of the CX3CL1/CX3CR1 system may reflect an amplification and polarisation 

of a TH1 response in CVID patients [117].  However, experiments performed on cytokine 

production have been contradictory [118].  Increased production of IL-4 and IL-10, seen in a 

group of patients with CVID, indicates increased activation of TH2 lymphocytes in this group 

and supports the concept of a bias toward a TH2-type response [86, 113, 118].  A bias towards 

a TH2-type response was also supported by reports of increased serum levels of soluble 

CD30, an indicator of TH2 cytokine production [119].  

Increased numbers of circulating CD8+ T cells and a predominance of CCR7- T cells on both 

CD4+ and CD8+ T cells has been observed [52, 120], which may characterise a shift towards 

an inflammatory T cell phenotype [120-122].  Increased expression of CD38, CD57 and 

HLA-DR, and decreased expression of CD27 and CD28, were also found in these patients.  

CD8+ cells expressing CD57 and CD38, without expression of CD27 and CD28, are 

described as effector cells in viral infections [123].  Raised circulating levels of the ligands 

for CCR7, CCL19 and CCL21 were also found [124].  As CCR7, CCL19 and CCL21 are key 

mediators balancing immunity and tolerance in the immune system, the abnormalities of 

these mediators may contribute to the profound immune dysregulation seen in CVID [124]; 

however it is not clear whether this is a case of cause or effect. 

In patients with concurrent disturbances in T cells, there tends to be an increased number of 

viral infections [125, 126].  In particular, viral infections and reactivations with herpes 

viruses have been described, including Epstein–Barr virus (EBV) and cytomegalovirus 

(CMV) infections [127].  Viral infections with Herpes viruses however are not a major 

clinical feature of CVID [128]. 

2.3.3. Defects of antigen-presenting cells in CVID 

Conflicting results were observed in the function of DCs in CVID patients.  Some studies 

found that the antigen-presenting function of DCs were normal in CVID [129, 130], although 

their involvement in the pathogenesis of some types of CVID cannot be ruled out.  DCs are 

known to interact directly with B cells, to present antigen to T cells, and to produce cytokines 

implicated in B cell differentiation [131].   
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Despite the observation that DCs showed normal antigen-presenting function, decreased 

expression of the co-stimulatory molecules CD80, CD83, CD86, CD11c, CD40 and HLA-

DR, defective induction of T cell proliferation and abnormal cytokine production were 

described [87, 106].  The capacity of DCs to secrete IL-12 after stimulation with 

lipopolysaccharide (LPS), CD40 or TNF-α was reduced which suggests that the DCs of these 

CVID patients were functionally defective [28].   

Several abnormalities to the TNF-IL-12-IFN-γ circuit have been reported in monocytes [106, 

129, 132, 133].  Monocytes from a subgroup of patients with CVID exhibited chronic 

hyperactivity and enhanced oxidative stress due to the persistent activation of the TNF 

system [134, 135].   

2.4. Genetics of CVID 

Although the majority of CVID cases are sporadic, familial patterns of inheritance are seen in 

10 to 20% of the cases [63].  Most CVID families show an autosomal dominant pattern, but 

autosomal recessive inheritance is also observed [22, 136].  Genetic linkage and haplotype 

analysis indicate that CVID has a major susceptibility locus in the HLA-DQ-DR region of 

chromosome 6 [137], and putative non-HLA loci at 4p, 4q, 5p, 12p, 14q and 16q [137-140].  

The HLA complex on chromosome 6 encodes several proteins that have a crucial role in the 

immune response [52]. As only 10 to 20% of the cases show familial inheritance, CVID is 

suggested to be a multigenic disorder.   

The genetics of CVID has been complicated by the variable penetrance of the genetic lesions 

and modifier genes influencing the phenotype [22].  Several studies have reported patients 

with phenotypes consistent with CVID carrying mutations in BTK and SH2D1A [141-144].  

Mutations in these genes cause X-linked agammaglobulinaemia [145] and X-linked 

lymphoproliferative disorder [146] respectively.  There is an argument for BTK and SH2D1A 

mutation analysis of all male CVID patients.   

To date, B cell activating receptor (BAFF-R) [147], transmembrane activator and calcium-

modulator and cyclophilin ligand interactor (TACI) [20, 148] and certain HLA haplotypes 

[149, 150] have been identified as potential gene candidates for susceptibility to CVID, while  

Inducible T cell costimulator (ICOS)[60], CD81 [151], CD19 [89] and CD20 [152] harbour 

disease-causing mutations [153].  The disease-causing mutations account for a small number 

of all cases.  These defects illustrate the multiple complex pathways involved in the co-
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ordination of an effective humoral immune response and emphasise the crucial roles played 

by these specific molecules [22].  

2.4.1. BAFF-R 

BAFF-R is a member of the TNF family of molecules.  The BAFF-R gene is encoded by 

TNFRSF13C which is located on human chromosome 22q13.2 and is composed of 3 exons 

[154].  The first exon encodes the ligand-binding domain (also called cysteine-rich domain; 

CRD), the second exon the transmembrane and flanking region, and the third exon the 

intracellular domain [155].  BAFF-R is a 184-residue type III transmembrane protein 

expressed on the surface of B cells [156].  Its extracellular domain contains four cysteine 

residues, in contrast to the six or more cysteine residues contained in all other known TNF 

family receptors [97].  BAFF-R specifically binds B cell activation factor (BAFF), a protein 

belonging to the TNF family [97, 157].  This cell surface receptor protein is highly expressed 

in the spleen and lymph nodes and to some extent in peripheral blood leukocytes [158].  

Within the peripheral blood population, BAFF-R can be found on B cells, naïve B cells, 

memory B cells [159] and on resting T cells.  BAFF-R is down-regulated on plasma cells 

[63].  BAFF-R is important for B cell maturation and survival [63] and can mediate class 

switch to IgG and IgE [155].  

2.4.1.1. Mouse model 

Mice defective in the BAFF-R gene exhibit an altered profile of the B cell pool, a phenotype 

that is also observed in BAFF knockout mice [97].  Loss of mature B cells in BAFF-R mutant 

mice shows that BAFF-R is crucial for mediating BAFF survival signals in the early stages of 

B cell differentiation [155].  The immunological phenotype of BAFF-R mutant and knockout 

mice is characterised by a block in B cell development at the transitional stage which is 

similar to the immunological phenotype observed in some CVID patients [97].  These mice 

display strongly reduced late transitional and follicular B cell numbers, and have very few 

marginal zone B cells [160].  BAFF-R transduces signals that result in isotype switching in 

the mouse models [161].   

2.4.1.2. BAFF-R mutations in humans 

Warnatz et al. [147] first described a hypogammaglobulinaemia patient with a homozygous 

mutation of the BAFF-R gene.  This patient had a 24-bp homozygous deletion in the second 

exon, which resulted in loss of expression of BAFF-R on the B cells.  This autosomal-
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recessive form of CVID has an expected prevalence of less than 1%.  This BAFF-R deficient 

patient had B cell lymphopenia and an intrinsic B cell defect [147].  Other studies have 

detected heterozygous sequence variations in the BAFF-R gene, but these changes were also 

found in healthy controls at a similar frequency and are therefore unlikely to be pathogenic 

[22, 97].  There are no other known hypogammaglobulinaemia patients with BAFF-R 

mutations, hence the presence and relevance of this mutation in CVID patients is unknown.  

2.4.2. TACI 

TACI gene is encoded by TNFRSF13B, which has five exons and spans 30 kb on human 

chromosome 17p11.2 [20].  TACI is a type III transmembrane protein with an extracellular 

NH2-terminus in the absence of a cleaved signal sequence [162].  TACI and its two TNF 

ligands, BAFF and a proliferation inducing ligand (APRIL), belong to the family of TNF-like 

receptors and ligands (Figure 2-1).  BAFF and APRIL regulate survival and apoptosis during 

immune system development and immune responses [163].  TACI recruits TNF receptor-

associated factors (TRAF) 2, 3, 5, and 6 and induces nuclear factor kappa B (NFκB) 

activation (Figure 2-1) [63, 164].  TACI also induces activation of c-Jun NH2-terminal kinase 

(JNK), nuclear factor of activated T cells (NF-AT) and activator protein-1 (AP-1) [63].  The 

signal from TACI to NF-AT activation either proceeds through direct interaction between 

TACI at the cell surface, or calcium-modulator and cyclophilin ligand (CAML), an integral 

membrane protein located at intracellular vesicles [165].  Binding of TRAF2, TRAF3 or both 

is essential for CD40-mediated activation of NFκB, JNK and CSR, and TRAF6 is important 

in plasma cell differentiation [63].  
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Figure 2-1: TACI signalling pathways.  DCs activate B cells through cytokine receptors, TLRs and TACI.  

TACI recruits TNF receptor-associated factors (TRAF) 2, 3, 5 and 6 upon binding to APRIL and BAFF.  TACI 

induces NFκB activation and NF-κB initiates class switch recombination (CSR) by binding to κB motifs on 

AICDA and CH gene promoters.  Abbreviations: APRIL, a proliferation-inducing ligand; BAFF, B cell–

activating factor; DC, dendritic cell; IKK, IκB kinase; IRAK, IL-1 receptor–associated kinase; TACI, 

transmembrane activator and CAML interactor; TAK, TGF-β-activated kinase; TIR, Toll-interleukin-1 receptor; 

TLR, Toll-like receptor.  Reproduced from Cerutti et al., 2011 [166].  

Upon stimulation with anti-CD40 or anti-surface IgM antibodies, TACI expression is 

upregulated on all peripheral B cells [66], preferentially on late transitional B cells, marginal 

zone B cells, and CD27+ memory B cell subsets [22, 66].  TACI plays a key role in the 

generation and maintenance of T cell independent Type II response directed against 

polysaccharide antigens of encapsulated bacteria such as Streptococcus pneumonae [66, 167].  

TACI also enhances the differentiation of B cells activated under limiting conditions of CD40 

ligation into Ig secreting plasmablasts [78].  TACI can mediate B lymphocytes to switch their 

production from IgM to IgG, IgA and IgE [155, 161].  It also enhances the generation and 
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maintenance of isotype-switched memory B lymphocytes and plasma cells, and increases the 

effectiveness of antibody by enhancing somatic hypermutation of the Ig gene.  

Despite the presence of two CRDs in the extracellular domain of TACI, only a single domain 

is employed for both APRIL- and BAFF-dependent signalling.  The second CRD of TACI 

(TACI_d2) binds both APRIL and BAFF with high affinity, whereas the first CRD does not 

[168].  

2.4.2.1. Mouse model 

TACI-deficient (TACI
-/-

) mice have enlarged spleens and lymph nodes, and an increased 

number of mature B cells [167, 169].  The B cells show an increased proliferation rate, 

increased Ig production in vitro [169], and develop autoimmune manifestations with SLE-like 

symptoms, lympho-proliferation with splenomegaly and lymphoma [21, 22, 167, 169-172].  

These TACI
-/-

 mice do not completely reflect CVID in humans.  Isotype class-switching, 

especially to IgA, in response to APRIL is abnormal in TACI-deficient mice [172, 173] and 

serum levels of IgA, IgG, and IgM are low in response to thymus-independent antigens [169].  

Decreased apoptosis in B cells from TACI
-/-

 mice suggests that TACI normally delivers an 

apoptotic signal and has a regulatory role in B cell development [169, 172].  

Neutralisation of BAFF and APRIL in antigen-challenged mice by soluble TACI 

immunoadhesin (TACI-Fc) inhibits antibody production, affinity maturation and GC 

formation [174].  TACI deficient mice develop SLE like symptoms, although this has not 

been described in CVID patients with TACI mutations.  The treatment of lupus-prone 

NZBWF1 mice with soluble TACI–immunoglobulin fusion protein prolongs survival of the 

animals and suggests that TACI plays a critical role in preventing autoimmunity in mice 

[175].  

2.4.2.2. TACI mutations in humans 

Conflicting results have been presented whether TACI is disease-causing.  The most common 

TACI mutation, C104R, has been suggested as a disease causing or disease associated 

mutation, however identical homozygous and heterozygous mutations were also found in 

healthy controls, but at a significantly lower frequency (2 to 3% in CVID patients versus 1% 

in healthy controls) [20, 176-180].  These heterozygous changes being found in normal 

individuals brings into question whether, on their own, TACI mutations are truly pathogenic, 

or if they act as susceptibility or disease-modifying mutations in tandem with other gene 
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defects [22].  This highlights that other genetic or environmental factors are involved in the 

development of CVID [20, 155] and it is possible that some of these healthy individuals with 

heterozygous or homozygous mutations may be at risk of developing CVID in the future. 

Many TACI mutations have been described in patients with an antibody deficiency (Figure 

2-2).  TACI deficiency has been identified in patients with CVID and IgA deficiency. And 

mutations in this protein appear to be the link between these two groups of disorders [20, 

148].  TACI deficiency can be inherited as either an autosomal recessive or dominant 

disorder with a prevalence of about 5 to 10% of CVID patients [20].  The observation that 

mutations in TACI may be associated with CVID suggests that TACI signalling is important 

for normal B cell function in humans [20, 148, 181].   

Clinical presentation in individuals with TACI mutations is dominated by humoral 

immunodeficiency [20].  In the case of human TACI deficiency B cell numbers tend to be 

normal or slightly reduced, with a variable reduction of CD27+ memory B cells in most of 

the patients [148].  Homozygous TACI deficiency in humans affects all Ig isotypes, resulting 

in almost complete agammaglobulinemic states in some patients [20].  Naïve B cells fail to 

secrete IgG and IgA in response to APRIL in vitro, but secrete normal amounts of IgG when 

stimulated by anti-CD40+IL-4 [78, 148].  

 

Figure 2-2: Mutations of TNFRSF13B in 50 patients with antibody deficiency.  Distribution of 

TNFRSF13B mutations found in patients with antibody deficiency across the TNFRSF13B/TACI protein.  

Black dots represent patients with homozygous mutations, white dots represent patients with heterozygous 

mutations and grey dots represent patients with double mutations on one allele of TNFRSF13B.  Abbreviations: 

CRD, cysteine-rich domain; TM, transmembrane domain.  Reproduced from Salzer et al., 2009 [176]. 
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Some patients with heterozygous mutations in the TACI gene show impaired B cell function.  

This could be explained by the theory that the recruitment of a single mutated TACI receptor  

disturbs the assembly of the trimer required for proper TNF receptor signalling, thus exerting 

a dominant negative effect or haploinsufficiency [66, 168].  Individuals with homozygous 

mutations in TACI showed selective impairment of APRIL and/or BAFF induced B cell 

proliferation and CSR [20, 66].  

The most common CVID mutation identified in TACI is a 310T→C nucleotide substitution 

resulting in a C104R (cysteine 104→ arginine) substitution in the third exon [20, 22, 148].  

The cysteine at position 104 forms a disulfide bond with the cysteine at position 93 and 

participates in the maintenance of the spatial structure of the CRD2 domain of TACI, and is 

localised close to the APRIL ligand-binding domain [168].  The extracellular C104R 

mutation prevents the protein, which is expressed on the cell surface, from binding to BAFF 

and APRIL [20, 148, 168] and in the presence of wild-type TACI acts as a dominant-negative 

in NFkB activation [176, 182].   

Another relatively common TACI mutation is the A181E (alanine 181→ glutamic acid) 

mutation, which has no discernible effect on ligand binding [182].  The mutated A181E 

TACI assembles with wild type (wt) TACI and thus has the potential to be dominant negative 

[183].  The A181E mutation is located in the transmembrane domain of TACI; the mutant 

protein is expressed on the cell surface and binds BAFF normally [148].  The heterozygous 

A181E genotype has also been found in healthy individuals but at a frequency significantly 

lower than in individuals with CVID [20].  

The prevalence of autoimmunity is higher in patients with monoallelic mutations in 

TNFRSF13B than in patients with the biallelic mutations [176].  The patients with a mutation 

in TACI were reported not to have developed any clinical features of systemic lupus 

erythematosus, in contrast with what was seen in mouse models [148]. 

2.4.3. ICOS 

The human ICOS gene is encoded on chromosome 2q33-34 [20] and belongs to the CD28 

family of Ig-like co-stimulatory surface molecules.  The ICOS gene consists of five exons 

encoding a 199 amino acid protein.  

ICOS is expressed on activated T cells only [22, 184].  In secondary lymphoid tissue, ICOS is 

expressed in the T cell zones, especially in the GCs [32, 184].  ICOS signal is induced by 
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interaction with its partner, ICOS-ligand (ICOS-L) [185].  ICOS-L is highly expressed on B 

cells and DCs, and is weakly expressed on T cells and non-lymphoid cells [186, 187].  ICOS 

co-induces the release of the cytokines IL-4, IL-5, IL-6, IL-10, TNF-α, IFN-γ and 

granulocyte-macrophage colony-stimulating factor (GM-CSF).  These cytokines are 

important in T cell / B cell cooperation for CSR, Ig production, and terminal differentiation 

of B cells into memory cells and plasma cells [22, 63, 186, 188-191].  Similar to CD28 [192], 

ICOS is able to prevent apoptosis of pre-activated T cells [32, 193].  

Although CD28 and ICOS act similarly, there is no significant cross-interaction between the 

CD28 and ICOS pathways on the cell surface [31, 32].  

2.4.3.1. Mouse model 

Impaired class switching is observed in ICOS-deficient mice (ICOS
-/-

) [188, 189].  Both 

ICOS- and ICOS-ligand knockout mice showed defects in GC formation and T helper cell 

response, and had impaired humoral immunity [66, 188, 189, 194].  ICOS
-/-

 and ICOS
+/+

 mice 

had comparable serum levels of IgM, but ICOS
-/-

 and ICOS-L
-/-

 mice showed a reduction in 

levels of serum IgE, IgG1 and IgG2a [22, 193, 194].  Cytokine defects were also noted in 

ICOS-deficient mice; T cells had reduced IL-2 and IL-4 production but IL-10 levels were 

preserved [193, 194]. 

2.4.3.2. Human ICOS deficiency 

Nine patients in four families have been identified with ICOS mutations and all carried the 

same homozygous deletion of a 1815 bp region [60].  The resulting mRNA product had a 443 

nucleotide deletion, causing a frameshift and introducing a stop codon at position 595.  The 

truncated ICOS protein encodes a coding sequence of nine amino acids.  The protein was not 

detected on the surface of activated T cells as a result of the nonsense mutation [193].  ICOS 

deficiency is an autosomal recessive disorder and all four families are likely descendent from 

a common founder.  Three of the four families derive from the same village in the black 

forest, while the fourth family comes from the Austrian Burgenland, which is 400 kilometres 

down the river Danube.  These two regions are historically linked through the house of 

Habsburg [22].  

ICOS-deficient patients develop an immunodeficiency characterised by low numbers of B 

cells, lack of memory B cells and low serum Igs which leads to the clinical picture of adult 

onset CVID [60].  These patients retain the ability to produce IgM and can reach normal 
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values of this Ig isotype during infections [66].  Defective GC formation and impaired 

immunity found in these patients is probably caused by the impaired secretion of IL-10 [154].  

The number of circulating memory CD4+ T cells is significantly reduced [195], and the 

reduction of T follicular helper (TFH) in B cell follicles may contribute to reduced local 

cytokine concentrations, impaired class switch and memory B cell development [195]. 

2.4.4. CD19 

The CD19 gene is located on chromosome 16p11.2.  CD19 is part of the B lymphocyte 

antigen receptor (BCR) co-receptor complex that functions to lower the threshold for BCR 

signalling following antigen engagement [196, 197].  CD19 forms a BCR co-receptor 

complex with CD21, CD81 and CD225 in the membrane of mature B cells [198], and is 

important for the regulation of B-lymphocyte development, activation and proliferation [63].  

This complex is also important for the connection between the innate and adaptive immune 

systems [66, 199].  The CD19 molecule participates in feedback regulation of signals which 

come through BCR, and facilitates the recognition of antigen-antibody complexes that link to 

BCR and the CD21 molecule [200, 201]. 

2.4.4.1. Mouse model 

In CD19-deficient (CD19
-/-

) mice a variety of B cell development and functional defects have 

been identified [22, 202].  CD19
-/-

 mice show normal B cell development in the bone 

marrow, but exhibit marked abnormalities in B-1, marginal zone and GC B cells [22].  In 

CD19
-/-

 mice or mice carrying specific mutations in the CD19 intracellular domain, the 

maturation, proliferation, and selection of B cells in the GC is defective, resulting in impaired 

B cell memory and insufficient generation of high affinity antibodies [66, 203].  

Overexpression of CD19 in transgenic mice on the other hand results in increased levels of 

autoantibodies, B cells that are hyperresponsive to transmembrane signals and have elevated 

humoral immune responses [204, 205]. 

2.4.4.2. CD19 mutations in humans 

Five individuals from three unrelated consanguineous pedigrees have been identified with 

mutations in CD19 [89, 206].  All identified patients had frame-shift mutations, causing 

premature stop codons (nonsense mutations) [89, 206, 207].  In one patient a single base pair 

insertion caused a frameshift and premature stop codon in the proximal region of the 

intracellular domain, resulting in the majority of the intracellular domain being removed.  A 
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frameshift mutation caused by a two base pair insertion that resulted in a premature stop 

codon was found in three patients in a homozygous state.  This frameshift mutation caused 

deletion of a major part of the intracellular domain which led to the production of proteins 

lacking the C-terminal tyrosine residues critical for CD19 signal transduction [89].  A 

Japanese patient was described to have a homozygous mutation at the splice acceptor site of 

intron five which caused skipping of exon six and coupling exon 5 and 7 [206].   

Peripheral B cell numbers were normal but expression of intracellular CD19 protein was 

absent or decreased significantly and levels of CD21 were also decreased [89, 206].  In 

contrast, CD81 and CD225 were normally expressed [89].  Decrease of CD19 expression and 

CD21 levels led to impaired Ca2+ influx following BCR stimulation [66], and the number of 

both un-switched and switched memory B cells were decreased [89].  GC formation and 

somatic hypermutation appeared to be normal in CD19-deficient individuals, although the in 

vivo response to vaccination was severely impaired [22, 66, 89].  This suggests that CD19 

might be dispensable for B cell development, but is required for the differentiation of B cells 

into memory and plasma cells as well as normal antibody responses to antigens and Ig 

production [208].  

2.4.5. Candidate genes for CVID 

In this work, candidate genes have been selected based on their potential involvement in 

terminal B cell differentiation, GC formation and class switch recombination, or where the 

gene knockout mouse models have similar phenotypes to CVID.  Since TACI and BAFF-R 

have been implicated in CVID, it is reasonable to examine the other signalling molecules 

within the TNF/TNF receptor family.  

2.4.6. BAFF 

BAFF is encoded by the TNFSF13B gene.  The BAFF gene is located on chromosome 13q34 

and comprises six exons that encode the 285 amino acid membrane bound protein BAFF [20, 

209].  BAFF is a homotrimeric type 2 transmembrane protein, expressed by macrophages, 

monocytes, dendritic cells, neutrophils, and subpopulations of B and T cells [63, 210, 211].  

BAFF also exists in a soluble form following cleavage from the cell surface by Furin-type 

proteases [212].  Expression of BAFF is enhanced by cytokines such as IFN-α, IFN-γ, and 

IL-10, and growth factors [25, 213-215].  High levels of BAFF were detected in the blood of 
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patients with autoimmune rheumatic diseases, like systemic lupus erythematosus and 

Sjogren’s syndrome [216-218].  

BAFF appears to be critical for the development and survival of peripheral B cells [209, 219], 

and induces isotype switching in naïve B cells [210].  Switching to IgG and IgA occurs in the 

absence of exogenous cytokines, and switching to IgE is dependent on IL-4 [63].  BAFF is 

also a co-stimulator of T cell function [220] and its expression is up-regulated during T cell 

activation [25, 78]. 

2.4.6.1. Mouse model 

Deletion of the BAFF gene resulted in significant reduction of peripheral B cells developed 

beyond the transitional Type 1 (T1) B cell stage [157, 220].  Low serum Ig levels, and 

severely impaired humoral immune response to T-dependent and T-independent antigens, 

were also observed [219, 221, 222].  BAFF-deficient mice had an almost complete loss of 

mature follicular and marginal zone B cells, although there was normal development of early 

B cells in the bone marrow [21, 209, 211].  Normal numbers of newly formed immature B 

cells appeared to leave the bone marrow and developed into the T1 stage.  However in the 

absence of BAFF these B cells did not progress past this transitional T1 stage into the 

transitional T2, follicular and marginal zone B cells, resulting in impaired humoral immune 

responses [211, 222].  B cells could still progress to the mature stage, and antibodies of 

various isotypes were produced in the absence of BAFF, but few B cells reached the mature 

stage under these conditions [220].  Transgenic mice over-expressing BAFF showed 

increased GC formation and had elevated numbers of mature B cells and effector T cells 

[170]. 

2.4.7. BCMA 

The TNFRSF17 gene has three exons, is localised on human chromosome 16p13.1 and 

encodes BCMA [20].  BCMA is classified as a Type III membrane protein because it lacks a 

signal peptide.  The first exon of BCMA encodes the CRD, exon two the transmembrane 

domain and flanking regions, and the third exon the intracellular domain [155].  The 

expression of BCMA is low in resting B cells but is up-regulated in plasma cells and GC B 

cells [63, 159]; some multiple myeloma cell lines also express BCMA [159].  It appears that 

BCMA is involved in antigen-presenting and is essential for the survival of long-lived bone 

marrow plasma cells [20], but plays no detectable role in isotype switching [63].   
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2.4.7.1. Mouse model 

BCMA expressed on plasma cells appears to be critical for their survival, as demonstrated by 

the reduced number of long-lived bone marrow plasma cells in BCMA deficient mice 

compared with wt mice [223].  This mirrors pathology observed in individuals with CVID 

[224]. 

2.4.8. Bob-1 

The octamer motif ATGCAAAT is conserved in all Ig gene promoters as well as in several of 

the Ig enhancers [225-227], and is essential for B cell-specific promoter function.  In B cells, 

two octamer transcription factors bind to the octamer element; Oct-1 is a ubiquitously 

expressed protein [228] and Oct-2 is a largely lymphoid cell-restricted transcription factor 

[229-231].  For B cell-specific activity these transcription factors need to interact with Bob-1, 

an additional lymphocyte-restricted coactivator [232, 233].  Bob-1 is a transcriptional 

coactivator specifically expressed in lymphocytes [232-234].  Expression of Bob-1 is largely 

restricted to B lymphocytes [235], with expression levels peaking in GC B cells and GC-

derived B cell lymphomas [236, 237].   Oct-1, Oct-2 and Bob-1 also bind to a non-perfect 

octamer site present in human and murine BTK promoter which leads to their activation 

[238].  

2.4.8.1. Mouse model 

Bob-1 deficient (Bob-1
-/-

)
 
mice have largely normal early B cell development but show a 

strong reduction in serum IgG levels.  Almost complete absence of humoral immune 

responses correlated with a lack of GC formation upon immunisation with thymic-dependent 

antigens was also observed [235, 239-242].  Bob-1 is critical for immature B cells at the 

transition from the bone marrow to the peripheral compartments: in the absence of Bob-1, the 

number of splenic immature B cells is greatly reduced, while the number of their precursors 

in the bone marrow is normal [239].  The development of the marginal zone B cell 

compartment in Bob-1
-/-

 mice is also severely affected which was not observed in 

heterozygous mice [243]. 

The cytokine secretion of TH1 and TH2 was affected in Bob-1
-/-

 mice [240] and a lack of the 

transcriptional activator Bob-1 in mice leads to an impaired TH1/TH2 balance [240].  
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2.4.9. IRF-4 

Interferon regulatory factor-4 (IRF-4) is a member of the IRF family of transcription factors 

whose expression is primarily restricted to lymphocytes [39, 244].  Interferons are involved 

in antiviral defence, cell growth and immune activation.  IRFs partly mediate transcription of 

multiple IFN genes after viral infection [245].  IRF-4 appears to be critical for the function of 

mature T and B cells [246].  In B cells, IRF-4 is involved in the regulation of genes that 

display B cell-specific expression/regulation, and genes that are normally induced in response 

to B cell activation stimuli [39, 246].  The generation of plasma cells from GC, memory B 

cells and CSR appears to be dependent on IRF-4 [244].  The expression of IRF-4 in T cells 

can activate the expression of TH2-type cytokines (IL-4, IL-10, and IL-13) [39]. 

2.4.9.1. Mouse model 

B and T cell activation were profoundly affected in IRF-4 deficient (IRF-4
-/-

) mice and a 

reduction of at least 99% in serum Ig concentrations was also observed.  Cytotoxic and 

antitumor responses were also absent in IRF-4
-/-

 mice [245, 247].  B cells of IRF-4
-/-

 mice 

appeared to be impaired in their ability to undergo plasma cell differentiation [248] and while 

T cells could undergo early activation events, they were unable to complete their activation 

program and showed a block in their ability to produce cytokines such as IL-2, IL-4 and IFN-

γ [39].  IRF-4
-/-

 mice produced higher levels of cytokines, including TNF-α and IL-6 in 

response to TLR ligands.  These mice were also more sensitive to the lethal effect of LPS 

when compared with wt mice [249].  

Genome-wide analysis demonstrated that IRF-4 regulated the expression of the Activation-

induced cytidine deaminase (AICDA) and Prdm1 genes, which encode AID and Blimp-1, 

respectively.  The expression of Blimp-1 in response to B cell activation is considered to be 

the primary trigger for plasma cell differentiation and the generation of antibody-secreting 

cells.  This could explain the impaired plasma cell differentiation seen in these mice.  The 

defect in CSR manifested by IRF-4
-/-

 mice may be caused by the failure to induce sufficient 

levels of AICDA expression [250].   

2.4.10. APRIL 

APRIL, encoded by TNFSF13 which is located on chromosome 17p13.1, is presumed to be a 

T cell-independent inducer of CSR in human B cells.  APRIL is a type II transmembrane 

protein and is proteolytically cleaved to generate active forms; homotrimers are the 
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predominant active forms, but APRIL can also form biologically active heterotrimers with 

BAFF [74, 251].  APRIL is found on human monocytes, macrophages, dendritic cells and T 

cells [63, 213], and binds TACI and BCMA with high affinity.  APRIL also interacts with 

proteoglycans such as CD138, which is highly expressed on plasma cells and might be 

important for the multimerisation of APRIL [252, 253].  Proteoglycans are structurally 

unrelated to TNF receptors [220].  

APRIL plays only a minor role in B cell homeostasis.  In immune responses, APRIL acts as a 

co-stimulator for B and T cell proliferation and supports class switch towards IgG and IgA in 

the absence of exogenous cytokines, but is dependent on IL-4 for isotype switching to IgE 

[20, 63, 211, 254].  Induction of CSR by APRIL is independent of BAFF-BAFF-R 

interaction [63].  Elevated serum levels of BAFF and APRIL have been found in patients 

with a number of autoimmune syndromes which suggests that these TNF family member 

cytokines drive autoimmunity and play a role in these disordered states [74, 255].  

2.4.10.1. Mouse model 

Some studies show that APRIL-deficient mice appear to be phenotypically normal and fertile, 

with normal T cell-dependent and -independent in vivo humoral responses to antigenic 

challenge [256].  However one study showed that T and B cell development appeared to be 

normal in vitro, but with increased levels of effector memory T cells and increased IgG 

responses to T-dependent antigens [257].  Serum IgA levels were decreased and serum IgA 

antibody response to oral immunisation was impaired [257].  APRIL transgenic (Tg) mice, 

conversely, showed augmented T cell-independent B cell responses, increased T cell survival 

and B1 cell expansion [258, 259].  Analysis of APRIL Tg mice showed that APRIL acts as an 

in vitro survival factor for T cells and affects both the humoral and the T cell response in vivo 

[259].  

2.4.11. Interleukin-15 / Interleukin-15 receptor-α 

IL-15 is a member of the four-α-helix bundle family of cytokines that includes IL-2, IL-3, IL-

5 and IL-6 [260, 261].  IL-15 binds a receptor complex that consists of the interleukin-15 

receptor α (IL-15R α), IL-2Rβ and the γc chain [261, 262].  

IL-15 is a cytokine that plays important roles in the innate and adaptive immune systems, 

including the development, activation, homing and survival of immune effectors, particularly 

NK, NK-T, and CD8+ T cells [261, 263, 264].  IL-15 and IL-2 are capable of activating 
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similar signalling pathways, such as Jak1/Jak3 and STAT3/STAT5, Ras/mitogen-activated 

protein kinase, and phosphatidylinositol 3-kinase pathways [265].  IL-15 is mainly produced 

by macrophages and monocytes [261, 266].  IL-15 mRNA is present in immune cells such as 

macrophages and monocytes, and in many tissue types.  Soluble IL-15 is seldom detected in 

vivo under normal physiological conditions due to complex formation with IL-15Rα on the 

cell surface [267].  IL-15 secretion by activated macrophages plays a role in the crosstalk 

between macrophages and NK cells during inflammation [261, 268].  IL-15 plays also an 

important role in inflammation, acting in conjunction with other cytokines such as IL-12 and 

IL-18 [264, 268, 269].  IL-12 and IL-18 stimulate the production of IL-15, and the cytokines 

together regulate the secretion of IFN-γ; IFN-γ then exerts autocrine inhibition on the 

migration of immature B cells to the lymph node and to sites of infection and inflammation 

[270].  IL-15, produced by follicular dendritic cells (FDC), support GC B cell proliferation 

[271, 272].  

Involvement of IL-15 has been reported in several disorders including autoimmune, 

inflammatory, infectious diseases, transplant rejection, cancer and immunodeficiencies [263, 

268].  

2.4.11.1. Mouse model 

IL-15 and IL-15Rα deficient mice have normal levels of CD4+ T cells and B cells, and do not 

develop autoimmunity, but exhibit lymphopenia and have decreased numbers or a lack of 

NK, NK-T and CD8+ T cells [261, 263, 264, 266, 273].  IL-15 Tg mice have more NK cells 

than wildtype (wt) mice, and while IL-15 transgenic mice have fewer B cells their B cells are 

capable of producing the same amount of antibodies [274].  IL-15 administration to normal 

mice, or overexpression of IL-15, increases the number and percentage of NK cells, the 

proliferation and survival of NK cells, and their cytolytic activity and cytokine secretion 

[261].  

2.5. Aims and goals of this study 

2.5.1. Background 

From IVIG usage data, there are approximately 120 CVID patients in New Zealand (data 

supplied by the New Zealand Blood Service).  The prevalence of CVID in Caucasians and 

Asians is known but the prevalence within the Polynesian population is not well understood.  
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For this study both CVID and asymptomatic hypogammaglobulinaemia patients were 

recruited by New Zealand clinicians.  The asymptomatic patients consisted of two groups, 

patients with IgG levels between four and six g/L and patients with isolated IgA deficiency.  

All asymptomatic patients were adult patient with normal vaccine responses.  It is unknown 

whether hypogammaglobulinaemia patients will develop symptomatic immune deficiency 

over time or if they will remain as hypogammaglobulinaemia patients.  Studying these 

patients at molecular and cellular level may give a better understanding of CVID and 

hypogammaglobulinaemia, and the prognosis for these groups.  A total of 125 patients were 

recruited for the study; 48 CVID patients, 58 hypogammaglobulinaemia patients, three 

patients with low B cell numbers and the diagnosis was unknown for 16 patients at the time 

of writing.   

2.5.2. Aim 1: 

The first aim was to understand the clinical manifestations of CVID and asymptomatic 

hypogammaglobulinaemia.  The clinical details and disease history of the patients have been 

collected and results are discussed in chapter four.  

2.5.3. Aim 2: 

The small number of disease-causing mutations that have been found in CVID patients 

suggest that other monogenic defects might be present [153].  For this study ten candidate 

genes were selected based on their potential involvement in terminal B cell differentiation, 

GC formation and class switch recombination, or where the gene knockout mouse models 

have similar phenotypes to CVID.  These candidate genes were analysed for a group of 125 

CVID and hypogammaglobulinaemia patients.  These results are discussed in chapter five.   

2.5.4. Aim 3: 

One of the most common mutations found in CVID patients which may be linked to 

susceptibility to CVID is C104R within TACI [176].  This mutation was found in four 

patients in the study group, and family studies have been carried out for one of these cases.  

Segregation analysis was used to give an indication of the influence of the mutation on the 

disease by comparing the presence of the mutation within the family against those family 

members with an immune deficiency and those without.  The immunological phenotype and 

functionality of the family members’ immune systems were also assessed.  These results are 

presented in chapter six.  



 

30 
 

2.5.5. Aim 4: 

Flow cytometry is a method commonly used to gauge the B and T cell phenotype as well as 

the clinical course of these patients.  The reliability of the four available classification 

systems for CVID patients using flow cytometry has been assessed, although the conistency 

over time has not been analysed so far.  In this study, B and T cell subsets were compared in 

a group of CVID patients with sex- and age-matched controls and correlated with the clinical 

course.  The consistency of the four classification systems was also analysed over time and 

the use of the T cell surface markers CCR7 and CD62L was assessed.  A group of CVID 

patients was selected and both B cell and T cell assays were carried out.  The results are 

presented in chapter seven.   

2.5.6. Aim 5:  

T cell defects were observed in CVID patients [275] but the influence of exhaustion on T 

cells is not well understood.  In this study Tim-3 expression on T cells was analysed to assess 

whether there is a change in expression of this exhaustion marker and what the exhaustion 

might do to T cells of CVID patients.  Chapter eight describes the experimental work and 

discusses the results on TIM-3 in CVID patients.  
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Chapter 3. Materials and methods 

3.1. Buffers and media 

3.1.1. Preparation of buffers and solutions 

Buffers, solution and other reagents were obtained from: BD biosciences (San Diego, 

California, USA), BDH Chemicals Ltd (Poole, Dorset, United Kingdom), Gibco (Carlsbad, 

California, USA), Invitrogen (Carlsbad, California, USA), Scharlau Chemie S.A (Barcelona, 

Spain) and Sigma-Aldrich (St Louis, Missouri, USA).  All buffers, solutions and media were 

prepared with ultra-pure water de-ionised by a MilliQ water system (Millipore, Billerica, 

Massachusetts, USA) unless otherwise stated, and solutions were sterilised by autoclaving or 

filtering.  

Table 3-1: Loading buffers used for gel electrophoresis of PCR products 

Cresol Red loading solution 6 x loading buffer 

60 (w/v) % sucrose 0.25 (w/v) % bromophenol blue (Sigma-Aldrich) 

1 mM Cresol Red (Sigma-Aldrich) 0.25 (w/v) % xylene cyanol FF (Sigma-Aldrich) 

 30 (v/v) % glycerol (Scharlau Chemie S.A.) 

 

Cresol Red loading solution and 6 x loading buffer were stored at room temperature.  

Table 3-2: Buffers used for flow cytometric analysis of peripheral blood lymphocytes 

Phosphate Buffered Saline (PBS) 10 x pH 7.4 Cell staining solution 

1.37 M NaCl (BDH Chemicals Ltd) 1 x PBS 

26.82 mM KCl (BDH Chemicals Ltd) 2 (v/v) % Fetal bovine serum (Invitrogen) 

0.10 M Na2HPO4 (BDH Chemicals Ltd) 0.09 (w/v) % NaN3  (Sigma-Aldrich) 

17.64 mM KH2PO4 (BDH Chemicals Ltd)  

 

Phosphate buffered saline (PBS) was sterilised by autoclaving and cell staining solution by 

filtration.  FACS Lysis Solution (BD biosciences) was diluted 1:10 in DNase / RNase free 

water (Invitrogen).  PBS was stored at room temperature, FACS lysing solution and cell 

staining solution were stored at 4ºC.  
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Table 3-3: Medium used for lymphocyte proliferation assay 

IMDM/ABS/PSF medium 

Iscove’s Modified Dulbecco’s Medium (Gibco) 

10 (v/v) % AB serum 

0.5 (v/v) % Penicillin/ Streptomycin/ Fungizone (Invitrogen) 

3.2. Antibodies and isotype controls 

Antibodies and isotype controls were obtained from: BD Pharmingen (San Diego, California, 

USA), BioLegend (San Diego, California, USA) and PeproTech EC Ltd (London, United 

Kingdom).  Normal goat IgG control was resuspended in DNase / RNase free water to 1 

mg/mL.  Antibodies and isotypes were stored at 4ºC. 

Table 3-4: Antibodies used for flow cytometric analysis of peripheral blood lymphocytes  

Antibody Conjugate Supplier Clone 
Catalogue 

number 

Volume per 

100 μL whole 

blood (μL) 

CD4 PE/Cy7 BioLegend OKT4 317414 10.0 

CD8 APC BioLegend SK1 344722 5.0 

CD19 APC-H7 BD Pharmingen SJ25C1 560177 5.0 

CD21 FITC BioLegend LT21 315104 20.0 

CD27 PerCP/Cy5.5 BioLegend O323 302820 2.5 

CD28 Alexa Fluor® 488 BioLegend CD28.2 302916 5.0 

CD38 PE BioLegend HIT2 303506 10.0 

CD45RA PE BioLegend HI100 304108 5.0 

CD62L PerCP/Cy5.5 BioLegend DREG-56 304824 2.5 

CD197 Alexa Fluor® 488 BioLegend TG8/CCR7 335601 5.0 

CD267 PE BioLegend 1A1 311906 20.0 

CD267 Biotinylated PeproTech Polyclonal 500-P166GBt 20.0 

IgD FITC BioLegend IA6-2 348206 20.0 
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Antibody Conjugate Supplier Clone 
Catalogue 

number 

Volume per 

100 μL whole 

blood (μL) 

IgM APC BioLegend MHM-88 314510 10.0 

Streptavidin PE BioLegend Streptavidin 405203 1.0 

TIM-3 PE BioLegend F38-2E2 345006 20.0 

 

Table 3-5: Isotype controls used for flow cytometric analysis of peripheral blood lymphocytes 

Isotype Conjugate Supplier Clone 
Catalogue 

number 

Volume per 

100 μL whole 

blood (μL) 

Normal goat IgG  PeproTech  500-G00 20.0 

Mouse IgG2b PE BioLegend MPC-11 400313 5.0 

Mouse IgG2a PE BioLegend MOPC-173 400213 20.0 

Mouse IgG1 PE BioLegend MOPC-21 400111 10.0 

Mouse IgG2b PE/Cy7 BioLegend MPC-11 400325 10.0 

Mouse IgG1 FITC BioLegend MOPC-21 400107 20.0 

Mouse IgG2a Alexa Fluor ® 488 BioLegend MOPC-173 400233 5.0 

Mouse IgG1 APC-H7 BD Pharmingen MOPC-21 560167 5.0 

Mouse IgG2a FITC BD Pharmingen G155-178 555573 20.0 

Mouse IgG1 APC BD Pharmingen MOPC-21 555751 10.0 

Mouse IgG1 PerCP-Cy™ 5.5 BD Pharmingen MOPC-21 550795 5.0 

 

3.3. Mitogens and antigens for lymphocyte proliferation assay 

Mitogens and antigens used for lymphocyte proliferation assay are as follows: 

Phytohemagglutinin (Sigma-Aldrich, St Louis, Missouri, USA), Concavalin A (Sigma-

Aldrich), MUROMONAB-CD3, ORTHOCLONE OKT3 (Janssen-Cilag Pty Ltd, North Ride, 

NSW, Australia), Pokeweed mitogens (Sigma-Aldrich), Tetanus toxoid (Danny Lim / Dr 
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Rohan Ameratunga, LabPLUS, Auckland City hospital), Diphtheria toxoid (Danny Lim / Dr 

Rohan Ameratunga), and Candida antigen (Greer Laboratories, Lenoir, North Carolina, 

USA).  Mitogens and antigens were resuspended to the recommended concentrations (Table 

3-6).  

Table 3-6: Mitogens and antigens used for lymphocyte proliferation assay 

Mitogen/Antigen Resuspend to 

Phytohemagglutinin (PHA) 1 mg/mL 

Concavalin A (ConA) 1 mg/mL 

ORTHOCLONE OKT3 (T3)  

Pokeweed mitogen (PWM) 1 mg/mL 

Tetanus toxoid  0.25 mg/mL 

Diphtheria toxoid  0.2 mg/mL 

Candida antigen  0.2 mg/mL 

3.4. Sample preparation 

3.4.1. Patient specimen 

Immunologists around New Zealand recruited the patients.  Informed consent was obtained 

from the patients as well as normal donors (Appendix A).  The CVID study was divided into: 

(i) Candidate gene study consisting of 125 patients (61 males and 64 females, mean 

age of 44 years, ages ranging from 6 - 81 years).  Out of 125 patients, 48 were 

classified as CVID, 58 classified as hypogammaglobulinaemia, 3 patients with 

low B cell numbers and the diagnosis was unknown for 16 patients.   

(ii) Flow cytometric analysis of peripheral blood consisting of 15 CVID patients (10 

males and 5 females) and 2 patients with low B cell levels (2 males).  The mean 

age of this group was 45 years, ages ranging from 19 - 75 years.  As control 

samples, 26 sex- and age-matched normal donors were recruited. 

Peripheral blood from CVID and hypogammaglobulinaemia patients was drawn into ethylene 

diamine tetra-acetic acid (EDTA) tubes (BD biosciences) and genomic DNA was extracted 

for CVID candidate gene sequencing.   
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Both lymphocyte isolation and flow cytometric analysis require blood samples in heparin 

tubes (BD biosciences).  Blood was drawn prior to intravenous Ig substitution and all samples 

were used within 24 hours of the blood being taken.   

3.4.2. Puregene DNA extraction procedure 

Genomic DNA was extracted from whole blood using the PUREGENE DNA Purification 

System (Gentra Systems, Minneapolis, MN, USA).  The procedure described below was 

carried out according to the manufacturer’s instructions.  

Peripheral blood (3 mL) was added to a 15 mL Falcon tube (BD biosciences) containing 9 

mL red blood cell lysis buffer, and inverted to mix.  The tubes were centrifuged for 10 

minutes at 2000×g.  The supernatant was poured off, leaving behind the white blood cell 

pellet.  The tubes were vortexed for 30 seconds to resuspend the white blood cells.  Cell lysis 

solution (3 mL) was added and vortexed to mix.  Samples were left at room temperature 

overnight (these would be stable in the cell lysis solution for at least two years).   

Protein precipitation solution (1 mL) was added to the cell lysate and vortexed to mix.  The 

tubes were centrifuged for 10 minutes at 2000×g.  The supernatant was poured into a new 15 

mL Falcon tube containing 3 mL of 100% isopropanol.  The contents were mixed by 

inversion until white strands of DNA were visible.  The tubes were centrifuged for 3 minutes 

at 2000×g.  The supernatant was poured off carefully without disturbing the DNA pellet.  

One millilitre of 70% ethanol was added.  The DNA pellet was transferred to a labelled 

screw-cap Eppendorf tube using a wide bore transfer pipette.  The tubes were centrifuged for 

3 minutes at 16060×g at room temperature in a microfuge to pellet the DNA.  The 

supernatant was removed using a fine bore pipette and the tubes were centrifuged for an 

additional one minute at 16060×g.  The remaining ethanol was removed using a fine bore 

pipette and the DNA was allowed to air dry for 10 minutes.  DNA hydration solution (250 

µL) was added to re-hydrated the DNA (incubating at 65 ºC for one hour and overnight at 

room temperature).  DNA concentration was determined with the NanoDrop ND-1000 

spectrophotometer (Thermo Scientific, Wilmington, Delaware, USA) and the DNA 

concentration was adjusted to 50 ng/µL.  The samples were then stored at -20 ºC.  
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3.4.3. Isolation of peripheral blood mononuclear cells (PBMCs) 

3.4.3.1. Eppendorf tube format 

To a 2 mL Eppendorf tube 0.6 mL of Ficoll-Paque PLUS (Amersham Biosciences, Little 

Chalfont, United Kingdom) was added.  The blood was diluted by mixing 0.6 mL blood with 

equal volume of PBS (Gibco) in a 2 mL Eppendorf tube.  PBS diluted blood was layered onto 

the Ficoll layer and the tubes were centrifuged at 16060×g in Microfuge for 1 minute.  

Following the centrifuging step the peripheral blood mononuclear cell (PBMC) layers were 

harvested.  The cells were washed twice with PBS by adding 1 mL of PBS and spinning 

down at 16060×g for 1 minute; the supernatant was then discarded.  The pellets were used for 

RNA extraction. 

3.4.3.2. Falcon tube format 

To a 15 mL sterile centrifuge tube 3 mL of Ficoll-Paque PLUS was transferred.  An equal 

volume of PBS solution (Gibco) and patient or control blood sample were added to separate 

50 mL tubes.  The tubes were inverted to mix and the samples were then left at room 

temperature for 5 minutes to ensure that the cells did not lyse.  With a sterile transfer pipet, 6 

mL of diluted blood was gently layered onto the Ficoll layer.  The tubes were centrifuged at 

1000×g for 30 minutes in a centrifuge with the brakes turned off.  The tubes were then 

carefully removed and a transfer pipet was inserted into the Ficoll and plasma interface to 

remove the lymphocyte layer.  The lymphocytes were then dispensed into a fresh 15 mL tube.  

Lymphocytes of the same patient were combined and then washed twice by adding PBS to 

the tubes and centrifuging at 1400×g for 5 minutes in a centrifuge with the brakes turned on.  

After the second wash RPMI was added to each tube to resuspend the lymphocytes.  The total 

number of lymphocytes was counted using a haematocrit.  Trypan blue solution (Sigma-

Aldrich) was used to count the total number of viable cells and the cells were then 

resuspended to a concentration of 1  10
6
/mL in IMDM/ABS/PSF. 

3.4.4. Isolation of lymphocyte RNA using Trizol reagent 

Isolated lymphocytes (3.4.3.1) were lysed in 1 mL Trizol reagent (Invitrogen) by repetitive 

pipetting.  The samples were centrifuged at 16060×g for 10 minutes at 2-8°C.  The clear 

homogenate solutions were transferred to a fresh tube and incubated for 5 minutes at 15 - 

30°C.  Chloroform (0.2 mL) was added to the tubes and the tubes were shaken vigorously by 

hand for 15 seconds.  The samples were incubated for 2 to 3 minutes at 15 - 30°C and 
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centrifuged at 16060×g for 15 minutes at 2 - 8°C.  The aqueous phase was transferred to a 

fresh tube.  The RNA was precipitated by mixing with 0.5 of isopropanol and the samples 

were incubated for 10 minutes at 15 - 30°C.  After incubation, the samples were centrifuged 

at 16060×g for 10 minutes at 2 - 8°C and the supernatant was removed.  The pellet was 

washed by adding 1 mL 75% ethanol and then centrifuged at 10000×g for 5 minutes at 2 - 

8°C.  The supernatant was removed and the pellet was air dried.  The RNA was resuspended 

in 30 μL DNase / RNase free water and the samples were incubated for 10 minutes at 55 - 

60°C.  The RNA concentrations were measured using a Nanodrop (see 3.5.6).  The samples 

were diluted to achieve maximum concentration of 1 µg/µL. 

3.4.5. Generation of lymphocytes cDNA library 

For the generation of the lymphocyte cDNA library, 5 μg of lymphocyte RNA sample (3.4.4) 

was incubated at 65°C for 5 minutes and then placed on ice for at least 1 minute.  The 

reaction mix listed in Table 3-7 was added to the tubes to a total volume of 40 µL.  The 

samples were incubated at room temperature for 5 minutes followed by 60 minutes at 50°C.  

The reaction was deactivated by heating at 70°C for 15 minutes and the samples were then 

stored at -20 ºC.  

Table 3-7: Reaction conditions for qRT-PCR, using SuperScript III Reverse Transcriptase (Invitrogen).  

qRT-PCR using SuperScript III Reverse Transcriptase 

DNase RNase free water (Gibco) 

0.5 mM dNTP mix (Amersham Biosciences) 

1 x First strand buffer (Invitrogen) 

5 mM DTT (Invitrogen) 

2 U/µL RNase OUT (Invitrogen) 

12.5 ng/µL Random primers (Invitrogen) 

10 U/µL SuperScript III Reverse Transcriptase (Invitrogen) 
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3.5. Molecular biology  

3.5.1. Primer design, and preparation of oligonucleotides for PCR and sequencing 

Gene sequences were obtained from the Genatlas gene database (http://www.genatlas.org/).  

Sense and anti-sense primers flanking each of the exons of the genes were designed using 

Oligo primer analysis software (Molecular Biology Insights, Cascade, CO, USA).  Primers 

were custom made by Invitrogen and the purity grade was “desalted”; the primers were 

redissolved in DNase RNAse free water to a concentration of 50 µM upon arrival and stored 

at -20 ºC.  Details of the designed primers are given in Table 3-8.   

To ensure that cDNA is analysed and not genomic DNA, one of the primers must overlap the 

exon/exon boundary of two exons.  For TACI primers see Figure 3-1, Bob-1 primers see 

Figure 3-2 and IL-15Rα primers see Figure 3-3. 
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Table 3-8: Primers designed for genomic DNA analysis 

Gene Exon Primer forward Sequence Primer reverse Sequence 
Amplicon size 

(in bp) 

GAPDH  GAPDH:328U24 TTCACCACCATGGAGAAGGCCGCG GAPDH:1002L24 GTCCACCACCCTGTTGCTGTAGCC 670 

BAFF-R 1 BAFFRx1:147U19 GGCGGGGCAGGGCAGAGT BAFFRx1:351L19 CCCACAGGGTCCTTTCAGCC 223 

 2 BAFFRx2:40U19 CTCACCGCCGCCTCTCTC BAFFRx2:467L19 CAGCGCAAACTCTTTTCCAC 446 

 3 BAFFRx3:75U19 TGCATTGGGCTTCATTTGA BAFFRx3:455L19 AGAAAGAGGGCATGTGCAT 398 

TACI 1 TACIx1.2:94U18 TGGGTGTGGCTGATTTAC TACIx1.2:354L19 AGTGTGTGGATCTGCTGTG 486 

 2 TACIx2:73U21 AGGTTGTCTGTGCGAATGTGG TACIx2:441L20 GTGGAGGGGTAAGAGGTGCC 388 

 3 TACIx3:46U20 TACTTGGCTTACTCTGGAAT TACIx3:528L18 CATTTGCTTGGACTCTGG 500 

 4 TACIx4:97U20 GGGATGGGGGGATGTGGATT TACIx4:423L20 AGGGGCAGTGACAGGACCGA 355 

 5 TACIx5:32U18 TGGCGGACACTGACACCT TACIx5:524L21 CTCTGCCTCCTCTGTCTCTCT 513 

ICOS 1 ICOSx1:129U21 TCCAGCAAATAGAAAACAACC ICOSx1:429L20 CAATGCCATCCACAGTGACA 320 

 2 ICOSx2:32U18 AGGGGTGGAGGGAGAATG ICOSx2:607L22 AAGTGAACTCCAACACAAAAGA 597 

 3 ICOSx3:11U20 ATCCTTGCCATAATACTGAG ICOSx3:431L21 CTGTTCCAAGTGATTAGTTTA 441 

 4 ICOSx4:58U21 GAACCTAAGTCACATTATCAT ICOSx4:349L19 AGATGTTTTCCTTTCCTTT 310 

 5 ICOSx5:7U20 TGGGTGTTGAAGCATAAAGA ICOSx5:391L21 AGAGGGTGTTTGTTTTGAGAG 405 
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Gene Exon Primer forward Sequence Primer reverse Sequence 
Amplicon size 

(in bp) 

BAFF 1 BAFFx1:351U20 GCACGCAGGACATCAACAAA BAFFx1:835L18 GAGGCGAGGGAGAGGCAG 502 

 2 BAFFx2:109U19 ATCCTGCCTACACTGCTGC BAFFx2:338L21 GGTTCATAGAGGGGATACTCA 250 

 3 BAFFx3:58U22 GCAATCAATGTAAAAAGTATAA BAFFx3:317L20 GCATAGTATTCCATAGCGTA 279 

 4 BAFFx4:111U21 TAACAACTAAATGGAGGTGAA BAFFx4:391L19 TGGCGTAGGTCTTATCAGT 299 

 5 BAFFx5:54U22 TTGGTCAAAGAAACTGGTTACT BAFFx5:409L18 GGGCACCATCCTTTCATT 373 

 6 BAFFx6:61U24 AGTCCGTTGGTGTATTTTG BAFFx6:346L20 ATGGGCTCTATTTCTTGTAA 311 

BCMA 1 BCMAx1:56U18 TGATGCTGTGGGCTTGTC BCMAx1:594L21 CCCATTATGTTGATTCTCTGA 558 

 2 BCMAx2:25U19 AGGTGGAGGTTGCAGTGAG BCMAx2:418L20 GAAAGGGCTGTAACGAAGTG 412 

 3 BCMAx3:102U20 CCCGATGTGTACTGCTAAGA BCMAx3:606L21 TCCCAACAGTAACCTAGAGAA 523 

Bob-1 1 BOB1x1:522U19 GGTGGGAGGATGTGATGAC BOB1x1:768L19 ATTCCAGACCAAGCTGTGA 247 

 2 BOB1x2:61U19 GTGGTTCTCCGTGTTCAAG BOB1x2:359L22 CACTATCCCTGACACACACATT 299 

 3n4 BOB1x3n4:44U18 GGGTGGGATGTTTTGTTC BOB1x3n4:654L21 GAGAATCAATAGCAAGGAAGA 611 

 5 BOB1x5:89U18 GAAGGGGGAGATGGAGAC BOB1x5:596L21 GCTGTGCGTAGAAAGTGTAGT 508 

IRF-4 1 IRF4x1:60U18 AAGTCCCTCTCCCCAGTC IRF4x1:270L18 CGGGTCCTCTCTGGTATC 210 

 2 IRF4x2:72U18 TTCGCAGCCTCAAAGACT IRF4x2:602L18 CCTCCTTTCCTCCTCCTG 530 
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Gene Exon Primer forward Sequence Primer reverse Sequence 
Amplicon size 

(in bp) 

IRF-4 3 IRF4x3:65U20 TCATCGTGCCACTGTACTCT IRF4x3:409L19 AAGGTGCCTCAAGGATCTG 344 

 4 IRF4x4:32U20 AAGGGAGTTGCTGAAAAATA IRF4x4:332L18 GGCTGCTGTGGTTCTCTG 300 

 5 IRF4x5b:676U22 TTTAGCAGGTTCACAACTACAT IRF4x5b:889L19 CCAGGACAGACCAGGATTC 213 

 6 IRF4x6:95U19 CAGGTCTTCACACACACACC IRF4x6:376L20 GGAGCAAAGCAAGTGTCTAA 281 

 7 IRF4x7:99U18 AGGTGCTTGGCTCTGTGG IRF4x7:631L19 CGAAGTCAACAGGAGGAAG 532 

 8 IRF4x8:130U18 TTCGGTGATGAGGGTTTC IRF4x8:361L21 ACTTTTCATTTGGGACTTTTC 231 

 9 IRF4x9:100U21 TCCTTAGAATCTGAGTGCTGT IRF4x9:372L18 CCGTATCCCCGTATCAAA 272 

APRIL 1 APRILx1.2:812U19 TGCGTAACAACCTTCTTCC APRILx1.2:1249L18 CACCCCCTTGAAACTTTG 455 

 2 APRILx7:40U19 GCAGCCAGCACCAACACTC APRILx7:361L18 AGCCGCATCCACTTTCCC 339 

 3 APRILx8:79U18 CAGCGTGGGGATTGTAAG APRILx8:377L20 ACATCGGAGTCATCTGGAGG 318 

 4 APRILx9:57U19 AGGGGCAATAACCAGGAAC APRILx9:457L20 AGGGAAGGGAGATGTTGAAG 420 

 5 APRILx10:61U21 GACCCCTCTATTCATACCAAA APRILx10:453L20 GTTCCTCTGCCTCCTGTAAG 412 

 6 APRILx11:44U18 GCGGGTCTGAGGAGTGAA APRILx6.2:512L19 CGCCCCTCATCTACACACA 487 

IL-15 1.1 IL15x1.1:539L18 GTGTTTGTCTTCGCCTATGC IL15x1.1:118U20 GGGAGGATGGCTAGGAGA 438 

 1.2 IL15x1.2:471U18 CCTTCTCATGGGGAAAAC IL15x1.2:821L19 GACGGGAGCAGTTAGGAAG 368 
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Gene Exon Primer forward Sequence Primer reverse Sequence 
Amplicon size 

(in bp) 

IL-15 2 IL15x2:17U20 ATTTCCCCAAGAAGTTCAGT IL15x2:368L20 TTTTGCCACATTTTCCTTAT 370 

 3 IL15x3:21U20 CCTTCCTCCATACCATTATT IL15x3:410L21 ACAATCCAAATGTGAACAGAC 409 

 4 IL15x4:2U19 GAGGTGGGAGAGAAAGTGA IL15x4:404L22 TCTCTGTAGTCTGCCTTCTATC 423 

 5 IL15x5:29U20 TCAGTTACAAGGCTGTTGAA IL15x5:290L20 CATAGCAGTTATACCAGGCA 280 

 6 IL15x6:11U20 GAAGGGTACACAGGATCTCT IL15x6:368L21 AAGTCCCATCTCAATAATCAC 377 

 7 IL15x7:88U21 TATTTGGATTGACTTTTTGAA IL15x7:400L18 CTGATTGCCCCTTAGGAG 329 

 8 IL15x8:149U21 TTGCCAATTTAATCTCTCTCT IL15x8:374L19 TGTTTTGACAGCACATTTG 243 

IL-15Rα 1 IL15Rx1:56U19 CCCCTCTCCTTCTAAGATG IL15Rx1:702L18 TGACAGATCCGTGACTCAG 664 

 2 IL15Rx2:121U20 GAGAACGCCTCTTACAAGTG IL15Rx2:429L20 GATGGGGTCTTCTCTCTGTG 327 

 3 IL15Rx3:105U20 ATTTGTATCCCGTTCTGAAG IL15Rx3:381L19 CGCTATTGCCTAAGTCTGC 294 

 4 IL15Rx4:19U19 CAGAGGAACGGCTATGTCA IL15Rx4:537L19 CACGGAGAAAGAGGTCAGG 536 

 5 IL15Rx5:70U20 AGTCTCCCAGGGTGCTAAGA IL15Rx5:303L18 TGCTGTCAGGGCTGTGCT 250 

 6 IL15Rx6:3U22 TGTGTTTTTGCCTAGACATAGA IL15Rx6:304L19 CCAGGTGCAGCTCTTTTCT 309 

 7 IL15Rx7:86U18 CGCAGTGCTGGACATACA IL15Rx7:406L19 CTGCTGGGACTTCTGAGAG 338 
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Figure 3-1: Part of the translated region of the TACI gene and designed primers for cDNA analysis.  Start 

and stop codons are underlined, each exon is separated by black double asterisk, and designed forward and 

reverse primers are shown in grey.   

 

Figure 3-2: Part of the translated region of the Bob-1 gene and designed primers for cDNA analysis.  Start 

and stop codons are underlined, each exon is separated by black double asterisk, and designed forward and 

reverse primers are shown in grey.   

AGCATCCTGAGTAATGAGTGGCCTGGGCCGGAGCAGGCGAGGTGGCCGGAGCCGTGTG

GACCAGGAGGAGCGCT**TTCCACAGGGCCTGTGGACGGGGGTGGCTATGAGATCCTG

CCCCGAAGAGCAGTACTGGGATCCTCTGCTGGGTACCTGCATGTCCTGCAAAACCATT

TGCAACCATCAGAGCCAGCGCACCTGTGCAGCCTTCTGCA**GGTCACTCAGCTGCCG

CAAGGAGCAAGGCAAGTTCTATGACCATCTCCTGAGGGACTGCATCAGCTGTGCCTCC

ATCTGTGGACAGCACCCTAAGCAATGTGCATACTTCTGTGAGAACAAGCTCAGGAGCC

CAGTGAACCTTCCACCAGAGCTCAGGAGACAGCGGAGTGGAGAAGTTGAAAACAATTC

AGACAACTCGGGAAGGTACCAAGGATTGGAGCACAGAGGCTCAGAAGCAAGTCCAG**

CTCTCCCGGGGCTGAAGCTGAGTGCAGATCAGGTGGCCCTGGTCTACAGCACGCTGGG

GCTCTGCCTGTGTGCCGTCCTCTGCTGCTTCCTGGTGGCGGTGGCCTGCTTCCTCAAG

AAGAGGGGGGATCCCTGCTCCTGCCAGCCCCGCTCAAGGCCCCGTCAAAGTCCGGCCA

AGTCTTCCCAGG**ATCACGCGATGGAAGCCGGCAGCCCTGTGAGCACATCCCCCGAG

CCAGTGGAGACCTGCAGCTTCTGCTTCCCTGAGTGCAGGGCGCCCACGCAGGAGAGCG

CAGTCACGCCTGGGACCCCCGACCCCACTTGTGCTGGAAGGTGGGGGTGCCACACCAG

GACCACAGTCCTGCAGCCTTGCCCACACATCCCAGACAGTGGCCTTGGCATTGTGTGT

GTGCCTGCCCAGGAGGGGGGCCCAGGTGCATAAATGGGGGTCAGGGAGGGAAAGGAGG

AGGGAGAGAGATGGAGAGGAGGGGAGAGAGAAAGAGAGGTGGGGAGAGGGGAGAGAGA

TATGAGGAGAGAGAGACAGAGGAGGCAGAGAGGG 

GTGACAGGCGGCCTGGCTGCAGAAACGTTGCACCGGTGCCTGAGGTGGGAGGATGTGA

TGACGCGGCCCACGCAGCGGGAACCCAGGCCTTTAAAAAGCCCAGGAAACAGCCTCAG

CTCAAGCGGTGGCTCCACTGGAGGAAAACACACCCCGGTCTCACATTAAAGAAGCCAA

ACTGTCGGCTTCAAAGAGAAAAGGCAACATCCTGTCACAGGCCATGCTCTGGCAAAAA

C**CCACAGCTCCGGAGCAAGCCCCAGCCCCGGCCCGGCCATACCAGGGCGTCCGTGT

GAAGGAGCCAGTGAAGGAACTGCTGAGGAGGAAGCGAGGCCACGCCAGCAGTGGGGCA

GCACCTGCACCTACGGCG**GTGGTGCTGCCCCATCAGCCCCTGGCGACCTACACCAC

AGTGG**GTCCTTCCTGCCTGGACATGGAAGGTTCTGTGTCTGCAGTGACAGAGGAGG

CTGCCCTGTGTGCCGGCTGGCTCTCCCAGCCCACCCCGGCCACCCTGCAGCCCCTGGC

CCCATGGACACCTTACACCGAGTATGTGCCCCATGAAGCTGTCAGCTGCCCCTACTCA

GCTGACATGTATGTGCAGCCCGTGTGCCCCAGCTACACGGTGGTGGGGCCCTCCTCAG

TGTTGACCTATGCCTCTCCGCCACTCATCACCAATGTCACG**ACAAGAAGCTCCGCC

ACGCCCGCAGTGGGGCCCCCGCTGGAGGGCCCAGAGCACCAGGCACCCCTCACCTATT

TCCCGTGGCCTCAGCCCCTTTCCACACTACCCACCTCCACCCTGCAGTACCAGCCTCC

GGCCCCAGCCCTACCTGGGCCCCAGTTTGTCCAGCTCCCCATCTCTATCCCAGAGCCA

GTCCTTCAGGACATGGAAGACCCCAGAAGAGCCGCCAGCTCGTTGACCATCGACAAGC

TGCTTTTGGAGGAAGAGGATAGCGACGCCTATGCGCTTAACCACACTCTCTCTGTGGA

AGGCTTTTAGGCGTGGCTCCCACCTGAGTCCTGTTCCCTGAAACTGGGATTTTAAAAT

GAGCCTGGAATTGAGCCCCAGGTTCATGCTTGTTTGGAGTAGTCATTTCATGACTACA

CTTT 
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Figure 3-3: Part of the translated region of the IL-15Rα gene and designed primers for cDNA analysis.  

Start and stop codons are underlined, each exon is separated by black double asterisk, and designed forward and 

reverse primers are shown in grey.   

For PCR reactions, 5’3’ oligonucleotide sets were diluted to a concentration of 10 µM by 

mixing forward and reverse primers with DNase RNase free water.  A total volume of 100 µL 

was made up by adding 60 µL of DNase RNase free water to 20 µL of forward primer and 20 

µL of reverse primer.  Solutions were stored at -20 ºC. 

For sequencing reactions, forward and reverse primers were diluted in the same manner but 

to a concentration of 5 µM.  A total volume of 100 µL was made up by adding 90 µL of 

DNase RNase free water to 10 µL of forward or reverse oligonucleotide.  Solutions were 

stored at -20 ºC.  

3.5.2. Preparation of dNTP mix 

A 10 mM stock solution of dNTPs (Amersham Biosciences) was made up by adding 10 µL 

of dATP, dCTP, dGTP and dTTP (all dNTPs are at 100 mM) to 60 µL of DNase RNAse free 

water.  Stock solution was stored at -20 ºC. 

CTCTCTTCGCAGTGGGGACACCGGACCGAGTGCACACTGGAGGTCCCAGAGCACGACGAGCGC

GGAGGACCGGGAGGCTCCCGGGCTTGCGTGG**GCATCACGTGCCCTCCCCCCATGTCCG

TGGAACACGCAGACATCTGGGTCAAGAGCTACAGCTTGTACTCCAGGGAGCGGTACAT

TTGTAACTCTGGTTTCAAGCGTAAAGCCGGCACGTCCAGCCTGACGGAGTGCGTGTTG

AACAAGGCCACGAATGTCGCCCACTGGACAACCCCCAGTCTCAAATGCATTA**GAGA

CCCTGCCCTGGTTCACCAAAGGCCAGCGCCACCCTCCACAGTAACGACGGCAGGGGTG

ACCCCACAGCCAGAGAGCCTCTCCCCTTCTGGAAAAG**AGCCCGCAGCTTCATCTCC

CAGCTCAAACAACACAGCGGCCACAACAGCAGCTATTGTCCCGGGCTCCCAGCTGATG

CCTTCAAAATCACCTTCCACAGGAACCACAGAGATAAGCAGTCATGAGTCCTCCCACG

GCACCCCCTCTCAGACAACAGCCAAGAACTGGGAACTCACAGCATCCGCCTCCCACCA

GCCGCCAG**GTGTGTATCCACAGGGCCACAGCGACACCACTG**TGGCTATCTCCAC

GTCCACTGTCCTGCTGTGTGGGCTGAGCGCTGTGTCTCTCCTGGCATGCTACCTCAAG

TCAAG**GCAAACTCCCCCGCTGGCCAGCGTTGAAATGGAAGCCATGGAGGCTCTGCC

GGTGACTTGGGGGACCAGCAGCAGAGATGAAGACTTGGAAAACTGCTCTCACCACCTA

TGAAACTCGGGGAAACCAGCCCAGCTAAGTCCGGAGTGAAGGAGCCTCTCTGCTTTAG

CTAAAGACGACTGAGAAGAGGTGCAAGGAAGCGGGCTCCAGGAGCAAGCTCACCAGGC

CTCTCAGAAGTCCCAGCAGGATCTCACGGACTGCCGGGTCGGCGCCTCCTGCGCGAGG

GAGC 
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3.5.3. Polymerase Chain Reaction  

All coding regions of exons and the exon-intron boundaries were subjected to polymerase 

chain reaction (PCR).  FastStart Taq polymerase (Roche) was used because of its 

proofreading ability.  DNA polymerases without proof reading ability can induce 

misincorporation which will result in false positive mutations; FastStart taq is less likely to 

incorporate errors.  Conditions for PCR amplification are given in Table 3-9. 

Table 3-9: PCR amplification conditions 

FastStart Taq polymerase (Roche) 

Initial denaturation 94°C 3 min 

40 cycles of   

  Denaturation 94°C  30 sec 

  Annealing 57°C 30 sec 

  Extension 68°C 50 sec 

Final extension 72°C 5 min 

 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a positive control and all 

amplifications were performed using an Applied Biosystems thermal cycler, model 9800 

(Applied Biosystems, Foster City, California, USA).  Reactions were undertaken in 

MicroAmp Fast reaction tubes or Fast 96-well plates (Applied Biosystems).  The reaction 

mixture consisted of the following reagents:  1 x PCR reaction buffer (Roche), 0.2 mM dNTP 

mix (3.5.2), 1.5 - 3.0 mM MgCl2 stock solution (Roche), 0.2 µM forward primer (3.5.1), 0.2 

µM reverse primer (3.5.1), 1 x GC-RICH solution (Roche), 0.04 U/µL FastStart Taq 

polymerase (Roche) and 2 ng/µL DNA sample (3.4.2).  The magnesium chloride 

concentrations were optimised for each primer set and GC-RICH solution was added if 

necessary.  The total volume used was 25 µL. 

3.5.4. Gel electrophoresis of PCR products 

DNA amplifications were analysed by gel electrophoresis.  Agarose gels were prepared by 

dissolving 1.5 (w/v) % Agarose (Invitrogen) or 1.5 (w/v) % Agarose LE (Invitrogen) in 0.5  

TBE buffer (Invitrogen) under heating using a microwave apparatus.  Agarose was used for 

gels up to 64 samples and Agarose LE for gels up to 200 samples.  Ethidium bromide (Bio-
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Rad Laboratories, Hercules, California, USA) was added at a concentration of 0.2 µg/mL.  

The set gel was transferred to an electrophoresis cell filled with 0.5  TBE-buffer. 

PCR products were mixed either with 3 µL of Cresol Red solution or the appropriate amount 

of 6  loading buffer, and a total of 5 µL was loaded into the wells of the gel.  For size 

estimation of DNA fragments, a 1 Kb Plus DNA ladder (Invitrogen) was added in an 

additional lane.  The gels were subjected to electrophoresis at 110 Volts until the samples had 

migrated far enough into the gel to separate the DNA.  DNA bound ethidium bromide was 

detected by UV light with an imaging system (Gel Doc, Bio-Rad)  

3.5.5. PCR product purification protocol 

3.5.5.1. Bioline SureClean - single tube format 

A volume of 10 µL of SureClean (Bioline, Taunton, Massachusetts, USA) was added to an 

equal volume of PCR product in a 1.5 mL Eppendorf tube (Eppendorf, Hamburg, Germany).  

The sample was vortexed to mix and incubated for 10 minutes at room temperature, followed 

by centrifugation for 10 minutes at 16060×g.  Supernatant was removed carefully to avoid 

dislodging the pellet.  One hundred micro litres of 70% ethanol was carefully added into the 

tube and the sample was centrifuged for another 10 minutes at 16060×g.  Supernatant was 

removed and the sample was air dried to ensure complete evaporation of the ethanol.  The 

samples were resuspended in 10 µL of DNase RNase free water and the DNA concentration 

was determined with a Nanodrop ND-1000 Spectrophotometer (Thermo Fischer Scientific).  

Purified PCR products were either used immediately in downstream applications or stored at 

-20 °C. 

3.5.5.2. Bioline SureClean - 96-well plate format 

Using a multi-channel pipetman, 10 µL of SureClean (Bioline) was added to each well of a 

new 96-well plate.  Equal volume of PCR product was added and mixed.  The plates were 

sealed with adhesive PCR film (ABgene, Epsom, United Kingdom) and incubated for 20 

minutes at room temperature.  The plates were centrifuged for 20 minutes at 3363×g, the 

adhesive film was then removed and the plates were tapped sharply upside down on a paper 

towel to remove supernatant.  One hundred micro litres of 70% ethanol was added to each 

well; the plates were then sealed with adhesive PCR film and inverted several times.  The 

plates were centrifuged for 20 minutes at 3363×g and the supernatant removed by tapping 



 

47 
 

sharply upside down on a new paper towel.  The plate was then air dried at room temperature.  

The DNA was rehydrated by adding 10 µL of DNase / RNase free water to each well and 

leaving for 30 minutes at room temperature.  Purified PCR products were either used 

immediately in downstream applications or stored at -20 °C. 

3.5.6. Quantification of DNA 

DNA concentration was determined by UV spectrophotometry using a Nanodrop ND-1000 

Spectrophotometer (Thermo Fischer Scientific).  

3.5.7. DNA sequencing 

Sequencing reactions to incorporate fluorescent dyes were performed using the ABI Prism 

BigDye® Terminator Sequencing Kit version 3.1 (Applied Biosystems).  Sequencing 

reactions were set up in MicroAmp reaction tubes (Applied Biosystems) or Optical 96-well 

plates (Applied Biosystems).  The following reagents were used in a total volume of 20 µL: 

0.25 x Ready Reaction Premix, 1 x BigDye® Sequencing Buffer, 0.25 µM primer and 2.7 ng 

per 100 bp length of PCR template. 

The samples were centrifuged for 30 seconds in a mini-centrifuge before sequencing.  PCR 

products were sequenced using the BigDye® Terminator cycle sequencing for 25 cycles at 

96°C for 10 seconds, 50°C for 5 seconds and 60°C for 4 minutes.  Amplifications were 

performed using an Applied Biosystems thermal cycler model 9700 or 9800. 

3.5.8. Purification of sequencing products 

3.5.8.1. Single tube format 

Tubes were centrifuged to collect any condensation.  Ethanol/sodium acetate solution was 

prepared by adding the following reagents in 1.5 mL Eppendorf tubes: 3 µl NaOAc (3M 

sodium acetate, pH 4.6); 62.5 µL 95% ethanol; and 14.5 µL H2O.  Twenty micro litres of 

sequencing products were transferred to labelled 1.5 mL Eppendorf tubes and the samples 

were vortexed briefly.  The DNA products were allowed to precipitate in the dark and at 

room temperature for 15 minutes.  The tubes were centrifuged for 30 minutes at 16060×g in 

the microfuge and the supernatants were then carefully removed.  The samples were washed 

by carefully adding 150 µL of 70% ethanol into each tube.  The samples were centrifuged for 

another 5 minutes at 16060×g in the microfuge and the supernatant was then removed.  The 
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samples were air dried at room temperature in the dark and then stored at -20ºC until loaded 

onto the Genetic Analyser (ABI Prism 3100 or 3130 sequencer; Applied Biosystems).  

3.5.8.2. 96-well plate format 

The 96-well amplification trays were removed from the thermal cycler and then centrifuged 

at 60×g for 1 minute.  To each well 80 µL of ethanol/sodium acetate solution was added.  The 

plates were then sealed with an adhesive PCR foil seal (ABgene) and inverted several times.  

The plates were left for 15 minutes at room temperature in the dark to precipitate the 

sequencing products.  The plates were centrifuged at 2500×g for 30 minutes and the adhesive 

foil was then carefully removed.  The plates were inverted onto a clean paper towel to drain 

and then placed onto a new paper towel.  The plates, with paper towel, were then centrifuged 

upside down at 50×g for 1 minute.  To wash the plates, 150 µL of 70% ethanol was added to 

each well and the plates were then sealed with an adhesive PCR foil seal.  The plates were 

inverted for mixing, centrifuged at 2500×g for 10 minutes and drained again by inverting 

onto a clean paper towel.  The plates, with new paper towel, were then centrifuged upside 

down at 50×g for another minute.  The samples were air dried in the dark at room 

temperature and then stored at -20ºC until loaded onto the Genetic Analyser.  

3.5.9. Genetic Analyser 

Sequencing was performed on either an ABI Prism 3130 sequencer (Applied Biosystems) 

located in LabPlus, Auckland City hospital, or on an ABI Prism 3100 sequencer (Applied 

Biosystems) located in the School of Biological Sciences (SBS), The University of Auckland.  

In the case of the analyses carried out at LabPlus, samples were denatured in 15 µL of 

formamide at 94 °C for 5 minutes and kept on ice until loading.  In the case of the analyses 

carried out at SBS, this same process was carried out by Kristine Boxen of SBS.  

3.5.10. Sequencing alignment using DNAStar software 

Seqman DNA aligment software (DNASTAR SeqManII version 5.01, DNASTAR Inc, 

Madison, Wisconsin, USA) was used for sequence alignment of the reference sequence and 

sample sequences.  The sample sequences were imported into the Seqman electronic 

directory and aligned against the reference sequences downloaded from Genatlas 

(http://www.genatlas.org/).   
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3.6. Cellular immunology 

3.6.1. Flow cytometric analysis of peripheral blood lymphocytes  

Whole blood was used for peripheral blood analysis [276]; unstained whole blood samples 

and isotype controls were used for setting up the flow cytometer and to determine the 

background levels.  

One hundred micro litres of blood was added to 5 mL 12  75-mm polysterene non-sterile 

FACS tubes (BD biosciences).  The appropriate volumes of antibodies were added singly to 

the tubes and vortexed to mix.  The tubes were incubated for 20 minutes in the dark at room 

temperature.  After incubation, 1 mL FACSLyse was added and vortexed to mix.  The tubes 

were incubated for another 15 minutes in the dark at room temperature.  After incubation, the 

tubes were centrifuged for 2 minutes at 500×g.  The supernatant was discarded and the cells 

were then mixed and resuspended in 2 mL PBS.  The tubes were centrifuged again for 2 

minutes at 500×g and the supernatant was discarded.  Labelled lymphocytes were 

resuspended in 150 µL PBS and the tubes were stored in the dark at 4 °C until analysis.  

3.6.2. Compensation 

CompBeads (BD Biosciences) were used to set compensation for the flow cytometry 

analysis.   

CompBeads were vortexed thoroughly before use.  A total volume of 100 µL of staining 

buffer was added to each 5 mL 12  75-mm polysterene non-sterile FACS tube.  One full 

drop (approximately 60 µL) of CompBeads Negative control and then one full drop of 

CompBeads were added to each tube.  Antibodies were added to the corresponding tubes and 

the samples were incubated for 20 minutes at room temperature in the dark.  After incubation, 

2 mL of staining buffer was added to each tube and the samples were centrifuged in a Dade 

Immufuge II centrifuge for 10 minutes at 500×g.  The supernatant was discarded from each 

tube using a fine-tip Pasteur pipette, and the bead pellet was resuspended in 500 µL staining 

buffer and vortexed to mix.  The tubes were stored in the dark at 4 °C until analysis.   

3.6.3. Flow cytometric analysis 

Flow cytometric analyses were performed on a LSRII Flow Cytometer (BD biosciences) 

located in the Department of Molecular Medicine and Pathology, Faculty of Medical and 



 

50 
 

Health Sciences, The University of Auckland.  FCS Express 3 (de Novo software, Los 

Angeles, California, USA) was used to analyse the results.  The lymphocytes were gated 

based on their size using forward scatter (FSC) versus side scatter (SSC) as can be seen in 

Figure 3-4.   

 

Figure 3-4: Leukocyte subpopulations identified in whole blood.  Gating forward scatter (FSC) and side 

scatter (SSC).  R1 are the lymphocytes, R2 are the monocytes and R3 are the neutophils.  Reproduced from 

Yuan et al., 2009 [277].  

3.6.4. Memory B cell assay 

Whole blood [276] was stained with a mixture comprising of the antibodies (Table 3-10): 

anti-CD27-Peridinin chlorophyll protein-Cyanine Dye 5.5 fluorophore (PerCP Cy5.5), anti-

IgD-Fluorescein isothiocyanate (FITC), anti-IgM-APC, anti-CD38-Phycoerythrin (PE), 

CD21-FITC (all from BioLegend) and anti-CD19- Allophycocyanin H7 (APC-H7; BD 

Pharmingen) 

Table 3-10: Antibody mixture for memory B cell assay  

Tube I 
CD27 

(2.5 µL) 

IgD 

(20.0 µL) 

CD19 

(5.0 µL) 

IgM 

(10.0 µL) 

Tube II 
CD38 

(5.0 µL) 

CD21 

(20.0 µL) 

CD19 

(5.0 µL) 

IgM 

(10.0 µL) 
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Figure 3-5: Flow cytometric analysis of B cell populations.  Whole blood was analysed by flow cytometry.  

Gating on lymphocytes was done according to forward (FSC)/Side scatter (SSC) and B cells were characterised 

by CD19 staining.  

3.6.5. Memory T cell assay 

Whole blood was stained with a mixture comprised of the antibodies (Table 3-11): anti-CD4-

PE Cy7, anti-CD8-APC, anti-CD45RA-PE, anti-CD62L-PerCP Cy5.5, anti-CD197-Alexa 

Fluor 488, anti-CD38-PE, anti-CD27-PerCP Cy5.5 and anti-CD28-AF488 (all from 

BioLegend).  

Table 3-11: Antibody mixture for memory T cell assay  

Tube I 
CD4 

(10.0 µL) 

CD8 

(5.0 µL) 

CD45RA 

(5.0 µL) 

CD62L 

(2.5 µL) 

CCR7 

(5.0 µL) 

Tube II 
CD4 

(10.0 µL) 

CD8 

(5.0 µL) 

CD38 

(5.0 µL) 

CD27 

(2.5 µL) 

CD28 

(5.0 µL) 

 

 

Figure 3-6: Flow cytometric analysis of T cell populations.  Whole blood was analysed by flow cytometry.  

Gating on lymphocytes was done according to forward (FSC)/Side scatter (SSC) and T cells were characterised 

by CD4 and CD8 staining.  
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3.6.6. TIM-3 expression 

Whole blood was stained [278] with a mixture of the following antibodies (Table 3-12): anti-

CD4-PE Cy7, anti-CD8-APC and anti-Tim-3-PE (all from BioLegend).  

Table 3-12: Antibody mixture for Tim-3 assay 

Tube I 
CD4 

(10.0 µL) 

CD8 

(5.0 µL) 

TIM-3 

(10.0 µL) 

3.7. Statistical analysis and graphs 

Probability testing was performed with GraphPad Prism 5 (GraphPad Software Inc, La Jolla, 

California, USA) and PASW Statistics 18 (IBM Corporation, Armonk, New York, USA).  

Comparison of two groups was made by a two-tailed paired t-test.  Microsoft Excel (2007), 

GraphPad Prism 5 and PASW Statistics 18 were used to plot the results.  



 

53 
 

Chapter 4. Clinical presentation 

4.1. Introduction 

New Zealand has a population of 4.4 million which is ethnically diverse.  Approximately 

78% classified themselves as European/Other, 15% Maori, 7% Pacific Islanders, 9% Asian 

and 1% Middle Eastern/Latin American/African with some identifying themselves with more 

than one ethnicity (http://www.stats.govt.nz/).  CVID has a prevalence of 1:25,000 in 

Caucasians and is less common in Asians.  There are approximately 120 CVID patients in 

New Zealand from data supplied by the New Zealand Blood Service.  For this study a total of 

125 patient samples were collected, 48 were diagnosed as CVID, 58 had asymptomatic 

hypogammaglobulinaemia, three patients had low B cell numbers and the diagnosis of 16 

patients was unknown at the time of writing.  Our first aim was to understand the clinical 

manifestations of CVID and hypogammaglobulinaemia and will be presented in this chapter.  

The focus was on the clinical details of the CVID patients as most hypogammaglobulinaemia 

patients are asymptomatic.  

CVID is characterised by low levels of IgG, IgA and/or IgM.  The median total serum levels 

of IgG, IgM and IgA were 2.19 g/L, 0.33 g/L and 0.11 g/L respectively in a study of 34 

CVID patients [95].  Normal values for adults in g/L are: IgG 7 to 14, IgA 0.7 to 4.0 and IgM 

0.4 to 2.3.   

Some studies have suggested a bimodal peak in onset, one in late childhood and the other in 

early adulthood [62].  Differences in the mean age at the time of diagnosis were observed.  In 

a report from 1976 on 50 patients the mean age was 39 years for males and 46 years for 

females [279].  In a 1999 study of 248 patients the mean was 29 years for males and 33 years 

for females [62].  This suggests that time to diagnosis possibly improved over the years.   

Complications seen in CVID patients could be related to infections, such as upper and lower 

respiratory tract infections, or underlying immune dysfunction, such as autoimmune 

complications [64].  The complications observed show significant differences in prevalence 

between countries [61].  Recurrent upper respiratory tract infections in CVID patients 

resulted in chronic sinus and lower respiratory tract infections, causing bronchiectasis in 

some patients [64].  The prevalence of bronchiectasis in CVID patients ranged from 4 to 43% 

in various studies.  Bronchiectasis was found in 10 out of 248 patients (4%) in a study by 

http://www.stats.govt.nz/
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Cunningham-Rundles et al. [62], in 16 out of 65 patients (25%) by Aghamohammadi et al. 

[280] and in 18 out of 42 patients (43%) by Busse et al. [281].   

Granulomatous changes are often diagnosed years prior to the recognition of CVID [282, 

283].  Granulomatous changes have been associated with autoimmunity.  Ardeniz et al. [283] 

reported 20 out of 37 (54%) of the patients with granulomatous changes were diagnosed with 

an autoimmune condition, mainly ITP and AIHA.  Normally 20 to 23% of CVID patients 

develop autoimmune disease [284, 285].  CVID patients with granulomas or autoimmunity 

are also likely to have a significant deficiency of isotype switched memory B cells [96, 101, 

286].  In general, granulomas are known to develop in response to microbial or insoluble 

agents.  Since the lungs are commonly affected by CVID, the search for an environmental 

antigen triggering this reaction is important [283]. 

In the report by Cunningham-Rundles, 56 out of a group of 248 CVID patients (22%) 

developed autoimmune conditions [62].  Increased risk of mortality in CVID patients with an 

autoimmune disease was observed [64].  Splenomegaly was found in approximately 30% of 

CVID patients [64].  Non-Hodgkin’s lymphoma was observed in 19 out of 248 CVID 

patients (8%) [62].  

Early diagnosis has proven to be important as intensive IVIG replacement may prevent 

development and progression of pulmonary complications and diagnostic delay could explain 

the recurrence of respiratory infections and progression of bronchiectasis observed in some 

patients [287].  Other studies showed that bronchiectasis did not relate to diagnostic delay or 

age at symptom onset [61].  Reduced survival was observed in CVID patients with 

bronchiectasis [62, 64, 280, 288] and as IVIG replacement may prevent development of 

bronchiectasis, early diagnosis and treatment may reduce mortality.   

4.2. Methods 

A total of 125 asymptomatic hypogammaglobulinaemia and CVID patients were recruited for 

this study, including 48 CVID patients.  Medical specialists located throughout New Zealand 

collected clinical information based on a questionnaire (Appendix B) developed by Dr. R. 

Ameratunga.  Laboratory results were obtained from LabPlus after receiving consent from 

the patients.  The clinical details of 39 patients were available the time of writing and will be 

analysed in this chapter.  
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Probability testing was performed using GraphPad Prism 5.  Comparisons between patients 

were made by a two-tailed paired t-test.   

4.3. Results  

The CVID cohort consists of 39 patients (18 females and 21 males).  Most of the patients 

were classified as European (32 out of 39, 82%), two were classified as Maori (5%), two as 

European/Maori (5%), one Chinese (2.5%) and one as Cook Islander (2.5%).  The mean age 

of the 39 CVID patients at the time of this study was 46 years with a mean age for males of 

44 years and a mean age for females of 49 years.  The mean immunoglobulin levels, in g/L, 

were: IgG 4.5, IgA <0.07 and IgM 0.71.  Whether Ig levels were taken prior to IVIG 

replacement was not indicated.  A total of 25 CVID patients (64%) were located in Auckland, 

35 CVID patients (90%) were located on the North Island of New Zealand and 4 (10%) were 

located on the South Island of New Zealand (Table 4-1).  

Table 4-1: Patients and immunoglobulin levels.  Shaded cells show reduced immunoglobulin levels compared 

to control ranges.  

# Age Ethnicity Sex IgG (g/L)* IgA (g/L) IgM (g/L) Location 

1 10 E Female 4.4 0.1 0.52 Auckland 

2 20 E Male 2.9 0.27 0.25 Auckland 

3 21 E Female NA NA NA Waikato 

4 27 E Female NA NA NA Wanganui 

5 28 E Male 7.4 1.0 0.51 Auckland 

6 28 M Male 8.6 <0.07 0.07 Auckland 

7 29 E Female NA NA NA Auckland 

8 31 E Male 8.5 <0.07 0.09 Auckland 

9 32 E Male NA NA NA Auckland 

10 33 E Male NA NA NA Wanganui 

11 35 CI Male 10.0 < 0.07 0.16 Auckland 

12 37 E Male 7.0 <0.07 0.07 Auckland 

13 40 E Female 7.2 0.11 0.16 Auckland 

14 40 M Male NA NA NA Auckland 
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# Age Ethnicity Sex IgG (g/L)* IgA (g/L) IgM (g/L) Location 

15 42 E Female NA NA NA Otago 

16 43 E Male 11.2 0.22 0.15 Auckland 

17 44 E Female 10.7 < 0.07 0.06 Waikato 

18 45 E Male NA NA NA Christchurch 

19 46 E Female NA NA NA Auckland 

20 46 C Female 12.6 3.7 1.1 Auckland 

21 48 E Female 10.1 1.8 0.63 Auckland 

22 50 E Male 9 <0.07 0.32 Auckland 

23 50 E Male NA NA NA Christchurch 

24 52 M Male 10 0.11 0.07 Northland 

25 52 E/M Male 8.1 < 0.07 0.19 Auckland 

26 52 E Male 10.1 0.49 0.64 Auckland 

27 52 E Male NA NA NA Wellington 

28 53 E Male NA NA NA Waikato 

29 54 E Male NA 1.2 0.9 Bay of Plenty 

30 56 E Female NA NA NA Auckland 

31 61 E Female 11.2 0.77 0.18 Auckland 

32 63 E/M Female 10.1 <0.07 0.27 Auckland 

33 66 E Male 11 < 0.07 0.25 Auckland 

34 66 E Female 5.1 4.7 0.16 Auckland 

35 67 E Female 8.7 0.51 0.33 Auckland 

36 69 E Female NA NA NA Auckland 

37 69 E Female NA NA NA Bay of Plenty 

38 73 E Male 2.4-6.9 0.1 0.2 Central Otago 

39 81 E Female 12 0.73 0.39 Bay of Plenty 

* Whether Ig levels were taken prior to IVIG replacement was not indicated.  Abbreviations: C, Chinese; CI, 

Cook Islander; E, European; M, Maori; NA, not available.  
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4.3.1. Age at symptom onset and diagnosis 

The age of symptom onset is the age that marks the beginning of a drop in health for the 

patient.  Patients were asked when they were last in good health.  The median age at 

symptom onset was 10 years for males and 14 years for females.  A third of the patients 

presented the first symptoms within the first five years of life, five patients (14%) between 5 

and 9 years of age, six patients (16%) between 10 and 14 years of age, two patients (5%) 

between 15 and 19 years of age, four patients (11%) between 20 and 24 years of age, three 

patients (8%) between 25 and 29 years of age, two patients (5%) between 30 and 34 years of 

age, and four patients (11%) from the age of 35 and above (Figure 4-1 – A).  

The median age at diagnosis was 25 for males and 35 for females.  Two patients (5%) were 

diagnosed within the first five years of life, two patients between 5 and 9 years of age, three 

(8%) between 10 and 14 years of age, five (13%) between 15 and 19 years of age, one (3%) 

between 20 and 24 years of age, four (10%) between 25 and 29 years of age, six (15%) 

between 30 and 34 years of age, four (10%) between 35 and 39 of age, five (13%) between 

40 and 44 years of age, and seven (18%) from the age of 50 and above (Figure 4-1 – B).  
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Figure 4-1: Age at symptom onset (A) and Age at diagnosis (B) for males and females.  The median age of 

symptom onset for males was 10 years and for females 14 years.  The median age at diagnosis for males was 25 

years and for females 35 years.   

4.3.2. Delay in diagnosis 

The delay in diagnosis was correlated to the year of symptoms onset (Figure 4-2).  A linear 

regression was found between the year of symptom onset and the delay in diagnosis.  In 1940 

it took more than 40 years to diagnose CVID, even though CVID was first described in 1953, 

it took another 27 years before diagnosis was made.  In 1990 on the other hand it took on 

average less than 10 years to diagnose CVID.  The correlation was measured with Pearson’s 

correlation coefficient (r value) of -0.875 (p = 0.01). 
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Figure 4-2: Correlation of the delay in diagnosis and year of symptoms onset. 

Since NZ is a geographically isolated country with disperse population, we wondered 

whether proximity to larger city centres had an impact on the time of diagnosis.  No 

correlation was found in delay of diagnosis between patients living in and outside Auckland.  

The average delay for patients located in Auckland and outside Auckland was 15.2 and 16.2 

years respectively (p = 0.85).  The average delay for patients from the three biggest cities in 

New Zealand (Auckland, Wellington and Christchurch) was also not significantly lower 

compared to the other centres (14.9 versus 17.3 years, p = 0.69). 

4.3.3. Infections in CVID patients 

CVID patients showed a varying number of upper respiratory tract infections in the year prior 

to diagnosis.  Infections that resulted in a week or more time away from school or work were 

classified as severe infections.   

Approximately a quarter (26%) of CVID patients had less than five infections per year prior 

to diagnosis, 23% had five to nine infections per year, 44% had 10 to 14, 3% had 15 to 19 

and 5% had 20 to 24.  There were no patients with 25 or more infections per year prior to 

diagnosis (Figure 4-3 – A).   
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No significant difference was observed between the age of symptom onset and the number of 

infections per year prior to diagnosis. Patients with an age of onset of up to 10 years had an 

average number of infections of 12.2 ± 10.9 while patients with an age of onset above 10 

years had an average of 11.4 ± 11.7 infections per year prior to diagnosis (p = 0.84).  

There was no significant difference between the delay in diagnosis and the number of upper 

respiratory tract infections per year prior to diagnosis.  Patients with a delay of less than 10 

years had an average number of infections of 7.3 ± 1.6 while patients with a delay in 

diagnosis of 10 years or more had on average 9.8 ± 1.1 infections per year prior to diagnosis 

(p = 0.18)   

 

Figure 4-3: Number of (A) infections and (B) severe infections in CVID patients.  A – The number of 

infections per year in CVID patients prior to diagnosis.  B – The number of severe infections in CVID patients 

prior to diagnosis.  Severe infections are those infections that resulted in a week or more time off from school or 

work.   

The total number of severe infections prior to diagnosis varied from zero to more than 25 in 

total.  Less than five severe infections prior to diagnosis were observed in 42% of the CVID 

patients, 11% had 5 to 9 severe infections, 8% had 10 to 14, 3% had 15 to 19, 18% had 20 to 

24 and 18% had 25 or more severe infections prior to diagnosis (Figure 4-3 – B).   

There was no significant difference between the age of symptom onset and the number of 

severe infections per year prior to diagnosis.  Patients with an age of onset of up to 10 years 

had an average number of infections of 9.1 ± 4.9 while patients with an age of onset above 10 

years had an average of 8.7 ± 4.9 infections per year prior to diagnosis (p = 0.79). 
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Comparing the number of severe infections per year to the delay in diagnosis showed that 

there was a significant difference between the two groups.  The patients with a delay of less 

than 10 years had on average 3.8 ± 1.1 severe infections per year while patients with a delay 

of 10 years or more had an average of 0.7 ± 0.2 severe infections per year (p = 0.003; Figure 

4-4 - A).  Comparing groups by dividing them based on 5 year intervals, the first group had 

the highest number of severe infections per year and the differences after that were not 

significant.  Up to five was an average of 4.9 ± 1.4 infections per year, five to nine was 1.1 ± 

0.8 infections per year and 10 or more years was 0.7 ± 0.2 infections per year (Figure 4-4 – 

B).  

 

Figure 4-4: Number of severe infections per year based on the delay in diagnosis.  Means are indicated by 

horizontal lines, SEM is shown and percentages were compared by paired t tests.   

4.3.4. Hospitalisations prior to diagnosis 

In terms of hospitalisations, 81% of the patients were hospitalised less than five times before 

diagnosis, 8% were hospitalised five to nine times, 3% 10 to 14 times, 3% 15 to 19 times, and 

6% 25 times or more, before diagnosis was made (Figure 4-5).   
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Figure 4-5: Number of hospitalisations prior to diagnosis in CVID patients.   

No significant difference was observed between the age of symptom onset and the number of 

hospitalisations prior to diagnosis.  Patients with an age of onset of up to 10 years had an 

average number of hospitalisations of 5.4 ± 8.8 while patients with an age of onset above 10 

years had an average of 3.5 ± 7.1 hospitalisations prior to diagnosis (p = 0.48). 

A significant difference between those CVID patients with a delay in diagnosis of less than 

10 years and those with 10 years or more is noted when comparing the number of 

hospitalisations per year to the delay of diagnosis.  The average number of hospitalisations 

per year for patients with less than 10 years delay was 1.2 ± 0.3 while the average number for 

patients with 10 or more years delay was 0.17 ± 0.06 (p = 0.0009; Figure 4-6 - A).  

Comparing groups by dividing them into 5 year intervals, the second group (five to nine years 

delay) had the highest mean number of severe infections per year.  From 10 years and above, 

the differences were not significant.  Up to five was an average of 1.1 ± 0.3 infections per 

year, five to nine was 1.5 ± 0.8 infections per year and 10 or more years was 0.17 ± 0.06 

infections per year (Figure 4-6 - B).  
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Figure 4-6: Number of hospitalisations per year based on the delay in diagnosis.  Means are indicated by 

horizontal lines, SEM is shown and percentages were compared by paired t tests.   

4.3.5. Complications in CVID 

Complications of CVID include bronchiectasis, chronic sinus infection, lymphadenopathy, 

splenomegaly, autoimmune cytopenias and granulomatous disease.  In the patient group 14 

patients (36%) had bronchiectasis.  Chronic sinus infection was observed in 26 patients 

(67%) and thirteen patients (33%) had lymphadenopathy.  Splenomegaly was present in 11 

patients (28%) and two patients (5%) had had a splenectomy.  Autoimmune cytopenias was 

observed in seven patients (18%).  Granulomatous disease was present in four patients (10%) 

and for two patients (5%) this was unknown (Figure 4-7).  
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Figure 4-7: Patients with clinical complications associated with CVID. 

Comparing the complications in CVID patients with the age of symptom onset showed two 

significant differences.  The age of symptom onset was significantly lower in CVID patients 

with bronchiectasis compared to patients without bronchiectasis (9.0 ± 2.6 versus 21.5 ± 3.9, 

p = 0.03) and the age of onset was higher in patients with autoimmune cytopenias compared 

to the patients without (29.4 ± 8.0 versus 13.8 ± 2.7, p = 0.02; Figure 4-8).  No correlation 

was observed between the other complications and age of symptom onset in this study, 16.5 ± 

3.6 versus 18.7 ± 4.0, p = 0.74 for chronic sinus, 14.8 ± 4.0 versus 17.1 ± 3.5, p = 0.67 for 

lymphadenopathy, 12.6 ± 3.8 versus 18.2 ± 3.6, p = 0.33 for splenomegaly and 14.8 ± 5.1 

versus 15.9 ± 2.9, p = 0.89 for granulomatous disease.  
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Figure 4-8: Complications and the age at symptom onset in CVID patients.  A – The age of symptom onset 

in patients with bronchiectasis.  B – The age of symptom onset in patients with autoimmune cytopenias.  Means 

are indicated by horizontal lines, SEM is shown and percentages were compared by paired t tests.   

Comparison of the delay in diagnosis with the various complications seen in CVID patients 

did not show any significant differences within the patient group.  Delay in diagnosis for 

patients with bronchiectasis was similar to the patients without bronchiectasis (15.6 ± 3.7 

versus 15.6 ± 3.7 years, p = 0.996).  The difference for patients with chronic sinus was 14.6 ± 

3.0 versus 18.2 ± 6.1 years (p = 0.56).  Delay in diagnosis for patients with lymphadenopathy 

was reduced but not significantly (9.6 ± 3.4 versus 19.8 ± 3.8, p = 0.08).  Patients with and 

without splenomegaly had similar delay in diagnosis (16.0 ± 6.5 versus 16.4 ± 3.1, p = 0.96).  

Patients with autoimmune cytopenias had reduced delay in diagnosis compared to CVID 

patients without autoimmune cytopenias but this difference was not significant (4.7 ± 3.4 

versus 17.7 ± 2.9, p = 0.06); this was also observed in CVID patients with granulomatous 

disease (2.0 ± 1.7 versus 16.8 ± 2.8, p = 0.06).  

4.4. Discussion  

CVID is a heterozygeneous disease with a number of different complications and prognoses.  

Immunoglobulin levels are used for the diagnosis of CVID, with one of the criteria being 

hypogammaglobulinaemia with IgG, and IgM and/or IgA, two standard deviations below 

mean values for age.  The IgG levels of all CVID patients that were reduced prior to IVIG 

replacement.  For practical reasons the IgG levels in this study could not be measured in all 

patients prior to IVIG replacement.  Some of these patients have been on treatment for many 

years and old records are not available.   
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Age of symptom onset and diagnosis was lower in males 

Males develop CVID symptoms at an earlier age and are also diagnosed at an earlier age than 

females.  The median age of symptom onset was 10 years for males and 14 years for females.  

This difference has been described previously [62, 280].  The median age of diagnosis was 25 

years for males and 35 years for females.  Five percent of the patients were diagnosed before 

the age of five.  Some studies suggest that diagnosis within the first five years is not 

recommended to exclude children who may have other immune defects [64].   

Delay in CVID diagnosis was reduced over the last 80 years 

Delay in diagnosis has reduced over the last 80 years in New Zealand (Figure 4-2).  This may 

be due to greater medical and public awareness of immune defects as well as the 

development of laboratory assays, like flow cytometry.  There was no correlation found 

between the geographic location of the patients at the time of the study and the delay in 

diagnosis.  However it is unknown whether these patients were living in their present location 

at the time of diagnosis.  Reduced delay may be important for disease prognosis; one study 

showed that IVIG replacement therapy significantly reduced the incidence of pneumonia in 

patients with CVID [281].   

Increase in number of severe infection per year or rate of hospitalisations per year leads to 

quicker diagnosis of CVID 

The number of infections per year prior to diagnosis varied per patient and no correlation was 

found between the number of infections and delay in diagnosis.  The number of severe 

infections per year, based on the delay in diagnosis, showed a significant difference between 

patients with less than 10 years delay and 10 or more years delay in diagnosis.  This suggests 

that severe infections seen in some CVID patients resulted in quicker diagnosis even though 

some patients had one severe infection per year for 5-10 years prior to diagnosis  There was 

also a significant difference observed in delay of diagnosis in CVID patients based on the 

number of hospitalisations per year prior to diagnosis.  This suggests that regular 

hospitalisation resulted in earlier diagnosis.   
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Symptom onset reduced in patients with bronchiectasis 

Age of symptom onset was significantly reduced in CVID patients with bronchiectasis.  

Patients who had CVID from a younger age did more often develop bronchiectasis, while the 

age of onset was increased in patients with autoimmune cytopenias.  These results suggest 

that patients that have CVID from a young age are more likely to develop bronchiectasis 

while patients with autoimmune cytopenias get CVID at an older age.   

Patients with lymphadenopathy, autoimmune cytopenias and granulomatous disease showed 

reduced delay in diagnosis compared to patients without these complications, but differences 

were insignificant.   

4.5. Future directions 

Not all clinical details were available for the CVID patients recruited for this study at the time 

of writing.  Additional clinical details would be needed to determine whether the differences 

seen in this group represent the whole group of New Zealand CVID patients.  The 

immunoglobulin levels of all CVID patients should be analysed before IVIG replacement and 

compared with clinical symptoms.  

Samples were also collected from asymptomatic hypogammaglobulinaemia patients and it 

would be of interest to compare the clinical details of the two patient groups.  Following both 

groups may give a better understanding of the development and prognosis of these patients, 

and the results could be used for assisting other hypogammaglobulinaemia and CVID 

patients.   
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Chapter 5. Analysis of candidate genes 

5.1. Introduction 

CVID has a prevalence of approximately 1:25,000 in Caucasians.  Familial inheritance is 

observed in 10 to 20% of the cases [55].  Disease-causing mutations have been described in a 

small percentage (less than 5%) of the CVID cases.  It is likely that more monogenic or multi 

genic defects will be found in patients with CVID.  For this study ten candidate genes were 

selected based on their potential involvement in terminal B cell differentiation, GC formation 

and class switch recombination, or where the gene knockout mouse models have similar 

phenotypes to CVID.  These candidate genes were analysed for a group of CVID and 

hypogammaglobulinaemia patients.   

The human population is estimated to have 67,000–200,000 common non synonymous SNPs 

(nsSNP)
1
 and each person is thought to be heterozygous for 24,000–40,000 nsSNPs [289].  

The SNPs in the coding and regulatory regions are most likely to affect gene function [290-

292], although not all nsSNPs in coding regions affect protein function.  It is therefore 

important to distinguish the nsSNPs that do affect protein function from those that do not.  

Determining the pathogenicity of missense mutations is an important step in identifying and 

interpreting variants associated with disease [289, 293].   

Disease-causing mutations are more likely to occur at positions that are conserved throughout 

evolution.  This implies that prediction could be based on sequence homology between 

species and protein family members as well as the protein structure [294-296].  Amino acid 

substitution (AAS) prediction methods use sequence, structure, and/or annotation to make a 

prediction on how the nsSNP influence protein function [293].   

Sequence-based AAS prediction methods interrogate query sequences with homologous 

sequences.  Alignment of these multiple sequences identifies the position of amino acids that 

are evolutionarily conserved.  These conserved positions are expected to be important for 

protein function.  This method scores the severity of the amino acid change.  An amino acid 

substitution with one of similar physiochemical properties in a conserved region can still be 

predicted to be tolerated [293].   

                                                           
1
 nsSNP are single base changes in a coding region that cause an amino acid change in the corresponding 

protein while a synonymous SNP (sSNP) does not change the identity of the amino acid in the corresponding 
protein.   
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Structure-based AAS prediction methods take an input sequence and find the best match in a 

protein structure database.  The exact structure is not needed for this method as most 

structure-based AAS prediction methods use general structural features and can model the 

substitution onto the structure of a homologous protein.  AAS prediction methods examine 

the position of the AAS and can take into account the structure of the protein [293].  Some 

AAS prediction methods can also incorporate annotations to refine the prediction by marking 

the positions of a protein that are either located in the active site, involved in ligand binding, 

part of a disulfide bridge or involved in other protein-protein interactions [293, 297, 298].   

The two AAS prediction methods used for this study were Sorting Intolerant From Tolerant 

(SIFT) and Polymorphism Phenotyping (PolyPhen).  SIFT is a sequence-based method that 

uses sequence homology to predict whether an AAS might affect protein function and 

potentially alter the phenotype [299, 300].  SIFT obtains multiple sequence alignments by 

internally generating it or by using the submitted FASTA-formatted alignment [300].  SIFT 

has been applied to human variant databases and was able to distinguish mutations involved 

in disease from neutral polymorphisms [300, 301].  On the other hand PolyPhen is a 

prediction method based on structure and sequence [302] and predicts variants based on eight 

sequenced-based and three structure-based predictive features [303].  The alignment used in 

PolyPhen selects homologous sequences as well as orthologs and paralogs sequences [303, 

304].   

5.2. Methods 

In this study genes selected as candidate genes for CVID were analysed by dideoxy chain 

termination sequencing (Sanger sequencing) [305] of the exon regions of the genes.  The 

candidate genes were selected based on their potential involvement in terminal B cell 

differentiation, GC formation and class switch recombination, or where the gene knockout 

mouse models have similar phenotypes to CVID.   

The following candidate genes were selected based on a number of criteria: 

(i) Based on published literature, ICOS was found to harbour disease-causing mutations 

while TACI and BAFF-R were identified as potential genes for susceptibility to 

CVID [60, 147, 306].   
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(ii) BAFF, BCMA and APRIL are in the same signalling pathway as TACI and BAFF-R 

[220, 307].  Mutations in these genes in mouse models might result in a phenotype 

similar to human CVID [22]. 

(iii) The other four candidate genes in this study were Bob-1, IRF-4, IL-15 and IL-15Rα.  

Bob-1 deficient mice show a strong reduction in serum IgG levels as well as an 

almost complete absence of humoral immune responses [235].  IRF-4, a member of 

the interferon regulatory factor (IRF) family of transcription factors, is critical for 

the generation of plasma cells and CSR [308].  IL-15 and IL-15Rα play important 

roles in the innate and adaptive immune systems [309].   

Patient sequences were analysed in DNAstar (DNASTAR Inc, Madison, Wisconsin, USA) 

and compared to reference sequences downloaded from Genaltas (http://www.genatlas.org/).  

The SNP frequencies of the 10 genes in the patient group were compared to those within the 

HapMap database (http://hapmap.ncbi.nlm.nih.gov/) [310].  Valid comparison could be made 

using data from the HapMap database because the patients in this study are mostly Caucasian 

(95%).  The influence of found nsSNPs on protein function was analysed in silico using the 

web-based AAS prediction programs SIFT [301] and Polyphen [304].  cDNA was generated 

from the mRNA of some genes.  The cDNA was analysed by sequencing for the presence of 

SNPs.  

5.3. Results 

A total of 95 CVID and asymptomatic hypogammaglobulinaemia patients were screened for 

SNPs in the nine candidate genes (BAFF-R, ICOS, BAFF, BCMA, Bob-1, IRF-4, APRIL IL-

15 and IL-15Rα).  The TACI gene was sequenced in 125 patients.  

A total of 32 sequence variations were found in this group of patients: 14 sSNPs, 17 nsSNPs 

and one deletion (see Table 5-1).  The frequencies of the nsSNPs were compared to the 

frequency of the nsSNP in the healthy population available in the HapMap database.  AAS 

prediction methods SIFT and PolyPhen were used to determine the effect of these nsSNPs on 

protein function.  

http://hapmap.ncbi.nlm.nih.gov/
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Table 5-1: SNPs found in CVID and hypogammaglobulinaemia patients. 

  

Gene 

DNA 

sequence 

change 

Amino 

acid 

change 

Patients
a
 CVID genotypes 

Healthy donors  

genotypes
b
 

Mutation  

type  
SIFT PolyPhen Ref. 

BAFF-R c.60C>T V20V 1/95 

C/C C/T T/T C/C C/T T/T 

Synonymous n.a. n.a.  

0.99 0.01 0.00 u.k. u.k. u.k. 

 c.62C>G P21R 10/95 

C/C C/G G/G Allele C Allele G 

 Missense Tolerated Benign [76] 

0.89 0.11 0.00 0.93
2 

0.07
2 

 
c.191G>T ; 

192C>T 
G64V 2/95 

G/G G/T T/T G/G G/T T/T 

Missense Tolerated 
Possibly 

damaging 
[76] 

0.98 0.02 0.00 u.k. u.k. u.k. 

 c.475C>T H159Y 1/95 

C/C C/T T/T Allele C Allele T 

 Missense 
Not 

tolerated 

Probably 

damaging 
[76] 

0.99 0.01 0.00 0.99
2 

0.01
2 
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Gene 

DNA 

sequence 

change 

Amino 

acid 

change 

Patients
a
 CVID genotypes 

Healthy donors  

genotypes
b
 

Mutation  

type  
SIFT PolyPhen Ref. 

TACI c.59G>A R20H 1/125 

G/G G/A A/A G/G G/A A/A 

Missense 
Not 

tolerated 
Benign  

0.99 0.01 0.00 u.k. u.k. u.k. 

 c.81G>A T27T 109/125 

G/G G/A A/A G/G G/A A/A 

Synonymous n.a. n.a.  

0.13 0.24 0.63 0.07
1 

0.30
1 

0.63
1 

 c.215G>A R72H 2/125 

G/G G/A A/A G/G G/A A/A 

Missense Tolerated 
Possibly 

damaging 
[166] 

0.98 0.02 0.00 u.k. u.k. u.k. 

 c.291T>G P97P 19/125 

T/T T/G G/G Allele T Allele G 

 Synonymous n.a. n.a. [312] 

0.85 0.14 0.01 0.99
2 

0.01
2 

 c.310T>C C104R 4/125 

T/T T/C C/C T/T T/C C/C 

Missense 
Not 

tolerated 

Probably 

damaging 
[166] 

0.97 0.03 0.00 u.k. u.k. u.k. 
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Gene 

DNA 

sequence 

change 

Amino 

acid 

change 

Patients
a
 CVID genotypes 

Healthy donors  

genotypes
b
 

Mutation  

type  
SIFT PolyPhen Ref. 

TACI c.542C>A A181E 3/125 

C/C C/A A/A C/C C/A A/A 

Missense Tolerated Benign [166] 

0.98 0.02 0.00 u.k. u.k. u.k. 

 
c.559_561 

delAAG 
ΔK186 1/125 

K K/Δ Δ/Δ K K/Δ Δ/Δ 

Deletion    

0.99 0.01 0.00 u.k. u.k. u.k. 

 c.605G>A R202H 1/125 

G/G G/A A/A G/G G/A A/A 

Missense Tolerated 
Possibly 

damaging 
[166] 

0.99 0.01 0.00 u.k. u.k. u.k. 

 c.659T>C V220A 1/125 

T/T T/C C/C T/T T/C C/C 

Missense Tolerated Benign [166] 

0.99 0.01 0.00 u.k. u.k. u.k. 

 c.752C>T P251L 22/125 

C/C C/T T/T Allele C Allele T 

 Missense Tolerated 
Probably 

damaging 
[166] 

0.82 0.14 0.04 0.90
2 

0.10
2 
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Gene 

DNA 

sequence 

change 

Amino 

acid 

change 

Patients
a
 CVID genotypes 

Healthy donors  

genotypes
b
 

Mutation  

type  
SIFT PolyPhen Ref. 

TACI c.831T>C S277S 48/125 

T/T T/C C/C T/T T/C C/C 

Synonymous n.a. n.a. [170] 

0.61 0.24 0.15 0.39
1 

0.42
1 

0.19
1 

BCMA c.242A>G S81N 3/95 

G/G A/G A/A G/G A/G A/A 

Missense Tolerated Benign [231] 

0.97 0.02 0.01 0.95
1 

0.05
1 

0.00
1 

 c.393C>T C131C 1/95 

C/C C/T T/T C/C C/T T/T 

Synonymous n.a. n.a.  

0.99 0.01 0.00 u.k. u.k. u.k. 

 c.477G>A T159T 3/95 

G/G G/A A/A G/G G/A A/A 

Synonymous n.a. n.a. [231] 

0.97 0.03 0.00 0.86
1 

0.13
1 

0.01
1 

 c.525G>A T175T 3/95 

G/G G/A A/A G/G G/A A/A 

Synonymous n.a. n.a. [231] 

0.97 0.02 0.00 0.89
1 

0.11
1 

0.00
1 
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Gene 

DNA 

sequence 

change 

Amino 

acid 

change 

Patients
a
 CVID genotypes 

Healthy donors  

genotypes
b
 

Mutation  

type  
SIFT PolyPhen Ref. 

Bob-1 c.124G>T G42V 1/95 

G/G G/T T/T G/G G/T T/T 

Missense Tolerated Benign  

0.99 0.01 0.00 u.k. u.k. u.k. 

IRF-4 c.207G>C A69A 1/95 

G/G G/C C/C Allele G Allele C 

 Synonymous n.a. n.a.  

0.99 0.01 0.00 0.90
4 

0.10
4 

 c.831C>T S277S 4/95 

C/C C/T T/T Allele C Allele T 

 Synonymous n.a. n.a.  

0.96 0.04 0.00 0.99
3 

0.01
3 

 c.963C>T P321P 1/95 

C/C C/T T/T Allele C Allele T 

 Synonymous n.a. n.a.  

0.99 0.01 0.00 0.98
3 

0.02
3 

 c.1014G>A G338G 1/95 

G/G G/A A/A Allele G Allele A 

 Synonymous n.a. n.a.  

0.99 0.01 0.00 0.99
4 

0.01
4 
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Gene 

DNA 

sequence 

change 

Amino 

acid 

change 

Patients
a
 CVID genotypes 

Healthy donors  

genotypes
b
 

Mutation  

type  
SIFT PolyPhen Ref. 

APRIL c.199G>A G67R 19/95 

G/G G/A A/A G/G G/A A/A 

Missense Tolerated Benign [310, 311] 

0.80 0.18 0.02 0.76
1 

0.20
1 

0.04
1 

 c.287A>G N96S 77/95 

A/A A/G G/G A/A A/G G/G 

Missense Tolerated Benign [310, 311] 

0.19 0.16 0.65 0.10
1 

0.25
1 

0.65
1 

IL-15 c.230G>A S77N 1/95 

G/G G/A A/A G/G G/A A/A 

Missense Tolerated Benign  

0.99 0.01 0.00 u.k. u.k. u.k. 

IL-15Rα c.111G>A T37T 18/95 

G/G G/A A/A G/G G/A A/A 

Synonymous n.a. n.a.  

0.81 0.18 0.01 0.71
1 

0.27
1 

0.02
1 

 c.129G>A K43K 1/95 

G/G G/A A/A G/G G/A A/A 

Synonymous n.a. n.a.  

0.99 0.01 0.00 0.97
1 

0.03
1 

0.00
1 
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a
 Frequency of the mutation in patients 

b
 The genotype ratios in healthy donors were obtained from the Hapmap database (http://hapmap.ncbi.nlm.nih.gov/).   

In silico AAS analysis was performed by SIFT (http://sift.jcvi.org/) and PolyPhen (http://genetics.bwh.harvard.edu/pph/).   

1
 Hapmap-CEU, 

2
 Pilot.1.CEU, 

3
 Pilot.3.CEU, 

4
 Pilot.3.CHB  

Abbreviations: u.k., unknown; n.a., not applicable; ref., references.   

Rs cluster id numbers are as follows.  APRIL: G67R, rs11552708; N96S, rs3803800.  BAFF-R: P21R, rs77874543; H159Y, rs61756766.  BCMA: S81N, rs373496; T159T, 

rs2017662; T175T, rs2071336.  IL-15Rα: T37T, rs2296139; K43K, rs3181147; T75M, rs41294171; N146T, rs2228059.  IRF-4: A69A, rs74746812; S277S, rs61732392; 

P321P, rs41301857; G338G, rs115101373.  TACI: T27T, rs8072293; R72H, rs55916807; P97P, rs35062843; C104R, rs72553880; V220A, rs56063729; P251L, rs34562254; 

S277S, rs11078355.   

Nucleotide numbering is based on the following mRNA reference sequences: APRIL, NM_003808; BAFF-R, NM_052945; BCMA, NM_001192; Bob-1, NM_006235; IL-

15, NM_172174; IL-15Rα, NM_002189; IRF-4, NM_002460; TACI, NM_012452.  

Gene 

DNA 

sequence 

change 

Amino 

acid 

change 

Patients
a
 CVID genotypes 

Healthy donors  

genotypes
b
 

Mutation  

type  
SIFT PolyPhen Ref. 

IL-15Rα c.224C>T T75M 2/95 

C/C C/T T/T Allele C Allele T 

 Missense 
Not 

tolerated 
Benign  

0.98 0.02 0.00 0.99
2 

0.01
2 

 c.437A>C N146T 60/95 

A/A A/C C/C A/A A/C C/C 

Missense Tolerated Benign  

0.37 0.41 0.22 0.30
1 

0.50
1 

0.20
1 

http://hapmap.ncbi.nlm.nih.gov/
file:///P:/Thesis/(http:/sift.jcvi.org/)%20and
http://genetics.bwh.harvard.edu/pph/
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5.3.1. BAFF-R sequence analysis 

Analysis of 95 patients with CVID and hypogammaglobulinaemia, for nucleotide changes in 

BAFF-R, identified five allelic variations.  All SNPs (c.60C>T, c.62C>G, c.191G>T; 

192C>T and c.475C>T) were present in heterozygous states (Figure 5-1). 

The c.60C>T genotype was found in one patient.  The substitution of C with T (Figure 5-1 – 

A) in amino acid 20 does not change the amino acid (V20V) and hence is not likely to affect 

protein structure and function.  

 

 

Figure 5-1: DNA sequencing electropherogram showing polymorphisms found in the BAFF-R sequence 

in the patient cohort.  A - Variant in exon 1, c.60C>T (V20V); B - Variant in exon 1, c.62C>G (P21R), 

Pubmed reference id: 77874543; C - Variants in exon 2, c.191G>T; 192C>T (G64V); D - Variant in exon 3, 

c.475C>T (H159Y), Pubmed reference id: 61756766.   

The second genotype (c.62C>G) was found in 10 patients, the C to G substitution in amino 

acid 21 (Figure 5-1 – B) leading to a proline to arginine amino acid change in the protein 

sequence (P21R).  SIFT and PolyPhen predict that this change is likely to be tolerated.  The 

frequency of allele G is 7% in the normal population (Table 5-1).  
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Two contiguous base pair changes (c.191G>T, 192C>T; G64V) were found in the second 

exon of two patients (Figure 5-1 – C).  G64V has been described previously in healthy 

controls [97].  G64 is located in the extracellular domain of the protein, important for the 

binding to BAFF (Figure 5-2) [314].  Although G64V is predicted to be potentially harmful 

by SIFT and PolyPhen and the amino acid is not conserved between different species, Losi et 

al. [97] showed that this variation did not affect BAFF-R mRNA and cell surface expression.   

 

Figure 5-2: Human, mouse and chicken BAFF-R protein sequence alignment.  Human (NP_443177.1), 

mouse (NP_082351.1) and chicken BAFF-R (NP_001032917.1) protein sequences are aligned using the Clustal 

W program.  Identical (*) and similar (: or .) residues are indicated.  Different regions in the BAFF-R protein are 

given.  Red asterisks show the conserved cysteines.  V20V, P21R, G64V and H159Y are in red boxes.  

H159 is part of the intracellular region and is conserved among species (Figure 5-2).  The 

heterozygous c.475C>T (Figure 5-1 - D) genotype has been reported in one CVID patient.  

The substitution results in histidine to tyrosine change in the protein.  The frequency of allele 

T is 1% within the healthy population (Table 5-1).  The mutation is predicted to be harmful 

by SIFT and PolyPhen, however Losi et al. [97] reported this SNP in a CVID patient, a 

healthy family member of the patient and a healthy donor.  

5.3.2. TACI sequence analysis 

In the cohort of 125 patients, 11 SNPs were identified in TACI gene (Table 5-2): three sSNPs 

(c.81G>A, c.291T>G and c.831T>C), seven nsSNPs (c.59G>A, c.215G>A, c.310T>C, 

c.542C>A, c.605G>A, c.659T>C and c.752C>T) and one amino acid deletion 
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(c.559_561delAAG).  The three sSNPs were found in exon 2, 3 and 5 (Figure 5-3 - B, D and 

K). 

Table 5-2: Allelic variations found in the TACI gene in the patient group. 

 
DNA sequence 

change 

Amino acid 

change 
Exon 

sSNP c.81G>A T27T 2 

 c.291T>G P97P 3 

 c.831T>C S277S 5 

nsSNP c.59G>A R20H 1 

 c.215G>A R72H 3 

 c.310T>C C104R 3 

 c.542C>A A181E 4 

 c.605G>A R202H 4 

 c.659T>C V220A 5 

 c.752C>T P251L 5 

Deletion c.559_561delAAG  4 

 

One nsSNP was found in the first exon of TACI (c.59G>A).  A heterozygous G to A 

substitution (Figure 5-3 – A) in amino acid 20 resulted in an arginine to histidine change 

(R20H) in one CVID patient (R20H).  This amino acid is not conserved between species and 

is not located within the CRD (Figure 5-4).  SIFT and PolyPhen predicted this variant to be 

potentially harmful.   

The substitution of G with A (c.215G>A, Figure 5-3 - C) in amino acid 72 results in change 

of arginine to histidine (R72H) and was found in a heterozygous state in two patients.  This 

amino acid is located in the second CRD of TACI, which is responsible for ligand binding.  

R72 is not conserved among the species.  The change is predicted to be potentially harmful 

by SIFT and PolyPhen.  Salzer et al. [315] found this SNP in 4 out of a group of 330 healthy 

donors and 2 out of a group of 119 SLE patients.   
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Figure 5-3: DNA sequencing electropherogram showing polymorphisms found in the TACI gene 

sequence.  A - Variant in exon 1, c.59G>A (R20H); B - Variant in exon 2, c.81G>A (T27T), Pubmed reference 

id: 8072293; C - Variant in exon 3, c.215G>A (R72H), Pubmed reference id: 55916807; D - Variant in exon 3, 

c.291T>G (P97P), Pubmed reference id: 35062843; E - Variant in exon 3, c.310T>C (C104R), Pubmed 

reference id: 72553880; F - Variant in exon 4, c.542C>A (A181E); G - Variant in exon 4, c.559_561delAAG 

(ΔK186); H - Variant in exon 4, c.605G>A (R202H); I - Variant in exon 5, c.659T>C (V220A), Pubmed 
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reference id: 56063729; J - Variant in exon 5, c.752C>T (P251L), Pubmed reference id: 34562254; K - Variant 

in exon 5, c.831T>C (S277S), Pubmed reference id: 11078355. 

The T to C substitution (c.310T>C, Figure 5-3 – E) in exon three resulted in a cysteine to 

arginine change in amino acid 104 (C104R).  C104 is located in the second CRD of TACI 

and is one of the conserved cysteine residues (Figure 5-4).  C104 forms a disulfide bond with 

C93 and participates in the maintenance of the spatial structure of the CRD2 domain of 

TACI, and is localised close to the APRIL ligand-binding domain [168].  This nsSNP has 

previously been described as a disease-associated mutation [20, 22, 148], however identical 

homozygous and heterozygous mutations have also been found in healthy controls but at 

lower frequency [20, 176-178].  In this study four patients were identified with this specific 

SNP: two CVID patients, one CVID patient that meets the criteria for SLE and one 

asymptomatic hypogammaglobulinaemia patient.   

Another relatively common TACI mutation is the A181E mutation which has no effect on 

ligand binding [182].  This SNP was found in three patients in the study group.  The C to A 

substitution (c.542C>A, Figure 5-3 – F) results in an alanine to glutamic acid change in exon 

four.  A181 is located in the transmembrane domain of TACI (Figure 5-4).  Castigli et al. 

[148] showed that the mutant protein is expressed on the cell surface and binds to BAFF to 

the same extent as wild-type TACI.  The A181E variant is present in healthy individuals at a 

frequency significantly lower than in individuals with CVID (0.15% versus 2.6%) [20].  

A181 is not conserved among different species and this change is predicted to be tolerated. 

A second variation, found in exon four of TACI, is caused by a G to A substitution 

(c.605G>A, Figure 5-3 – H).  This resulted in an arginine to a histidine change in amino acid 

position 202 (R202H).  This heterozygous nsSNP was identified in one patient.  R202 is 

located in the intracellular C-terminal part of the protein.  R202H has been described in 

CVID patients previously and affects the region that interacts with CAML [20].  R202 is not 

conserved among the species (Figure 5-4).  This variant is predicted to be potentially 

harmful. 
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Figure 5-4:  Human, mouse and chicken TACI protein sequence alignment.  Human (NP_036584.1), mouse 

(NP_067324.1) and chicken TACI (NP_001091006.1) protein sequences are aligned using the Clustal W 

program.  Different regions in the TACI protein are underlined, red asterisks denote the conserved cystine 

residues within the TNFR repeats.  R20H, T27T, R72H, P97P, C104R, A181E, ΔK186, R202H, V220A, P251L 

and S277S are in red boxes.  Abbreviations: CRD, cysteine rich domain; Tm, transmembrane segment.   

A SNP c.659T>C (V220A, Figure 5-3 – I) in exon 5 was found in one patient.  The 

substitution results in a valine to alanine change at position 220 (V220A).  V220 is located in 

the intracellular C-terminal part of the protein and is not conserved among species.  This SNP 

is predicted to be harmless and was observed in healthy controls at similar frequencies to the 

CVID cohort [176]. 

The SNP c.752C>T (P251L) has been described previously [176].  A C to T substitution 

(Figure 5-3 – J) in exon 5 results in a proline to leucine change at position 251.  This variant 

is predicted to be potentially harmful using in silico analysis with SIFT and PolyPhen, 

although codon 251 is not conserved between species (Figure 5-4).  This SNP has also been 

identified in healthy controls [176].  



 

84 
 

An amino acid deletion was identified in one patient in the fourth exon of TACI.  The three 

base pair deletion (c.559_561delAAG, Figure 5-3 – G) was presented in a heterozygous state 

and resulted in the deletion of one amino acid (ΔK186).  The patient identified with this 

deletion has IgA deficiency.  A correlation between TACI mutations and IgA deficiency has 

been described previously [148].  Amino acid 181 is located in the transmembrane region 

(Figure 5-4) and the influence of the deletion on the stability and functionality of the protein 

is unknown.  

5.3.3. ICOS sequence analysis 

No variations were observed in the ICOS gene sequence within the CVID and hypogamma-

globulinaemia patient group. 

5.3.4. BAFF sequence analysis 

No variations were observed in the BAFF gene sequence within the CVID and hypogamma-

globulinaemia patient group.  

5.3.5. BCMA sequence analysis 

Three sSNPs (c.393C>T, c.477G>A and c.525G>A) and one nsSNP (c.242A>G) were 

identified in the patient cohort.  The patients had the heterozygous haplotype for the sSNPs, 

while the nsSNPs was present in both the heterozygous and homozygous state.  
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Figure 5-5: DNA sequencing electropherogram showing polymorphisms found in the BCMA gene 

sequence.  A - Variant in exon 2, c.242A>G (S81N), Pubmed reference id: 373496; B - Variant in exon 3, 

c.393C>T (C131C); C - Variant in exon 3, c.477G>A (T159T), Pubmed reference id: 2017662; D - Variant in 

exon 3, c.525G>A (T175T), Pubmed reference id: 2071336.  

The c.242A>G (S81N) genotype (Figure 5-5 - A) is not conserved between human and 

mouse BCMA (Figure 5-6).  This change is predicted to be tolerated by SIFT and PolyPhen 

and this SNP is present in 5% of the healthy population (Table 5-1).  

The other three identified SNPs (c.393C>T, c.477G>A and c.525G>A) were all found in 

exon 3 of BCMA.  The substitutions (Figure 5-5 – B, C and D) do not change the amino acid 

and therefore are not likely to influence the structure or function of the protein.  

 

Figure 5-6: Human and mouse BCMA protein alignment.  Human (NP_001183.2) and mouse BCMA 

(NP_035738.1) protein sequences are aligned using the Clustal W program.  Identical (*) and similar (: or .) 

resides are indicated.  S81N, C131C, T159T and T175T are in red boxes.   
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5.3.6. Bob-1 sequence analysis 

The c.124G>T genotype was identified in one patient.  This variant consists of a 

heterozygous G to T substitution in amino acid 42 (Figure 5-7) resulting in a glycine to 

valine change in the protein sequence (G42V).   

 

Figure 5-7 DNA sequencing electropherogram showing polymorphism found in the Bob-1 gene sequence.  

Variant found in exon 2, c.124G>T (G42V). 

Studies have shown that the amino-terminus of Bob-1 makes all of the contact required for 

stable complex formation with the POU domain and the octamer site [232-234, 316].  G42 is 

not conserved among different species (Figure 5-9) and is located very close to the POU 

interacting residues.  SIFT and PolyPhen predict G42V to be tolerated.  cDNA analysis 

showed the presence of this variation in a heterozygous state in the mRNA of the patient 

(Figure 5-8).  

 

Figure 5-8: mRNA sequencing electropherogram showing polymorphism found in the Bob-1 gene 

sequence.  Variant found in exon 2, c.124G>T (G42V). 
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Figure 5-9: Human, mouse and chicken Bob-1 protein alignment.  Human (NP_006226.2), mouse 

(NP_035266.1) and chicken Bob-1 (NP_989506.1) protein sequences are aligned using the Clustal W program.  

Identical (*) and similar (: or .) resides are indicated.  Different regions in the Bob-1 protein are given; the POU 

binding domain is on the right of the black vertical line and the activation domain in on the right of the black 

line.  The red asterisk indicates the residues directly involved in binding and G42V is in red box.   

5.3.7. IRF-4 sequence analysis 

Four heterozygous sSNPs were identified in the IRF-4 gene (c.207G>C, c.831C>T, 

c.963C>T and c.1014G>A).  sSNP c.207G>C is located in exon two and the other three in 

exon seven.   

IRFs share a well-conserved amino (N)-terminal DNA binding domain (DBD), which 

contains a repeat of five tryptophan residues [317, 318].  The DBD forms a helix-turn-helix 

domain and has specific affinity towards GAAA sequences in interferon stimulatory response 

elements (ISRE), which are located in the promoters of a diverse  range  of  immune  or  

immune-related  genes [319, 320].  In addition to the DBD, most IRFs also possess a 

conserved IRF association domain (IAD) at the C terminus which is essential for its 

interactions with other IRF proteins [317, 321-323].  Both regions are highly conserved 

between different species. 

The c.207G>C genotype consists of a heterozygous G to C substitution (Figure 5-10 - A) at 

position 69 (A69A) and was found in the IRF-4 gene of one patient.  This amino acid is 
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located within the DNA-binding domain (DBD) of the protein and is conserved among 

different species (Figure 5-11).  

The second sSNP (c.831C>T) was identified in four patients.  The change consisted of a C to 

T substitution (Figure 5-10 – B) in amino acid 277 (S277S) with an allele frequency of 1% in 

the healthy population (Table 5-1).  This amino acid is located within the interaction-

associated domain (IAD) of the protein and is conserved between species (Figure 5-11). 

 

 

Figure 5-10: DNA sequencing electropherogram showing polymorphisms found in the IRF-4 gene 

sequence in the patient cohort.  A - Variant in exon 2, c.207G>C (A69A), Pubmed reference id: 74746812; B 

- Variant in exon 7, c.831C>T (S277S), Pubmed reference id: 61732392; C - Variant in exon 7, c.963C>T 

(P321P), Pubmed reference id: 41301857; D - Variant in exon 7, c.1014G>A (G338G), Pubmed reference id: 

115101373.   

The sSNP (c.963C>T) identified in amino acid 321 (P321P) was found in one patient (Figure 

5-10 - C).  This amino acid is also located within the interaction-associated domain (IAD) 

(Figure 5-11) and is conserved between species.  The T allele is present in 2% of the healthy 

population (Table 5-1). 
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The last identified sSNP (c.1014G>A) was found in one patient (Figure 5-10 - D) in amino 

acid 338 (G338G).  Amino acid 338 is located within the interaction-associated domain 

(IAD) (Figure 5-11).  This sequence variation was also found in 1% of the healthy population 

(Table 5-1).   

 

Figure 5-11: Human, mouse and chicken IRF-4 protein sequence alignment.  Human (NP_002451.2), 

mouse (NP_038702.1) and chicken IRF-4 (NP_989630.1) protein sequences are aligned using the Clustal W 

program.  Identical (*) and similar (: or .) residues are indicated.  Different regions in the IRF-4 protein are 

underlined and the red asterisk indicate the conserved tryptophan residues.  A69A, S277S, P321P and G338G 

are in red boxes.  Abbreviations: BDB, DNA-binding domain; IAD, interaction-associated domain. 
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5.3.8. APRIL sequence analysis 

Two allelic variations were found in the patient group (c.199G>A and c.287A>G).  The 

c.199G>A genotype was identified in 19 out of 95 patients.  This SNP was presented in a 

heterozygous (G/A) or a homozygous state (A/A), with the G to A substitution (Figure 5-12 - 

A) leading to a glycine to arginine change in amino acid 67 (G67R).  The c.287A>G 

genotype was found in 77 out of 95 patients, the substitution of A with G (Figure 5-12 - B) 

leading to an asparagine to a serine change in amino acid 96 (N96S).  The frequencies of the 

heterozygous and homozygous genotypes in healthy population are 24% and 90%, G67R and 

N96S respectively (Table 5-1).  

 

 Figure 5-12: DNA sequencing electropherogram showing homozygous polymorphisms found in the 

APRIL gene sequence.   A - Variant in exon 1, c.199G>A (G67R), Pubmed reference id: 11552708; B - Variant 

in exon 2, c.287A>G (N96S), Pubmed reference id: 3803800.   

Amino acids 67 and 96 are both located in the stalk region of the extracellular domain and 

remain attached to the cell after cleavage [313].  The amino acids are not conserved between 

species (Figure 5-13) and both variations are predicted to be tolerated by SIFT and PolyPhen.   

Association of a G67R genotype with SLE has been reported in Japanese with the c.199A/A 

homozygotes significantly decreased in these SLE patients [312, 313].  
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Figure 5-13: Human and mouse APRIL protein sequence alignment. Human (NP_003799.1) and mouse 

APRIL (NP_076006.2) protein sequences are aligned using the Clustal W program.  Identical (*) and similar (: 

or .) residues are indicated.  Different regions in the APRIL protein are underlined.  G67 and N96 are in red 

boxes.   

5.3.9. IL-15 sequence analysis 

One heterozygous genotype (c.230G>A) was identified in one patient.  This variant consists 

of a G to A substitution (Figure 5-14) in amino acid 29, resulting in a serine to asparagine 

change in the protein (S77N).   

 

Figure 5-14: DNA sequencing electropherogram showing polymorphisms found in the IL-15 gene 

sequence of the patient cohort.  Variant found in exon 6, c.230G>A (S77N). 

S77 is not conserved among different species (Figure 5-15), and is not located in a region 

that is important for the secondary structure of the protein [260].  This SNP is predicted to be 

tolerated by SIFT and PolyPhen.   
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Figure 5-15: Human, mouse and chicken IL-15 protein sequence alignment.  Human (NP_751915.1), 

Mouse (NP_032383.1) and chicken IL-15 (NP_989902.1) protein sequences are aligned using the Clustal W 

program.  Identical (*) and similar (: or .) are indicated.  S77N is in red box.  

5.3.10. IL-15Rα sequence analysis 

Four SNPs were identified in IL-15Rα: two sSNPs (c.111G>A and c.129G>A) and two 

nsSNPs (c.224C>T and c.437A>C).  The c.111G>A genotype was found in a heterozygous 

(G/A) as well as a homozygous (A/A) state in 18 out of 95 patients.  The G to A substitution 

(Figure 5-16 – A) in amino acid 37 (T37T) is present in 29% of the healthy population (Table 

5-1).  The second sSNP (c.129G>A) was found in a heterozygous state (C/T) in the IL-15Rα 

gene of one patient.  The G to A substitution (Figure 5-16 – B) in amino acid 43 (K43K) is 

also present in 3% of the healthy population (Table 5-1).   
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Figure 5-16: DNA sequencing electropherogram showing polymorphisms found in the IL-15Rα gene 

sequence.  A - Variant in exon 2, c.111G>A (T37T), Pubmed reference id: 2296139; B - Variant in exon 2, 

c.129G>A (K43K), Pubmed reference id: 3181147; C - Variant in exon 3, c.224C>T (T75M), Pubmed reference 

id: 41294171; D - Variant in exon 4, c.437A>C (N146T), Pubmed reference id: 2228059.   

Heterozygous c.224C>T (T75M) was detected in two patients (Figure 5-16 – C).  T75 is not 

conserved between species (Figure 5-18) and the frequency of the T allele in the healthy 

population is 1% (Table 5-1).  This amino acid change from threonine to methionine is 

predicted to be potentially harmful.  cDNA analysis showed that T75M was also present in 

the mRNA of the patients.  

 

Figure 5-17: mRNA sequencing electropherogram showing polymorphisms found in the IL-15Rα gene 

sequence.  Variant found in exon 3, c.224C>T (T75M). 

The last SNP (c.437A>C) was identified in exon four of IL-15Rα.  This allelic variation is 

present in a heterozygous (A/C) or a homozygous (C/C) state in 60 patients, as well as in the 

healthy control population.  The A to C substitution (Figure 5-16 – D) resulted in an 

asparagine to threonine change in amino acid 146 (N146T).  This amino acid is not conserved 

among species (Figure 5-18) and is predicted to be tolerated.  This sequence variation was 

present in 70% of the healthy population (Table 5-1). 
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Figure 5-18: Human and mouse IL-15Rα protein sequence alignment.  Human (CAG33345.1) and mouse 

IL-15Rα (NP_032384.1) protein sequences are aligned using the Clustal W program.  Identical (*) and similar (: 

or .) residues are indicated.  T37T, K43K, T75M and N146T are in red boxes. 

5.4. Discussion 

Genetic testing has proven to be useful for the diagnosis of PIDs [324].  SNPs occur in 

approximately every 1000 bases in the overall human population, which leads to a total of 

several million SNPs and accounts for 90% of inter-individual variability [325, 326].  

NsSNPs in coding regions are most likely to influence the gene function and structure, and 

within this study the focus was on sequencing the protein coding regions and splice sites.  

This leaves the possibility of mutations in promoter or regulatory regions of the candidate 

genes.   

Although AAS prediction programs are useful in exploring the influence of nsSNPs on the 

protein function, careful consideration is needed.  Prediction software can give misleading 

results because SNP queries are based on the known protein crystal structure and do not 

consider other molecular interactions.  If protein structures are unavailable, prediction relies 

on homologs and orthologs, which may be too distantly related or have different functions 

[293].   

The correlations between the clinical symptoms and all found allelic variations were 

assessed.  A series of steps were followed to assess whether the variation was likely to 

influence protein function and might cause CVID (Figure 5-19).  In the case of heterozygous 

substitution was is important to identify which mRNA was being produced. 
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A total of 17 nsSNPs and one deletion were found  

A total of 31 SNPs and one deletion were found in this group of CVID and asymptomatic 

hypogammaglobulinaemia patients.  The variations were found in eight candidate genes and 

no mutations were found in the genes BAFF and ICOS.  Fourteen of the SNPs, found in 

BAFF-R, TACI, BCMA, IRF-4 and IL-15Rα, were synonymous and unlikely to affect protein 

function and structure. These SNPs were not investigated further.  However it is noted that 

while these variants do not change the amino acid, they may affect the mRNA stability or 

alter splicing and could be clinically relevant [324].  The other 17 SNPs result in amino acid 

substitutions and are more likely to influence the protein structure and/or function.   

 

Figure 5-19: Flow diagram analysis of found allelic variations.  

Some SNPS were also present in the healthy population 

Five nsSNPs (BAFF-R: c.62C>G (P21R); BCMA: c.242A>G (S81N); APRIL: c.199G>A 

(G67R), c.287A>G (N96S) and IL-15R α: c.437A>C (N146T)) were present in the healthy 

population within the HapMap database, and SIFT and PolyPhen did not predict these 

mutations to be harmful.  Therefore these mutations were also excluded from further analysis, 

bringing the total number of SNPs to be assessed for possible correlation with CVID to 12.   

Although these changes are unlikely to cause CVID as they have also been found in the 

healthy population, G67R and N96S in APRIL may still have some influence on the protein 
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function.  APRIL is a type II transmembrane protein that is processed intracellularly in the 

Golgi apparatus by furin convertase and then secreted [327].  Although G67R and N96S 

should not affect APRIL binding to receptors, N96 is closely located to the furin cleavage site 

which is located at position 104/105 [258].  Furin protease cleaves the motif R-X-K/R-R as 

well as R-X-X-R [327].  G67R results in a R-X-X-R motif at amino acids 64–67, which could 

serve as a new furin cleavage site and may influence the protein function or stability of the 

homotrimer [313]. 

Three nsSNPs (BAFF-R: c.475C>T (H159Y); TACI: c.752C>T (P251L) and IL-15Rα: 

c.224C>T (T75M)) were found in a healthy population in the HapMap database, however 

SIFT and PolyPhen predicted that these mutations could be harmful.  These SNPs are present 

in the healthy population at similar frequency therefore it is unlikely that these SNPs cause 

CVID.  Four of the SNPs (TACI c.542C>A (A181E), c.659T>C (V220A), Bob-1: c.124G>T 

(G42V) and IL-15: c.230G>A (S77N)) could not be found in the HapMap database, but were 

predicted to be tolerated by the AAS prediction programs.  These nsSNPs have not been 

analysed within this study but may be of interest for future research.  This leaves a total of 

five nsSNPs and one deletion to be considered in this study (BAFF-R: c191G>T; 192 C>T 

(G64V), TACI: c59G>A (R20H), c.215G>A (R72H), c.310T>C (C104R), c559_561delAAG 

(ΔK186) and c.605G>A (R202H)).  

SNPs in the BAFF-R gene have been described before 

The nsSNP that was found in BAFF-R (c.191G>T; 192C>T; G64V) has been described 

previously by Losi et al. [97].  It is expected that this change does not cause CVID in these 

patients.  Amino acid 64 is not conserved between species, and Losi et al. [97] showed that 

the change did not affect the expression of BAFF-R mRNA or the expression on the cell 

surface.  This suggests that the change does not influence the stability of the protein, although 

the three-dimensional structure of BAFF-R as a trimer could be influenced by the change.  

G64 is located within the extracellular domain which is important for BAFF binding.  The 

extracellular domain of BAFF-R contains a single CRD that spans from C19 to C35, with 

amino acids 26 to 28 forming the conserved DxL motif which is involved in the binding with 

BAFF [314].  Amino acid 64 is not located within the CRD and seems not to be important for 

BAFF binding.   
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SNPs found in the TACI gene 

Four nsSNPs and one deletion were found in the TACI gene: c.59G>A (R20H), c.215G>A 

(R72H), c.310T>C (C104R), c.605G>A (R202H) and c559_561delAAG (ΔK186).  R20H, 

previously unreported in literature, was identified in one CVID patient.  A variation within 

the same amino acid (R20C) was found in a patient with SLE and segregation analysis within 

the affected family showed that there was no association with SLE [315].  R72H and R202H, 

present in healthy donors at similar frequency, are unlikely to cause CVID [176].  C104R and 

the amino acid deletion found within TACI are of particular interest.  Salzer et al. [176] 

reported that C104R is not causative to CVID because the SNP is present in healthy donors 

and family members of index patients at a lower frequency.  In the patient group for this 

study heterozygous C104R was present in four patients: two CVID patients, one CVID 

patient with SLE and one hypogammaglobulinaemia patient.  SLE-like characteristics were 

reported in a mouse model lacking TACI expression [172].  No CVID patient with the C104R 

mutation has previously been described to have SLE.  K186del has not previously been 

described in an IgA deficient patient.  An amino acid deletion usually has a detrimental effect 

on protein structure and stability.  Family segregation analysis would shed light on whether 

these mutations are associated with CVID and hypogammaglobulinaemia.  

Conclusion 

In conclusion, genetic testing is a definitive method for diagnosis in monogenic disorders.  

Identifying genetic variations that may cause CVID would assist in defining CVID and 

improving patient management.  A total of 32 variants were identified within eight genes in 

the study group.  From the 32 nucleotide changes, 11 variations were present in the TACI 

gene.  It would be of particular interest to correlate two nsSNPs (c.310T>C (C104R) and 

c.59G>A (R20H)) and the amino acid deletion (c.559_561delAAG, K186del) with the 

phenotype of the respective patients.  However, environmental and other non-genetic factors 

may influence the phenotypic expression of these variants.  Family segregation analysis is 

helpful in analysing the relationship between an nsSNP and the clinical manifestations.  

Functional assays can give a better idea about the influence of a SNP on protein function but 

cautious interpretation of the results is essential.  
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5.5. Future directions 

The genetic research results were disclosed to the patients and genetic counselling will be 

offered when needed.  Patients with nsSNPs of interest were informed that family segregation 

studies and development of functional assays are underway.  The expression of TACI on B 

cells and activated T cells can be analysed by flow cytometry [159].  Following the group of 

patients over time may help clarify the association between patient-specific genetic variations 

and disease phenotypes.  Assessment of a group of asymptomatic hypogammaglobulinaemia 

patients will show whether these patients progress into CVID.  Early diagnosis of CVID is 

important as approximately 18–38% of CVID patients already have pulmonary complications 

when diagnosed [328-330].   

More patients were interested in participating in this study and these patients will get their 10 

candidate genes sequenced as well.  The 30 patients that were sequenced for only the TACI 

gene will get the other candidate genes sequenced as well and results will be disclosed to 

these patients.  



 

99 
 

Chapter 6. A CVID family study  

6.1. Introduction 

A total of 31 SNPs have been identified in the patient group.  Some SNPs have previously 

been described while others are new mutations.  One mutation previously observed in CVID 

patients as well as in healthy individuals is the C104R (c.310T>C) mutation in the TACI 

gene.  This mutation was found in four of our patients.  All of them have different clinical 

characteristics.  One of these patients has CVID and also meets the ARA criteria for SLE.  

The influence of the mutation on the disease can be analysed by segregation analysis and 

comparing the presence of the mutation within the family against those family members with 

an immune deficiency and those without.  The immunological phenotype and functionality of 

the family members’ immune systems will give a broader picture of the potential influence. 

Figure 6-1 depicts her immediate family.  Some family members were also diagnosed with 

CVID while others do not have any symptoms.  Both parents (I.1 and I.2) of the index patient 

(II.1) have CVID symptoms, including increase number of infections and reduced platelet 

numbers, although they do not meet the criteria for CVID as the vaccine responses have not 

been analysed because of ethical reasons.  The two male siblings (II.2 and II.3) are healthy.  

The daughter of the index patient is in good health (III.2).  The son (III.1) has IgA deficiency 

and type 1 diabetes, phenotypes that are closely associated with CVID [149].  

 

Figure 6-1: Pedigree of the patient with the mutation in the TACI gene.  Arrow indicates index patient, 

squares, males and circles, females.  The parents of the index patient, as well as the son, have CVID symptoms.  

The siblings and the daughter are healthy and do not have any symptoms.  
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Segregation analysis may help determine the clinical significance of mutations.  The 

sequencing results will be compared with clinical details.  It will be of interest to see whether 

the mutation is found in healthy family members as well.  At the same time it will be 

interesting to see whether the family members with CVID symptoms do have the same 

mutation.  Analysis of the family described above will be useful as some family members are 

affected while others are healthy.   

The nsSNP (C104R) in the TACI gene results in an amino acid change in the second CRD of 

TACI.  This amino acid is one of the conserved cysteine residues and forms a disulfide bond 

with C93.  This bond participates in the maintenance of the spatial structure of the CRD2 

domain of TACI, and is localised close to the APRIL ligand-binding domain [168].  Although 

this nsSNP has previously been described as a disease-associated mutation [20, 148], 

homozygous and heterozygous mutations have also been found in healthy controls, but at 

lower frequency [176, 178, 331].   

CVID patients are prone to encapsulated bacterial infections but the influence of TACI on 

susceptibility to infections is unknown.  TACI is normally expressed on human B cells, 

activated T cells and macrophages [159, 332] and is up-regulated on activated B cells [333].  

Comparing T and B cell populations within this family may show obvious defects in the 

development of these cells, and functional assays will give a better understanding of the 

potential harm the mutation does to the immune system.  Antigen and lectin induced 

lymphocyte proliferation will show the capacity of lymphocytes to respond to either B and or 

T cell specific signalling.  Some plant lectins (such as pokeweed mitogen) are capable of 

inducing proliferation and antibody production from mature B cells [23, 334].   

6.2. Method 

We performed segregation analysis of the mutation, phenotypic analysis of B and T cells, 

TACI expression and lymphocyte proliferation assay on the family members of an index 

patient with C104R mutation in the TACI gene. 

6.2.1. Sample preparation and mutation segregation analysis 

DNA blood sample preparation and sequencing were carried out as described in chapters 3.4 

and 3.5.  One set of primers (sense: 5’ - TACTTGGCTTACTCTGGAAT and anti-sense: 5’ - 
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CATTTGCTTGGACTCTGG) was used to analyse the presence of the mutation in the family 

members.  

Table 6-1: Family members sex and age. 

Family member Sex Age 

I.1 Male 82 

I.2 Female 87 

II.1 Female 56 

II.2 Male 52 

II.3 Male 51 

III.1 Male 29 

III.2 Female 28 

6.2.2. Phenotypic analysis of whole blood 

A total of 13 age matched controls (±1 year with the exception of a 78 year old control 

sample for the 82 year old male) were used for the phenotypic analysis (Table 6-2).  

Table 6-2: Healthy individuals sex and age used for the phenotypic analysis.  

Sex Age 

Female 28 

Female 28 

Female 56 

Female 56 

Female 87 

Male 29 

Male 29 

Male 50 

Male 51 

Male 52 

Male 52 

Male 78 

Male 82 
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6.2.2.1. Memory B and memory T cell assay  

B and T cell phenotyping was carried out as described in chapter 3.6. 

6.2.2.2. TACI expression 

Expression of TACI on the cell surface was assessed by flow cytometry [176].  In this 

experiment, the expression of TACI on the cell surface was analysed using a monoclonal and 

polyclonal antibody against TACI.  One hundred micro litre of whole blood sample was 

added into two separate tubes.  Whole blood in tube I was stained for 20 minutes at room 

temperature with the primary antibody, biotinylated anti-CD267 (20 µL; PeproTech).  After 

the first incubation step, Streptavidin-PE was added to the tube (BioLegend). Anti-CD267-PE 

was added to tube II (Biolegend).    

6.2.3. AB serum 

Peripheral blood from a volunteer was collected in venous blood collection tubes (with clot 

activator and silicone coated interior).  The tubes were left for 30 minutes at room 

temperature to allow clotting.  The tubes were centrifuged for 10 minutes at 1,500g.  The 

serum was then transferred to Eppendorf tubes and heat-deactivated at 56 °C for 30 minutes.  

The AB serum tubes were stored at -20°C.  

6.2.4. Lymphocyte proliferation assay 

IMDM/ABS/PSF (100 µL) was added to marked wells of the 96-well round-bottom plates 

(Nunc, Wilmington, Delaware, USA).  Three serial dilutions were prepared to obtain results 

of triplicates.  Working from left to right of the plate, 50 µL of pre-diluted antigens/mitogens 

were added into the first wells of each column and mixed.  A serial dilution was completed 

by transferring 50 µL to the well in the next column, mixing, and transferred again to the next 

column.  This dilution was continued until well five and 50 µL from well five was then 

discarded.  No antigens/mitogens were added to well six to determine the cell-only 

background proliferation.  For the final concentration in the first well see Table 6-3.  Cell 

suspension (100 µL) was added to each well to achieve a total of 100,000 cells per well in 

200 µL.  The cells were incubated at 37 °C / 5% CO2 for three days (mitogens) or seven days 

(antigens). 
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Table 6-3: Final concentration of mitogens/antigens per well 

Antigen Well 1 Well 2 Well 3 Well 4 Well 5 Well 6 

Tetanus  (µg/mL) 1.25   0.42  0.14  0.05 0.02 0.00  

Diphtheria (µg/mL) 5.00 1.67 0.56 0.19 0.06 0.00  

Candida (µg/mL) 5.00  1.67 0.56 0.19 0.06 0.00  

PWM (µg/mL) 10.00  3.33 1.11 0.37 0.12 0.00  

PHA (µg/mL) 10.00  3.33 1.11 0.37 0.12 0.00  

ConA (µg/mL) 10.00  3.33 1.11 0.37 0.12 0.00  

T3 (ng/mL) 100.00 33.33 11.11 3.70 1.23 0.00  

 

Six hours before harvesting, 1 µCi of tritiated thymidine (
3
H-thymidine) was added to each 

well.  The plates were then incubated for another 6 hours at 37 °C / 5% CO2.  The experiment 

was terminated and thymidine incorporation was assessed using the Wallac Microbeta Trilux 

1450 (PerkinElmer Life, Waltham, Massachusetts, USA).  Results were given in net counts 

of CPM (CPM experimental – CPM background unstimulated) and SI (CPM 

experimental/CPM background unstimulated).  A minimum response of SI = 3 has been 

taken as a threshold response in this assay.  

6.3. Results 

6.3.1. Mutation segregation analysis of family members 

Both parents and one of the children of the index patient show symptoms that may be related 

to CVID.  No association of the C104R mutation with clinical phenotype was found in this 

family (Figure 6-2).   

The index patient (II.1), both (non-consanguineous) parents (I.1 and I.2) and one sibling (II.2) 

carry the heterozygous form of the C104R mutation in the TACI gene (wt/C104R). The other 

sibling carries the homozygous form of the mutation (C104R/C1204R). Both children (III.1 
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and III.2) have the wild type allele (wt/wt). cDNA analyses were carried out to assess the 

gene expression of the variants, and the results were similar to those of the genomic analysis. 

 

 

Figure 6-2: Family tree and sequence of the TACI gene of the CVID patient.  A - Sequences of the mutated 

region in the patient and family members.  The CVID patient (II.1), both parents (I.1 and I.2) and one brother 

(II.2) all carry a heterozygous form of the T to C substitution.  The other brother (II.3) is heterozygous for the 

same substitution and both children (III.1 and III.2) carry the wildtype sequence.  B - Family tree of the patient 

carrying the mutation.  Arrow indicates index patient.  Abbreviations: CVID, common variable 

immunodeficiency; wt, wild type. 
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6.3.2. Immunoglobulin levels of family members 

 The index patient’s IgG levels prior to IVIG replacement was 3.5 g/L (Table 6-4).  Reduced 

IgA and IgM levels were also detected (IgA < 0.5 g/L and IgM = 0.2 g/L; Table 6-4).  The 

parents (I.1 and I.2) had reduced IgG levels (I.1 = 5.9 g/L and I.2 = 6.7 g/L), while normal 

IgA and IgM levels.  Sibling II.2 had normal immunoglobulin levels.  Sibling II.3 had 

markedly reduced IgG and IgA levels (2.1 g/L and 0.2 g/L respectively).  III.1 (wt/wt) and 

III.2 (wt/wt) had reduced IgA levels (III.1 <0.1 g/L and III.2 = 0.7 g/L). 

Table 6-4: Immunoglobulin levels of the family members.  Ig levels were assessed by LabPLUS, Auckland 

City Hospital.  

 Genotype IgG (g/L) IgA (g/L) IgM (g/L) 

I.1  wt/C104R 5.9 0.8 0.6 

I.2  wt/C104R 6.7 1.0 2.5 

II.1  wt/C104R 3.5* <0.5 0.2 

II.2  wt/C104R 9 1.3 1.7 

II.3  C104R/C104R 2.1 0.2 0.4 

III.1  wt/wt 10.4 <0.1 0.6 

III.2  wt/wt 7.4 0.7 0.9 

Normal  7.0 - 16.0 0.8 - 4.0 0.4 - 2.5 

* Prior to intravenous immunoglobulins replacement (IVIG). 

6.3.3. Phenotypic analysis  

6.3.3.1. Memory B cell assay 

The level of B cells was higher in individual II.3 (C104R/C104R) compared to the other 

family members (20.1% versus 4.8% – 11.3%; Table 6-5 – A, Figure 6-3 - A).  The average 

level of B cells in the control group was similar to the other family members (5.9% ± 0.7%).  

No differences were observed in B cell levels between family members with a heterozygous 

mutation (wt/C104R) and family members with wildtype sequences (wt/wt).   
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Table 6-5: B cell populations in family members and healthy controls.  

 B cell populations I.1 I.2 II.1 II.2 II.3 III.1 III.2 Control (n=13) 
CVID cohort  

[96, 123] 

A CD19+ (%) B cells 4.8 11.3 7.3 9.2 20.1 6.2 5.5 5.9 ± 0.7 9.7 ± 6.8 

B IgD+ CD27- (%) Naïve B cells 35.0 55.8 70.4 78.4 86.6 68.8 67.7 67.8 ± 5.8 75.7 ± 18.0 

C IgD+ CD27+ (%) MZ B cells 27.5 25.4 19.5 10.0 10.0 22.3 16.5 7.8 ± 2.1 14.3 ± 13.6 

D IgD- CD27+ (%) SM B cells 19.1 12.2 8.0 5.8 2.2 6.1 11.5 11.8 ± 4.5 3.4 ± 5.2 

E CD38low CD21low (%) CD38
low

 CD21
low

 10.3 6.4 4.1 3.7 6.2 5.7 4.0 2.9 ± 0.5 13.3 ± 13.4 

F CD38++ IgM++ (%) Transitional B cells 0.0 0.0 0.1 0.0 0.0 0.1 0.1 0.1 ± 0.1 6.1 ± 7.6 

G CD38++ IgM- (%) Plasmablasts 0.7 0.0 1.4 1.3 0.5 1.0 1.0 1.0 ± 0.3 0.8 ± 1.7 

Abbreviations: MZ, marginal zone; SM, switched memory.  
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Three distinct groups based on naïve B cell numbers are noted within the family members 

(Table 6-5 – B, Figure 6-3 - B).  Both parents (I.1 and I.2) have the lowest levels of naïve B 

cells (35.0% and 55.8%); the two brothers (II.2 and II.3) have the highest levels of naïve B 

cells (86.6% and 78.4%).  In between the two groups are the other family members (67.7% - 

70.4%) which is similar to the levels in normal donors (67.8% ± 5.8%).  This did not 

segregate with the found gene mutation.   
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Figure 6-3: B cell populations in family members and healthy controls. 

The level of marginal zone (MZ) B cells within the family ranges between 10.0% and 27.5%.  

This result is considerably higher than the average of 7.8% in healthy population (Table 6-5 – 

C, Figure 6-3 - C).  In fact, the difference is statistically significant (family: 18.7% ± 2.6%; 

control: 7.8% ± 2.1%; p = 0.0058; Figure 6-4 - A).  Another observation is that within the 

family the number of MZ B cells is lower in healthy family members (10.0% - 16.5%) than in 

those family members with CVID symptoms (19.5% - 27.5%) and does not correlate with 

genotype.  The level of MZ B cells in control donors was lower than both groups (7.8% ± 

2.1%).  
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Figure 6-4: Level of (A) Marginal zone and (B) CD38
low

 CD21
low

 B cells in CVID family and controls.  

Means are indicated by horizontal lines and standard error of the mean (SEM) is shown.  Percentages were 

compared by paired t tests.   

The level of CD38
low

 CD21
low

 B cells was higher in family members than the healthy 

controls (5.8% ± 0.9% versus 2.9% ± 0.5%, p = 0.0066; Figure 6-4 - B), but no correlation 

was found between sequence variations and the level of CD38
low

 CD21
low

 B cells (Table 6-5 

– E, Figure 6-3 - E).  

The number of switched memory B cells was lower in brother II.3 (C104R/C104R) 

compared, with the other family members, but there was no difference between the family 

members with a heterozygous substitution and the children with the wildtype sequence (Table 

6-5 – D and Figure 6-3 - D).  The level of transitional B cells and plasmablasts did not vary 

between the family members and the controls (Table 6-5 – F and G, Figure 6-3 – F and G).  

The level of transitional B cells was below 1% in the CVID family and healthy controls, and 

the level of plasmablasts was below 2% in both controls and family members.  

6.3.3.2. Memory T cell assay 

T cell numbers within the family ranges from 14% to 52% (Table 6-6– A, Figure 6-5 - A), 

similar levels to the healthy controls (20% - 60%).   
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Table 6-6: T cell populations in family members and healthy controls. 

 T cell populations  I.1 I.2 II.1 II.2 II.3 III.1 III.2 Control (n=13) 

A T cells (%)  52.2 41.2 42.9 50.0 44.6 14.2 47.4 41.3 ± 3.0 

B CD4+ (%)  16.0 22.0 28.9 39.3 32.1 7.7 29.1 24.0 ± 4.0 

C CD8+ (%)  36.2 19.2 14.0 10.7 12.4 6.5 18.3 17.3 ± 1.1 

D CD4:CD8 ratio  2.3 1.0 0.5 0.3 0.4 0.9 0.6 0.8 ± 0.1 

 CD4+ T cells          

E CD45RA+ CCR7+ (%) TN  15.9 11.3 11.0 8.1 18.7 11.2 12.6 34.0 ± 3.3 

F CD45RA- CCR7+ (%) TCM 13.4 12.8 6.7 10.9 8.4 6.9 11.5 19.0 ± 1.9 

G CD45RA- CCR7- (%) TEM 65.9 71.9 73.2 75.3 60.9 70.3 62.5 34.4 ± 2.5 

 CD8+ T cells          

H CD45RA+ CCR7+ (%) TN  0.4 1.1 8.4 4.1 12.2 10.7 16.6 17.6 ± 3.8 

I CD45RA- CCR7+ (%) TCM 0.2 0.4 0.3 0.7 0.7 0.3 0.6 2.0 ± 0.3 

J CD45RA- CCR7- (%) TEM 16.3 30.7 36.7 61.7 29.3 30.0 35.3 27.1 ± 2.9 

K CD45RA+ CCR7- (%) TEMRA 83.1 67.8 54.7 33.5 57.8 59.1 47.5 53.3 ± 4.7 

Abbreviations: TN, naïve T cells; TCM, central memory T cells; TEM, effector memory T cells; TEMRA, terminally differentiated effector memory T cells. 
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The CD4:CD8 ratio varies within the CVID family with individual I.1 (wt/C104R) having a 

ratio of 2.27 and II.2 (wt/C104R) a ratio of 0.49 (Table 6-6 – D, Figure 6-5 - D).  Reduced 

CD4:CD8 ratios have been observed in CVID patients [335], although no correlation was 

found between TACI gene status within the family and the CD4:CD8 ratio.  The CD4:CD8 

ratio of controls varied between 0.4 and 1.5 and did not relate to age.  
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Figure 6-5: T cell populations in family members and healthy controls. 

CD4+ T cells were subdivided into naïve CD4+ T cells (TN), central memory CD4+ T cells 

(TCM) and effector memory CD4+ T cells (TEM).  The three CD4+ memory T cell subsets in 

all family members are statistically different from control samples.   

 

Figure 6-6: CD4+ T cell subpopulations in CVID family members and controls.  Means are indicated by 

horizontal lines and SEM is shown.  Percentages were compared by paired t tests.  A - The level of naïve CD4+ 

T cells.  B - The level of CD4+ central memory T cells.  C – The level of CD4+ effector memory T cells.   

Family members had fewer CD4+ TN cells compared to healthy controls (12.7% ± 1.3% 

versus 34.0% ± 3.3%, p = 0.0002; Figure 6-6 - B).  The level of CD4+ TCM cells in the family 

members are also less when compared to healthy controls (10.1% ± 1.0% versus 19.0% ± 

1.9%, p = 0.004; Figure 6-6 - B).  The level of CD4+ TEM cells was higher in the CVID 

family compared to the controls (68.6% ± 2.1% versus 34.4% ± 2.5%, p < 0.0001; Figure 

6-6– C), ranging from 60 to 75% in the family compared to 20 to 48% in controls.   
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The C104R homozygous brother (II.3) has higher level of CD4+ TN cells (18.7% versus 8.1% 

- 15.9%) and lower levels of CD4+ TEM (60.9% versus 62.5 – 75.3%) compared to the other 

family members.  However there is no trend in CD4+ TN and CD4+ TEM cell levels between 

family members with heterozygous and wildtype genotypes.  Lack of segregation was 

observed in these T cell subsets.   

Within the CD8+ T cell population, family members have reduced levels of TCM cells while 

the other memory T cell subgroups are not significantly different (Table 6-6).  Figure 6-7 

shows the distribution of CD8+ central memory cells in the family and normal controls.  

Overall all family members had significantly lower levels of CD8+ TCM cells (0.5% ± 0.1% 

versus 2.0% ± 0.3%, p = 0.0017; Figure 6-7).  Interestingly, the healthy family members (the 

brothers 11.2 and II.3 and daughter III.2) have higher levels of CD8+ TCM cells compared to 

the family members with CVID symptoms (0.6%, 0.7% and 0.7% versus 0.2% - 0.4%).  

CD8+ TCM cell levels were slightly higher in control samples compared to both groups (2.0% 

± 0.3%). 

 

Figure 6-7: CD8+ central memory T cells in CVID family members and controls.  Means are indicated by 

horizontal lines and SEM is shown.  Percentages were compared by paired t tests.   

There was no significant difference in CD8+ TN, CD8+ TEM and CD8+ TEMRA cell levels 

between family members and controls (Table 6-6– H, J and K, Figure 6-5- H, J and K).  

Within the family, I.1 and I.2 have reduced levels of CD8+ TN cells and increased levels of 

CD8+ TEMRA cells but this is also observed in older controls.  No trend was found between 

sequence variations and levels of CD8+ TN, CD8+ TEM and CD8+ TEMRA cells within the 

family.   



 

115 
 

6.3.3.3. TACI expression 

TACI expression in the CVID family was assessed using both a monoclonal and polyclonal 

antibody against TACI and results and tabulated in Table 6-7.  C104 is part of the epitope 

recognised by the monoclonal antibody 1A1.  Expression of TACI on lymphocytes of family 

members is not significantly different from that of healthy individuals (3.1% ± 0.7% versus 

3.9% ± 1.1% for monoclonal antibody and 4.6% ± 1.0% versus 3.2% ± 0.5% for polyclonal 

antibody).  TACI expression levels ranges from 1.52% to 14.92% in control samples.   

 

Table 6-7: TACI expression in family members and controls 

TACI expression I.1 I.2 II.1 II.2 II.3 III.1 III.2 
Control 

(N=13) 

Monoclonal TACI+ (%) 3.5 6.3 2.3 2.0 0.5 3.7 3.1 3.9 ± 1.1 

Polyclonal TACI+ (%) 4.8 9.3 2.5 4.4 5.6 3.8 1.7 3.2 ± 0.5 

 

Homozygote II.3 (C104R/C104R) had very low expression of TACI when stained with the 

monoclonal antibody, but expression was detected using the polyclonal antibody.  Expression 

of TACI was lower in the family members with homozygous and heterozygous sequence 

variations when stained with monoclonal antibody (Table 6-7).  The expression of TACI for 

the family members with wt sequences was similar or even reduced when the polyclonal 

antibody was used.   

6.3.4. Lymphocyte proliferation assay 

Response to the mitogens PHA, ConA, PWM and T3 were analysed by thymidine uptake 

during cell growth in triplicates.  Figure 6-8 A to D depict the data obtained from the 

proliferation assay (raw data minus background).  Each data point is the average values of the 

triplicates.  The simulation indexes (SI) for the mitogen-induced response are calculated and 

presented in Table 6-8.  
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Figure 6-8: Mitogen and T3-induced lymphocyte proliferation.  CPM is the average result of three 

independent cultures minus the background levels.  Lymphocyte proliferation response to PHA (A), ConA (B), 

PWM (C) and T3 (D) in family members and a control sample.  Abbreviations: ConA, Concanavalin A; CPM, 

counts per minute; PHA, Phytohaemagglutinin; PWM, Pokeweed mitogens; T3, Muromonab-CD3.  

Table 6-8: Mitogen-induced lymphocyte proliferation.  Average value of triplicates was taken and the 

maximum value of the serial dilution is shown. 

  PHA SI ConA SI PWM SI T3 SI Background 

I.1 wt/C104R 14464 20 11711 16 6141 8 12606 17 736 

I.2 wt/C104R 31923 195 36592 224 11555 71 31018 190 164 

II.1 wt/C104R 13116 447 7420 253 6205 212 10367 353 29 

II.2 wt/C104R 38928 524 29001 390 17845 240 22274 300 74 

II.3 C104R/C104R 71994 201 42644 119 17448 49 20441 57 359 

III.1 wt/wt 11504 83 6236 45 6938 50 8108 59 139 

III.2 wt/wt 18304 808 10848 479 6279 277 6752 298 23 

Ctrl  70277 3799 16432 888 14252 770 7812 422 19 

Abbreviations: ConA, Concanavalin A; Ctrl, control; PHA, Phytohaemagglutinin; PWM, pokeweed mitogen; 

SI, stimulation index; T3, Muromonab-CD3. 

All family members, and controls, had good response to PHA, ConA, PWM and T3 (Figure 

6-8 and Table 6-8).  Family members had a lower response to PHA compared to the control 

samples (SI of 20 - 808 versus 3799; Table 6-8).  Response to ConA, PWM and T3 was also 
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lower in family members when compared to the controls (SI of 16 – 479 versus 888 for 

ConA, SI of 8 – 277 versus 770 for PWM and SI of 17 – 353 versus 422 for T3; Table 6-8).  

Lower concentration of PHA and ConA resulted in lower response; lower concentrations of 

PWM and T3 also resulted in lower response but the reduction was not as significant (Figure 

6-8). 

The results from the antigen-induced lymphocyte proliferation are presented in Figure 6-9.  

Results are dissimilar to those obtained from mitogen-induced proliferation.  Lower tetanus 

concentration resulted in increased response in all individuals, while diphtheria and candida 

response was positively correlated with concentration (Figure 6-9).   
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Figure 6-9: Antigen-induced lymphocyte proliferation.  CPM is the average result of three independent 

cultures.  Lymphocyte proliferation response to tetanus (A), diphtheria (B) and Candida (C) in family members 

and a control sample.  Abbreviations: CPM, counts per minute.  

The control, and family members I.2 (wt/C104R), II.2 (wt/C104R) and III.2 (wt/wt), 

responded to all antigens.  The other family members did not respond to one or more antigens 

(Table 6-9).  Family member I.1 (wt/C104R) had very low response to tetanus and Candida 

(SI of 3 and 5 respectively) but a response to diphtheria that fell below the threshold of SI = 

3.  CVID patient II.1 (wt/C104R) and the control had a similar response to tetanus (SI of 20 

versus 21), but the patient had a lower response to Candida (SI of 5 versus 81).  Response to 

diphtheria was below the threshold for the CVID patient.  

Table 6-9: Antigen-induced proliferation assay.  Average value of triplicates was taken and the maximum 

value of the serial dilution is shown.   

  Tetanus SI Diphtheria SI Candida SI Background 

I.1 wt/C104R 1542 3 805 2 2655 5 513 

I.2 wt/C104R 25691 28 5643 6 12243 13 909 

II.1 wt/C104R 4907 20 530 2 1165 5 245 

II.2 wt/C104R 71905 66 9285 8 62061 57 1095 

II.3 C104R/C104R 13243 9 1737 1 19618 13 1475 

III.1 wt/wt 1046 2 1077 2 3576 6 604 
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  Tetanus SI Diphtheria SI Candida SI Background 

III.2 wt/wt 7412 66 2248 20 16536 148 112 

Ctrl  2527 21 1113 9 9668 81 120 

Abbreviations: Ctrl, Control; SI; stimulation index. 

Family member II.3 (C104R/C104R) had lower response to tetanus and Candida than the 

control (SI of 9 versus 21 and 13 versus 81, respectively), and did not have any response to 

diphtheria antigen.  Family member III.1 (wt/wt) had lower response to Candida (SI of 6), 

and the response to tetanus and diphtheria was below the threshold.   

6.3.5. In vivo vaccine responses  

The in vivo vaccine responses of the two healthy brothers (II.2 and II.3) were analysed by 

LabPLUS, Auckland City Hospital.  Brother II.2 (wt/C104R) had positive vaccine responses 

to Haemophilus influenzae, diphtheria, tetanus and pneumococcal (Table 6-10).  

Table 6-10: In vivo vaccine responses of II.2.  Vaccine responses to Haemophilus influenzae, diphtheria 

toxoid, tetanus and pneumococcal.  

II.2 

Months from time of 

vaccination Minimum 

response 

0* 3   

Haemophilus influenzae IgG 1.69 >9.00   0.15 mg/L 

Diphtheria toxoid IgG 1.19 2.28   0.01 IU/mL 

Tetanus IgG >7.00 >7.00   0.1 IU/mL 

Pneumococcal total IgG 93 >270   >16 mg/L 

Pneumococcal IgG subclass 2 43 >90   >5 mg/L 

* 0 = Dec 2009. 

Brother II.3 (C104R/C104R) had a positive response to Haemophilus influenzae, tetanus and 

Pneumococcal after immunisation in December 2009.  Responses to diphtheria toxoid 

decreased between December 2009 and August 2011 and response levels were not up to the 

desirable level for individual protection of 0.1 IU/mL.  Vaccine responses to tetanus and 
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pneumococcal reduced between January 2011 and August 2011 after immunisation in 

December 2009 (Table 6-11).   

 

Table 6-11: In vivo vaccine responses of II.3.  Vaccine responses to Haemophilus influenzae, diphtheria 

toxoid, tetanus and pneumococcal.  

II.3 

Months from time of 

vaccination Minimum 

response 

0* 1 14 20 

Haemophilus influenzae IgG 0.22 na Na 1.62 0.15 mg/L 

Diphtheria toxoid IgG 0.06 0.03 0.01 0.01 0.01 IU/mL 

Tetanus IgG 0.1 3.11 0.25 0.19 0.1 IU/mL 

Pneumococcal total IgG 5 170 16 9 >16 mg/L 

Pneumococcal IgG subclass 2 1 40 4 2 >5 mg/L 

* 0 = Dec 2009. 

6.4. Discussion 

Segregation analysis is a useful tool for assessing a family pedigree.  Family members having 

the same symptoms and the same sequence variation could be a good indicator that the 

variation has an influence on the disease.  Healthy family members carrying the same 

mutation but not showing any symptoms could indicate other factors have influence on the 

disease; this can also be of value in understanding whether the mutation has a causal 

relationship with the disease.  However it is noted that disease analysis should not be based 

solely on genetics; cellular and functional assays should also be performed.  Within this study 

we have assessed the Ig levels, the immune phenotype of T and B cells, TACI expression, 

lymphocyte proliferation and in vivo vaccine responses of the family members to analyse the 

influence of the mutation on the immune system. 

Healthy brother of the index patient is homozygous for the C104R mutation   

In this study we described a CVID patient with a known mutation in the TACI gene.  The 

C104R mutation has been described previously in CVID patients but has also been found in 

healthy individuals at a lower frequency [176].  Interestingly our index patient has CVID in 
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combination with SLE; this has been shown in mice carrying a similar mutation but has not 

previously been described in humans [172].  Segregation analysis in this family did not give 

the expected results.   

The parents of the index patient (I.1 and I.2) both have CVID-like symptoms and have the 

mutated and a wt copy of the sequence.  The patient has two healthy siblings (II.2 and II.3); 

II.2 is heterozygous for the mutation (wt/C104R) while II.3 is homozygous for the mutation 

(C104R/C104R).  The daughter of the patient (III.2) is in good health while the son (III.1) has 

symptoms that are closely associated with CVID but does not carry the mutation.   

For most family members only the mutated exon was sequenced.  The five TACI exons of 

III.2 were analysed but no other mutation was found.  While the exons have been sequenced, 

the possibility of promoter defects remains.  cDNA analyses were carried out to assess the 

gene expression of the variants, and the results were similar to those of the genomic analysis 

which means that the mutated copy did also get expressed and might influence the protein 

function.    

Reduced immunoglobulin levels detected 

CVID patients show reduced immunoglobulin levels.  The index patient has reduced levels of 

IgG, IgA and IgM.  Comparing the presence of TACI mutations within this family with 

immunoglobulin levels showed that both parents (I.1 and I.2), who are both heterozygous for 

the mutation, have reduced IgG levels.  Sibling II.2 (wt/C104R) has normal Ig levels while 

sibling II.3 (C104R/C104R) has low IgA and IgG levels while.  The children of the index 

patient (III.1 and III.2) did not carry the mutation and have reduced IgA levels.  No direct 

correlation was found between the mutation and Ig levels in this family.    

Immunophenotyping of the family members 

Flow cytrometric analysis of the lymphocytes showed several differences between family 

members and healthy controls, and differences between family members.  The level of B cells 

was similar between family members and controls, although the homozygous brother had 

higher B cell levels than the other family members.  It is not clear whether the increase B cell 

level was related to the homozygous mutation or whether variation in B cell levels was due to 

sample preparation or inter-individuals differences.  A quantitative flow cytometric assay 

could be done to confirm B cell levels in this family.   
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Marginal zone B cells as potential marker for health 

After staining for the B cell population within the lymphocyte gate, B cells were subdivided 

based on the cell surface expression of specific markers.  A number of differences were found 

between family members and control samples.  More naïve, marginal zone and CD38
low

 

CD21
low

 B cells were present in family members compared to controls.  Increased numbers of 

these cells have previously been observed in CVID patients [99, 123].   

Reduced levels of MZ B cells were observed in healthy family members compared to family 

members with CVID.  MZ B cell levels of the healthy family members was similar to the 

levels observed in controls which suggests that MZ B cells may be a marker for health but 

there was lack of segregation with TACI mutation.  The level of switched memory B cells 

was lower in the homozygous brother, which has previously been described in CVID patients 

[99].   

No correlation was found between subgroups of B cells and sequence variations within the 

family, and the age-dependent differences observed in family members and healthy controls 

have been described previously [123].   

Fewer CD4+ TN and CD4+ TCM cells and more CD4+ TEM cells were present in the family 

members 

The correlation between T cell numbers and CVID has been studied less than B cell defects 

in CVID patients.  We found that the CD4:CD8 ratio varied significantly within the family as 

well as within the controls.  Differences between the family members and controls were 

mainly found within the CD4+ T cell subsets.  Fewer CD4+ TN and CD4+ TCM cells and 

more CD4+ TEM cells were present in the family members but there was a lack in segregation 

with the TACI mutation.  Increased levels of activated TEM were observed in the CVID 

family and were also elevated in CVID patients in other studies [123].  The level of naïve T 

cells in the healthy brother (homozygous) is higher, which correlates with this individual 

having fewer health problems than the other family members.  The healthy brother with the 

homozygous variation had the lowest levels of CD4+ TEM cells within the family.   
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CD8+ TCM levels a potential marker for health 

The family members with CVID symptoms had reduced CD8+ TCM levels, while the healthy 

family members had relatively higher levels.  The CD8+ TCM levels for controls were higher 

than the healthy family members.   

There was no significant difference between the family and the controls for CD8+ TN cells, 

CD8+ TEM cells or CD8+ TEMRA cells.  Levels of CD8+ TN and CD8+ TEMRA cells may be 

age-related as a similar pattern was observed in the older family members and controls.   

Reduced TACI expression in family members that carried the mutation 

TACI expression was analysed by using a monoclonal and polyclonal antibody against TACI.  

C104 is part of the epitope that is recognised by the monoclonal antibody [176].  It was 

therefore expected that low expression of TACI would be detected in the family members 

with homozygous and heterozygous sequence variations, using the monoclonal antibody. 

Reduced in vitro lymphocyte proliferation response to diphtheria and tetanus toxoid in some 

family members 

Lymphocyte proliferation assays were run to determine whether the family members could 

respond to antigen and mitogen activation.  All family members had a good response to the 

mitogens PHA, ConA, PWM and T3, but the response was lower than in the control sample.  

Comparison with a single control is difficult to interpret.  Not all family members had a 

response to the antigens tetanus and diphtheria.  Four family members (I.1, II.1, II.3 and III.1) 

had low response to diphtheria and one family member (III.1) also had low response to 

tetanus toxoid.  All family members responded to Candida antigen.  Responses to individual 

antigens should be correlated with vaccination histories and antigen contact histories, but 

these results were not available. 

In conclusion, given the Ig levels and the B cell immunophenotyping, it appears that brother 

II.3 (C104R/C104R) has similar biological characteristics to CVID patients, but does not 

have any clinical symptoms of CVID.  Looking at the criteria for CVID diagnosis, this 

sibling has reduced Ig levels but does have vaccine responses ( 

Table 6-11) and therefore does not fit the diagnosis of CVID.  
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6.5. Future directions 

Segregation analysis gave some unexpected results and additional studies will be needed to 

gain a better understanding both the genetic defects in this family, and the influence of the 

mutation in the TACI gene on CVID.  Comparison of the vaccine responses with genotype of 

other family members would be of interest.  

A possible explanation for the inconsistency of symptoms and sequence variations could be 

that another mutation or mutations may be present within the family.  Single gene sequencing 

is labour intensive and whole genome sequencing may be a more effective way to look for 

mutations within this family.   

However it is noted that whole genome sequencing of the entire family would also present 

challenges.  It would require assessing a very large number of sequence changes, most of 

which would likely be SNPs that do not influence protein function.  Although knowledge of 

the immune response-associated molecular pathways associated with CVID will help 

prioritise the mutations identified for further studies. 

A robust functional assay will be needed to analyse the influence this TACI mutation has on 

the protein function, however many challenges will need to be overcome in selecting this 

assay: some functional assays need a very large number of B cells, but the family members 

may not be able to give a large amount of blood; and assessment of whether in vitro analyses 

accurately represent the process that occur in the human body will be necessary.  

Most CVID cases begin to present between age 20 and age 40, but can also begin to present 

at an older age.  The two brothers may develop CVID at a later stage in life and their progress 

will be followed in the coming years.  In particular, the brother with low Ig levels may need 

medical attention whenever he becomes sick; he has been informed of this risk and will stay 

in contact with the medical specialist.  His children are very likely to carry the mutation and 

could become part of the study.  Genetic counselling will be offered to this family and other 

family members can participate in this study if they are willing. 

In the future this family could be compared with other families with the same mutation.  The 

CVID patients described in this study with this mutation have varying clinical characteristics, 

and the influence of the TACI mutation on CVID will need to be researched further.  
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Chapter 7. Phenotypic analysis of peripheral blood 

7.1. Introduction 

Flow cytometry has been used to analyse the phenotypic characteristics of patients with an 

immune deficiency.  Many classification systems using flow cytometry have been proposed 

to subdivide CVID patients in different groups to gain a better understanding of the disease 

prognosis.  It is known that a number of variables such as time of day that the blood was 

drawn, disease state, temperature of cell storage, cell preparation and instrument settings have 

influence on the flow cytometric measurements [336], although it is not known how 

consistent the immunophenotyping assays are under the influence of these variables.  In this 

study, B and T cell subsets were compared in a group of CVID patients with sex- and age-

matched controls and correlated with the clinical course.  The consistency of the four 

classification systems was also analysed over time and the use of the T cell surface markers 

CCR7 and CD62L was assessed.   

Classification of CVID based on immunophenotyping and clinical details is difficult because 

of the heterogeneity of the disease, although many reports have described peripheral blood T 

and B lymphocyte dysfunction in a substantial proportion of CVID patients [82, 275].  

Variability of T and B cell levels has been described in CVID patients [275].  A number of 

classification systems have been developed to date [96, 101, 116, 286, 337].  

In 1990, Bryant et al. [337] developed a classification system based on the production of IgG, 

IgM and IgA in vitro upon stimulation of peripheral blood lymphocytes (PBL) with IgM-

coated beads and IL-2.  Patients whose B cells fail to produce Ig are classified as group-A, 

while group-B patients only produce IgM and group-C produce normal amounts of all Ig 

isotypes.  This classification is rarely used because of the poor correlation between in vitro B 

cell phenotypes and clinical features such as splenomegaly or autoimmunity.  Furthermore 

the assay is labour-intensive and there is a lack of international standardisation [121, 276].   

Flow cytometric analysis is less labour-intensive and easier to standardise.  Three B cell 

based classification systems were developed.  Detailed discussion about these classification 

systems will be given in the next section.  In addition, Giovanetti et al. [116] developed a T 

cell classification system for CVID and showed reduced naïve T cells in subgroups of 

patients. 
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7.1.1. B cell classification in CVID 

Three B cell classifications have been developed to subdivide CVID patients: Freiburg 

(2002), Paris (2002) and EUROclass (2008).  Trends were observed between B cell numbers 

and clinical characteristics of these patients.  The stability of these classification systems over 

time has not been reported.  

The Freiburg classification (Warnatz et al. [100]) uses CD19, IgM, IgD, CD27 and CD21 to 

distinguish B cell subsets.  The CVID patients are divided into three subgroups (Figure 7-1).  

Group I are those CVID patients with a severe reduction of switched memory B cells (CD19+ 

CD27+ IgM- IgD-) and patients in group II have normal counts of switched memory B cells.  

Group I is further subdivided into group Ia with an increased proportion of CD21- peripheral 

B cells and group Ib with normal percentages of CD21- B cells.  CVID patients of group Ia 

showed higher prevalence of  splenomegaly and autoimmune cytopenias [100].   

B-cell subsets

CD27+ IgM- IgD- B cells

<0.4% of PBL

I

CD27+ IgM- IgD- B cells

>0.4% of PBL

II

% CD21low B cells

>20%

Ia

% CD21low B cells

<20%

Ib
 

Figure 7-1: Freiburg B cell classifications system.  The Freiburg classification was described by Warnatz et 

al. [100].  Abbreviations: PBL, peripheral blood lymphocytes.  Modified from Bergbeiter et al., 2009 [338]. 

The Paris classification, described by Piqueras et al.[286], subdivided patients according to 

the changes in the naïve/memory B-cell phenotype based on the dual expression of IgD and 

CD27 (Figure 7-2).  CVID patients are categorised into three groups: MB0 are those patients 

with almost no memory B cells, group MB1 is patients with defective switched memory B 

cells but normal non-switched memory B cells, and group MB2 consists of patients with 

normal B cells.  This classification is also able to cluster patients showing higher prevalence 

of splenomegaly, lymphoid proliferation and granulomatous disease into group MB0 [286].   
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B-cell subsets

% CD27+ B cells

<11%

MB0

% CD27+ B cells > 11%

% CD27+ IgM- IgD- <8%

MB1

Neither MB0 nor MB1

MB2

 

Figure 7-2: Paris B cell classification system.  Paris classification was described by Piqueras et al. [286].  

Modified from Bergbeiter et al., 2009 [338]. 

The latest B cell classification, described by Wehr et al. [96], is the EUROclass (Figure 7-3).  

This classification distinguishes patients based on the surface markers CD19, IgM, IgD, 

CD27, CD21 and CD38.  The first part of the classification is based on the number of B cells; 

patients with less than 1% of B cells are being classified as group B- and patients with a 

higher percentage than 1% are in group B+.  The B+ group is further subdivided into two 

groups; smB- patients with severe deficiency (less than 2%) of class-switched memory B 

cells and smB+ patients with more than 2% of class-switched memory B cells.  Both smB- 

and smB+ are subdivided based on the expansion of CD21 cells into CD21
low

 or CD21
norm

.  

Within the smB- patient group a subgroup is characterised by the expansion of transitional B 

cells (smB-Tr hi) based on the expression of CD38.  Expansion of CD21
low

 B cells 

represented the strongest marker for splenomegaly and smB-Trhi patients more often present 

lymphadenopathy [96].   
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B-cell subsets

>1% B cells

B+

<1% B cells

B-

>2% switched memory 

B cells

smB+ <9% transitional B cells

smB-Trnorm

<2% switched memory 

B cells

smB-

<10% CD21low B cells

smB-21norm

>10% CD21low B cells

smB-21low

>9% transitional B cells

smB-Trhi

>10% CD21low B cells

smB-21low

<10% CD21low B cells

smB-21norm

 

Figure 7-3: EUROclass B cell classification system.  EUROclass classification was described by Wehr et al. 

[96].  Modified from Bergbeiter et al., 2009 [338].  

Absence of switched memory B cells suggests that a disturbed germinal centre reaction.  

Reduction of IgM memory B cells is likely to reflect disrupted marginal zone B cell 

differentiation [15].  

7.1.2. T cell classification in CVID 

The T cell classification used CD4, CD45RA and CD62L to divide CVID patients in three 

groups (Figure 7-4).  Patients with less than 15% CD4+ TN cells (CD4+ CD45RA+ CD62L+) 

are classified as group I, between 16 and 29% CD4+ TN cells are group II and more than 30% 

CD4+ TN cells form group III [116].  Group I is clinically characterised by severe 

immunodeficiency and associated with splenomegaly, reduced thymic output of CD4+ T 

cells, reduction of class-switched memory B cells, expansion of CD21
low

 B cells, 

splenomegaly, and granulomatous disease [15, 339].  Group II is characterised by less 

advanced immunodeficiency with occasionally moderate splenomegaly.  Group III is 

characterised by prevalent CD8+ T cell abnormalities with CD4+ TN cell levels in the normal 

range.  This group shows mild clinical symptoms and absence of splenomegaly [116].  
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Naïve CD4+ T cell numbers

CD4+ CD45RA+ CD62L+

<15%

I

CD4+ CD45RA+ CD62L+

16 - 29%

II

CD4+ CD45RA+ CD62L+

>30%

III
 

Figure 7-4: Classification of CVID based on phenotypic analysis of T cells.  The CVID classification system 

described by Giovannetti et al. [116] is based on the level of naïve CD4+ T cells.  Modified from Bergbeiter et 

al., 2009 [338]. 

7.2. Methods 

T and B cell phenotype of 15 CVID patients, 2 patients with low B cell levels (<1%) and 26 

age-matched controls were analysed with flow cytometry.  All patient samples were analysed 

according to the four classification systems.  The stability of the T and B cell assays was 

assessed over three and six months (T and B cell assay respectively).  The results were 

compared to the clinical characteristics of the patients in order to identify any significant 

association between lymphocyte subsets with specific clinical phenotypes.   

Either PBMCs or whole blood can be used for immunophenotyping by flow cytometry [15, 

276].  The whole blood method is a fast assay that requires very little blood (up to one mL), 

is reproducible and is comparable to the PBMC method [276].  A diagnostic assay using 

whole blood is more feasible as it requires less preparation steps.  For these reasons the whole 

blood method was used in this study.  

7.2.1. Patient specimen 

The following patients were selected because they visit Auckland City Hospital for IVIG 

treatment every three to six weeks.  Blood was taken prior to IVIG treatment and the assays 

were completed within 24 hours of receiving the blood.  Splenomegaly, lymphadenopathy, 

autoimmune cytopenias and granulomatous disease have been linked to certain groups within 

the classification systems and are of interest to this study [96, 101, 286].   
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7.2.2. Memory B cell assay 

B cell phenotyping was carried out as described in chapter 3.6.4 and the results of 17 patients 

were compared with 26 sex- and age-matched controls. 

7.2.2.1. Freiburg classification 

Freiburg classification divides CVID patients into three groups based on the number of 

switched memory and CD21
low

 B cells.  Group Ia includes patients with less than 0.4% 

switched memory B cells within PBL gate and more than 20% CD21
low 

within the
 
B cell 

group.  Group Ib consist of patients with less than 0.4% switched memory B cells within PBL 

gate and less than 20% CD21
low 

within the
 
B cell group.  Patients with more than 0.4% 

switched memory B cells within PBL gate form group II (Figure 7-5).  Percentages given in 

Figure 7-5 are based on CD19+ cells while percentages for the Freiburg classification are 

based on PBLs. 

 

 

Figure 7-5: Freiburg classification based on naïve and memory B cells in CVID patients.  Whole blood of 

17 patients and 26 healthy controls was stained with anti-CD19-APC-H7, anti-CD27-PerCP Cy5.5, anti-IgD-

FITC, anti-IgM-APC and anti-CD21-FITC.  The percentages indicated are based on CD19 positive gated cells.  

Immunofluorescence analysis of four representative cases is shown.  I, patient # 7 (1.98% B cells, 0.09% 

switched memory B cells); II, patient # 2 (6.41% B cells, 0.75% switched memory B cells); Ia, patient # 12; Ib, 

patient # 4.  
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7.2.2.2. Paris classification 

The Paris classification divides CVID patients into three groups based on the number of 

memory and switched memory B cells.  Group MB0 includes patients with less than 11% 

CD27 positive B cells.  Group MB1 consist of patients with more than 11% CD27 positive B 

cells but less than 8% switched memory B cells.  Patients that cannot be classified as MB0 or 

MB1 are classified as group MB2 (Figure 7-6).  

 

Figure 7-6: Paris classification based on naïve and memory B cells in CVID patients.  Whole blood of 17 

patients and 26 healthy controls were stained with anti-CD19-APC-H7, anti-CD27-PerCP Cy5.5, anti-IgD-FITC 

and anti-IgM-APC.  The percentages are indicated on CD19 positive gated cells.  Immunofluorescence analysis 

of three representative cases is shown.  MB0, patient # 3; MB1, patient # 6; MB2, patient # 11.  

7.2.2.3. EUROclass classification 

The EUROclass classification excludes patients with very low B cell numbers (less than 1%) 

from further classification.  Patients with more than 1% B cells are divided into two groups 

based on the percentage of switched memory B cells; patients with more than 2% switched 

memory B cells form group smB+ and patients with less than 2% form group smB- (Figure 

7-7).   
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Figure 7-7: EUROclass classification based on switched memory B cells in CVID patients.  Whole blood of 

17 patients and 26 healthy controls was stained with anti-CD19-APC-H7, anti-CD27-PerCP Cy5.5, anti-IgD-

FITC, anti-IgM-APC, anti-CD38-PE and anti-CD21-FITC.  The percentages are indicated on CD19 positive 

gated cells.  Immunofluorescence analysis of two representative cases is shown.  smB-, patient # 8; smB+, 

patient # 14.  

Each of the smB+ and smB- group can be subdivided into patients with either less or more 

than 10% CD21
low 

cells (Figure 7-8).  The patients with less than 2% switched memory B 

cells (smB-) can also be subdivided based on the level of transitional B cells (Figure 7-9).   

 

Figure 7-8: EUROclass classification based on switched memory and CD21
low

 B cells in CVID patients.  

Whole blood of 17 patients and 26 healthy controls was stained with anti-CD19-APC-H7, anti-CD27-PerCP 

Cy5.5, anti-IgD-FITC, anti-IgM-APC, anti-CD38-PE and anti-CD21-FITC.  The percentages are indicated on 

CD19 positive gated cells.  CD38
low

 CD21
low

 cells are in the Blue Square.  Immunofluorescence analysis of two 

representative cases is shown.  smB-21
norm

, patient # 13; smB-21
low

, patient # 5.  
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Figure 7-9: EUROclass classification based on switched memory and transitional B cells in CVID 

patients.  Whole blood of 17 CVID patients and 26 healthy controls was stained with anti-CD19-APC-H7, anti-

CD27-PerCP Cy5.5, anti-IgD-FITC, anti-IgM-APC, anti-CD38-PE and anti-CD21-FITC.  The percentages are 

indicated on CD19 positive gated cells.  Transitional B cells are in light Blue Square and plasmablasts in Green 

Square.  Immunofluorescence analysis of two representative cases is shown.  smB-Tr
norm

, patient # 4; smB-

Tr
high

, patient # 3.  

7.2.3. Memory T cell assay 

T cell phenotyping was carried out as described in chapter 3.6.5 and the results for the 17 

patients were compared with 26 sex- and age-matched controls.  The level of the activation 

markers CD27, CD28 and CD38 were also assessed and results were compared with sex- and 

age-matching controls 

7.2.4. Stability of the classifications systems 

The aim of the study would be to determine if any of the classification systems is stable 

enough over a period of time to give meaningful interpretation.  The stability of the four 

classification system was analysed by assuming that the most common classification over 

three (T cell assay) or six (B cell assay) monthly samples was the correct classification for 

each patient.  The B cell assay was carried out for 15 patients while the T cell assay was 

carried out for 17 patients.  The consistency of the classification systems was assessed by 

comparing classification over time.   
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7.3. Results 

7.3.1. Clinical manifestations of CVID patients 

Splenomegaly was diagnosed in four patients, lymphadenopathy in one patient, and 

autoimmune cytopenias in one patient; granulomatous disease was not diagnosed in any of 

the patients (Table 7-1).   

Table 7-1: Clinical manifestations of the patient group analysed by flow cytometry. 

P Sex Age Splenomegaly Lymphadenopathy 
Autoimmune  

cytopenias 
Granulomatous 

CVID patients 

2 M 27 + - - - 

3 M 27 - + - - 

4 M 30 - - - - 

5 M 34 - - - - 

6 M 37 - - - - 

7 F 40 - - - - 

8 M 42 - - - - 

9 F 45 + - + - 

10 F 48 + - - - 

11 M 49 - - - - 

12 M 50 + - - - 

13 M 51 - + - - 

14 F 60 - - - - 

15 M 65 - - - - 

16 F 66 - - - - 
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P Sex Age Splenomegaly Lymphadenopathy 
Autoimmune  

cytopenias 
Granulomatous 

Patients with low B cell numbers 

1 M 26 - - - - 

17 M 74 - - - - 

 

7.3.2. Phenotypic analysis  

The levels of total B and T cells in the CVID patients were based on the average levels taken 

monthly over three or six months and were not significantly different compared to healthy 

controls (Figure 7-10).  B cells level: CVID (5.9% ± 0.8%), control (5.7% ± 0.5%), p = 0.76.  

T cells level: CVID (42.1% ± 3.2%), control (37.7% ± 2.1%), p = 0.24.  The two patients 

with very low B cells levels (less than 1%) were sequenced for BTK gene mutations to 

exclude potential X-linked agammaglobulinaemia.  The testing was carried out at LabPLUS, 

Auckland City Hospital and the results were reported as normal.  

 

Figure 7-10: Percentage of B and T cells in lymphocytes of CVID patients and controls.  Whole blood was 

stained for the expression of CD19, CD4 and CD8.  The percentages are indicated on lymphocyte gated cells 

according to FSC and SSC.  Means are indicated by horizontal lines and SEM is shown.  Means were compared 

by paired t tests.   

7.3.3. B cell phenotyping in CVID patients 

B cell subsets of the 15 CVID patients were analysed using the surface markers CD27, IgM, 

IgD, CD21 and CD38.  The mean values of B cell subsets for CVID patients were compared 

with  26 healthy sex- and age-matched controls (Table 7-2).  

barghl
Rectangle
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Table 7-2: B cell subpopulations in CVID and controls.  Results are expressed as means ± standard error of 

the mean (SEM).  Percentages were compared by paired t tests and p values are given. 

B cell subpopulations (%) 
CVID 

(n = 15) 

Control 

(n = 26) 
P values 

CD19+ B cells 5.9 ± 0.8 5.7 ± 0.5 0.76 

IgD+ CD27- BN cells 78.8 ± 3.6 67.6 ± 2.6 0.02* 

IgD+ CD27+ BMZ cells 10.0 ± 2.7 7.8 ± 1.0 0.38 

IgD- CD27+ BSM cells 5.7 ± 1.1 12.3 ± 1.6 0.01* 

CD38low CD21low CD38
low

 CD21
low

 6.9 ± 0.8 3.7 ± 0.5 0.001* 

CD38++ IgM++ BTR cells 1.5 ± 0.4 0.1 ± 0.0 0.0001* 

CD38++ IgM-  Plasmablasts 0.7 ± 0.2 0.8 ± 0.1 0.48 

 

Average values over several months as available for each patient.  * Indicated statistically significant difference 

using the t test.  Abbreviations: BN, naïve B; BMZ, marginal zone B; BSM, switched memory B; BTR, transitional 

B; CVID, common variable immunodeficiency. 

The total number of certain B cell subsets identified by EUROclass were significantly 

different when comparing CVID to normal cohorts (Table 7-2).  These subsets are naïve (p = 

0.02), switched memory (p = 0.01), CD38
low

 CD21
low

 (p = 0.001) and transitional (p = 

0.0001) B cells.  

CVID patients had increased BN cells (78.8% ± 3.6% versus 67.6% ± 2.6%, p = 0.02) and 

reduced BSM cells (5.7% ± 1.1% versus 12.3% ± 1.6%, p = 0.01) compared to healthy 

individuals (Figure 7-11 – A and B).   
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Figure 7-11: B cell subpopulations in CVID and controls.  Whole blood was stained for the expression of 

CD19, CD27, IgM, IgD, CD21 and CD38.  The percentages are indicated on CD19 positive gated cells.  Means 

are indicated by horizontal lines and SEM is shown.  Means were compared by paired t tests and p values are 

given.  

The surface markers CD21 and CD38 distinguished the B cell subsets CD38
low

CD21
low

, 

transitional B cells (BTR) and plasmablasts.  Elevated levels of CD38
low

 CD21
low 

(6.9% ± 

0.8% versus 3.7% ± 0.5%, p = 0.001) and BTR cells (1.5% ± 0.4% versus 0.18% ± 0.02%, p = 

0.0001) were present in CVID patients (Figure 7-11 – C and D).  BMZ cell and plasmablasts 

levels were not significantly different from healthy individuals.  

7.3.4. Comparison of the B cell classification systems 

The different classification systems have been analysed by assessing the correlation of 

clinical characteristics and B cell phenotype [96], but the consistency of the classification 

over time has not previously been reported.   

7.3.4.1. Freiburg classification 

Two patients were consistently classified within the same group at each of six time points 

(Table 7-3).  Five patients showed consistency over 83% of the monthly measurement, three 

patients showed consistency of 70% to 80%, three patients showed consistency of 60 to 70% 

and two patients showed consistency in 50%.  Overall the Freiburg classification was 

consistent in 76% of the cases when the most common classification was taken as the correct 

classification for that patient (Table 7-3), 95% CI (67.90, 84.64).   
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Table 7-3: Freiburg classification over six months in the patient group 

Freiburg classification  

 Month        

P 1 2 3 4 5 6 Most frequent Consistent 

2 II Ib II II II II II 83% 

3 Ia Ib Ia Ia Ia Ia Ia 83% 

4 Ib Ib Ia Ia Ia Ia Ia 67% 

5 Ia Ia Ia Ia Ia Ia Ia 100% 

6 II Ib II Ia Ia II II 50% 

7 Ia Ia Ia Ia Ia Ia Ia 100% 

8 Ib Ia Ia Ia Ia Ia Ia 83% 

9 Ia Ia Ia Ia II - Ia 80% 

10 Ib II II II Ia Ia II 50% 

11 Ia Ia Ia II Ia Ia Ia 83% 

12 Ib Ia Ia Ia Ia Ia Ia 83% 

13 Ib Ia Ib Ib Ia - Ib 60% 

14 II Ia Ib II II II II 67% 

15 II II II Ia - - II 75% 

16 II II II Ia II - II 80% 

Ia: switched memory B cells < 0.4% of PBL, CD21
low

 >20% of B cells; Ib: switched memory B cells < 0.4% of 

PBL, CD21
low

 <20% of B cells; II: switched memory B cells > 0.4% of PBL.   

The healthy controls were expected to fit into group II with normal levels of BSM cells.  

Classification of the control samples resulted in 12% of controls being classified as group Ia, 

15% as group Ib and 73% as group II.  One of these healthy controls was tested at two 

different time points and was classified as group II on both occasions.  
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7.3.4.2. Paris classification 

According to the Paris classification, nine patients were consistent over the months tested 

(Table 7-4).  Three patients showed consistency of 83%, one patient was consistently 

classified over 75%.  One was consistent over 67% and one was consistently classified half of 

the time.  Overall the Paris classification was consistent within the patient group in 89% of 

the cases (Table 7-4), 95% CI (80.78, 98.02). 

 

Table 7-4: Paris classification over six months in the patient group 

Paris classification       

 Month        

P 1 2 3 4 5 6 Most frequent Consistent 

2 MB2 MB1 MB2 MB2 MB2 MB2 MB2 83% 

3 MB0 MB0 MB0 MB0 MB0 MB0 MB0 100% 

4 MB0 MB0 MB0 MB1 MB0 MB1 MB0 67% 

5 MB0 MB0 MB0 MB0 MB0 MB0 MB0 100% 

6 MB1 MB1 MB1 MB1 MB1 MB1 MB1 100% 

7 MB0 MB0 MB0 MB0 MB0 MB0 MB0 100% 

8 MB0 MB0 MB0 MB0 MB0 MB0 MB0 100% 

9 MB0 MB0 MB0 MB0 MB0 - MB0 100% 

10 MB1 MB2 MB1 MB2 MB1 MB0 MB2 50% 

11 MB2 MB2 MB2 MB2 MB2 MB1 MB2 83% 

12 MB1 MB1 MB1 MB1 MB1 MB1 MB1 100% 

13 MB1 MB1 MB1 MB1 MB1 - MB1 100% 

14 MB0 MB0 MB2 MB0 MB0 MB0 MB0 83% 

15 MB2 MB2 MB2 MB1 - - MB2 75% 

16 MB2 MB2 MB2 MB2 MB2 - MB2 100% 
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Healthy controls were expected to be classified as MB2 with normal levels of BSM cells.  

Classification of the control samples resulted in 19% being classified as MB0, 23% as MB1 

and 58% as MB2.  One healthy control samples was tested twice and was classified as group 

MB2 on both occasions.  

7.3.4.3. EUROclass classification 

According to the EUROclass classification, nine patients were consistent for smB subdivision 

over the months tested (Table 7-5).  Three patients were consistently classified in 83% of the 

months, one for 80% of the time and two for 67% of the time.  This resulted in average 

consistency of 91% for the first part of the classification system, 95% CI (83.93, 97.80). 

Table 7-5: EUROclass classification over six months in the patient group smB+/smB- 

EUROclass – smB       

 Month        

P 1 2 3 4 5 6 Most frequent Consistent 

2 smB+ smB+ smB+ smB+ smB+ smB+ smB+ 100% 

3 smB- smB- smB- smB- smB- smB- smB- 100% 

4 smB+ smB- smB- smB- smB- smB+ smB- 67% 

5 smB- smB- smB- smB+ smB+ smB- smB- 67% 

6 smB+ smB+ smB+ smB+ smB+ smB+ smB+ 100% 

7 smB+ smB+ smB+ smB+ smB+ smB- smB+ 83% 

8 smB- smB- smB+ smB- smB- smB- smB- 83% 

9 smB+ smB+ smB+ smB+ smB+ - smB+ 100% 

10 smB+ smB+ smB+ smB+ smB+ smB+ smB+ 100% 

11 smB+ smB+ smB+ smB+ smB+ smB+ smB+ 100% 

12 smB+ smB- smB+ smB+ smB+ smB+ smB+ 83% 

13 smB+ smB+ smB+ smB+ smB- - smB+ 80% 

14 smB+ smB+ smB+ smB+ smB+ smB+ smB+ 100% 
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EUROclass – smB       

 Month        

P 1 2 3 4 5 6 Most frequent Consistent 

15 smB+ smB+ smB+ smB+ - - smB+ 100% 

16 smB+ smB+ smB+ smB+ smB+ - smB+ 100% 

 

Normal levels of switched memory B cells were expected in control samples and therefore 

these controls were expected to be classified as smB+.  All 26 healthy age-matched controls 

were analysed once and all were classified as smB+.  One of the control samples was tested at 

two different time points and was classified as smB+ on both occasions. 

Sub classification of both groups (smB- and smB+) into smB-21
low

 or smB-21
norm

 was 

consistently the same over the months for six patients (Table 7-6).  Five patients were 

consistently classified within the same group in 83% of the cases.  Three patients were 

classified consistently in 67% of the cases and one was classified consistently over 60% of 

the cases.  This resulted in an average consistency of 85% for the smB-21 sub classification 

(Table 7-6), 95% CI (77.00, 93.13). 
 

Table 7-6: EUROclass classification over six months in the patient group smB-21
norm

/smB-21
low 

EUROclass – smB-21 

 Month        

P 1 2 3 4 5 6 Most frequent Consistent 

2 Norm norm norm norm norm norm Norm 100% 

3 Norm norm norm norm norm norm Norm 100% 

4 Norm norm norm low low norm Norm 67% 

5 Low low low norm low low Low 83% 

6 Norm norm norm low norm norm Norm 83% 

7 Norm norm norm low norm norm Norm 83% 
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EUROclass – smB-21 

 Month        

P 1 2 3 4 5 6 Most frequent Consistent 

8 Norm norm norm low low norm Norm 67% 

9 Norm low low norm norm - Norm 60% 

10 Norm low norm norm norm norm Norm 83% 

11 Norm norm norm norm norm norm Norm 100% 

12 Norm norm norm low norm Low Norm 67% 

13 Norm norm norm norm norm - Norm 100% 

14 Norm norm norm low norm norm Norm 83% 

15 Norm norm norm norm - - Norm 100% 

16 Norm norm norm norm norm - Norm 100% 

 

Controls were expected to be classified as smB-21
norm 

because they were not expected to have 

elevated levels of CD21
low

 B cells.  The classification resulted in 96% of the healthy controls 

being classified as smB-21
norm

. 

The subclassification based on the number of transitional B cells were determined if patients 

were classified as smB-.  Seven patients were classified as smB- during this study and these 

patients were sub classified as smB-Tr
norm

 or smB-Tr
hi

 (Table 7-7).  Six patients were 

consistently classified into the same group over the months and one patient was classified 

differently one month out of six.  Since all 26 healthy individuals were all classified as smB+, 

transitional B cells quantification was not required.  
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Table 7-7: EUROclass classification over six months in the patient group smB-Tr
norm

/smB-Tr
hi 

EUROclass - smB-Tr 

 Month        

P 1* 2 3 4 5 6 Most frequent Consistent 

3 norm norm norm norm High norm Norm 80% 

4 - norm norm norm Norm - Norm 100% 

5 norm norm norm - - norm Norm 100% 

7 - - - - - norm Norm 100% 

8 norm Norm - norm Norm norm Norm 100% 

12 - norm - - - - Norm 100% 

13 - - - - Norm - Norm 100% 

 

7.3.5. Correlation between B cell subsets and clinical manifestations 

Splenomegaly, lymphadenopathy, autoimmune cytopenias and granulomatous disease have 

been linked to the classification systems described above [96] but the primary aim of this 

study was to determine the consistency of the classification systems rather than correlation 

with clinical outcomes.  

A correlation between these symptoms and B cell levels could not be found within our group 

of patients as our patient group was too small (Table C-1) with only one of patient having 

autoimmune cytopenias and two having lymphadenopathy.  Low sample size will reduce the 

statistical power of the assay.  Comparison of B cell subset levels in CVID patients with and 

without splenomegaly did not result in significantly different levels (Table C-2).  

7.3.6. T cell phenotyping in CVID patients and patients with low B cell levels 

The levels of CD4+ and CD8+ T cells were based on the average over 3 months for every 

patient.  The level of CD4+ T cells in CVID patients and patients with low B cell numbers 

was not significantly different to healthy controls (22.6% ± 2.6%, and 17.1% ± 0.3% versus 

22.6% ± 1.6%, respectively, Table 7-8).  The level of CD8+ cells was significantly increased 

in the patients with low B cells but not in CVID patients, compared to healthy controls 
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(19.1% ± 2.5%, and 28.0% ± 9.5% versus 15.1% ± 1.0%, respectively, Table 7-8).  The CD4: 

CD8 ratio was not significantly different in CVID patients but was increased in the patients 

with low B cells (1.1% ± 0.2%, and 1.7% ± 0.6% versus 0.8% ± 0.1%, respectively, Table 

7-8) 

Table 7-8: T cells in the patient group and controls.  Results are expressed as means ± standard error of the 

mean (SEM).  Percentages were compared by paired t tests and p values are given. 

 
CVID 

(n = 15) 

Low B cell 

(n = 2) 

Control 

(n = 26) 

P values 

CVID vs 

control 

P values 

Low B vs 

control 

T cells (%) 41.7 ± 3.5 45.1 ± 9.8 37.7 ± 2.1 0.30 0.36 

CD4+ (%) 22.6 ± 2.6 17.1 ± 0.30 22.6 ± 1.6 0.98 0.36 

CD8+ (%) 19.1 ± 2.5 28.0 ± 9.5 15.1 ± 1.0 0.10 0.01* 

CD4:CD8 ratio 1.1 ± 0.2 1.7 ± 0.6 0.8 ± 0.1 0.16 0.01* 

* Indicates statistically significant difference using the t test.  Abbreviations: CVID, common variable 

immunodeficiency. 

The different T cell subpopulations were distinguished using the surface markers CD45RA, 

CCR7 and CD62L.  CD62L and CCR7 are expressed on the same subpopulations and would 

be expected to give the same results.   

Within the CD4+ T cells, the level of naïve T cells (TN) was lower in CVID patients 

compared to healthy individuals (22.7% ± 3.2% versus 33.0% ± 2.2%, p = 0.01 with CCR7 

and 17.6% ± 2.7% versus 27.0% ± 2.0%, p = 0.01 with CD62L, Table 7-9 and Figure 7-12 - 

A).  

Table 7-9: CD4+ T cell subpopulations in CVID and controls.  Results are expressed as means ± standard 

error of the mean (SEM).  Percentages were compared by paired t tests and p values are given. 

CD4+ T cells (%)  
CVID 

(n = 15) 

Low B cell 

(n = 2) 

Control 

(n = 26) 

P values 

CVID vs 

control 

P values  

Low B vs 

control 

CD45RA+ CCR7+  TN  22.7 ± 3.2 33.0 ± 4.9 33.0 ± 2.2 0.01* 0.997 

CD45RA- CCR7+ TCM 18.0 ± 2.4 19.8 ± 6.5 20.8 ± 1.4 0.29 0.85 

CD45RA- CCR7- TEM 45.4 ± 3.4 38.4 ± 2.5 35.7 ± 1.9 0.01* 0.70 

CD45RA+ CD62L+ TN  17.6 ± 2.7 29.6 ± 4.0 27.0 ± 2.0 0.01* 0.72 
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CD4+ T cells (%)  
CVID 

(n = 15) 

Low B cell 

(n = 2) 

Control 

(n = 26) 

P values 

CVID vs 

control 

P values  

Low B vs 

control 

CD45RA- CD62L+ TCM 14.7 ± 1.6 21.8 ± 5.6 21.1 ± 1.6 0.01* 0.90 

CD45RA- CD62L- TEM 49.7 ± 3.3 36.2 ± 5.3 36.56 ± 2.4 0.002* 0.97 

* Indicates statistically significance difference using the t test.  Abbreviations: CVID, common variable 

immunodeficiency; TN, naïve T cells; TCM, central memory T cells; TEM, effector memory T cells; TEMRA, 

terminally differentiated effector memory T cells.  

The level of CD4+ TCM cells was lower in CVID patients based on the CD62L results, but 

was not significantly different based on CCR7 (14.7% ± 1.6% versus 21.1% ± 1.6%, p = 0.01 

for CD62L and 18.0% ± 2.4% versus 20.8% ± 1.4%, p = 0.29 for CCR7, Table 7-9 and 

Figure 7-12 - B).  The level of CD4+ TEM was higher in CVID patients compared to controls 

(49.7% ± 3.3% versus 36.6% ± 2.4%, p = 0.002 for CD62L and 45.4% ± 3.4% versus 35.7% 

± 1.9%, p = 0.01 for CCR7, Table 7-9 and Figure 7-12 - C).  

No significant difference was found between CD4+ T cell subpopulation levels in patients 

with low B cell numbers and controls.  
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Figure 7-12: CD4+ T cell subpopulations in CVID and healthy controls.  Whole blood was stained for the 

expression of CD4, CD8, CD62L, CD45RA and CCR7.  The percentages are indicated on T cells (CD4 and 

CD8 positive gated cells).  Means are indicated by horizontal lines and SEM is shown.  Means were compared 

by paired t tests and p values are given.  

No significant differences were found within the CD8+ subpopulations of CVID patients and 

the two patients with low B cell numbers (Table 7-10).  The differences between CCR7 and 

CD62L were very small compared to the differences within the CD4+ T cell population 

(Table 7-9). 

Table 7-10: CD8+ T cell subpopulations in CVID and controls.  Results are expressed as means ± standard 

error of the mean (SEM).  Percentages were compared by paired t tests and p values are given. 

CD8+ T cells (%)  
CVID 

(n = 15) 

Low B cell 

(n = 2) 

Control 

(n = 26) 

P values 

CVID vs 

control 

P values 

Low B vs 

control 

CD45RA+ CCR7+ TN  18.9 ± 3.4 16.9 ± 15.0 22.3 ± 12.8 0.44 0.61 

CD45RA- CCR7+ TCM 2.2 ± 0.6 1.3 ± 0.3 2.3 ± 0.3 0.94 0.43 

CD45RA- CCR7-  TEM 31.4 ± 2.9 39.4 ± 13.5 26.5 ± 2.4 0.21 0.18 

CD45RA+ CCR7-  TEMRA 47.8 ± 3.2 42.5 ± 1.2 49.0 ± 3.1 0.80 0.58 

CD45RA+ CD62L+  TN 18.0 ± 2.8 16.7 ± 17.7 21.6 ± 2.1 0.31 0.55 

CD45RA- CD62L+  TCM 3.7 ± 0.5 3.1 ± 0.8 4.6 ± 0.6 0.32 0.52 
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CD8+ T cells (%)  
CVID 

(n = 15) 

Low B cell 

(n = 2) 

Control 

(n = 26) 

P values 

CVID vs 

control 

P values 

Low B vs 

control 

CD45RA- CD62L-  TEM 30.8 ± 3.0 37.7 ± 16.7 24.7 ± 2.2 0.10 0.15 

CD45RA+ CD62L-  TEMRA 47.6 ± 2.6 42.5 ± 5.0 49.2 ± 3.0 0.72 0.55 

 

Patient # 9 had very low CCR7 and CD62L expression on CD4+ and CD8+ T cells (Figure 

7-13).  Patient # 18 who was originally not included in this study also showed this expression 

pattern.  This patient also had also reduced levels of CD45RA on the CD4+ cells.  Neither 

patient lacked CCR7 expression as a small number of CCR7+ cells were detected.  Both 

patients also had low expression of CD62L on these cells.  

 

Figure 7-13: T cell staining in two CVID patients and a healthy control.  Whole blood was stained with anti-

CD4-PE Cy7, anti-CD8-APC, anti-CD45RA-PE and anti-CCR7-AF488.  The percentages are indicated on 

CD19 positive gated cells.  Immunofluorescence analysis is shown.   

7.3.7. Comparison of the CCR7 and CD62L memory T cell markers  

CD62L and CCR7 have been used as T cell markers for the identification of memory T cell 

subsets [47].  Comparison of the T cell subsets based on CD62L and CCR7 showed that the 

levels of T cell subsets were not similar using the two surface markers and at different time 

points.  
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Figure 7-14: Distribution of CD4+ T cell population levels per patient and control.  Red squares indicate 

the CD62L stained cells while the black dots represent the CCR7 stained cells.  Grand means are indicated by 

horizontal lines. 

CD4+ T cell subpopulation levels were inconsistent for all time points and these differences 

were observed for both CD62L and CCR7 staining (Figure 7-14).  CD4+ TN cell levels 

varied up to 25% between time periods for some patients (patient # 1 and 10) while others 

showed little variation (patient # 7 and 9; Figure 7-14 - A).  Substantial variation was also 

seen for the CD4+ TCM cells in some patients (Figure 7-14 – B).  One patient (patient # 3) 

had levels varying 40% between two different months, while others showed very little 

variation (less than 5% in patient # 9 and 14).  Patient # 3 also showed substantial variation in 

the level of CD4+ TEM cells, ranging from 34% to 78%, but some patients (patient # 4 and 

14) showed less variation (Figure 7-14 - C).  Differences were much less for the control 

samples with a maximum variation of 8% in CD4+ TCM cells.  

Comparing the stability of CCR7 with CD62L within the CD4+ T cells showed that the SEM 

was higher in CD62L than CCR7 (Table C-3).  The average SEM was lower for CCR7 than 

CD62L in all CD4+ subpopulations, with an average SEM for CD4+ TN cells of 3.00 for 

CCR7 and 4.12 for CD62L.  In the case of the CD4+ TCM cells the average SEM value was 

3.3% versus 4.1% and for CD4+ TEM cells 5.0% versus 6.3%.  

The stability of the CD8+ T cells varied from patient to patient (Figure 7-15).  Some patients 

(patient # 1, 7 and 14) had very different levels of CD8+ TN cells at different time points 
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while others had similar CD8+ TN levels at the three time points (patient # 9, 15 and 17; 

Figure 7-15 - A).  The CD8+ TCM cells showed substantial variation for some patients, with 

populations ranging from 8% to 49% (patient # 3; Figure 7-15 - B).  CD8+ TEM and CD8+ 

TEMRA results were more stable than the CD8+TCM results (Figure 7-15 – C and D).  The 

variability of CD8+ T cell populations in the control over each time period was very low in 

all CD8+ T cell subsets.  
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Figure 7-15: Distribution of CD8+ T cell population levels per patient and control.  Samples were taken 

monthly from the same patient group and the stability was analysed.  Red squares indicate the CD62L stained 

cells while the black dots represent the CCR7 stained cells.  Grand means are indicated by horizontal lines. 

Comparing the stability of CCR7 with CD62L in the CD8+ T subpopulations showed that the 

SEM was higher in CD62L than CCR7 (Table C-4).  The average SEM value for CD8+ TN 

cells was 2.6% for CCR7 and 4.1% for CD62L, 0.6% versus 1.1% in CD8+ TCM cells, 2.6% 

versus 3.3% in CD8+ TEM cells and 3.3% versus 4.0% in CD8+ TEMRA cells.  
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7.3.8. Consistency of the T cell classification system 

The T cell classification system for CVID is based on the number of CD4+ TN cells; it uses 

the surface markers CD4, CD45RA and CD62L to divide a group of CVID patients into three 

groups.  In this study CD62L and CCR7 have both been used to classify the patients in these 

groups.   

 

Table 7-11: T cell classification of CVID patients based on CD62L surface expression.  

CD4+ classification – CD62L 

 Month     

P 1 2 3 Most common Consistent 

2 II II III II 67% 

3 II I I I 67% 

4 III III II III 67% 

5 III I I I 67% 

6 I I I I 100% 

7 I I I I 100% 

8 I II II II 67% 

9 I I I I 100% 

10 III II III III 67% 

11 III I III III 67% 

12 II II I II 67% 

13 I II II II 67% 

14 III III II III 67% 

15 I I II I 67% 

16 I II - None 50% 

 

Classification based on the number of CD4+ TN cells using CD62L as the surface marker 

resulted in only three patients being classified within the same group at three time points.  



 

154 
 

Twelve patients were classified within the same group at two time points and two patients 

were classified differently at every time point.  The average consistency of the classification 

was 72% when stained with CD62L, 95% CI (64.22, 80.72) (Table 7-11).  Healthy 

individuals were expected to have high levels of CD4+ TN cells and therefore were expected 

to be classified as group III.  However classification of control samples based on CD62L 

surface expression resulted in 17% classified as group I, 52% as group II and 30% as group 

III.   

Table 7-12: T cell classification of CVID patients based on CCR7 surface expression. 

CD4+ classification – CCR7 

 Month     

P 1 2 3 Most common Consistent 

2 III III III III 100% 

3 II I I I 67% 

4 III III III III 100% 

5 II I II II 67% 

6 I I II I 67% 

7 I I I I 100% 

8 II II III II 67% 

9 I I I I 100% 

10 III II III III 67% 

11 III II III III 67% 

12 II II II II 100% 

13 I II II II 67% 

14 III III II III 67% 

15 I I II I 67% 

16 II II - II 100% 
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When the classification was based on the number of CD4+ TN cells with CCR7 staining, six 

patients were consistently classified within the same group and 11 patients were classified 

differently at one time point.  The average consistency when using CCR7 as the surface 

marker was 80%, 95% CI (70.93, 89.47) (Table 7-12).  Classification of control samples 

based on the CCR7 staining of CD4+ TN cells resulted in classifying 4% as group I, 30% as 

group II and 65% as group III.  

7.3.9. T cell activation markers in CVID patients 

T cell activation markers were analysed in CVID patients and compared with controls (Table 

7-13).  A number of significant differences were observed in CVID patients compared to 

controls.  Within the CD4+ T cells, CVID patients had reduced levels of CD27+ CD28-, 

CD27+ CD38+ and CD28- CD38+ T cells.  Reduced numbers of CD27+ CD28- and CD27+ 

CD38+ cells were also found in the CD8+ T cells of CVID patients.  

Table 7-13: T cell activation markers in CVID and controls.  Results are expressed as means ± standard error 

of the mean (SEM).  Percentages were compared by paired t tests and p values are given. 

Activation markers (%) 
CVID 

(n = 15) 

Control 

(n = 26) 
P values 

CD4+    

CD27+ CD28-  2.7 ± 0.4 4.4 ± 0.6 0.048* 

CD27+ CD28+ 47.8 ± 4.5 56.4 ± 3.3 0.128 

CD27- CD28+ 22.1 ± 1.7 20.5 ± 1.8 0.550 

CD27- CD28- 27.4 ± 3.9 18.8 ± 2.3 0.051 

CD27+ CD38- 36.7 ± 4.3 39.3 ± 2.5 0.575 

CD27+ CD38+ 12.3 ± 1.8 22.3 ± 2.2 0.003* 

CD27- CD38+ 4.9 ± 0.7 3.7 ± 0.7 0.263 

CD27- CD38- 46.1 ± 3.9 34.7 ± 3.2 0.033* 

CD28+ CD38- 46.9 ± 3.2 43.7 ± 1.7 0.342 

CD28+ CD38+  20.8 ± 2.6 19.3 ± 1.8 0.635 
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Activation markers (%) 
CVID 

(n = 15) 

Control 

(n = 26) 
P values 

CD28- CD38+ 4.4 ± 0.6 7.5 ± 0.8 0.013* 

CD28- CD38- 27.9 ± 3.8 29.5 ± 2.1 0.688 

CD8+    

CD27+ CD28- 6.7 ± 0.7 10.2 ± 1.5 0.085* 

CD27+ CD28+ 29.7 ± 4.2 35.9 ± 3.3 0.260 

CD27- CD28+ 13.5 ± 1.6 12.4 ± 1.6 0.670 

CD27- CD28- 50.1 ± 4.4 41.5 ± 3.7 0.151 

CD27+ CD38- 29.9 ± 4.0 35.7 ± 3.4 0.299 

CD27+ CD38+ 3.9 ± 0.5 6.6 ± 0.8 0.016* 

CD27- CD38+ 11.7 ± 2.2 12.4 ± 1.5 0.776 

CD27- CD38- 54.5 ± 3.9 45.3 ± 4.1 0.139 

CD28+ CD38- 35.3 ± 3.8 37.5 ± 2.8 0.632 

CD28+ CD38+ 4.1 ± 0.6 4.6 ± 0.7 0.611 

CD28- CD38+ 12.8 ± 2.4 12.4 ± 1.4 0.879 

CD28- CD38- 47.8 ± 3.3 45.5 ± 3.4 0.645 

* Indicates statistically significant difference using the t test.  Abbreviations: CVID, common variable 

immunodeficiency. 

7.3.10. Correlation between T cell subsets and clinical manifestations 

Splenomegaly has been linked to the naïve T cell classification system described above [116].  

No correlation between T cell subsets and splenomegaly, lymphadenopathy or autoimmune 

cytopenias was observed in this group of CVID patients (Table C-5).  Comparing the T cell 

subset levels with clinical details was difficult as only one of the CVID patients in this study 

had autoimmune cytopenias and two had lymphadenopathy.  Low sample size will reduce the 

statistical power of the assay.  Comparison of T cell subset levels in CVID patients with and 

without splenomegaly did not result in significantly different levels (Table C-6).  
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7.4. Discussion 

Variation in lymphocyte subset measurements can be the result of many factors, including 

time of day that the blood was drawn, disease state, temperature of cell storage, cell 

preparation and instrument settings [336].  Age of sample variations were minimised by 

having all blood samples stained within 24 hours. 

Two patients with low B cell numbers were excluded from the B cell study.  The total B and 

T cell levels in the CVID patients were similar to those of the control samples.  Detailed 

investigation of the various B and T cell subsets revealed striking differences between the 

CVID and normal cohorts.  

Reduced levels of BSM cells in CVID patients 

In the group of 15 patients certain differences were observed within the B cell subsets.  CVID 

patients had significantly higher levels of BN, CD38
low

 CD21
low

 B and BTR cells, and reduced 

levels of BSM cells.  Patients with low levels of BSM cells had low levels at all time points and 

little variation was observed.  Reduced levels of BSM cell subset found in this patient group is 

in line with other studies [96, 340].   

EUROclass classification was the most consistent B cell classification assay 

This work revealed that EUROclass classification is the most consistent assay among the 

three tested.  One would suspect that the many subsets within the EUROclass would create 

much variation in each patient over time (Figure 7-3).  It is a surprise to find that little 

variations exist within the B cell subset numbers at different time points.  These small 

variations resulted in a more consistent classification result. 

The EUROclass classification had an average consistency of 91%, 95% CI (83.93, 97.80), for 

the first subdivision (smB+ versus smB-) and 85%, 95% CI (77.00, 93.13), for the second 

subdivision (smB-21
low

 versus smB-21
norm

).  All controls were classified as smB+, with 

normal levels of switched memory B cells, and 96% were classified as smB-21
norm

, not 

having increased levels of sm-B21 negative cells.  Use of CD21 low classification is based on 

CD38 and CD21 expression and was more stable than classification based on the CD21 

expression alone (as was done for the Freiburg classification).  
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The Freiburg classification system had an average consistency of 76%, 95% CI (67.90, 

84.64), in CVID patients.  It was expected that the control samples would be classified as 

group II, as healthy individuals were not likely to have reduced levels of switched memory B 

cells, however this classification system only placed 73% of controls in this group.  A change 

in classification was mainly due to variability in B cell numbers resulting in a change from 

group I into group II.  This may be because of the threshold of 0.4% memory B cells and 

variability in preparation might have caused slight differences in B cell levels.  

Subclassification of group I based on CD21 expression resulted in several patients changing 

from group Ia into group Ib between time periods.  Variation in CD21+ B cell levels was 

observed in most CVID patients at various time points.  

The Paris classification system was more consistent than the Freiburg classification system 

with an average consistency level of 89%, 95% CI (80.78, 98.02).  The control samples were 

expected to be classified as group MB2, because group MB0 consisted of the patients with 

very low memory B cell numbers and group MB1 of patients with defective switched 

memory B cells but normal non-switched memory B cells; however only 58% of the controls 

were classified as MB2.  The variation of BSM cell levels caused these controls to be 

classified differently.  

Reduced levels of CD4+ TN and TCM cells in CVID patients 

Within the CD4+ T cell population, CVID patients had lower levels of TN and TCM, although 

the difference in TCM level was only significant with CD62L and not with CCR7.  Elevated 

levels of CD4+ TEM were also found in CVID patients.  The CD8+ T cell populations did not 

show any differences between CVID patients and controls.  Increased levels of CD4+ TEM 

cells in CVID patients were described previously by Giovanetti et al. [116].  Increased levels 

of effector memory T cells in CVID patients may be due to persistent in vivo T cell activation 

[120]. 

Two unrelated CVID patients showed very low expression of CCR7 on CD4+ and CD8+ T 

cells.  Expression of CCR7 may have been disturbed in these patients due to primary or 

secondary factors, or chronic T cell activation may have resulted in the absence of CD4+ and 

CD8+ TN, and TCM cells in both patients.  Variability between patients and months was also 

observed, potentially caused by intercurrent- and pre analytical-factors. 
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CCR7 was a more consistent T cell marker within the T cell classification system than CD62L 

The stability of the T cell markers was analysed over three months.  The CCR7 marker 

resulted in more consistent results than CD62L in the T cell classification system as well as 

CD4+ and CD8+ T cell subgroups.  This suggests that CCR7 is a better marker for memory T 

cell analysis.  This was also supported by the classification of control samples based on 

CD62L and CCR7 staining.  Healthy individuals were expected to be classified within group 

III based on the level of TN cells.  Staining with CD62L resulted in 30% being classified as 

group III while staining with CCR7 resulted in 65% being classified as group III. 

Results showed substantial variation between different months for some subgroups which 

could have been caused by infections and intercurrent factors.  Although the total T cell 

levels were highly variable this did not result in substantial variation in the CD4:CD8 ratio.   

Reduced levels of T cell activation markers in CVID patients 

Significantly reduced levels of CD4+ CD27+ CD28-, CD4+ CD27+ CD38+, CD4+ CD28- 

CD38+, CD8+ CD27+ CD28- and CD8+ CD27+ CD28+ T cells were found in the CVID 

patient group.  These results were similar to the differences found by Vlkova et al. [123] who 

showed lower levels of CD4+ CD27+, CD4+ CD28+, CD8+ CD27+ and CD8+ CD28+ T 

cells in CVID patients compared to controls.  The elevated levels of CD8+ CD38+ T cells 

that they described were not found in our study.  No correlation between splenomegaly and 

activation markers was found, however this might be due to the low numbers of patients with 

splenomegaly.  

7.5. Future directions 

It was difficult to determine any clinical correlation due to the small number of patients (n = 

17) assessed in this study.  B and T cell subsets of the other 33 CVID patients, participating 

in this study, could be assessed while other CVID patients are being recruited.  At the same 

time it would be of interest to analyse B and T cell subsets in hypogammaglobulinaemia 

patients to see whether T and B cell subsets could be used as marker for health.  At present, 

this study showed that CD38
low

 CD21
low 

(p = 0.001) and BTR cells (p = 0.0001) are 

significantly elevated in CVID patients compared to the normal cohort.  Whether these B cell 

subsets could be used for indication of progression from hypogammaglobulinaemia to CVID 

should be investigated.   
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To conclude this part of the study, normal donors will be assessed for the consistency of the 

B and T cell assays for 6 and 3 months respectively.  The results will be tabulated and 

compared to that of the 17 patients.  Analysis of more controls at more time point will show 

the variability secondary to the assays themselves and the variability secondary to 

confounding factors relating to CVID such as recurrent infection.  

Within the CVID group we found two patients with very low CCR7 expression.  These two 

patients may have T cell defect of unknown etiology and the low CCR7 expression could be a 

manifestation of such T cell defect.  These patients seem to form a specific group within 

CVID and the correlation between T cell defect and low immunoglobulin levels need to be 

investigated.  It would be of interest to determine what caused the lack of CCR7 expression.  

One possibility is that these patients have aberrant maturation of memory T cells [341] due to 

mutations in genes that are associated with B lymphocyte maturation.  Whole genome 

sequencing of these patients is an option in the near future.  

It is possible that more CVID patients with a similar immune phenotype are present in our 

cohort.  These patients could be identified in the diagnostic laboratory setting with CCR7 

marker instead of CD62L. 
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Chapter 8. Tim-3: an exhaustion marker 

8.1. Introduction 

A number of studies investigated T cell defects in CVID patients.  Elevated levels of 

circulating CD8+ T cells [121] and a predominance of CCR7- T cells on CD4+ and CD8+ T 

cells were found which suggests a shift towards an inflammatory T cell phenotype [120].  But 

the influence of exhaustion on T cells is not well understood.  In this study Tim-3 expression 

on T cells was analysed to assess whether there is a change in expression of this exhaustion 

marker and what the exhaustion might do to T cells of CVID patients.   

Tim-3 is a member of the T cell immunoglobulin and mucin domain (Tim) family of 

molecules which contains an Ig and a mucin-like domain.  Tim proteins have been shown to 

be novel and critical regulators at various stages of the immune response, including initiation 

of the effector functions of TH1 and TH2 cells [342-344].  Tim-3 is expressed on a variety of 

immune cells such as TH1, TH17, TC1, macrophages, DCs, natural killer (NK) and NKT cells 

[345-352].  Tim-3 also encodes a splice variant that is a soluble isoform of the membrane-

bound form of the protein (flTIM-3), containing only the Ig domain (sTim-3) fused to the 

Tim-3 intracellular tail [342].  The fusion proteins (Tim-3.Ig) weakly bind to a variety of cell 

types including macrophages and DCs, but the highest binding is found on naïve CD4+ T 

cells where Tim-3 ligand, galectin-9, can be found [38, 342, 343, 353].  Galectins represent a 

highly conserved family of molecules that have been linked to regulation of immune 

homeostasis and inflammation [354].  Galectin-9 production is up-regulated by IFN-α [347].  

Tim-3 functions as a powerful regulator on both adaptive and innate immunity, although the 

effects of Tim-3 differ in various immune cells and in a range of diseases (Figure 8-1).  Tim-

3, expressed by DCs, promotes inflammation by synergising with TLRs.  Once an effector 

TH1-cell response is generated, Tim-3 is expressed by terminally differentiated TH1 cells 

which up-regulate galectin-9 expression through the production of IFN-γ.  Galectin-9 binds 

Tim-3 on the surface of TH1 cells and inhibits the TH1-cell response by triggering cell death 

in these cells [278, 355]. Tim-3 expression was also increased on exhausted T cells in 

patients chronically infected with human HIV and HCV, and the expression levels correlated 

with the state of CD8+ T cell exhaustion [278, 355].   
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Figure 8-1 Model of Tim-3 function in the immune system.  Tim-3 expressed by DCs synergises leads to the 

activation of DCs but once a TH1 cell is generated, Tim-3 is expressed by terminally differentiated TH1 cells.  

Abbreviations: DC, dendritic cells; TNF, Tumour necrosis factor; TLR, Toll-like receptor; TH, T helper cell, 

IFN, interferon.  Reproduced from Kuchroo et al., 2008 [356].  

8.2. Method 

8.2.1.1. TIM-3 expression 

Tim-3 expression was profiled by flow cytometry on whole blood of 15 CVID patients and 

26 sex- and age-matched controls.  Experiment was carried out as described in chapter 3.6.6.  

Lymphocytes were gated based on size using forward and side scatter.   

Table 8-1: CVID patient group details for TIM-3 analysis. 

P Sex Age 

1 Male 27 

2 Male 27 

3 Male 30 

4 Male 34 
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P Sex Age 

5 Male 37 

6 Female 40 

7 Male 42 

8 Female 45 

9 Female 48 

10 Male 49 

11 Male 50 

12 Male 51 

13 Female 60 

14 Male 65 

15 Female 66 

 

8.3. Results 

The level of Tim-3 expression on lymphocytes in CVID patients is not higher than the age-

matching control samples (1.7% ± 0.3% versus 1.2% ± 0.2%, p = 0.12).  

Within the same assay these Tim-3 positive cells were identified with the T cell markers CD4 

and CD8.  The level of CD4+ cells within the Tim-3+ population was significantly higher in 

patients with CVID compared to healthy individuals (36.0% ± 4.2% versus 3.1% ± 0.4%, p 

<0.0001; Figure 8-2).  The percentage of CD4+ cells in normal donors was 0% to 6% while 

the level of CD4+ cells in CVID patients was 11% to 75% of Tim-3+ lymphocytes.  The 

percentage of CD8+ cells within the Tim-3+ cell population was similar in CVID patients 

and normal donors (35.5% ± 3.4% versus 29.1% ± 2.2%, p = 0.10). 
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Figure 8-2: Expression of CD4 and CD8 on Tim-3+ cells.  A – Expression of CD4 on Tim-3+ cells was 

higher in CVID patients compared to controls.  B - Expression of CD8 on Tim-3+ cells was not different 

between CVID patients and controls.  Means are indicated by horizontal lines and SEM is shown.  Percentages 

of CD4+Tim-3+ cells in CVID patients and controls were compared by paired t tests.   

8.4. Discussion 

The level of Tim-3 expression on peripheral blood lymphocytes is not significantly different 

in CVID patients compared to healthy controls (1.6% ± 0.3% versus 1.2% ± 0.2%, p = 0.18).  

The CD4+ compartment within the Tim-3+ cell population is increased in CVID patients 

compared to normal donors (p < 0.0001), while the CD8+ cells showed relatively even Tim-3 

distribution in both groups.   

CVID patients are more likely than healthy individuals to have bacterial infections, and an 

increase in CD4+ cells within the Tim-3+ cell population may be related to activation of 

CD4+ T cells during infection.  In vitro re-stimulation in the presence of TH1-driving 

conditions (IL-12 and anti-IL-4) led to an abundance of TH1 cells expressing Tim-3 [343, 

345, 357] and the presence of CD4+Tim-3+ cells in CVID patients may be due to this type of 

stimulation. 

It is unlikely that expression of Tim-3 on CD8+ T cells of CVID patients is due to chronic 

viral infections, CVID patients are not prone to viral infections than healthy individuals.  This 

may explain why the level of CD8+ cells within the Tim-3+ population is not increased in 

CVID patients when compared to controls.  

Mc Mahan et al. [358] showed that subjects who cleared Hepatitis C virus infection (HCV) 

did not demonstrate increased Tim-3 expression on CD4+ T cells.  They hypothesised that 
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Tim-3-expressing CD4+ T cells may not provide the T cell help in the earliest stages of 

infection.  They also found that CD4+Tim-3+ T cells had impaired IL-2 secretion [358], 

which is important for T cell proliferation as well as activation of NK cells, B cells, CD8+ T 

cells and macrophages [37].  This suggests that high levels of CD4+ cells within the Tim-3+ 

population in CVID patients may influence proliferation and activation of the immune cells.   

The role of the Tim-3 ligand (Gal-9) on Tim-3 expression in CVID patients is unclear.  

Galectin proteins play multiple roles in innate and adaptive immunity, and plays an important 

role within the apoptosis of TH1 cells [359].  Gal-9 knock-out mice appear to have expanded 

populations of memory CD8+ T cells, but it is unclear why more CD8+ T cells survive to 

become memory cells in the absence of Gal-9 [360].  Memory CD8+ T cells were not 

expanded in CVID patients. 

8.5. Future directions 

Tim-3 is expressed on TH17 cells [361] and appears to function as a negative regulator of 

both TH1 and TH17 cytokines in T cells.  It is not clear whether the Tim-3+ cells expressing 

CD4 are of a TH1, TH17 or potentially NK cell phenotype.  A broader phenotypic assay is 

required to analyse this subgroup of Tim-3+ cells, including markers to distinguish NK cells, 

TH17 cells and the various memory T cell markers, such as CCR7 and CD45RA.  PD-1 is a T 

cell exhaustion marker; although these patients do not appear to be prone to chronic viral 

infection it would be of interest to assess whether expression of this marker is elevated in 

CVID patients.   

It would also be of interest to assess whether CD4+Tim-3+ T cells are still functional and 

able to be re-stimulated.  To do this, cells can be sorted by flow cytometry or magnetic beads 

and activated with various interleukins to check their functionality in vitro.  However the 

number of Tim-3+ cells is below 2% in most cases which could cause difficulty in setting up 

this type of assay, and the likely feasibility of this type of experiment should first be 

considered.  
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Chapter 9. Summary and perspectives 

As part of this study a group of 125 immunodeficient patients were recruited, including 48 

CVID patients.  Collecting and analysing clinical and laboratory information from this CVID 

cohort allows us to assess the state of CVID in New Zealand in the past, at present and to 

develop a better prognosis for these patients.  Although genetic testing is a definite method 

for diagnosis, segregation analysis, cellular assays and functional assays will be needed to 

confirm the influence of mutations on disease.  

9.1. Clinical details 

Reducing the delay in diagnosis is important for optimal treatment and potentially to 

minimise complications.  A strong reduction in the delay of diagnosis was observed over the 

last 80 years in New Zealand.  At present CVID patients are diagnosed promptly, within 12 

months after symptoms first appeared.  Greater awareness of primary immune deficiencies 

among clinicians is an important factor for such rapid diagnosis. Also the awareness 

programmes during medical school training.  The Immune Deficiencies Foundation of New 

Zealand (IDFNZ) has been an important factor in making clinicians more aware of primary 

immune deficiencies.  Faster diagnosis may result in better prognosis for these patients as 

studies have shown that IVIG replacement therapy can significantly reduce the incidence of 

pneumonia in patients with CVID [281].   

We observed that patients with more severe infections per year were diagnosed quicker.  The 

same trend was observed with the number of hospitalisations per year and time to diagnosis.  

Patients who develop severe infections and need hospital treatment are more likely to be 

diagnosed by clinicians.  These patients are more likely to see an immunologist.   

Age of symptom onset was significantly lower in patients with bronchiectasis compared to 

those without bronchiectasis.  This finding suggests that patients who developed CVID at a 

younger age are more likely to develop bronchiectasis.  The observed reduction in delay of 

diagnosis may change the prevalence of bronchiectasis in patients in New Zealand as patients 

get diagnosed sooner and treatment can start at a younger age.  At the same time patients with 

autoimmune cytopenia develop CVID symptoms at an older age.   

Complications that lead to quicker diagnosis are lymphadenopathy, autoimmune cytopenias 

and granulomatous disease, although these differences are not significant.  This suggests that 
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clinicians are more likely to think of an immune deficiency when these complications are 

present.   

9.2. Candidate genes 

Genetic testing is a definitive method of diagnosis but pathogenicity of a genetic variation 

requires detailed analysis.  Disease-causing and disease-associated mutations have been 

found in CVID patients [60, 89, 306, 362, 363].  In this study we analysed a group of ten 

candidate genes in the group of CVID and asymptomatic hypogammaglobulinaemia patients.  

Non-synonymous SNPs (NsSNPs) are most likely to affect protein structure and function.  

Seventeen nsSNPs and one deletion were found within eight candidate genes (APRIL, BAFF-

R, BCMA, Bob-1, TACI, IL-15, IL-15Rα and IRF-4).  No SNPs were detected in the ICOS and 

BAFF genes.  The disease-causing mutations in ICOS are from a common founder in 

Germany [22].  Our patient cohort does not have those mutations, suggesting that none were 

descendants of the German lineage.  So far, no disease-causing or disease-associated 

mutations have been described in BAFF.  Within our Maori and Pacific patients group we did 

not find any obvious founder defect.     

The identified mutations were analysed using the available information in the SNP databases.  

The patients’ SNPs were also compared with those from the healthy individuals.  Presence of 

SNPs in healthy individuals at similar frequency made it unlikely for these SNPs to be 

disease-causing.  Amino acid substitution prediction method softwares were used to assess 

the extent of functional or structural disruption to the affected gene product.  The softwares 

predict certain nsSNPs to be non-pathogenic and hence exclude these from further analysis.   

Some nsSNPs have not been described previously (Bob-1, G42V; IL-15, S77N; IL-15Rα, 

T75M and N146T; TACI, R20H and ΔK186).  These nsSNPs, not observed in healthy 

individuals, although not all predicted to be damaging, require further assessment in the 

future.  

One of the disease-associated mutations (TACI, C104R), previously described in CVID 

patients and controls, was present in four patients in this study group.  The four patients 

present different clinical symptoms: two CVID patients, one CVID patient who also meets 

the criteria for SLE and one asymptomatic hypogammaglobulinaemia patient.  SLE has not 

been observed in patients carrying the C104R mutation although SLE-like characteristics 

were reported in a mouse model lacking TACI expression [172].  The different clinical 
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presentation of C104R mutation suggests that environmental and other non-genetic factors 

may influence the phenotypic expression of these variants [306].  Family segregation analysis 

is helpful in analysing the disease penetration of this particular nsSNP and was carried out for 

one family in this study.   

9.3. TACI family study 

Segregation analysis has previously proven to be a useful method of assessment and analysis 

of the TACI C104R mutation.  In the studied family this gave unexpected results for some 

family members, which suggests that the TACI C104R mutation could not predict the 

severity of the disease.  

The C104R mutation did not segregate accordingly within the family.  The index patient is 

heterozygous for the C104R mutation.  Some symptomatic family members carry the 

mutation (both parents) while an unwell member (the son of the index patient) does not have 

the mutated allele.  Both healthy brothers have the mutation: one brother is a heterozygote 

and the other homozygote for the mutation.  The healthy daughter of the index patient does 

not have the mutated copy.   

CVID patients have reduced Ig levels but the Ig levels of the family members showed that the 

TACI mutation did not result in the predicted Ig decrease.  The parents have reduced IgG 

levels.  The brother with the heterozygous mutation has normal Ig levels (IgG, IgA and IgM) 

while the brother who carried two mutated copies has reduced levels of IgG and IgA.  The 

children of the index patient do not have the mutation but both have reduced IgA levels.  The 

different genotypes in this family did not predict the immunoglobulin levels which suggest 

that hypogammaglobulinaemia in this family could be due to additional genetic or 

environmental factors.   

Memory B and T cell phenotyping revealed some interesting features in this family.  Family 

members with CVID have significantly increased levels of MZ B cells compared to those 

healthy individuals and healthy controls.  Furthermore the level of MZ B cell in healthy 

family members is comparable to those in the normal controls.  It would be of interest to 

investigate if the MZ B cell population could be a marker for health in the context of CVID. 

Reduced IgA and IgG levels in combination with reduced levels of switched memory B cells 

observed in the homozygote brother (C104R/C104R) is comparable to what has been found 
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previously in CVID patients [96].  Lack of response was observed against diphtheria toxoid 

but there was some response to tetanus and Candida and his lymphocytes have good mitogen 

responses.  Based on the ESID and PAGID criteria for CVID, this person would not be 

classified as having CVID.  If his vaccine responses reduce over time, the patient will fit the 

diagnosis of CVID.  He now carries emergency antibiotics and is likely to need intravenous 

immunoglobulin in the future. 

One family segregation analysis was performed in this study.  However investigation into 

families with different TACI mutations (R20H, R202H and K186del) is important.  The 

analyses could further support our finding that TACI mutations could not predict the severity 

of the disease.  

9.4. Phenotypic memory B and T cell analysis  

Flow cytometric analysis is a rapid and simple assay but has some disadvantages; results are 

dependent on many factors including time the blood was drawn, delay in preparation and 

instrument settings [336, 364].  In this study we have analysed memory B and T cell subsets 

as well as the consistency of the memory B and T cell assays in 17 patients.   

CVID patients showed increased levels of BN, CD38
low

 CD21
low

 B and BTR cells, and had 

lower levels of BSM cells compared to control samples.  The finding of reduced levels of BSM 

cell subset in this patient group is in line with other studies [96, 340].  This part of the work 

compares three B cell classification systems: the Freiburg classification, the Paris 

classification and the EUROclass classification.  The EUROclass classification [96] was the 

most consistent system over six months.  Control samples were also most likely to be 

classified correctly within the EUROclass classification.  Out of the three classification 

systems, EUROclass would be the preferred method to use.   

The memory T cell assay revealed two patients with very low CCR7 expression.  CCR7 

expression was reduced in both CD4+ and CD8+ T cell compartment.  None of the other 15 

CVID patients have similar T cell phenotypes.  CD4+, CD8+ TN and TCM cells are also 

absent in both patients.  Absence of these T cell subsets may be due to chronic T cell 

activation [365].  Further laboratory assessment has been planned for the individuals.  Clearly 

these two patients have T cell defects.  Whole genome analysis can decipher whether a 

genetic defect causes the T cell defect.   
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Within the CD4+ T cell group, CVID patients had lower levels of TN and TCM.  The 

difference in TCM levels was significant with CD62L but not with CCR7.  Also, elevated 

levels of CD4+ TEM were observed in CVID patients.  The CD8+ T cell populations did not 

show any differences between CVID patients and controls.  The relevance of CD4+ TN, CD4+ 

TCM and CD4+ TEM as potential markers for CVID will need to be investigated.  

Memory T cell phenotyping and T cell classification assay in CVID patients showed that 

CCR7 resulted in more consistent results over three months compared with CD62L.  CCR7 is 

recommended as the marker to be used for memory T cell phenotyping.   

Reduced levels of CD4+ CD27+ CD28-, CD4+ CD27+ CD38+, CD4+ CD28- CD38+, CD8+ 

CD27+ CD28- and CD8+ CD27+ CD28+ T cells were found in the CVID patient group.  The 

sample size of this study was too small to correlate T cell activation markers with 

complications in these patients.  The various activation markers may be useful markers for 

CVID and this will need to be investigated.  

9.5. Tim-3 

We have shown that the level of CD4+ Tim-3+ cells was increased in CVID patients.  As 

CVID patients are more likely to have bacterial infections, an increase in CD4+ cells within 

the Tim-3+ cell population may be related to activation of CD4+ T cells during infection.   

Tim-3 protein is not expressed by TN cells, and only small amounts of Tim-3 were detected 

after antigenic stimulation in the presence of IL-4.  Repetitive in vitro re-stimulations in the 

presence of TH1-driving conditions, such as IL-12 and anti-IL-4, led to an abundance of TH1 

cells expressing TIM-3 [343, 345, 357].   

The Tim-3 expression on CD4+ T cells in CVID patients may be a marker for CVID.  The 

characteristics of these cells are unknown, as only three surface markers have been used, and 

expression of these cells in other immune deficient patients is also unknown.  Comparing the 

expression of Tim-3 in CVID patients with hypogammaglobulinaemia patients could be 

carried out to see whether these cells are CVID specific.  Characterisation of the CD4+ Tim-

3+ T cells found in CVID patients will need to be analysed and assays will need to be 

developed to prove whether these T cells are inactive exhausted T cells.  
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9.6. Future directions 

More patients are still being recruited for this study and following both CVID and 

hypogammaglobulinaemia patients will give a better understanding of the prognosis and 

development of these diseases.  Whether asymptomatic hypogammaglobulinaemia develops 

into CVID is unknown.  Potential markers for CVID, such as Tim-3+ CD4+ T cells, may 

distinguish those hypogammaglobulinaemia patients that may develop CVID.   
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Appendix A: Consent form for the study 

Identification of novel gene defects in Common Variable Immune 

Deficiency (CVID)/ hypogammaglobulinaemia: a multi-centre 

study 

 

Consent Form 

 

3.1  I have read and I understand the information sheets for volunteers taking part in the 

study designed to identify genetic disorders in Common Variable Immune Deficiency 

(CVID)/ hypogammaglobulinaemia.  I have had the opportunity to discuss this study.  

I am satisfied with the answers I have been given. 

3.2  I have had the opportunity to use whanau support or a friend to help me ask questions 

and understand the study. 

3.3  I understand that taking part in this study is voluntary (my choice) and that I may 

withdraw from the study at any time and this will in no way affect my future health 

care. 

3.4  (If relevant, where the research involves a vulnerable participant) I have had this 

project explained to me by ___________________________________. 

3.5  I understand that my participation in this study is confidential and that no material, 

which could identify me, will be used in any reports on this study. 

3.6 I understand the compensation provisions for this study.  

3.8 I have had time to consider whether to take part. 

3.9 I know who to contact if I have any side effects to the study. 

3.10 I know who to contact if I have any questions about the study. 

 

4.1 I agree to an approved auditor appointed by either, the ethics committee, or the 

regulatory authority or their approved representative, and approved by the multi-
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regional ethics committee reviewing my relevant medical records for the sole purpose 

of checking the accuracy of the information recorded for the study  YES/NO 

4.2 I consent to the researchers storing a specimen of my blood (or other tissue) for its 

later use as a part of this study or other research  or   YES/NO 

4.3 I consent to blood samples being destroyed at the end of the study.        YES/NO 

4.4 I am aware that the proposed study will involve analysis of my genetic makeup.  I 

consent to such an analysis being performed     YES/NO 

4.6 I understand that if I consent to such analysis, no rights will be created for the 

researcher/sponsor to my genetic information.         YES/NO 

4.7 I am aware that the proposed study may involve storage of my genetic makeup and 

give my consent.             YES/NO 

4.8 I consent to my DNA/tissue sample being stored for future research into Primary 

immune deficiency disorders subject to ethical approval being given by a New 

Zealand accredited ethics committee      YES/NO 

4.9 I wish to receive a copy of the results                  YES/NO 

 Participants should be advised that a significant delay may occur between data 

collection and publication of the results.  Alternatively “I would like the researcher to 

discuss the outcomes of the study with me”.      YES/NO 

4.10 I consent to my clinical and laboratory details being reviewed by the research team to 

confirm I am eligible to take part in the study.         YES/NO 

4.11 I agree to my GP or other current provider being informed of my  

 participation in this study/the results of my participation in this study     YES/NO 

4.12 I consent to 10mL of blood being taken on a monthly basis for the evaluation of new 

tests for immune deficiency 

 

5. I  ___________________ (full name) hereby consent to take part in this study.  (Refer to 

Guidelines where participants are vulnerable). 
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“If you have any queries or concerns regarding your rights as a participant in this study you 

may wish to contact a Health and Disability Advocate, telephone 

 Northland to Franklin   0800 555 050 

 Mid and lower North Island  0800 42 36 38 (4 ADNET) 

 South Island except Christchurch 0800 377 766 

 Christchurch    03 377 7501” 

 

Date  

 

Signature  

    

Full names of Researchers  Associate Professor Rohan Ameratunga (Auckland) 

    Dr Richard Steele    (Wellington) 

    Dr John O’Donnell    (Christchurch) 

 

Contact Phone Number for local researchers 

 

Project explained by 

 

Project role 

 

Signature 

 

Date 

 

One copy of consent to be given to patient, second copy to be filed in notes and third copy to be sent 

to A/Prof Rohan Ameratunga. 

 

 

REQUEST FOR INTERPRETER  

 
 

English I wish to have an interpreter. Yes No 

Maori E hiahia ana ahau ki tetahi kaiwhakamaori/kaiwhaka pakeha korero. Ae Kao 

Cook 

Island 
Ka inangaro au i  tetai tangata uri reo. Ae Kare 

Fijian Au gadreva me dua e vakadewa vosa vei au Io Sega 

Niuean Fia manako au ke fakaaoga e taha tagata fakahokohoko kupu. E Nakai 

Samoan Ou te mana’o ia i ai se fa’amatala upu. Ioe Leai 

Tokelaun 
Ko au e fofou ki he tino ke fakaliliu te gagana Peletania ki na gagana 

o na motu o te Pahefika 
Ioe Leai 

Tongan Oku ou fiema’u ha fakatonulea. Io Ikai 

 

 

Other languages to be added following consultation with relevant 

communities. 
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Appendix B: Questionnaire for the clinical study 

Last Name  

First Name  

NHI no  

Date of birth  

Ethnicity  

Reason for referral/testing  

Referring Dr. to study  

Location  

Symptomatic Yes/No 

Age of symptoms onset  

Unusual site of infection Yes/No 

Unusual organism Yes/No 

Number of infections per year before diagnosis  

skin infections Yes/No 

Septicemia Yes/No 

Meningitis Yes/No 

Eye infections Yes/No 

Number of severe infections before Diagnosis   
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(a week off school or work) 

Hospitalisations before Diagnosis  

Age of first severe infection  

Fungal infections Yes/No 

Poor response to treatment Yes/No 

Who made Diagnosis of CVID  

Age of testing  

Age of diagnosis  

Other diagnosis  

Monoclonal antibody Yes/No 

Granulomatous Yes/No 

Family history Yes/No 

Bronchiectasis Yes/No 

Other lung problems Yes/No 

Asthma Yes/No 

Sinus or ear surgery Yes/No 

Chronic sinus Yes/No 

Chronic ear infections Yes/No 

Allergic rhinitis Yes/No 
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Food allergy Yes/No 

Drug allergy Yes/No 

Eczema Yes/No 

SLE Yes/No 

Autoimmune cytopenias Yes/No 

Diabetes Yes/No 

Autoimmune liver disease Yes/No 

Hepatomegaly Yes/No 

Splenomegaly Yes/No 

Lymphadenopathy Yes/No 

Other gut diagnosis Yes/No 

Continouous antibiotics Yes/No 

Malignancy Yes/No 

IVIG Yes/No 

Subcut Ig Yes/No 

Other treatment eg cytokine, mabs  
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Appendix C: Phenotypic analysis results 

Table C-1: Correlation between clinical details and B cell subsets.  Results are expressed as means ± standard error of the mean (SEM).  

P # A/L/S B cells Naïve Marginal zone Switched memory CD38
low

 CD21
low

 Transitional Plasmablasts  

9 S+A 2.3 ± 0.8 80.7 ± 1.0 0.8 ± 0.2 7.2 ± 0.5 10.7 ± 0.6 0.5 ± 0.1 2.6 ± 1.0  

2 S 6.4 ± 0.6 70.2 ± 2.0 6.8 ± 0.6 10.4 ± 1.0 3.3 ± 0.9 0.4 ± 0.1 1.1 ± 0.2  

10 S 4.8 ± 0.5 81.6 ± 1.8 5.4 ± 0.3 7.6 ± 1.1 5.7 ± 2.0 0.2 ± 0.04 0.4 ± 0.1  

12 S 4.5 ± 0.3 78.5 ± 1.1 15.1 ± 1.1 3.1 ± 0.2 10.3 ± 2.2 2.1 ± 0.3 0.4 ± 0.1  

3 L 5.7 ± 0.4 95.6 ± 0.8 0.7 ± 0.1 0.5 ± 0.1 7.9 ± 0.9 6.4 ± 0.9 0.03 ± 0.01  

13 L 6.5 ± 0.7 77.0 ± 2.4 15.9 ± 1.9 3.3 ± 0.7 4.8 ± 0.8 0.9 ± 0.1 0.7 ± 0.1  

4  4.8 ± 0.4 85.8 ± 1.4 9.1 ± 1.2 2.1 ± 0.5 8.9 ± 2.0 2.0 ± 0.4 0.5 ± 0.1  

5  4.0 ± 0.4 89.3 ± 0.6 5.9 ± 0.4 1.7 ± 0.3 13.7 ± 1.0 1.4 ± 0.4 0.3 ± 0.2  

6  10.7 ± 0.9 82.6 ± 0.7 11.4 ± 0.5 3.5 ± 0.2 6.3 ± 1.4 2.2 ± 0.2 0.2 ± 0.1  

7  2.0 ± 0.1 94.1 ± 0.6 0.6 ± 0.2 3.5 ± 0.7 8.3 ± 1.4 1.4 ± 0.2 0.9 ± 0.1  

8  12.0 ± 2.4 93.0 ± 0.4 2.8 ± 0.3 1.4 ± 0.1 6.5 ± 2.4 3.9 ± 0.4 0.8 ± 0.2  

11  2.3 ± 0.4 55.7 ± 3.0 20.4 ± 3.3 12.0 ± 1.3 4.7 ± 0.8 0.0 ± 0.0 0.1 ± 0.04  
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P # A/L/S B cells Naïve Marginal zone Switched memory CD38
low

 CD21
low

 Transitional Plasmablasts  

14  9.2 ± 1.5 83.7 ± 1.3 3.5 ± 0.2 6.0 ± 0.5 4.1 ± 1.7 0.5 ± 0.2 0.3 ± 0.1  

15  7.4 ± 0.9 45.3 ± 6.1 41.1 ± 6.8 9.2 ± 1.1 3.9 ± 0.7 0.3 ± 0.1 0.3 ± 0.1  

16  6.6 ± 1.1 68.3 ± 0.7 10.2 ± 1.0 13.4 ± 0.8 4.8 ± 0.9 0.5 ± 0.1 1.4 ± 0.3  

Abbreviations: A, autoimmune cytopenias; L, lymphadenopathy; P #, patient number; S, splenomegaly.  
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Table C-2: Comparison of B cell subsets in CVID patients with or without splenomegaly.  Results are expressed as means ± standard error of the mean (SEM).  

Percentages were compared by paired t tests and p values are given. 

B cell populations (%) 
Splenomegaly 

(n = 4) 

No splenomegaly 

(n = 11) 
P values 

B cells 4.3 ± 0.7 6.5 ± 1.0 0.22 

BN cells 84.1 ± 3.9 76.9 ± 4.7 0.40 

BMZ cells 5.5 ± 3.4 11.6 ± 3.4 0.34 

BSM cells 4.6 ± 1.7 6.1 ± 1.3 0.56 

CD38
low

 CD21
low

 8.7 ± 1.2 6.3 ± 0.9 0.18 

BTR cells 2.3 ± 0.4 1.2 ± 0.3 0.30 

Plasmablasts 0.9 ± 0.6 0.6 ± 0.1 0.50 
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Table C-3: CD4+ T subpopulations in CVID patients and the control.  Results are expressed as means ± standard error of the mean (SEM).   

 CD4+ TN cells CD4+ TCM cells CD4+ TEM cells 

# CCR7 CD62L CCR7 CD62L CCR7 CD62L 

1 37.8 ± 6.6 33.6 ± 7.1 13.3 ± 2.6 16.2 ± 2.7 35.9 ± 5.0 30.9 ± 4.7 

2 33.8 ± 0.8 28.1 ± 3.8 14.3 ± 1.9 10.8 ± 0.7 35.7 ± 1.1 38.1 ± 3.4 

3 13.1 ± 2.5 10.0 ± 3.5 24.1 ± 6.8 24.8 ± 12.4 57.9 ± 7.6 59.4 ± 13.2 

4 46.0 ± 1.4 34.5 ± 5.1 24.6 ± 1.6 22.1 ± 3.4 24.2 ± 1.8 28.5 ± 3.8 

5 18.6 ± 5.8 17.8 ± 6.9 15.7 ± 9.5 17.2 ± 7.0 55.2 ± 10.7 55.5 ± 10.2 

6 12.2 ± 1.9 8.0 ± 0.7 30.2 ± 6.2 13.0 ± 0.3 51.3 ± 8.0 66.2 ± 2.3 

7 8.1 ± 0.2 8.6 ± 1.2 10.6 ± 1.1 20.6 ± 3.6 73.9 ± 0.7 64.5 ± 3.8 

8 28.4 ± 3.2 18.4 ± 2.7 23.5 ± 2.4 15.5 ± 2.7 39.8 ± 3.4 48.5 ± 3.1 

9 0.6 ± 0.04 2.4 ± 0.4 2.9 ± 0.6 4.9 ± 0.8 56.3 ± 6.9 54.0 ± 7.6 

10 36.2 ± 7.1 31.6 ± 4.9 6.3 ± 1.6 11.0 ± 1.0 41.9 ± 5.9 39.6 ± 5.2 

11 32.7 ± 3.9 26.3 ± 5.8 11.9 ± 1.0 15.8 ± 2.6 43.34 ± 5.4 43.4 ± 8.1 

12 20.1 ± 1.3 12.5 ± 3.1 26.5 ± 3.0 14.2 ± 3.6 31.8 ± 5.3 48.6 ± 5.8 

13 17.7 ± 1.4 14.8 ± 3.2 31.9 ± 3.9 24.8 ± 7.3 43.6 ± 3.9 51.2 ± 7.0 
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 CD4+ TN cells CD4+ TCM cells CD4+ TEM cells 

# CCR7 CD62L CCR7 CD62L CCR7 CD62L 

14 35.9 ± 5.0 31.8 ± 5.0 5.6 ± 1.2 6.7 ± 1.0 26.0 ± 2.7 25.1 ± 3.1 

15 17.4 ± 3.6 11.8 ± 3.9 18.2 ± 5.8 12.5 ± 4.9 52.9 ± 7.2 55.6 ± 5.9 

16 23.1 ± 3.5 16.2 ± 9.4 27.2 ± 3.0 21.2 ± 14.1 43.1 ± 4.4 49.8 ± 16.0 

17 28.1 ± 5.6 25.6 ± 6.5 26.3 ± 5.8 27.5 ± 5.6 40.8 ± 8.6 41.5 ± 8.6 

C 20.0 ± 0.2 18.2 ± 1.1 15.6 ± 1.5 21.4 ± 0.1 56.8 ± 0.8 51.3 ± 1.4 
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Table C-4: CD8+ T subpopulations in CVID patients and control.  Results are expressed as means ± standard error of the mean (SEM).   

 CD8+ TN cells CD8+ TCM cells CD8+ TEM cells CD8+ TEMRA cells 

# CCR7 CD62L CCR7 CD62L CCR7 CD62L CCR7 CD62L 

1 31.8 ± 5.2 29.2 ± 7.6 1.0 ± 0.3 2.4 ± 0.7 25.9 ± 0.7 21.0 ± 1.8 41.3 ± 4.8 47.5 ± 6.6 

2 23.4 ± 0.7 21.3 ± 2.2 1.6 ± 0.2 2.3 ± 0.2 20.3 ± 1.8 18.7 ± 1.6 54.7 ± 1.9 57.7 ± 1.6 

3 7.7 ± 0.8 10.2 ± 2.5 0.9 ± 0.3 6.3 ± 1.6 42.8 ± 2.6 43.3 ± 4.4 48.6 ± 1.5 40.1 ± 1.0 

4 25.3 ± 1.9 22.2 ± 3.0 2.3 ± 0.6 5.2 ± 0.9 33.6 ± 1.2 31.6 ± 1.4 38.8 ± 1.2 41.1 ± 2.7 

5 15.6 ± 5.1 15.6 ± 6.9 0.6 ± 0.4 2.5 ± 1.2 31.0 ± 2.5 31.2 ± 4.4 52.8 ± 3.2 50.5 ± 4.1 

6 11.3 ± 1.0 7.0 ± 1.1 9.4 ± 1.7 7.5 ± 1.5 36.7 ± 1.7 41.5 ± 2.7 42.6 ± 4.4 44.1 ± 3.9 

7 43.7 ± 4.6 39.2 ± 6.6 3.3 ± 0.6 5.9 ± 1.6 23.5 ± 2.9 19.9 ± 3.1 28.4 ± 2.3 35.1 ± 5.8 

8 22.6 ± 2.3 16.9 ± 1.9 1.4 ± 0.6 2.1 ± 0.5 40.6 ± 1.9 35.9 ± 1.3 35.5 ± 4.8 42.2 ± 3.4 

9 1.7 ± 0.4 6.4 ± 0.6 0.5 ± 0.2 1.3 ± 0.2 16.8 ± 2.5 16.7 ± 4.0 84.0 ± 2.6 75.6 ± 3.6 

10 29.2 ± 6.3 26.9 ± 4.6 0.8 ± 0.3 3.2 ± 0.7 31.6 ± 3.5 30.3 ± 2.8 38.4 ± 3.2 39.6 ± 2.9 

11 20.6 ± 4.0 19.8 ± 5.5 0.7 ± 0.2 3.0 ± 0.9 33.5 ± 4.7 32.0 ± 3.7 45.2 ± 3.1 45.2 ± 3.1 

12 17.1 ± 1.2 18.6 ± 9.2 4.2 ± 0.6 4.9 ± 2.7 22.4 ± 2.0 22.4 ± 3.5 56.4 ± 2.2 54.1 ± 8.8 

13 9.1 ± 2.2 16.0 ± 3.6 4.1 ± 1.7 4.9 ± 1.2 33.3 ± 3.1 35.9 ± 2.3 32.5 ± 1.9 43.3 ± 3.1 

14 44.5 ± 8.5 37.9 ± 7.8 0.7 ± 0.4 1.4 ± 0.3 9.1 ± 0.7 8.4 ± 0.9 45.7 ± 8.5 52.4 ± 7.3 
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 CD8+ TN cells CD8+ TCM cells CD8+ TEM cells CD8+ TEMRA cells 

# CCR7 CD62L CCR7 CD62L CCR7 CD62L CCR7 CD62L 

15 4.8 ± 0.6 6.4 ± 1.5 0.7 ± 0.3 2.2 ± 0.7 47.6 ± 4.3 47.5 ± 4.1 47.0 ± 4.5 44.0 ± 3.5 

16 8.2 ± 1.7 13.1 ± 8.1 3.4 ± 1.4 6.0 ± 3.4 40.2 ± 7.4 35.1 ± 8.4 48.2 ± 4.3 45.9 ± 3.1 

17 1.9 ± 0.3 4.2 ± 1.5 1.6 ± 0.5 3.9 ± 1.2 52.9 ± 3.2 54.4 ± 6.9 43.6 ± 3.6 37.5 ± 5.8 

C 23.4 ± 0.9 22.8 ± 0.4 0.5 ± 0.03 1.9 ± 0.1 31.5 ± 0.9 28.6 ± 1.6 44.7 ± 1.8 46.7 ± 2.1 
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Table C-5: Correlation between clinical details and T cell subsets.  Results are expressed as means ± standard error of the mean (SEM).  

P A/L/S T cells  CD4:CD8 CD4+ TN  CD4+ TCM CD4+ TEM CD8+ TN  CD8+ TCM CD8+ TEM CD8+ TEMRA 

9 S+A 10.2 ± 5.7 1.7 ± 0.2 0.6 ± 0.04 2.9 ± 0.6 56.3 ± 6.9 1.7 ± 0.4 0.5 ± 0.2 16.8 ± 2.5 84.0 ± 2.6 

2 S 35.9 ± 0.7 0.4 ± 0.02 33.8 ± 0.8 14.3 ± 1.9 35.7 ± 1.1 23.4 ± 0.7 1.6 ± 0.2 20.3 ± 1.8 54.7 ± 1.9 

10 S 45.8 ± 4.1 0.4 ±0.1 36.2 ± 7.1 6.3 ± 1.6 41.9 ± 5.9 29.2 ± 6.3 0.8 ± 0.3 31.6 ± 3.5 38.4 ± 3.2 

12 S 57.4 ± 2.8 0.8 ± 0.1 20.1 ± 1.3 26.5 ± 3.0 31.8 ± 5.3 17.1 ± 1.2 4.2 ± 0.6 22.4 ± 2.0 56.4 ± 2.2 

3 L 58.1 ± 8.5 3.2 ± 0.1 13.1 ± 2.5 24.1 ± 6.8 57.9 ± 7.6 7.7 ± 0.8 0.9 ± 0.3 42.8 ± 2.6 48.6 ± 1.5 

13 L 27.4 ± 1.9 1.4 ± 0.1 17.7 ± 1.4 31.9 ± 3.9 43.6 ± 3.9 9.1 ± 2.2 4.1 ± 1.7 33.3 ± 3.1 32.5 ± 1.9 

1  35.3 ± 7.1 1.1 ± 0.1 37.8 ± 6.6 13.3 ± 2.6 35.9 ± 5.0 31.8 ± 5.2 1.0 ± 0.3 25.9 ± 0.7 41.3 ± 4.8 

4  48.0 ± 4.0 1.6 ± 0.2 46.0 ± 1.4 24.6 ± 1.6 24.2 ± 1.8 25.3 ± 1.9 2.3 ± 0.6 33.6 ± 1.2 38.8 ± 1.2 

5  48.1 ± 13.5 2.0 ± 0.2 18.6 ± 5.8 15.7 ± 9.5 55.2 ± 10.7 15.6 ± 5.1 0.6 ± 0.4 31.0 ± 2.5 52.8 ± 3.2 

6  35.2 ± 5.3 0.3 ± 0.2 12.2 ± 1.9 30.2 ± 6.2 51.3 ± 8.0 11.3 ± 1.0 9.4 ± 1.7 36.7 ± 1.7 42.6 ± 4.4 

7  56.5 ± 4.7 0.5 ± 0.03 8.1 ± 0.2 10.6 ± 1.1 73.9 ± 0.7 43.7 ± 4.6 3.3 ± 0.6 23.5 ± 2.9 28.4 ± 2.3 

8  24.6 ± 2.4 1.1 ± 0.1 28.4 ± 3.2 23.5 ± 2.4 39.8 ± 3.4 22.6 ± 2.3 1.4 ± 0.6 40.6 ± 1.9 35.5 ± 4.8 

11  45.3 ± 11.4 0.6 ± 0.04 32.7 ± 3.9 11.9 ± 1.0 43.4 ± 5.4 20.6 ± 4.0 0.7 ± 0.2 33.5 ± 4.7 45.2 ± 3.1 

14  53.6 ± 5.5 0.4 ± 0.0 35.9 ± 5.0 5.6 ± 1.1 26.0 ± 2.7 44.5 ± 8.5 0.7 ± 0.4 9.1 ± 0.7 45.7 ± 8.5 
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P A/L/S T cells  CD4:CD8 CD4+ TN  CD4+ TCM CD4+ TEM CD8+ TN  CD8+ TCM CD8+ TEM CD8+ TEMRA 

15  42.4 ± 3.2 0.8 ± 0.1 17.4 ± 3.6 18.2 ± 5.8 52.9 ± 7.2 4.8 ± 0.6 0.7 ± 0.3 47.6 ± 4.3 47.0 ± 4.5 

16  39.4 ± 2.7 0.7 ± 0.01 23.1 ± 3.5 27.2 ± 3.0 43.1 ± 4.4 8.2 ± 1.7 3.4 ± 1.4 40.2 ± 7.4 48.2 ± 4.3 

17  16.0 ± 7.7 2.2 ± 0.2 28.1 ± 5.6 26.3 ± 5.8 40.8 ± 8.6 1.9 ± 0.3 1.6 ± 0.5 52.9± 3.2 43.6 ± 3.3 

Abbreviations: A, autoimmune cytopenias; L, lymphadenopathy; P #, patient number; S, splenomegaly.  
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Table C-6: Comparison of T cell subsets in CVID patients with or without splenomegaly.  Results are expressed as means ± standard error of the mean (SEM).  

Percentages were compared by paired t tests and p values are given. 

T cell populations (%) 
Splenomegaly 

(n = 4) 

No splenomegaly 

(n = 11) 
P values 

T cells  42.9 ± 11.3 41.8 ± 2.9 0.90 

CD4:CD8 ratio 1.5 ± 0.6 1.0 ± 0.2 0.26 

CD4+ TN 17.5 ± 7.4 25.9 ± 3.1 0.24 

CD4+ TCM 15.0 ± 6.1 19.3 ± 2.3 0.42 

CD4+ TEM 47.0 ± 6.2 43.9 ± 3.6 0.68 

CD8+ TN 13.9 ± 6.0 20.1 ± 3.8 0.44 

CD8+ TCM 1.6 ± 0.9 2.3 ± 0.7 0.61 

CD8+ TEM 28.4 ± 5.7 33.5 ± 3.4 0.47 

CD8+ TEMRA 56.8 ± 9.8 44.2 ± 2.0 0.06 
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