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Abstract 

B-cells of patients with secondary and primary antibody deficiency often exhibit 

defects in maturation, activation, or survival, which may lead to impaired immune 

responses after SARS-CoV-2 vaccination. These defects contribute to vaccine non- 

responsiveness in some patients. The underlying mechanisms and the feasibility of 

pre-vaccination risk stratification remain unclear. To investigate B-cell intrinsic 

differentiation capacities in a heterogeneous cohort of vaccine-responding and non- 

responding antibody-deficient patients, an in vitro plasma cell differentiation model 

has been utilised. Such an approach may also be useful in assessing their suitability 

for immunoglobulin replacement therapy (IgRT). 

 
B-cells from participants enrolled in the COV-AD study, taken after their fourth 

SARS-CoV-2 vaccine dose, were isolated and induced to differentiate into plasma 

cells. B-cell functionality at critical differentiation stages was assessed using flow 

cytometry, ELISA, BCR analysis, and RNA sequencing. The study revealed distinct 

differences in B-cell differentiation between vaccine responders and non-responders. 

Non-responders (n=15) and a subset of responders (n=10/35) exhibited significantly 

reduced or absent expression of the BAFF-R survival receptor. Immunoglobulin 

heavy chain sequencing showed no significant differences in BCR profiles between 

responders and non-responders. Both patient groups displayed reduced intracellular 

and secreted IgG and IgA expression compared to healthy controls. 

 
Atypical B-cell differentiation profiles in antibody deficient patients, particularly 

reduced BAFF-R expression, may underpin impaired SARS-CoV-2 vaccine 

responses. The identification of BAFF-R as a critical survival receptor emphasises its 

potential as a biomarker for risk stratification. Integrating BAFF-R profiling into 

clinical workflows could help identify patients at risk of poor immune outcomes, 

enabling tailored therapeutic interventions. Refining this in vitro plasma cell 

differentiation model to allow for faster assessments, focusing on BAFF-R levels and 

other key markers, will enhance its feasibility as a practical tool for pre-IgRT risk 

stratification in clinical settings. 
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1.1 Humoral immunity: protection provided by B-cells 

 
Immune responses can largely be classified into two categories: innate and 

acquired. Whilst overlaps between the two exist, it is generally true that innate 

responses account for the initial, rapid, and non-specific response to antigen that 

recognise pattern/danger recognition receptors and primarily act through 

phagocytosis. Conversely, acquired immunity involves a slower, highly specific 

response that develops overtime and relies on lymphocyte activation and the 

formation of immunological memory for long-term protection. 

 

Humoral immunity is deemed the highly specific acquired or adaptive response to 

antigen and relies on T and B lymphocytes to destroy extracellular microorganisms 

through the production of antibodies (Marshall et al., 2018). T and B-cells are 

constantly generated in the bone marrow (BM). Whilst precursor T cells migrate to 

the thymus following successful BM generation, B-cells complete maturation in 

secondary lymphoid tissues (i.e. lymph nodes, spleen and tonsils). Prior to exiting 

the bone marrow, developing B-cells undergo highly regulated processes that 

sequentially trigger B-cell receptor (BCR) assembly, expression and signalling to 

result in functional B-cell production (Cano and Lopera, 2013). 

 

 
The BM niche is highly specialised. The proximity of stromal cells to developing 

immunocytes elicits the formation of adhesive contacts and provides cytokines and 

chemokines required for early differentiation and proliferation (Carsetti, 2000). This 

environment enables haemopoietic stem cells (HSCs) to differentiate into myeloid 
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progenitor cells (MPPs) or lymphoid progenitor cells (LPCs), whereby the latter may 

give rise to lymphocytes such as pro-B-cells (Figure 1.1). 

 
 
 

 

1.2 Introducing diversity 

 
A successful adaptive immune response requires the generation of a diverse array of 

antigen receptors. In B-cells, such diversity is attributed to three regulated processes 

known as V (D) J recombination, somatic hypermutation (SHM) and class switch 

recombination (CSR) (Chi, Li and Qui, 2020). 

 
 
 

 

1.2.1 V (D) J recombination 
 

 
It is at the pro-B-cell stage in the BM that B-cell progenitors undergo rearrangement 

of their immunoglobulin heavy chain (IgH) genes via the process of V (D) J 

recombination. This mechanism encompasses the multiple variable (V), diversity (D) 

and joining (J) gene segments within the IgH locus (Nguyen et al., 2016), and 

involves double-stranded DNA breaks being made and subsequently repaired. The 

initial step in V (D) J recombination is the recognition of specific recombination signal 

sequences (RSSs) located at the boundaries of the V, D and J gene segments within 

the IgH locus by a recombinase complex consisting of the recombination-activating 

gene (RAG-1 and RAG-2) enzymes (Schatz, Oettinger and Baltimore, 1989; 

Oettinger et al., 1990). The binding of the RAG complex to DNA triggers a 

conformational change to RSS sites, resulting in discrete DNA single-stranded 

breaks between each coding region and its RSS. This initial DNA breakage creates a 

3’-OH group that facilitates a transesterification reaction to generate hairpins via the 

formation of double stranded breaks between the V, D and J segments that flank 

RSS sites (Bassing, Swat and Alt., 2002; Christie, Fijen and Rothenberg, 2022). 
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Following successful cleavage, other proteins in the recombinase complex trigger 

the subsequent double-stranded break repair (DSBR) process via nonhomologous 

end joining (NHEJ), which is an inexact process that aids further diversification. In 

NHEJ, exposed DNA ends are recognised by the Ku protein which itself interacts 

with the DNA-dependent protein kinase catalytic subunit to form a holoenzyme that 

scaffolds other reparation proteins (Fell and Schild-Poulter 2015; Yue et al., 2020). 

The recruitment of other scaffolding proteins results in the bridging of DNA ends via 

the process of synapsis (Graham, Walter and Loparo 2016). DNA ends are then 

ligated, and the process of V(D)J recombination is complete (Figure 1.2). 

 

 
Successful heavy chain production enforces allelic exclusion, a process resulting in 

the recognition of a single antigen via the expression of only one allele, and triggers 

μ chain expression to denote pre-B-cell production (Alt et al., 1984; Murphy, Weaver 

and Janeway, 2017). μ expression intersects with lambda-5 and VpreB to form a 

surrogate light chain in a transient complex called the pre-BCR that signals via Ig-α/β 

and Btk (Tsubata and Reth, 1999; Winkler and Mårtensson., 2018). Signalling results 

in development of large pre-B-cells which are capable of proliferation. At this stage, 

surrogate light chain expression is downregulated and the μ heavy chain is 

expressed in the cytoplasm. This results in RAG1/2 recombinase re-expression that 

triggers light-chain gene rearrangement. Successful light-chain gene assembly 

results in an immature B-cell, with an intact BCR, that expresses IgM at the cell 

surface (Collins and Watson, 2018; Sims et al., 2005). Immature B-cells can migrate 

to secondary lymphoid organs for additional maturation and differentiation. 

The additional incorporation of immunological diversity through CSR and SHM is 

introduced later in B-cell differentiation and will be discussed in section 1.4.1. 



Chapter 1 - Introduction 
 

 
4 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1.1: B-cell development and subsets. B-cells develop in the bone marrow (BM) from haematopoietic stem 

cells (HSCs), capable of developing into pro-B-cells and subsequent large pre-B-cells via V-DJ recombination to 

generate functional heavy chain. Following large pre-B-cell formation, the heavy chain complexes with the surrogate 

light changes and drives pre-BCR formation to elicit rapid proliferation and differentiation into small pre-B-cells. Pre- 

B-cells experience light chain rearrangement, which is successfully denoted by a functional BCR and surface IgM 

expression. Immature B-cells may then exit the BM for additional differentiation that give rise to mature follicular 

(FO), marginal zone (MZ) B-cells or anergic B-cells. HSC, hematopoietic stem cell; BCR, B-cell receptor; T1 and T2, 

transitional B-cells; MZ, marginal zone; FO, follicular; T3, anergic B-cells. * Denotes where heavy chain 

rearrangement occurs, and ** marks where light chain rearrangement occurs. Figure adapted from Rebecca 

Newman, 2021. 
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Figure 1.2: Simplified schematic of heavy chain immunoglobulin (IgH) V (D) J recombination. The diversity 

(D) and joining (J) gene segment join followed by the joining of the variable (V) region. The heavy-chain C-segment 

(CH) is encoded for by several exons which are additionally spliced (in addition to the leader, L, sequence) during 

heavy-chain recombination. Following translation, the L sequence is removed and disulfide bonds linking the 

polypeptide chains are formed. 
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1.3 B-cell differentiation into antigen-secreting cells 
 
 

 
The binding of antigen to the BCR initiates B-cell proliferation and differentiation into 

short-lived or long-lived plasma cells (PCs), which both secrete antibodies or 

memory B-cells that facilitate an immune response to reinfection. The factors 

determining a PC versus memory cell fate are largely elusive, but it is postulated that 

expression of the master transcription factor, IRF-4/BLIMP1, facilitates PC 

generation (Nutt et al., 2011), and higher expression of transcription factors such as 

Bach2 could facilitate memory B-cell fate (Shinnakasu et al., 2016). Another 

observation is that B-cells with lower antigen affinity tend to become memory and 

have fewer mutations than PCs, hence could be generated earlier (Taylor, Pape and 

Jenkins, 2012). 

 
Before reaching maturity, B-cells undergo several transitional stages, starting as 

immature B-cells in the bone marrow. These immature cells migrate to the spleen, 

where they pass through transitional stages (T1 and T2), distinguishable through 

surface phenotype and functional characteristics, before becoming mature but naive 

B-cells (Chung et al., 2003). At this stage, naive B-cells have not yet encountered 

their specific antigen but maintain functional BCRs and can respond to antigens 

upon activation (Chung et al., 2003). It is these mature, naive B-cells, rather than 

their immature counterparts, that can differentiate into antibody-secreting cells 

(ASCs) upon antigen encounter. 

 

 
B lymphocyte activation is either T cell-dependent (TD) or T cell-independent (TI). In 

both cases, secondary lymphoid tissue migration occurs and usually involve 

signalling from antigen binding to the BCR, although some TI reactions are initiated 

by pathogen-associated molecular patterns (PAMPs). (Cano et al., 2013). However, 

a secondary signal is additionally needed to trigger antibody production in TD 

responses (Jeurissen, Ceuppens and Bossuyt, 2004). 
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1.3.1 T-cell dependent and independent responses 
 

 
Secondary signalling required for TD responses derives from CD4+ T helper cells. 

The recognition of antigen by naive B-cells triggers antigen internalisation (Yuseff et 

al., 2013). Subsequent processing and presentation using a major histocompatibility 

complex II (MHC II) occurs, which enables antigen recognition by antigen-specific 

CD4+ T follicular helper cells that thereafter become activated (Parker., 1993, Yuseff 

et al., 2013; Akkaya et al., 2019). Activated CD4+ T cells express CD40L, which 

binds to CD40 on B-cells, in addition to various interleukins (ILs) that strongly trigger 

B-cell activation (Figure 1.3) (Parker, 1993; Elgueta et al., 2009). 

 

 
TI responses are characteristic for marginal zone and a subset of follicular B-cells, 

occurring independently of T-cell help and therefore tending to be more rapid (Figure 

1.3) (Cerutti, Cols and Puga, 2013). TI responses occur when BCRs interact directly 

with pathogens possessing repetitive epitope units, such as lipopolysaccharides. 

This enables multiple BCR cross-linking to provide an initial activation signal. Direct 

interaction is also mediated (independently or collectively with BCRs) by innate 

immune receptors, such as cell surface and intracellular toll-like receptors (TLRs) 

which primarily recognise microbial membrane components (e.g. lipids, lipoproteins 

and proteins and bacterial/viral nuclei acid derivatives, respectively (Kawasaki and 

Kawai, 2014).
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Figure 1.3: T -cell dependent and independent B-cell differentiation. In T-cell independent B-cell differentiation, transitional B-cells exit the bone 

marrow and differentiate into either marginal zone B-cells or follicular B-cells (T-cell independent pathway is indicated by red arrows). B-cells may then 

receive direct stimulation to drive short-lived plasma cell generation. In T-cell dependent B-cell differentiation (indicated by black arrows), transitional 

B-cells exit the bone marrow and differentiate into follicular B-cells that may receive CD4+ T cell CD40-L stimulation. Cells may then enter the dark 

zone of germinal centres, where proliferation and somatic hypermutation (SHM) occur. Cells may progress to the germinal centre light zone, where 

cells are subject to affinity maturation to determine whether apoptosis or differentiation-progression occurs. Selected cells undergo class switching 

and can mature into memory B-cells or plasma cells. 
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1.3.2 Germinal centre reactions 

 

 
The initial antigen/BCR binding stage shared by both TD and TI responses facilitates 

rapid B-cell proliferation and differentiation into transient plasmablasts. This occurs 

via the extrafollicular response. B-cells activated by a TD response can also initiate a 

germinal centre (GC), an anatomical structure within secondary lymphoid organs 

whereby processes that alter the immunoglobulin molecule, such as class switch 

recombination (CSR) and somatic hypermutation (SHM), occur (Pone et al., 2012). 

CSR relates to the changing of the constant immunoglobulin region, downstream of 

the hypervariable VDJ segment of B-cell immunoglobulin genes, from Cμ to Cγ, Cε 

or Cα (Honjo, Kinoshita and Muramatsu, 2002). This recombinational event enables 

an isotypic switch in B-cells from producing IgM to IgG, IgE or IgA whist maintaining 

synonymous antigen specificity that is determined by the variable region (Pone et al., 

2012; Nutt et al., 2015). The resultant class-switched isotype is determined by 

cytokines that can work synergistically to stimulate or suppress a particular 

immunoglobulin class, thus creating a complex microenvironment tailored to combat 

specific antigens (Chaudhuri and Alt, 2004) (Table 1.1). 

 
 
 

Cytokine Immunoglobulin 
isotype 

Reference 

IL-4 IgE, IgG1 Snapper, Finkelman and Paul, 1988 

IL-5 IgA Harriman et al., 1998 

 
Murray et al., 1987 

IL-6 IgG3, IgG1 Dienz et al., 2009 

TGF-b IgA Borsutzky et al., 2004 

IFN-g IgG2, IgG3 Snapper et al., 1992 

 
Inoue et al., 1995 

 

Table 1.1: Immunoglobulin isotype generation and cytokine expression. The generation of 

specific immunoglobulin isotypes is largely attributed to the expression of specific cytokines. 
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1.3.3 Immunoglobulin classes 

 
 

 
Each immunoglobulin class has unique properties and functions tailored to the 

required immune response. IgM is the initial antibody produced during B-cell 

development, hence the additional mechanism resulting in immunoglobulin diversity 

(i.e. somatic hypermutation) infrequently occur in the initial response to antigen. 

Thus, IgM antibodies enable low- affinity IgM-expressing B-cells, or natural 

antibodies, to rapidly respond to various antigens (Schroeder and Cavacini, 2010) 

(Figure 1.4). IgM is expressed in its monomeric form on the surface of naïve B-cell 

where it acts as an antigen receptor. IgM also exists in secreted form as a large 

multimer whereby single IgM units are linked by disulphide bonds. Secreted IgM is 

effective in microbe agglutination and activation of the compliment system due to its 

pentameric structure (Schroeder and Cavacini, 2010). 

 
Membranous IgD can be co-expressed with IgM to engage in BCR signalling 

(Geisberger, Lamers and Achatz, 2006), however the role of circulating IgD is less 

clear. Nonetheless, it has been postulated that its functions include assisting in 

mucosal immune surveillance by providing mucosal-reactive IgD antibodies to 

myeloid effector cells (Figure 1.4) (Gutzeit, Chen and Cerutti, 2018). 

 
IgG is the most abundant and long-lasting antibody class and can be sub-classified 

in humans, based on relative abundance, as either: IgG1 (most abundant), IgG2, 

IgG3 and IgG4 (least abundant). Each IgG subclass has differences in the constant 

region, which itself elicits different effector functions including complement activation, 

antibody-dependent cellular cytotoxicity and phagocytosis (Figure 1.4) (Vidarsson, 

Dekkers and Rispens, 2014). 

 
IgA exists in two forms (IgA1 and IgA2) and can be found as a monomer in serum or 

as a dimer with a J chain and secretory component in mucosal secretions (Figure 

1.4). The imperative role of IgA in mucosal immunity is evidenced in its abundance at 

mucosal surfaces such as the respiratory, gastrointestinal and genitourinary tracts 

(De Sousa-Pereira and Woof, 2019). 
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Figure 1. 4: Immunoglobulin isotypes 

 
IgE is found at the lowest concentration of all immunoglobulin classes, and its 

functions correspond to hypersensitivity, allergy and parasitic infections (Figure 2.4). 

Such responses are attributed to interaction with high-affinity FcεRI receptors on 

mast cells and basophils, triggering the release of histamines and other allergy- 

related immune mediators (Schroeder and Cavacini, 2010). 

 

 
Fig 1.4: Immunoglobulin isotypes. Schematic representation of IgG, IgD, IgA, IgE and IgM 

immunoglobulin isotypes in mammals. Fab, fragment-antigen binding regions; Fv, variable region; Fc, 

fragment crystallisable region; VL, variable light chain; CL, constant light chain; VH, variable heavy chain; 

CH (1-3), constant heavy chain. Taken from Absolute Antibody, 2018. 

 

The last mechanism by which immunoglobulin diversity can occur is secondary to 

antigen exposure through the process of SHM in the GC dark zone (DZ) (Schroeder 

and Cavacini, 2010) SHM involves the incorporation of point mutations into the 

variable regions of immunoglobulin genes, resulting in an improved affinity (Figure 

1.3) (Chi, Li and Qui, 2020). 

Both CSR and SHM are mediated by enzymes such as activation-induced cytidine 

deaminase (AID) (Muramatsu et al., 2000; Kuraoka et al., 2011). AID is expressed in 

activated GC B-cells (Revy et al., 2000), and facilitates alteration of immunoglobulin 
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constant regions and antibody diversity by binding to the DNA locus at VDJ 

segments to deaminate cytidine to uracil, thereby introducing DNA double strand 

breaks (DSBs) (Papavasiliou and Schatz 2002; Revy et al., 2000; Muramatsu et al., 

2000). DSBs result in base substitutions that are inherited by all B-cell progeny, 

generating clonal BCR variants. While these variants contribute to antigen-driven 

selection, B-cell survival is promoted through activation of transcriptional pathways 

such as the nuclear factor-kappa B (NF-ĸB) pathway (LeBien and Tedder 2008; 

Guldenpfennig et al., 2023), rather than as a direct consequence of DSBs.  

 
Clonal variants produce terminally-differentiated PCs capable of secreting high- 

affinity antibodies, alongside a pool of long-lived memory B-cells poised for rapid 

recall responses (Akkaya and Kwak, 2019). Following SHM in the DZ, B-cell 

progeny relocate to the light zone (LZ), where they undergo stringent selection. In 

this compartment, B-cells compete for antigen displayed on the surface of follicular 

dendritic cells (DCs), capturing antigen via their mutated BCRs and presented 

processed peptides on MHC class II molecules to T-follicular helper cells (Stebegg 

et al., 2018). The extent of T cell help a B-cell receives is determined by the affinity 

of its BCR, with higher-affinity clones capturing more antigen, presenting greater 

levels of peptide–MHC complexes, and in turn securing increased survival and 

proliferative signals via CD40–CD40L interactions and cytokines such as IL-21. This 

facilitates the preferential selection of high-affinity clones for continued participation 

in the GC response, while low-affinity variants are eliminated via apoptosis (De Silva 

and Klein, 2015) (Figure 1.3). 

In a subset of selected B-cells, this interaction promotes further affinity maturation by 

initiating additional cycles of proliferation, SHM and selection. Positively selected LZ 

B-cells are instructed to either differentiate into memory B-cells or PCs, or to 

recirculate to the DZ for further rounds of mutation. This process is coordinated by a 

network of transcriptional regulators, with MYC and the NF-κB subunit REL playing 

essential roles in maintaining GC integrity and permitting DZ re-entry of antigen-

selected B-cells. The termination of the GC reaction and commitment to terminal 

differentiation is tightly controlled by both transcriptional and post-transcriptional 

mechanisms, ensuring that only B-cells with sufficiently high-affinity receptors 

contribute to long-lived humoral immunity (De Silva and Klein, 2015). 

 

 



Chapter 1 - Introduction 
 

  
13 

 

 

 

1.4 Plasma cell transcription factors 

 

   B-cell differentiation is a complex and highly regulated process involving significant    

changes in antibody surface markers and transcription factors that facilitate the 

determination of B-cell fate (Roth et al., 2013) (Table 1.2 and Figure 1.5). Important surface 

markers used to define B-cell differentiation stages include CD19, CD20, CD27, CD38 and 

CD138 (Table 1.2), all of which have important functions in B-cell differentiation. 

 

 
 

Surface 

marker 

Function B-cell 

subset 

where 

marker is 

primarily 

expressed 

Reference 

CD19 B-cell lineage 

marker 

Co-receptor for 

BCR that 

decreases 

activation 

threshold, allowing 

direct and indirect 

recruitment of 

downstream 

kinases (e.g. Ras, 

Abl, Btk) 

Naïve (+) 

Activated (++) 

Plasmablast 

(+) 

Plasma cell 

(+/-) 

Memory 

Zhou et al., 1992 
Wang, Wei and Liu, 2012 

CD20 -Regulates 

differentiation and 

cell cycle 

progression 

-Involved in calcium 

signalling 

Naïve (++) 

Activated (++) 

Memory 

 

Tedder and Engel, 1994 
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CD27 -Often used to 

distinguish memory 

from naïve B-cell 

subsets 

-Signalling can 

activate NFkB 

pathway 

Activation (+/-) 

Plasmablast 

Tangye et al., 1998 

Klein et al., 1998 

CD38 -Ubiquitous in most 

cells 

-An ADP-hydrolase 

with function in 

calcium signalling 

-Signalling 
transduction 

Plasmablast 

(+) 

Plasma cell 

(++) 

Takasawa et al., 1993 

States, Walseth and Lee, 1992 

Lee, 2006 

CD138  -Mediates plasma 

cell adhesion to 

bone marrow 

extracellular matrix 

-Enhances plasma 

cell survival  

Plasma cell 

(+) 

Sanderson et al., 1992 

McCarron et al., 2017 

Table 1.2: B-cell markers. B-cell markers CD19, CD20, CD27, CD38 and CD138 expression can 

be used to study B-cell differentiation. 

 
 

All B-cells highly express the transcription factor Paired Box 5 (PAX5), which plays a crucial 

role in promoting lineage commitment and maintaining the B-cell state by suppressing 

genes associated with terminal differentiation (Nutt et al., 1999; Schebesta et al., 2007; 

Cobaleda et al., 2007). Within GCs, the decision to differentiate into antigen-secreting 

memory B-cells or PCs is governed by a network of transcriptional regulators (De Silva and 

Klein, 2015). A key factor in sustaining the GC phenotype is B-cell lymphoma 6 (BCL6), 

which is highly expressed in GC B-cells and functions to suppress PC differentiation by 

repressing the expression of B-lymphocyte induced maturation protein 1 (BLIMP1) (Reljić et 

al., 2000; Shaffer et al., 2002).   

 

As B-cells commit to terminal differentiation, PAX5 and BCL6 expression is progressively 

downregulated (Carotta et al., 2006), permitting BLIMP1 activation (Calame, Lin and 

Tunyaplin, 2003). BLIMP1 acts as a master regulator of PC fate by repressing genes 

involved in cell proliferation, DNA synthesis and B-cell antigen presentation (Shaffer et al., 

2002). This transition is further supported by interferon regulatory factor 4 (IRF4), which is 
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induced following PAX5 repression and promotes BLIMP1 expression while inhibiting BCL6 

in a dose-dependent manner (Carotta et al., 2014; Ochiai et al., 2013). In parallel, X-box 

binding protein 1 (XBP1) is upregulated downstream of BLIMP1, initiating the unfolded 

protein response (UPR) to accommodate the high secretory demands of antibody-

producing PCs (Reimold et al., 2001; Minnich et al., 2016).  

 

Together, these regulatory pathways ensure that only B-cells with appropriately high-affinity 

antigen receptors are permitted to exit the GC reaction and contribute to long-lived humoral 

immunity, maintaining a balance between differentiation and self-renewal while 

safeguarding against dysregulated responses that could lead to autoimmunity or 

immunodeficiency (De Silva and Klein, 2015).  
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1.5 Plasma cell survival niches and their role in antibody 

production 

 

Long-lived PCs (LLPC), distinguishable from short-lived PCs (SLPC), are critical in 

providing long-term and sustained antibody production. The ability of LLPCs to 

survive for extended periods of time is not intrinsic to the PC itself but rather 

accounted for by their high dependence to migrate, localise and respond to 

specialised microenvironments known as PC survival niches that are primarily 

located in the BM, spleen and inflamed tissues (Lightman et al., 2019). Within these 

niches, PCs receive survival signals (e.g. IL-6, APRIL) and through interactions with 

stromal cells, DCs, and other components of the niche environment (Lindquist et al., 

2019). 

The environment within these niches is highly competitive due to limited availability 

of space and resources. Only the LLPCs capable of effectively migrating to and 

establishing themselves within these niches can persist. This competitive nature 

ensures that only the most functionally capable PCs are maintained, contributing to 

the quality and effectiveness of the antibody-mediated immune response. Without 

the continuous access of survival signals and supportive interactions, LLPCs cannot 

sustain themselves and will undergo apoptosis (Simons and Karin, 2024). The 

removal of unfit PCs is a critical regulatory mechanism that prevents the 

accumulation of dysfunctional or unnecessary PCs. 

 Recent work challenges the strict dependence of LLPCs on specialised survival 

niches and suggests that their longevity is largely governed by intrinsic cellular 

programmes, including immunoglobulin isotype and metabolic state. Notably, tissue-

resident PCs were found to be inherently long-lived across multiple organs, with 

their gene expression signatures shaped by both developmental cues and local 

tissue environments. This paradigm shift implies that while survival niches may 

support or modulate LLPC function, they are not strictly required for sustaining long-

term PC survival (Tellier et al., 2024). 

Nonetheless, the formation, maintenance, and function of these niches remain 

important for optimising LLPC survival and function. Disruptions to niche integrity 

can still reduce the efficiency of PC support, potentially leading to diminished 

antibody levels (Unger et al., 2014). Given the complexity of PC niches and the 
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broader process of B-cell differentiation, impairments in these systems (i.e. intrinsic 

or extrinsic) can contribute to immune dysregulation, as evidenced in antibody 

deficiency disorders.
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Figure 1. 5: T-cell dependent and independent B-cell differentiation is facilitated by alterations in transcription factor expression 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

Figure 1.5: T-cell dependent B-cell differentiation is facilitated by alterations in transcription factor expression. Immature B-cells 

highly express PAX5 and BCL6. As B-cells become activated, PAX5 and BCL6 are inhibited whilst BLIMP1, IRF4 and XBP1 expression 

gradually increase to facilitate B-cell differentiation. PAX5, Paired Box 5; BCL6, B-Cell Lymphoma 6; IRF4, Interferon Regulatory Factor 4; 

BLIMP1, B-Lymphocyte Induced Maturation Protein1; XBP1, X-Box Binding Protein 1. 
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1.6 Antibody deficiency 

 
Antibody deficiencies correspond with increased infection susceptibility, attributed to 

a loss of or failed immunoglobulin function (Duraisingham et al., 2014). Deficiencies 

are either primary (PAD) or secondary (SAD) in nature and can have variable impact 

on immunoglobulin profiles depending on the precise genetic defect (Herriot and 

Sewell, 2008). Before reviewing PADs and SADs individually, general 

immunodeficiency disorders will be the focus, most notably in its primary form. 

1.6.1 Primary immunodeficiencies 

Primary immunodeficiencies (PIDs) or inborn errors or immunity (IEI) represent a 

large, heterogenous group of inherited disorders affecting immune responses that 

may present as: increased susceptibility to infections; autoimmunity; 

autoinflammatory diseases; allergy; BM failure; and/or malignancy. (Demirdağ and 

Gupta, 2021; Tangye et al., 2022). PIDs are estimated to have a documented 

prevalence of around 1 in 1,000 to 1 in 5,000 worldwide, although it is likely that high 

amounts of unrecorded cases exist. (Tangye et al., 2020; Meyts et al., 2020). The 

high incidence of unrecorded cases is thought to be attributable to four factors: 

underutilisation of next-generation sequencing, incomplete penetrance (partial or no 

presentable disease), manifestation to organs other than blood and lymphatic 

system and the role of somatic mutations that can present in adulthood (Akalu and 

Bogunovic, 2023). 

The mechanism by which PID results in disease is dependent on both the nature of 

the variants and its inheritance (Figure 1.6). Monoallelic variants are heterozygous, 

attributed to one allele carrying the variant and eliciting disease through 

haploinsufficiency, negative dominance or gain-of-function (GOF). Biallelic variants 

are homozygous or compound heterozygous, occurring if both alleles are variant- 

carriers (Heyne et al., 2023) and result in autosomal recessive disease through: loss 

of expression, loss of function (LOF), GOF or neomorphic mutations. Biallelic 

variants may also result in X-linked recessive traits due to LOF or GOF variants 

(Tangye et al., 2022). 
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To date, there are 485 confirmed IEI (Yu, 2023). According to the most up-to-date IEI 

classification, IEI are categorised into 10 groups: combined immunodeficiencies, 

combined immunodeficiencies with syndromic features, predominantly antibody 

deficiencies, diseases of immune dysregulation, congenital defects of phagocytes, 

defects in intrinsic and innate immunity, autoinflammatory diseases, complement 

deficiencies, BM failure and phenocopies of IEI. The latter refers to conditions that 

mimic the clinical features of inherited IEIs but arise from non-genetic causes, such 

as SHM or autoantibodies that disrupt normal immune function (Tangye et al., 2020). 

 

Figure 1.6: Lymphocyte development and genetic origins of various primary immunodeficiencies. B- 
cell development starts in the bone marrow and continues maturation in the thymus (T-cells) and secondary 
lymphoid organs (B-cells). Examples of primary immunodeficiency are shown in red. Figure taken from 
Ghraichy et al., 2018. 
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1.6.2 Primary antibody deficiencies 

 

 
The most prevalent category of IEI are PADs, which arise due to genetic factors 

impairing antibody production, maturation and/or function (Durandy, A, Kracher, S 

and Fischer, A, 2013). Over 17 PADs have been documented, attributed to 

numerous different genetic defects (European Society of Immunodeficiencies, 2024). 

PAD presentation is not apparent at birth due to the protective neonatal ability of 

maternal antibodies, however as the effectiveness of these antibodies declines 

clinical presentations may arise commonly in the form of frequent infections with 

encapsulated bacteria (e.g. Streptococcus pneumoniae, Haemophilus influenzae 

type b) (Ballow, 2002). Despite this, however, around 95% of PAD patients show no 

clinical presentation until after the age of six years (Wood, 2009). Upon referral, 

regardless of age, most PAD patients are diagnosed by serum IgG levels of < 3 g/l ; 

IgA levels of < 0.1 g/l or (rarely) IgM levels of < 0.25 g/l in combination with 

severe/recurrent/unusual infections (Wood, 2009). 

The antibody impairment resulting in PAD may be B-cell-intrinsic, although 

impairments may originate from other immune cell lineages (Durandy, A, Kracher, S 

and Fischer, A, 2013), such as T cells and innate immune cells. Regardless of the 

cell origin, patients experience infectious and non-infectious (including autoimmunity 

and malignancies) manifestations (Demirdağ and Gupta, 2021) that can range in 

severity. More than 50% of PAD diagnoses can be accounted for by common 

variable immunodeficiency (CVID), a heterogenous condition that tends to have an 

adult-onset presentation and affects around 1 in 25,000-50,000 of the population 

(Gereige and Maglione, 2019). 
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1.6.3 Common variable immunodeficiency 
 

 
The current consensus of a CVID is largely ill-defined due to the extent of its 

heterogeneity and multifactorial aetiology whereby the genetic basis in most patients 

is never determined (Ameratunga et al., 2014). It is due to this undefinable genetic 

defect that patients diagnosed with CVID are not considered to have an IEI but 

rather have a CVID-like disorder secondary to an IEI (Ameratunga et al., 2023). 

The initial CVID diagnosis can be made when patients experience: ‘a marked 

decrease of serum IgG and a marked decrease of at least one of the isotypes IgM or 

IgA and fulfils all the following criteria: 1. Onset of immunodeficiency at greater than 

2 years of age 2. Absent isohaemagglutinins and/or poor response to vaccines 3. 

Defined causes of hypogammaglobinaemia have been excluded according to a list of 

differential diagnosis’ (Bonilla et al., 2016). Thus, hypogammaglobinaemia is the 

shared outcome of a wide spectrum of immunoregulatory defects amongst CVID 

patients. 

The heterogeneity of CVID and its clinical manifestations suggests for a subgrouping 

system. Whilst all CVID patients display infection-associated manifestations, patients 

can be grouped based on whether they have additional inflammatory and/or 

autoimmune conditions secondary to the CVID (Cunningham-Rundles, 2012). 

Patients with secondary manifestations represent the majority of CVID cases and 

have additional complications that increase the risk of mortality and reduced quality 

of life (Resnick et al., 2012). The most prevalent secondary manifestation amongst 

CVID patients is stable or progressive interstitial lung disease (ILD) which manifests 

comparably to benign lymphoproliferative lung pathology and can develop in the 

presence of IgRT (i.e. ILD is not the result of bronchiectasis or pneumonia in 

patients) (Maglione et al., 2019). The underlying mechanisms driving the 

autoimmune and lymphoproliferative conditions, such as ILD, in certain CVID 

patients remains elusive but has been postulated to be attributed to alterations in 

pathways affecting B-cell activation and/or survival (Maglione et al., 2019). 

Patients with CVID have also been grouped based on phenotypes assessed through 

flow cytometry (Table 1.3), predominantly to determine levels of circulating memory 

B-cells and isotype-switched memory B-cells (Ruschel and Vaqar, 2023). However, 
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this classification approach is not routinely used to aid CVID diagnosis (Ruschel and 

Vaqar, 2023), and subgroups have not been concretely linked to clinical 

manifestation. 

 

Classification 
system 

Definition Reference 

Freiburg Patients classified into two 
groups: I those with switched 
memory B-cells below 0.4% and 
II those with normal numbers of 
switched memory-B-cells. Type I 
can further be subdivided into 
group 1a (>20% CD21low B- 
cells) and group Ib (<20% 

CD21low B-cells) 

Warnatz et al., 2002 

Paris Patients classified into three 
groups: MB0 have <11% CD27+ 
B-cells. MB1 have <8% class- 
switched memory B-cells. MB2 
are those that are neither MB0 
or MB1 

Piqueras et al., 2003 

EUROclass Classified as: group B- which 
have ≤1% B-cells or group B+ 
which have >1%. Group B+ 
further divided into smB- with 
≤2% switched memory B-cells 
and group smB+ with >2% 
switched memory B-cells. 
Patients are additionally 
characterised based on 
percentages of transitional B- 
cells and based on expansion of 
CD21low B-cells within CD19+ B- 
cells 

Wehr et al., 2008 

B-cell patterns CVID patients are divided into 
five patterns based on B-cell 
subset. Pattern 1: decreased 
numbers of transitional B-cells 
with reduced memory B-cell 
numbers. Pattern 2: reduced 
transitional B-cells and reduced 
naïve mature marginal zone-like 
and memory B-cells. Pattern 3: 
reduced marginal zone-like and 
memory B-cells. Pattern 4: 
decreased memory B-cells only. 
Pattern 5: normal marginal 
zone-like and memory B-cells 
and reduced plasmablast 
numbers 

Driessen et al., 2011 

 
            Table 1.3: Published classification systems for common variable immunodeficiency (CVID). 
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1.6.4 Secondary antibody deficiency 

 

 
Conversely to PADs, SADs occur due to one or more extrinsic factors (i.e. chronic 

infection, malignant disease, malnutrition or immunosuppressive drugs), with a 

variable spectrum of infection susceptibility/severity and primarily implicate IgA and 

IgG (Herriot and Sewell, 2008). The severe infection risk presented to SAD patients 

was particularly apparent in the recent coronavirus disease 2019 (COVID-19) 

pandemic, whereby SAD individuals had worse outcomes than those with PADs 

(Shields et al., 2021). It is plausible that outcomes for SAD patients may have 

reduced severity, such as seen with COVID19, if mechanisms and treatment 

approaches were better understood. 

The most common cause of SAD is haematological malignancies, namely chronic 

lymphocytic leukaemia (CLL) whereby up to 85% of patients experience 

symptomatic SAD corresponding to disease-related and iatrogenic immunological 

dysfunction of both innate and adaptive immune responses (Srivastasa and Wood 

2016; Dhalla et al., 2014; Jolles et al., 2021). Patients experience marked 

hypogammaglobinaemia involving IgM, IgG and IgA likely corresponding to reduced 

PC numbers and functional suppression (Forconi and Moss, 2015). A proposed 

mechanism for PC functional suppression is through increased numbers of B- and T- 

regulatory cells (Breg; Treg, respectively), whereby CLL B-cells are proposed to have 

phenotypic similarities with Bregs (e.g. soluble IL10 production post stimulation) and 

there is an increased formation of Tregs after interaction with the CLL cells (DiLillo et 

al., 2012; Jak et al., 2009). Another proposed source of hypogammaglobinaemia is 

the observed CD95L (FasL) expression of CLL B-cells, whereby interaction with 

CD95(Fas) expressed on CD4+ T cells may trigger CD4+ T cell apoptosis (Tinhofer 

et al., 1995; Sampalo and Brieva, 2002). 

Whilst the spectrum and severity of SAD infections is highly variable, correlations 

have been made between patient age/comorbidities and infection severity. In the 

case of CLL, SAD-related infections contribute to 25-50% of deaths amongst 

patients (Hamblin and Hamblin, 2008). 
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The risk of acquiring SAD is additionally and increasingly elevated in patients 

administered immunosuppressive treatments such as the small molecule Bruton 

Tyrosine Kinase (BTK) inhibitor, ibrutinib (Varughese et al., 2018). Ibrutinib impairs 

downstream signalling of malignant B-cells since BTK is a key mediator of B-cell 

signalling and is required for B-cell growth, proliferation and survival (Paydas, 2019). 

Rituximab is another therapeutic agent used in lymphoproliferative and autoimmune 

conditions to target CD20+ B-cells for killing through induced complement activation 

and cell- mediated cytotoxicity (Smith, 2003). 

Whilst small molecule inhibitors and monoclonal antibodies such as ibrutinib and 

rituximab damage malignant B- cells (i.e. CLL B-cells), this effect directly translates 

to normal B-cells (Paydas, 2019; Smith et al., 2003) resulting in B-cell phenotypic 

and functional impairments that increase susceptibility to infection. Thus, it is critical 

that patients taking immunosuppressive medication are carefully and regularly 

monitored during and after treatment cessation. 

The manifestation of SADs as hypogammaglobinaemia or as functional or subclass 

immunoglobulin deficiencies with normal total IgG (Srivastava and Wood, 2016) 

means diagnosis and treatment are often delayed. This is particularly true since 

many patients remain asymptomatic despite their elevated risk of serious infection 

(Srivastava and Wood, 2016). 

In suspected SAD patients, immunoglobulin levels are typically assessed using 

different methodologies following administration of a pneumococcal capsular 

polysaccharide vaccination: normal adult IgG, IgA and IgM levels should be 6.0-16.0 

g/L, 0.8-3.0 g/L and 0.4-2.5 g/L, respectively (Oxford University Hospitals NHS Trust, 

n.d.). In cases where patients are unable to mount at least a 2-fold increase in 

antibody levels or have serum IgG levels less than 4 g/L, and are experiencing 

recurrent bacterial infection, an antibody deficiency diagnosis can be made 

(European Medicines Agency, 2019). 



Chapter 1 - Introduction 
 

 
26 

1.7 Treatment for antibody deficiencies 

 
Treatment approaches for PADs and SADs, including CVID, predominantly aim on 

managing symptoms and reducing infection risk. As such, antibiotics such as 

macrolides are the most common first-line treatment approach in antibody deficiency 

(in some instances, dependent on the deficiency, anti-virals or anti-fungals may be 

used) which tend to be used prophylactically (Immunodeficiency. 2023; NHS 

England, 2018; Agostini et al., 2016; Oscier et al., 2012; Srivastava and Wood, 

2016). The efficacy of prophylactic antibiotics in PAD has been evidenced in clinical 

trials, such as low dose azithromycin in PAD which was evidenced to provide various 

benefits including a reduced risk of hospitalisation and improved quality of life (Milito 

et al., 2019). However, the ever-present risk of antimicrobial resistant infection can 

be elevated (Ballow, 2023) in some patients on long-term prophylactic antibiotics 

which suggests for alternative and/or additional treatment approaches. 

 
 
 

 

1.7.1 Immunoglobulin replacement therapy 
 

 
Unresponsive patients may be considered suitable candidates for a 12-month IgG 

immunoglobulin replacement therapy (IgRT) trial period (Agostini et al., 2016; Jolles 

et al. 2017) following assessment of possible comorbidities and potential adverse 

effects (Ammann et al., 2016; Stiehm, 2013). The primary goal of IgRT in SAD/PAD 

patients is to achieve sufficient levels of passive IgG to enable pathogen 

opsonisation and neutralisation, which is achieved by low-dose replacement therapy. 

IgRT can also be beneficial in the setting of autoimmune and inflammatory diseases, 

whereby higher dosage facilitates additional immunomodulatory effects (e.g. 

neutralisation of autoantibodies, reducing inflammatory cytokine secretion) (Sil et al., 

2024; Bayry et al., 2023). In addition to dosage alternations, the frequency of 

administration should be individualised based on: disease severity, clinical 

presentation, response to treatment and potential side effects. 
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It is generally accepted that PADs are better characterised in the context of IgRT, 

with an overall proven IgRT success and safety rate (defined by lower incidence of 

severe infection following and during treatment) and better-defined clinical 

parameters (Mallick et al., 2021; Jolles et al., 2017). High degree of PAD IgRT 

understanding and success is likely attributed to the more routine nature of studying 

PAD pathophysiological mechanisms compared to with SADs (Duraisingham et al., 

2014). Hence, PAD treatment approaches can be more targeted. This could suggest 

that a greater understanding of individual SAD pathophysiological mechanisms, 

complimenting current approaches, could assist in formulating better treatment 

algorithms to improve IgRT success in SAD. The same is likely applicable to more 

heterogenous PADs, including CVID, where understanding disease and subsequent 

treatment approaches should be individualised/personalised. 

 

 
In the context of IgRT in SAD, clinical trials evidence its benefits in certain patients, 

most notably with CLL (Griffiths et al., 1989; Sklenar et al., 1993; Jurlander et al., 

1994; Chapel et al., 1994; Boughton et al., 1995, Molica et al., 1996; Vacca et al., 

2018; Legendre et al., 2020). However, such studies also make apparent the fact 

that SAD IgRT treatment is often incorrectly used and frequently ineffective, possibly 

due to lack of accurate quantitative evidence guiding physicians (i.e. use of antibody 

concentration tests only) (Jolles et al., 2017; Legendre et al., 2020; Jolles et al., 

2021). This unclarity results in a high degree of treatment subjectivity amongst 

physicians and immunologists in the context of patient selection, clinical endpoints, 

treatment duration and especially in terms of selecting biomarkers deemed 

appropriate for monitoring patient status/treatment response (Na et al., 2019; Bonet 

et al., 2020). This may contribute to worsening of preexisting SADs (Legendre et al., 

2020) in addition to having economic implications (Beaute et al., 2010; Sun et al., 

2022). 

 

 
Treating both PADs and SADs with IgRT has limitations, most notably in the difficulty 

to personalise therapy to individual patients. In a select few instances where a 

causative genetic mutation is well characterised, genetic editing has a potential and 

curative use, thus being the ultimate form of personalised treatment. This is achieved 
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using haematopoietic stem cell transplantation to deliver stem cells with added or 

edited versions of the faulty gene resulting in the deficiency (Kohn and Kohn, 2021). 

Ongoing advancements in gene editing technologies are being achieved, but 

immense challenges and limited applicability to the majority of PADs/SADs render it 

very limited. This may indicate that correctly using and improving IgRT is a more 

economical, feasible and widely beneficial treatment approach for most antibody 

deficient patients. 

 

 
Collectively, IgRT has become a keystone of treating PADs and SADs alike. 

However, there is an apparent need for a more personalised approach to IgRT 

treatment based on a culmination of clinical and laboratory-based information. This 

raises questions concerning the possibility of combining laboratory and clinical 

information to determine future infection and mortality risks amongst individual 

patients. Such information may facilitate the identification of patients more likely to 

benefit from IgRT in addition to paving way for a more tailored approach to IgRT. 

 
 
 

 

1.8 COVID19 and antibody deficiency 

 
The global COVID19 pandemic caused by a novel coronavirus SARS-CoV-2 affected 

more than 630 million people and resulted in 6.5 million deaths worldwide (Milota, 

Smetanova and Bartunkova, 2023) Poorer outcomes were predominantly associated 

with older age, chronic lung and cardiovascular disease and lymphopenia (Public 

Health England, 2020). Patients on haemodialysis were also at particular risk during 

the first wave, with a case-fatality rate of 23%, likely attributed to their inability to 

adhere to shielding guidelines (Kular et al., 2020). Immunodeficient, notably antibody 

deficient, patients were additionally vulnerable to poorer outcomes, which was 

particularly true in combination with the predominantly associated risk-factors. The 

detriment of COVID19 in the context of immunodeficiency was evidenced in the fact 

that 1 in 4 individuals with immunodeficiency who contracted SARS-CoV-2 virus died 

during the initial wave (Shields et al., 2021). Hence, the urgency to identify and 



Chapter 1 - Introduction 
 

 
29 

better understand why discrepancies in PAD and SAD patient responses to 

COVID19 infection occurred, in addition to whether such discrepancies extended to 

vaccine responses, became critical. 

 
 
 

 

1.9 Genetics of vaccine responses 

 
Discrepancies in responses to numerous vaccines amongst individuals is widely 

accepted and various studies link genetics to vaccine responses, such as correlating 

specific human leukocyte antigen (HLA) alleles to vaccine-induced immunity notably 

in the context of rubella and measles (Oysyannikova et al., 2014; Jacobson et al., 

2011). Genetics have also been associated with severe immune outcomes following 

vaccines, including patients with accelerated ageing of immune cells (Liu et al., 

2023) or those with defects in IFN immunity resulting in severe illness following 

yellow fever or measles mumps and rubella (MMR) vaccination (Hernandez et al., 

2019). 

 

 
In relation to COVID19 vaccination, vulnerability and discrepancies in responses 

were evidenced in the observational cohort trial T cells, antibodies and vaccine 

efficacy in SARS-CoV-2 (OCTAVE) study, whereby 12% of immune vulnerable 

patients failed to make an antibody and T cell response following vaccination. 

Amongst the 12%, vaccine failure rates were highest in: ANCA-associated vasculitis 

patients on rituximab, solid-organ transplant recipients, haemodialysis patients on 

immunosuppressive therapy and patients undergoing chimeric antigen receptor 

(CAR-T) therapy (Barnes et al., 2023). The study also identified that a decreased 

magnitude of both serological and T cell response was associated with severe 

disease, evidencing the cooperative need for both arms of the immune system 

(Barnes et al., 2023). 
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1.10 COVAD study 

 
With over 250 worldwide interventional studies on COVID, understanding COVID19 

was and remains an integral part of scientific research (Immunodeficiency UK, 

2023). The COVID19- in patients with antibody deficiency (COVAD) study is a multi- 

site study from the United Kingdom, encompassing both SADs and PAD cases that 

are unresponsive to pneumococcal vaccine (i.e. candidates for IgRT), with three 

primary aims: ‘(i) determine the prevalence of asymptomatic and symptomatic 

SARS-CoV-2 infection in patients with primary and secondary antibody deficiency, (ii) 

determine how frequently SARS-CoV-2 viral persistence occurs in patients with 

primary and secondary antibody deficiency and (iii) characterise the immune 

response of these patients following SARS-CoV-2 infection and vaccination’. Given 

the recognised reduced ability of some antibody deficient patients in responding to 

other vaccinations (Shields et al., 2022a; Shields et al., 2022b), it was of paramount 

importance to understand if and why such response discrepancy translated to 

COVID19 vaccinations. Categorising patients with impaired vaccine responses 

would identify those requiring additional strategies such as prophylactic monoclonal 

antibodies. This was particularly important given the elevated risk of fatality amongst 

SAD/PAD patients (Shields et al., 2021; Shields et al., 2022a; Shields et al., 2022c). 

 

 
Initial data from the COVAD study evidenced that, despite the large heterogeneity, 

76% of PAD/SAD patients were able to make an antibody response following three 

vaccine doses (Shields et al., 2022a). The ability to elicit antibody response termed 

these patients as responders and those unable as non-responders. Initial data 

suggested that clinical history (e.g. patients with bronchiectasis, splenomegaly, liver 

disease and those on steroids and immunosuppressive medication) and accelerated 

immune-ageing correlated with non-response (Shields et al., 2022a). However, 

potential functional pathway defects that could be governing a vaccine response 

versus non-response in patients remains an imperative question in the study which 

could facilitate the identification of predictive biomarkers in a SARS-CoV-2 setting 

and beyond. 
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1.11 Aims and Objectives 

 

 
1.11.1 In vitro long-lived plasma cell differentiation modelling of antibody 

deficiencies 

 

 
Due to the rarity and difficulty of accessing/harvesting human PCs, detailed analysis 

of B-cell differentiation is challenging. The in vitro differentiation model of long-lived 

human plasma cells previously established by the Doody-Tooze laboratory is a 

unique culture system enabling direct and detailed manipulation and analysis at each 

stage of human long-lived PC differentiation (Cocco et al., 2012; Stephenson et al., 

2019; Stephenson et al., 2021). Thus far, the system has successfully been utilised 

to study primary immunodeficiency in patients (Wu et al., 2021; Spegarova et al., 

2020; Walker et al., 2023), facilitating analysis of genetic cell-autonomous antibody 

production impairments/failures. 

The model conditions include the isolation of human B-cells from peripheral blood, 

followed by either TLR or CD40L and F(ab')2 anti IgG/M/A stimulation. Additional 

proliferative signals are initially provided by IL2 and IL21, then subsequently the 

acquisition of mature PC phenotype is promoted by the inclusion of IL6 and 

APRIL/IFN- α /TGF- β for long-term culture into PCs (Cocco et al., 2012; Stephenson 

et al., 2019; Stephenson et al., 2022). Immunophenotypes of differentiating cells can 

thereafter be studied using flow cytometry. Immunoglobulin secretion can be 

detected by enzyme-linked immunosorbent assays (ELISA) and extracted RNA can 

be analysed. 

 

 
Based on the in vitro B-cell differentiation model, this investigation will be the first to 

report a detailed study on potential pathway defects that could be governing a 

SARS-CoV-2 vaccine response versus non-response in patients with antibody 

deficiency. It will enable the characterisation of B-cell phenotypes in a heterogenous 

population of PAD and SAD patients, potentially paving the way for future diagnostic 

and treatment approaches. 



Chapter 1 - Introduction 
 

 
32 

 
 
 
 

 
1.11.2 Project aims 

1. Replicate the in vitro B-cell differentiation model under different stimulatory 

conditions and in different B-cell subtypes. 

2.  Assess the feasibility of using the in vitro system on a heterogenous group of 

primary and secondary antibody deficient patients and make any optimisation 

steps as required prior to analysis on patient samples. 

3. Relative to healthy controls, analyse and compare phenotypic, secretory, BCR 

repertoire and gene expression data in a cohort of SARS-CoV-2 vaccine 

responding and vaccine non-responding patients with antibody deficiency 

using the in vitro PC differentiation model. 
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Chapter 2- Methods 

 
2.1 Healthy donors and patient samples 

 
Peripheral blood was obtained from healthy donors with their informed consent. 

Patient PBMCs were derived from peripheral blood samples collected from 

participants with various primary and secondary antibody deficiencies enrolled in the 

COV-AD study (Shields et al., 2021; Shields et al., 2022a; Shields et al., 2022b), 

across multiple immunology centres nationwide. Samples were collected up to 28 

days following the third or fourth dose of the SARS-CoV-2 vaccination. Additional 

details on patient recruitment and sample collection methods can be found in 

previously published reports (Shields et al., 2021; Shields et al., 2022a; Shields et 

al., 2022b). Ethical approval was granted by London-Dulwich Research Ethics 

Committee (21/LO/0162). 

 

 

2.2 In vitro differentiation of long-lived PCs 

 
2.2.1 Human peripheral blood mononuclear cells (PBMCs) isolation 

 

 
An equal ratio of blood and phosphate buffered saline (PBS) were mixed and added 

to lymphoprep (1 volume lymphoprep: 2 volume blood/PBS mix). Contents were 

centrifuged at 1150 RCF for 20 mins at room temperature (RT) (acceleration 5, brake 

0), and PBMCs were removed and transferred to a fresh tube containing 10 mL cold 

PBS. The volume was made up to 50 mL with PBS, and the tube was centrifuged at 

650 RCF for 15 mins at 4oC. PBS was thereafter removed, and cells were washed 

with 15 mL ice-cold MACS buffer (PBS, 0.5% BSA), and 10 µL was removed for 
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counting using a haemocytometer and trypan blue exclusion before centrifugation at 

450 RCF at 4oC. 

 

 

2.2.2 Magnetic cell labelling and separation of B-cells 
 

 
A memory isolation kit for a maximum of 1 x 108 cells was used to select for B cells 

(reagent quantities were doubled when PBMC count exceeded 1x108). The cell pellet 

was resuspended in 400 µL cold MACS buffer, and 100 µL B cell Biotin-Antibody 

cocktail (cocktail of biotin-conjugated monoclonal antibodies against CD2, CD3, 

CD4, CD14, CD15, CD16, CD34, CD56, CD61, CD235a and FcεRIα) was added 

and incubated for 20 minutes at 4oC. An additional 300 µL cold MACS buffer and 

200 µL of Anti-Biotin MicroBeads (MicroBeads conjugated to monoclonal anti-biotin 

antibodies) were added, mixed and subject to a further 30-minute incubation period 

at 4oC. Cells were then washed using 10 mL MACS buffer, and centrifuged for 10 

minutes at 450 RCF. Cell pellets were resuspended in 1 mL MACS. 

 

 
To achieve a pool of negatively selected total B-cells, an LD column (Miltenyi) was 

placed in the magnetic field of a suitable MACS separator. The column was 

equilibrated with 2 mL cold MACS buffer, followed by the addition of the cell 

suspension. Supernatant containing unlabelled cells was collected in a fresh tube, 

and the column was washed with 2x 1mL MACS buffer. Cells were then counted, 

washed with buffer and centrifuged at 450 RCF for 5 minutes and resuspended at 

5x105 cells/mL in IMDM + 10% FBS media. 
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2.2.3 Anti-CD27 depletion for naïve B-cell isolation 

 

To separate naïve and memory B-cell populations, following the above steps for 

isolation of total B cells, cells were centrifuged at 450 RCF for 10 minutes and 

resuspended in 500 µL MACs buffer. 100 µL anti-CD27 MicroBeads were added and 

cells were incubated for 15 mins at 4oC. Contents were washed in 10 mL MACs, 

centrifuged at 450 RCF for 10 minutes and resuspended in 500 µL MACs buffer. The 

cell suspension was applied to an MS column (Miltenyi), with collected flowthrough 

containing naïve cells. Magnetically labelled memory B-cells were flushed out and 

collected in a separate tube. Both naïve and memory fractions were resuspended in 

IMDM containing 10% heat-inactivated foetal bovine serum (HIFBS) in preparation 

for commencing B cell differentiation. 
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2.3 Culture conditions 

 
2.3.1 Preparation of irradiated CD40L-L cells for B-cell co-culture 

 

 
Murine fibroblasts transfected with human CD40L (CD40L-L cells) were irradiated in 

advance at 50Gy for 50 minutes in a gamma irradiator and stored at -80oC 

(Banchereau et al., 1991). These feeder cells provide membrane-bound CD40L, 

mimicking T-cell help to promote B-cell activation, proliferation and differentiation. 

When required, 1x106 of irradiated human CD40L cells were thawed and added to 

10 mL IMDM complete media + 10% HIFBS and then centrifuged at 450 RCF for 5 

minutes. Cells were then resuspended in 12 mL of fresh IMDM + 10% HIFBS media, 

and either 500 µL per well of a 24-well plate or 250 µL per well of a 48-well plate 

(dependent on anticipated B-cell counts) were seeded 24 hours in advance at 37oC 

and 5% CO2. 

 

 

2.3.2 Culture conditions used during B-cell differentiation 
 

 
The culture conditions for various stages of B-cell differentiation are as follows 

(Figure 1.4), and a comprehensive list of reagents can be found in Table 2.1: 

 

 
Day 0: Cells were either directly stimulated with the TLR7/8 agonist R848 (1 µg/mL) 

+ hIL2, (20 U/mL), hIL21 (50 ng/mL) and F(ab’)2 goat anti-human IgM/G/A (10 

µg/mL) in IMDM, or CD40L-L growth medium was replaced with fresh IMDM + hIL2, 

(20 U/mL), hIL21 (50 ng/mL) and F(ab’)2 goat anti-human IgM/G/A (10 µg/mL). Cells 
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were then resuspended at 2.5 x 105 cells/mL in IMDM, and 500 µL or 250 µL was 

plated to each well of a 24-well or 48-well plate, respectively. 

 

 
Day 3: Activated B cells were counted before reseeding at 1x105 cells/mL of fresh 

IMDM + 10% HIFBS supplemented with amino acid solution (1:50) and Lipid Mixture 

1 (1:200) + hIL2 (20 U/mL), hIL-21 (50 ng/mL). 

 

 
Day 6: Plasmablasts (PB) were counted before reseeding at 1x106 cells/mL of fresh 

IMDM + 10% HIFBS supplemented with amino acid solution (1:50) and Lipid Mixture 

1 (1:200) + hIL21 (10ng/mL), hIL6 (10 ng/mL) and APRIL (100ng/mL). 

 

 
Day 13: Day 13 marked the differentiation end-point, hence PCs were counted and 

all remaining cells were used for downstream analysis. 

 
 
 

 

 
Figure 2.1: In vitro B-cell differentiation culture conditions. Isolated B-cells at day 0 are activated by 

CD40L or TLR agonist (i.e. R848) with F(ab’)2 anti-IgG/M/A. Corresponding stages of differentiation relative 

to the days are indicated, and cytokines/media requirements at each stage are stated above. Samples for 

flow cytometry, ELISA, BCR repertoire and RNA analysis are taken at the different stages. APRIL, a 

proliferation-inducing ligand; AA, amino acid; LM, lipid media. 
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Name Company Catalogue Number 

hIL-2 Miltenyi Biotec 130-097-746 

hIL-21 PeproTech 200-21 

hIL-6 PeproTech 200-06 

Goat anti-human F(ab’)2 

(anti-IgG/M/A) 

Stratech Scientific Ltd 109-006-064 

R848 (Resiquimod) Invivogen 144875-48-9 

APRIL (TNFSF13) R&D Systems Biotechne 5860-AP-010 

Heat-inactivated foetal 

bovine serum (HIFBS) 

Invitrogen 10270106 

Lymphoprep Allere Limited 11114547 

IMDM Invitrogen 31980048 

MACS Rinsing Solution Miltenyi 130-091-376 

PBS tablets Sigma P4417 

Human Memory B cell 

isolation kit 

Miltenyi 130-393-546 

LD columns Miltenyi 130-042-901 

Lipid mix Sigma L0288 

Amino acids Sigma M550 

Transwell for 24 well plate Corning CLS3464-48EA 

Transwell for 48 well plate Corning CLS3548-100EA 

 
Table 2.1: Table of cytokines and other reagents used for in vitro B-cell differentiation. 
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2.4 Flow Cytometry staining 

 
Markers of B cell differentiation was assessed using surface and intracellular flow 

cytometry staining. Cells were washed with PBS and centrifuged at 450 RCF for 5 

minutes at RT. Live/dead fixable Zombie UV stain (BioLegend, 423107) was diluted 

in PBS (1:1000) and 100 µL was transferred and resuspended in FACS tubes. Tubes 

were incubated in the dark at RT for 15 minutes and washed with 2 mL of MACS 

buffer before centrifugation at 450 RCF for 5 minutes at RT. For intracellular staining, 

cells were fixed with 4% paraformaldehyde and stored at 4oC until required. For 

surface staining, cells were resuspended in 25 µL of 2X blocking buffer (93.3 µL 

MACS buffer, 16.6 µL hIgG, 50 µL normal mouse serum) and incubated at 4oC for 15 

minutes. 10 µL of master mix was added (Table 2.2) and tubes were incubated in the 

fridge for 20 minutes. Cells were washed with 2 mL MACS buffer before 

centrifugation at 450 RCF for 5 mins at 4 oC and fixed with 4% paraformaldehyde 

and stored at 4oC. 

 

 
Prior to analysis on the flow cytometer, intracellular immunoglobulin staining required 

additional centrifugation followed by: wash with 1x permeabilisation buffer (10x 

saponin buffer diluted with PBS), 15-minute RT incubation in the dark, addition of 

IgG, IgM and IgA antibodies (Table 2.3), further 30 minute incubation, wash with 

permeabilisation buffer and resuspension in PBS. Data was collected on a Beckman 

Coulter’s Cytoflex LX analyser. Manuel haemocytomer slides or CountBright beads 

(Invitrogen) were used for absolute cell number analysis. Post-collection analysis 

was performed using FlowJo (BD Biosciences) and gating followed the strategy 

outlined in Figure 2.2. 
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Antibody Fluorochrome Laser µL per 

sample 

Supplier Catalogue 

number 

CD19 PE Yellow/green 0.4 Thermo 

Fisher 

Scientific (Life 

Technologies) 

 
MA119646 

CD20 eFluor V450 Violet 2.5 Thermo 

Fisher 

Scientific (Life 

Technologies) 

48-0209- 

42 

CD27 FITC Blue 2 BD 

Biosciences 

555440 

CD38 PE-Cy7 Yellow/green 0.5 BD 

Biosciences 

335825 

CD138 APC Red 0.4 Miltenyi 

Biotec 

130-127- 

977 

Table 2.2: Master mix I surface staining antibodies used for surface flow cytometry 

immunophenotyping. 

 
 
 
 
 

Antibody Fluorochrome Laser µL per 

sample 

Supplier Catalogue 

number 

IgM APC Red 20 BD 

Biosciences 

561010 

IgG FITC Blue 20 BD 

Biosciences 

555786 

IgA VioBlue Violet 2.5 Miltenyi 

Biotec 

130-113- 

479 

Table 2.3: Staining antibodies used for intracellular flow cytometry immunophenotyping. 
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2.4.1 Gating strategy for flow cytometry 

 

Figure 2.2: Gating strategy for immunophenotype analysis. B cells were first gated based on 

forward vs side scatter. Live-dead determination was deduced using UV Zombie staining, which was 

plotted against area. Doublets were then excluded by plotting area against width. 

 
 
 
 
 

 
2.5 IgM, IgG and IgA ELISA 

 
Tissue culture supernatants were collected and frozen on days 6 and 13 for the 

analysis of secreted IgG, IgM and IgA using sandwich ELISAs. ELISAs were 

performed according to the manufacturer’s instructions. 96 well plates 

(ThermoFisher, 10547915) were coated with 100 µL of affinity purified goat-anti- 

human IgM (Bethyl Laboratories, A80-100A), IgG (Bethyl Laboratories, A80-104A) or 

IgA (Bethyl Laboratories, A80-102A) antibody diluted in coating buffer (Table 2.4) for 

1 hour at RT (See Table 2.5 for sample plate layout). Antibody solution was 

thereafter removed and washed 5 times using ELISA wash solution (Table 2.4). 200 

µL of blocking solution (Table 2.4) was added to each well and incubated at RT for 

an hour to prevent non-specific binding. Blocking solution was removed and the 

wash step was repeated. Standards (Bethyl Laboratories, RS10-110) were diluted in 
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sample diluent solution (10 µL:4.4 mL for IgM, 5 µL: 22 mL for IgG and 10 µL:14.4 

mL for IgA) and serially diluted to facilitate the generation of a standard curve on 

analysis. Samples were diluted to a concentration predicted to fall within the 

standards’ range (1:100, 1:200 and 1:400). 100 µL of each standard/sample was 

added to the appropriate well in duplicates and incubated for 1 hour at RT (see Table 

2.5 for example plate layout). Plates were washed 5 times with wash solution and 

100 µL of horseradish peroxidase (HRP)-conjugated detection antibody (Bethyl 

Laboratories, A80-100P for IgM; Bethyl Laboratories, A80-104) for IgG; Bethyl 

Laboratories, A80-102P for IgA) (1:100,000 dilution for IgM, 1:200,000 for IgG and 

1:150,000 for IgA) was added to each well and incubated for 1 hour at RT. Plates 

were washed 5 times with wash solution and 100 µL of TMB substrate 

(ThermoFisher, E102) was added to each well and incubated for up to 15 minutes in 

the dark. Reactions were stopped using 100 µL of stop solution Table 2.4), and 

concentrations were quantified using a plate reader (Cytation 5, BioTek) and 

analysed using GraphPad Prism 10. 

 
 
 
 

 

Buffer name Components 

Coating buffer 0.05M Carbonate-bicarbonate, pH 9.6 

Wash solution 50mM Tris, 0.14M NaCl, 0.05% 

Tween20, pH 8.0 

Blocking solution 50mM Tris, 0.14M NaCl, 1% BSA, pH 

8.0 

Enzyme substrate TMB (3,3’5,5’-tetramethylbenzenzidine) 

Stop solution 0.18M H2SO4 

Table 2.4: Buffers used in IgM, IgG and IgA ELISA analysis. 



Chapter 2- Methods 
 

 
43 

 
 
 
 
 

 

 1 2 3 4 5 6 7 8 9 10 11 12 

A 1000  S1, 

1:100 

         

B 500  S1, 

1:200 

         

C 250  S1, 

1:400 

         

D 125  S2, 

1:100 

         

E 62.5  S2, 

1:200 

         

F 31.25  S2, 

1:400 

         

G 15.6            

H 0            

Table 2.5: Example ELISA plate layout. Standard were serially diluted in duplicates in columns 

1 and 2. Samples (e.g. S1, S2) were added to plates in duplicates under different dilutions 

whereby concentrations were predicted to fall within the standards’ range. 
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2.6 RNA extraction and analysis 

 
2.6.1 RNA purification from cell suspension 

 

 
Cells were lysed in 800 µL cold Trizol® (Invitrogen, 15596018) and stored at -20oC 

until needed. When required, cells were thawed and 160µL of chloroform was added 

and tubes were inverted. Lysed cells were then centrifuged at 12000 RCF for 15 

minutes at 4oC to produce three separate layers and the top aqueous layer 

containing RNA was carefully transferred to a new tube. 15 µL of RNAse free 

glycogen (Invitrogen, AM9510) and 0.4 mL of isopropyl was added to facilitate RNA 

precipitation. Contents were vigorously shaken and incubated for 10 minutes at RT. 

Samples were centrifuged at 12000 RCF for 10 minutes at 4oC to precipitate a pellet. 

Pellets were washed/resuspended in 1 mL of 75% ethanol three times and air-dried. 

RNA was dissolved in 30-45µL nuclease-free dH20 and incubated for 10 minutes at 

55oC. 

 

 

2.6.2 RNA clean-up 
 

 
DNA contaminants were removed from RNA using a DNA-free kit (Invitrogen, 

AM19060). 4 µL of 10X DNAse buffer and 1 µL DNAse I enzyme was then added to 

samples and incubated for 1 hour at 37oC. Next, 5 or 6 µL of inactivation reagent 

(code) was added and incubated for 2 minutes at RT. Samples were centrifuged at 

10000 RCF for 1.5 minutes and supernatants were transferred to fresh tubes and 

concentration/purity was quantified using a NanodropTM (Thermofisher). 
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2.6.3 RNA to cDNA conversion 
 

 
cDNA synthesis was performed using GoSciptTM Reverse Transcription System 

(Promega, A5001). The reaction mix (Table 2.6) was made up to a total volume of 5 

µL with nuclease-free dH20 and incubated at 70oC for 5 minutes, immediately placed 

on ice and briefly centrifuged. Next, a reverse reaction mix was made (Table 2.7), 

and the samples were run at the programme specified in Table 2.8 and stored at - 

20oC until required for downstream analysis. 

 

Reagent Amount 

RNA sample (up to 

5 ug) 

Variable 

Random primers 0.5 µL 

Oligos (dT) 0.5 µL 

Nuclease-free H20 Up to 5 µL 

Total volume 5 µL 

Table 2.6: Reaction mixture for cDNA synthesis. 
 
 

 

Reagent Volume per 

samples 

5X Reaction buffer 4 µL 

MgCl2 1.5 µL 

PCR nucleotide 

mix 

1 µL 

Reverse 

Transcriptase 

1 µL 

RNasin 1 µL 

Nuclease-free H2O 6.5 µL 

RNA template 5 µL 

Total final volume 20 µL 

Table 2.7: Reverse reaction mixture. 
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Step Time (minutes) Temperature (oC) 

Anneal 5 25 

Extend 60 42 

Reverse Transcriptase 

inactivation 

15 70 

Table 2.8: cDNA synthesis PCR programme. 

 
 
 
 

 
2.6.4 RNA analysis 

 

 
Raw RNA sequencing data were obtained as FASTQ files following sequencing by 

Novogene. Initial processing involved trimming reads to remove low-quality bases 

and adapter sequences using Cutadapt (Martin, 2011). Initial quality control (QC) of 

the trimmed reads was then performed using FastQC (Cock et al., 2010), to evaluate 

read quality, adapter contamination and GC content. 

High-quality reads were aligned to the human reference genome GRCh38.p13 using 

the STAR aligner (Dobin et al., 2012). Gene-level quantification was then performed 

with FeatureCounts (Liao et al., 2013) to generate raw count data for downstream 

analysis. 

Differential gene expression analysis was conducted using the DESeq2 package in 

RStudio (Love et al., 2014) to generate lists of differentially expressed genes 

(DEGs), which were then functionally annotated using Enrichr (Chen et al., 2013). 

These analyses were performed by Dr Leon Chang (Figure 2.3). Visualisation of 

DEGs was performed using ggplot2 (https://ggplot2.tidyverse.org) and Apptyper 

(https://appyters.maayanlab.cloud/#/). 

https://journal.embnet.org/index.php/embnetjournal/article/view/200
https://academic.oup.com/nar/article/38/6/1767/3112533
https://academic.oup.com/bioinformatics/article/29/1/15/272537
https://academic.oup.com/bioinformatics/article/30/7/923/232889
https://ggplot2.tidyverse.org/
https://appyters.maayanlab.cloud/%23/
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Figure 2. 3: RNA sequencing data analysis workflow 

Differentially expressed genes identified using DESeq2 were defined based on a 

threshold of adjusted p-value <0.01, corrected for multiple testing using Benjamini- 

Hochberg adjustment (Benjamini and Hochberg, 1995; Chang, 2023). 

 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.3: RNA sequencing data analysis workflow. A schematic outlining the key 

steps involved in RNA sequencing data analysis pipeline. RNA analysis was performed by 

Dr Leon Chang. 

https://pmc.ncbi.nlm.nih.gov/articles/PMC10671540/#B39-ijms-24-16124
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2.7 BCR repertoire 

 
2.7.1 First Round PCR Amplification 

 

 
For the analysis of the B-cell receptor (BCR) repertoire, primers for amplifying the 

immunoglobulin heavy chain (IgH) variable (V) and joining (J) regions were designed 

following the guidelines outlined by the BIOMED-2 Concerted Action framework (Van 

Dongen et al., 2003). Primer sets used for amplification included a mix of VHN 

forward primers and a single JHN reverse primer (Table 2.9). 

 
 

 

Primers Sequence (5’ to 3’) Temperature (oC) 

JHN GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCTTACCTGA 

GGAGACGGTGACC 

65 

VhL 1/7 

N 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTCACCATGG 

ACTGSAYYTGGAG 

65 

VhL 2 N TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGATGGACAYAC 

TTTGYTMCACRCTCC 

65 

VhL3a N TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGATGGARTTKG 

GGCTKWGCTGGGTTT 

65 

VhL3b N TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGCTGAGCT 

GGGTTTTCCTTGTTGC 

65 

VhL4 N TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTGTGGTTCT 

TYCTBCTSCTGGTGG 

65 

VhL5 N TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTCCTCCTR 

GCTRTTCTCCAAG 

65 

VhL6 N TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTGTCTCCTT 

CCTCATCTTCCTGCC 

65 

Table 2.9: VDJ region PCR amplification primers. 
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Immunoglobulin heavy chain variable regions (IgVH) were amplified using a first 

round of PCR, whereby each reaction consisted of a PCR reaction mixture (Table 

2.10 and each primer was at a concentration of 16.7 µM. cDNA synthesised from 

Chapter 2.6.3 were used to prepare the PCR reaction mix. Thermal cycling was 

performed under the following conditions: 

1. Initial denaturation at 98oC for 10 seconds 

2. 30-35 cycles of: 

- 98oC for 1 second 

- 65oC for 5 seconds 

- 72oC for 10 seconds 

3. Final extension at 72oC for 1 minute 
 
 

 

Reagent Volume per samples 

2X Phusion Flash Master 

Mix 

10 µL 

VhN primer mix 0.24 µL 

JhN primer 0.4 µL 

Genomic DNA (cDNA 

template) 

100 ng 

Nuclease-free H2O Up to 20 µL 

Total final volume 20 µL 

Table 2.10: PCR reaction mixture. 
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2.7.2 Gel extraction of desired PCR product 
 

 
On completion of the PCR reaction, samples were separated on a 2% agarose gel 

containing ethidium bromide and ran at 130V for 50 minutes in 1X TBE. Appropriate 

IgH bands were visualised and excised under UV light. The excised gel slices were 

purified using the New England Biolabs Monarch DNA Gel Extraction Kit® (T1020L), 

whereby each excised band was placed in a fresh Eppendorf tube and weighed. A 

calculated amount of dissolving buffer was added to individual samples, based on 

the relative weight of each sample. Samples were incubated at 50oC for 10 minutes, 

inverting the sample regularly. Samples were then loaded into column/collection 

tubes and spun at 16,000 RCF for 1 minute. Columns were washed with 200 µL DNA 

Wash Buffer, spun at 16,000 RCF for 1 minute (X2 times) and transferred to fresh 

Eppendorf tubes. DNA was then eluted using 8 µL of Elution Buffer and incubated for 

1 minute RT. Columns were spun at 16,000 RCF for 1 minute and eluted samples 

were stored at -20oC overnight in preparation for the second round of amplification. 

 
 
 

 

2.7.3 Second Round Amplification and Library Preparation 
 

 
The purified amplicons of interest were used as templates for the second round of 

amplification to prepare the libraries for high-throughput sequencing. Indexing was 

performed using NexteraTMIndex Kit (Ilumina, 15055294), whereby unique N and S 

primer pairs were used to differentiate between samples (Table 2.11). A mixture, 

including the NexteraTM primers, was prepared (Table 2.12) and added to tubes of a 

PCR strip. 
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Primers Sequence (5’ to 3’) 

N701 15031852 B/ ID2058125-N701 

N702 15031842 B/ ID2084610-N702 

N703 15031843 B/ ID2710848-N703 

N704 15031844 B/ ID2687742-N704 

N705 15031845 B/ ID2089169-N705 

N706 15031846 B/ ID2735728-N706 

N707 15031847 B/ ID2067272-N707 

N708 15031848 B/ ID2058125-N708 

N709 15031849 B/ ID2056188-N709 

N710 15031850 B/ ID2065323-N710 

N711 15031851 B/ ID2669677-N711 

N712 15031852 B/ ID2749067-N712 

S502 15031903 C/ ID2727120-S502 

S503 15031904 C/ ID2717638-S503 

S504 15031905 C/ ID2045733-S504 

S505 15031906 C/ ID2658597-S505 

S506 15031907 C/ ID2766519-S506 

S507 15031908 C/ ID2667222-S507 

S508 15031909 C/ ID2039842-S508 

S517 15049978 A/ ID2035610-S517 

 
Table 2.11: Nextera™ indexing primers. 
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Reagent Volume per sample 

2X Phusion Flash Master Mix 12 µL 

Post Gel Extraction Template 8 µL 

Nextera N primer 2 µL 

Nextera S primer 2 µL 

Total final volume 24 µL 

Table 2.12: Nextera™ indexing reaction mixture. 

 
 
 

 
The PCR strip reaction was run on the following programme: 

 
1. 98oC for 1 second 

2. 72oC for 10 seconds 

3. Repeated 1-2 times for 10 cycles 
 
 
 
 

 

2.7.4 Bead Purification of indexed PCR products 
 

 
Indexed samples were purified using AMPure XP beads (Beckman Coulter, A63880) 

to remove unincorporated primers, primer dimers and other contaminants. A 

calculated volume of Bead Reagent (PCR reaction volume X 1.8) was added to each 

sample, mixed by pipetting 10 times and incubated for 5 minutes at RT. The PCR 

strip was placed on a magnet for separation to occur, as indicated by the beads 

clearing the solution. Keeping the PCR strip on the magnet, the clear solution was 

aspirated and washed twice with 150 µL of 70% ethanol. The PCR strip was 

removed from the magnet and 40 µL of elution buffer was added to each sample, 

mixed by pipetting 10 times and incubated at RT for 2 minutes. The PCR strip was 

re-inserted onto the magnet for 1-2 minutes to allow for the dissociation of the beads 
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from the solution. Elutes were transferred to fresh Eppendorf tubes and stored at - 

20oC until ready to be sent for sequencing. 

 

 

2.7.5 Concentration Determination 

The concentration of double-stranded DNA (dsDNA) for sequencing was measured 

using the Quant-iT™ dsDNA BR Assay Kit (Invitrogen, Q33267). In a 96-well non- 

sterile plate, 10 µL of each Quant-iT 1X dsDNA BR standard and each sample were 

loaded in duplicate. 200 µL of Quant-iT 1X dsDNA working solution was added to 

each well and mixed thoroughly by pipetting. The plate was incubated for 2 minutes 

at RT and fluorescence was measured using a Cytation 5 plate reader to determine 

dsDNA concentrations. Equal amounts of each sample were pooled into a maximum 

total volume of 15 µL and prepared for sequencing. Prior to sequencing, dsDNA 

purity was quantified using a NanodropTM (Thermofisher). 

 
 
 
 
 

 

2.7.8 High-throughput sequencing and BCR repertoire analysis 
 

 
Libraries were sent for Illumina sequencing to capture BCR repertoire. Two FASTQ 

files, R1 and R2, were generated per sample and processed using the MiXCR 

software (v3.0, MiLaboratory), which is an immunoinformatic tool for analysing high- 

throughput sequencing data of BCRs. The pipeline included several steps (Figure 

2.4): 

 
1. Data preprocessing: Raw sequencing reads were imported into MiXCR to 

automatically handle quality filtering, read alignment and extraction of BCR 

regions. 

2. Alignment and clonotype identification: MiXCR was run using the 

BIOMED-2 present for heavy chain to perform alignment and identify V(D)J 

segments. The software aligned reads to the IMGT® database and identified 



Chapter 2- Methods 
 

 
54 

clonal sequences based on CDR3 regions. This step ensured precise 

identification of V, D and J segments in the BCR repertoire. 

3. Post-Processing and data generation: Following alignment, a post-analysis 

step was performed in MiXCR to generate a comprehensive JSON file 

containing information on clonotype, CDR3 regions and V (D) J gene usage. 

For visualisation of V and J gene combinations, CIRCOS plots were created 

using the online generator (https://mk.bcgsc.ca/tableviewer/visualize/), 

providing a graphical representation of gene segment relationships. 

4. Clonotype analysis and visualisation: The output data from MiXCR were 

imported into the Immunarch package (v0.6.5) in R for further clonotype 

analysis, such as clonotype frequency, rare clonal proportion, relative clonal 

abundance and the distribution of CDR3 length. 

 
 
 

 

Figure 2.4: BCR repertoire sequencing data analysis workflow. A schematic 

outlining the key steps involved in BCR repertoire sequencing data analysis pipeline. 

https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fmk.bcgsc.ca%2Ftableviewer%2Fvisualize%2F&data=05%7C02%7Cumeroc%40leeds.ac.uk%7Cf1a55938af434a8cf87708dcd315a774%7Cbdeaeda8c81d45ce863e5232a535b7cb%7C0%7C0%7C638617337173357932%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C&sdata=l7HjaYIjNVR8Q7KEjZTTKqzbvzCIfZ2BKmj0h%2BcH3VY%3D&reserved=0
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Chapter 3 - Establishing conditions for 

robust analysis of in vitro B-cell 

differentiation 

 
3.1 Introduction 

 
The immunophenotype of differentiating B-cells in healthy donors was first 

determined at different time points up to and including D13, according to the protocol 

previously established by the group (Cocco et al., 2012; Stephenson et al., 2019; 

Stephenson et al., 2021). At day 0, PMBCs were isolated and provided with optimum 

F(ab’)2 anti-IgG/M/A and CD40L stimulation, as outlined in Figure 1.4, to mimic in 

vitro TD B-cell differentiation. Alternatively, stimulation was elicited by the TLR7 

agonist, R848, to mimic TI B-cell differentiation. Flow cytometry and ELISA analysis 

was performed at critical differentiation stages (i.e. days 0, 3, 6 and 13) to study: 

surface marker changes, intracellular and secreted immunoglobulin expression. The 

initial establishment of the working in vitro model would provide insight into potential 

approaches to optimise the protocol for use in AD patients. Hence, the initial aim of 

establishing the published in vitro model under different conditions will be addressed 

in this chapter. 
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3.2 In vitro differentiation of isolated human B-cells using TD 

conditions 

 
Following B-cell isolation from PBMCs obtained from 50 mL fresh healthy control 

(HC) blood (Cocco et al., 2012; Stephenson et al., 2019; Stephenson et al., 2021) 

outlined in Chapter 2.3, the purity of undifferentiated B-cell phenotypes were 

determined using flow cytometry. As denoted by CD19+CD20+ expression, B-cell 

purity at day 0 (D0) was 99.7% and cells were overall CD19+CD20+CD38 loCD138-, 

as expected for undifferentiated, unactivated B-cells (Sanz et al., 2019). TD activated 

cells at D3 were CD19+CD20+CD27-CD38hiCD138-, and plasmablast differentiation 

became apparent at D6 when CD20 expression began decreasing and CD27 

expression increased, giving a CD19+CD20-CD27+CD38hiCD138- phenotype. The 

large increase in CD138+ B-cells by D13 suggests 56% of cells are maturing into 

LLPCs (CD19+CD20-CD27+CD38hiCD138+) (Figure 3.1). This differentiating D0- 

D13 phenotypic trend was observed amongst differentiation series from additional 

and independent HCs (Figure 3.2). 
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Figure 3. 1: Surface immunophenotype of in vitro differentiated B-cells between days 0 and 13 stimulated with TD conditions 

 
 
 
 
 

 

 

 
Figure 3.1: Surface immunophenotype of in vitro differentiated B-cells between days 0 and 

13 stimulated with TD conditions. Total B-cells were isolated from healthy donor peripheral blood 

and stimulated with F(ab’)2 anti-IgG/M/A and CD40L at day 0. Cytokines and supplements were 

added at specific time points: day 0: IL-2, IL-21; day 3: IL-2, IL-21, lipid media, amino acids 

(AA); day 6: IL-6, IL-21, APRIL, lipid media, AA. Surface staining was determined on days 0, 3, 6 

and 13 for the study of plasma cell differentiation. Representative data is shown for one donor. 
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Figure 3. 2: Phenotypic profiles of healthy control B-cells denoting the relative percentages of CD20+; CD38hiCD27+ and CD138+ B-cells 
between days 0 and 13 stimulated with TD conditions 

 

 

Figure 3.2: Phenotypic profiles of healthy control B-cells denoting the relative percentages of CD20+; 

CD38hiCD27+ and CD138+ B-cells between days 0 and 13 stimulated with TD conditions. Total B-cells 

were isolated from representative healthy control (HC1) and additional control (HC2, HC3 and HC4) 

peripheral blood and stimulated with F(ab’)2 anti-IgG/M/A and CD40L at day 0. Surface staining was 

determined on days 0, 3, 6 and 13 (D0-13) for the study of plasma cell differentiation. Each plot represents 

the percentage of cells expressing the stated CD marker. Independent differentiations are represented by 

different colours. 

 
 

 
Intracellular immunoglobulin phenotypes (IgG, IgM, and IgA) were also analysed to 

study B-cell differentiation in vitro, as abnormalities in immunoglobulin expression at 

various stages of B-cell development may be observed in patients. Consistent with 

the characteristics of undifferentiated, non-class-switched B-cells, 75.91% of 

unstimulated cells at D0 expressed IgM, while IgG and IgA levels were minimal. As 

differentiation progressed, the percentage of IgM+ cells decreased between D3 and 

D13, while IgG and IgA expression steadily increased (Figure 3.3). These trends in 

intracellular IgM, IgG, and IgA were consistently observed across multiple 

independent HCs (Figure 3.4) and are characteristic of B-cell differentiation. This 

pattern may reflect immunoglobulin class switching, the preferential survival or 

expansion of switched B-cells, or the outgrowth of switched PCs. Furthermore, 

these findings support the notion that LLPCs predominantly express IgG and IgA. 
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Figure 3.3: Intracellular immunophenotype of in vitro differentiated B-cells between days 0 

and 13 stimulated with TD conditions. Total B-cells were isolated from healthy donor peripheral 

blood and stimulated with F(ab’)2 anti-IgG/M/A and CD40L at day 0. Cytokines and supplements 

were added at specific time points: day 0: IL-2, IL-21; day 3: IL-2, IL-21, lipid media, amino acids 

(AA); day 6: IL-6, IL-21, APRIL, lipid media, AA. In parallel with surface marker evaluation, 

intracellular immunoglobulin staining was determined on days 0, 3, 6 and 13 (D0-13). 

Representative data is shown for one donor. 
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Figure 3. 4: Intracellular immunoglobulin profiles of healthy control B-cells denoting the relative percentages of IgM+; IgG+ and IgA+ B-cells 
between days 0 and 13 stimulated with TD conditions 

 
 
 
 
 
 
 

 

 
Figure 3.4: Intracellular immunoglobulin profiles of healthy control B-cells denoting the relative 

percentages of IgM+; IgG+ and IgA+ B-cells between days 0 and 13 stimulated with TD 

conditions. Total B-cells were isolated from representative healthy control (HC1) and additional control 

(HC2, HC3 and HC4) peripheral blood samples and stimulated with F(ab’)2 anti-IgG/M/A and CD40L at 

day 0. Cytokines and supplements were added at specific time points: day 0: IL-2, IL-21; day 3: IL-2, IL-

21, lipid media, amino acids (AA); day 6: IL-6, IL-21, APRIL, lipid media, AA.  Surface staining was 

determined on days 0, 3, 6 and 13 (D0-13). Each plot represents the percentage of cells expressing the 

stated immunoglobulin. 

 
 
 
 
 

 
As an additional readout for B-cell differentiation into antibody-secreting cells, 

supernatants were collected on D6 and D13, and IgG, IgM, and IgA concentrations 

were analysed using ELISA. Similar to the immunophenotypic results denoted by 

flow cytometry, IgG and IgA concentrations gradually increased as B-cells 

differentiated into PCs by D13. Contrary to intracellular IgM, secreted IgM 

concentrations either remained constant or steadily increased by D13 in 

representative and additional HCs (n=4), likely reflecting the active production and 

release of IgM over the 6-day culture period, even as intracellular levels decrease 

due to class-switching to IgG and IgA (Figure 3.5). These results support the 

successful generation of immunoglobulin-secreting PCs from healthy B-cells, with 

features consistent with being LLPCs (Cocco et al., 2012). 
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Figure 3. 5: Quantification of IgM, IgG and IgA concentrations at days 6 and 13 following CD40L stimulation 

 
 
 
 
 

 

 

 
Figure 3.5: Quantification of IgM, IgG and IgA concentrations at days 6 and 13 following CD40L 

stimulation. Supernatants were collected at the specified time points and analysed using specific 

ELISA quantification kits as per the manufacturer’s protocol. Values were normalised against respective 

control ELISA standards. Data is shown for the representative healthy control (HC1) and from three 

additional independent healthy controls (HC2, HC3 and HC4). Values are based on the average of 

three separate dilutions per sample. 

 
 
 
 

B-cell counts were initially quantified using a haemocytometer, with CountBright 

absolute counting beads employed for time points beyond D6 (Figure 3.6). By D3, 

only a slight increase in cell numbers was observed, likely due to a balance between early 

activation-driven proliferation and significant cell death, which may have masked the 

extend of proliferation at this stage. By D6, as cells acquired a plasmablast phenotype, 

proliferation rates appeared to increase more noticeably, potentially reflecting both 

an increase in proliferation and a relative reduction in cell death compared to earlier 

timepoints. However, as differentiation progressed, proliferation sharply declined, 

and the transition to the PC state was accompanied by extensive cell death, 

contributing to the subsequent reduction in cell numbers (Figure 3.6). Ultimately, 

only a small population of LLPCs persisted, shaped by both continued selective 

survival and ongoing cell loss.  
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Figure 3. 6: B-cell counts at days 0, 3, 6 and 13 following TD stimulation 

 
 
 
 

 

 

 
Figure 3.6: B-cell counts at days 0, 3, 6 and 13 following TD stimulation. Cell counts 

were determined manually using a haemocytometer from days 0-3 and using flow cytometry 

CountBright absolute counting beads at later time points. Data is shown for the representative 

healthy control (HC1) and from three additional healthy controls (HC2, HC3 and HC4). 

 

 
3.3 In vitro differentiation of isolated human B-cells using TI 

conditions 

 
Antibody deficiencies can affect both TI and TD B-cell stimulation, making it essential 

to study both conditions for a comprehensive understanding of disease mechanisms. 

The next objective was to mimic TI stimulation, using the TLR7 agonist R848. 

Optimal TI activation was achieved using 1 µg/mL R848 in combination with F(ab’)2 

anti-IgG/M/A to facilitate BCR cross-linking (Ono et al., 1996; Shrimpton et al., 2020; 

Xie et al., 2021). To allow direct comparison, R848-stimulated cells were analysed 

alongside TD CD40L-stimulated cells from the same HC blood sample. 

 

R848-stimulated B-cell differentiation followed similar surface expression patterns to 

those observed with CD40L stimulation, demonstrating that both conditions can 

effectively trigger B-cell differentiation. In both cases, CD19 and CD20 levels 

gradually declined, while CD27 and CD38 expression progressively increased from 

D0 to D13. CD138 expression showed the greatest upregulation between D6 and 

D13 (Figure 3.7), regardless of the stimulation method. 
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However, R848 stimulation exhibited typical TI responses, such as the accelerated 

expansion of CD27+ memory cells and a faster overall rate of B-cell differentiation 

compared to TD CD40L stimulation (Figure 3.7). This faster differentiation is 

characteristic of TI responses, which are known to proceed more rapidly as they do 

not require T-cell help, relying instead on direct activation via TLRs or BCR cross- 

linking (Vos et al., 2000). This acceleration under R848 was most evident on D6 and 

D13, where higher percentages of CD38hiCD138+ PCs were observed (Figure 3.7). 

The same trend was observed in independent healthy controls, following the same 

experimental procedure (Figure 3.8). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.7: Surface immunophenotype of in vitro differentiated B-cells between days 0 and 13 

 
stimulated either TI CD40L or TI R848 conditions. Total B-cells were isolated from healthy donor peripheral 

blood and stimulated with F(ab’)2 anti-IgG/M/A and either CD40 or 1ug/mL R848 at day 0. Cytokines and 

supplements were added at specific time points: day 0: IL-2, IL-21; day 3: IL-2, IL-21, lipid media, amino acids 

(AA); day 6: IL-6, IL-21, APRIL, lipid media, AA. Surface staining was determined on days 0, 3, 6 and 13 (D0-

13). Representative data is shown for one donor. 
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Figure 3. 8: Phenotypic profiles of healthy control B-cells denoting the relative percentages of CD20+; CD38hiCD27+ and CD138+ B-cells 
between days 0 and 13 stimulated either with TD CD40L or TI R848 conditions  

 

 

 
Intracellular immunoglobulin expression under both stimulatory conditions was 

generally similar; however, notable differences in the relative proportions of cells 

expressing particular immunoglobulins emerged following B-cell stimulation with 

either CD40L or R848. Both conditions exhibited the highest percentage of IgM 

expressing cells at D0-3, which subsequently declined. The percentages of IgG+ and 

IgA+ cells gradually increased by D13, indicating ongoing differentiation and class 

switching. Differences in the relative percentages of immunoglobulin isotypes were 

observed, including elevated percentages of IgM expressing cells under CD40L 

stimulation compared to R848 at all time points, as well as increased numbers of IgG 

expressing cells under R848 stimulation. The fraction of IgA+ cells remained 

comparable under both conditions, although it was notably higher at D13 in CD40L- 

stimulated cells (Figure 3.9). While subtle variations among different HCs were 

observed, the overall trend in intracellular immunoglobulin expression was consistent 

across all HCs studied (Figure 3.10). Any differences reflected the accelerated 

differentiation typically observed under TI conditions. 

 
 
 
 
 
 
 
 
 
 

 
Figure 3.8: Phenotypic profiles of healthy control B-cells denoting the relative percentages of 

CD20+; CD38hiCD27+ and CD138+ B-cells between days 0 and 13 stimulated either with TD 

CD40L or TI R848 conditions. Total B-cells were isolated from representative healthy control (HC1) 

and three additional healthy control (HC2, HC3 and HC4) peripheral blood samples and stimulated 

with F(ab’)2 anti-IgG/M/A and CD40L at day 0. Cytokines and supplements were added at specific 

time points: day 0: IL-2, IL-21; day 3: IL-2, IL-21, lipid media, amino acids (AA); day 6: IL-6, IL-21, 

APRIL, lipid media, AA. Surface staining was determined on days 0, 3, 6 and 

13. Each plot represents the percentage of cells expressing the stated CD marker. Black denotes 

CD40L stimulated B-cells and red denoted R848 stimulated B-cells. Independent differentiation is 

represented by different shapes. 
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Figure 3.9: Intracellular immunophenotype of in vitro differentiated B-cells between days 0 and 

13 stimulated with either TD CD40L or TI R848 conditions. Total B-cells were isolated from healthy 

donor peripheral blood and stimulated with F(ab’)2 anti-IgG/M/A and either CD40L or the TLR7 agonist, 

R848 at day 0. Cytokines and supplements were added at specific time points: day 0: IL-2, IL-21; day 

3: IL-2, IL-21, lipid media, amino acids (AA); day 6: IL-6, IL-21, APRIL, lipid media, AA. Intracellular 

immunoglobulin staining was determined on days 0, 3, 6 and 13 (D0-13). Representative data is 

shown for one donor. 
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Figure 3. 10: Intracellular immunoglobulin profiles of healthy control B-cells denoting the relative percentages of IgM+; IgG and IgA+ 
B-cells between days 0 and 13 stimulated with either TD CD40L or TI R848 conditions  

 

 

Figure 3.10: Intracellular immunoglobulin profiles of healthy control B-cells denoting the 

relative percentages of IgM+; IgG and IgA+ B-cells between days 0 and 13 stimulated with 

either TD CD40L or TI R848 conditions. Total B-cells were isolated from representative healthy 

control (HC1) and three additional healthy control (HC2, HC3 and HC4) peripheral blood samples 

and stimulated with F(ab’)2 anti-IgG/M/A and CD40L at day 0. Cytokines and supplements were 

added at specific time points: day 0: IL-2, IL-21; day 3: IL-2, IL-21, lipid media, amino acids 

(AA); day 6: IL-6, IL-21, APRIL, lipid media, AA. Surface staining was determined on days 0, 3, 6 

and 13. Each plot represents the percentage of cells expressing the stated immunoglobulin. Black 

denotes CD40L stimulated B-cells and red denoted R848 stimulated B-cells. Independent 

differentiation is represented by different shapes. 

 
 
 
 

 
Results from ELISA analyses of the representative HC revealed comparable patterns 

of IgG, IgM, and IgA concentrations between the two stimulation conditions. 

However, all isotypes exhibited slightly lower levels at D13 under R848 stimulation 

(Figure 3.11), likely due to differences in activation pathways and the efficiency of PC 

differentiation, as TI responses may not facilitate optimal antibody secretion as 

effectively as TD pathways (Cascalho and Platt, 2021). Nevertheless, the increased 

secretion of all immunoglobulin isotypes at D13 underscores the ability of the in vitro 

system to generate functional PCs under both TI and TD mimicking conditions. 
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Figure 3. 11: Quantification of IgM, IgG and IgA concentrations at days 6 and 13 following TD CD40L or TI R848 stimulation 

Figure 3. 12: B-cell counts at days 3, 6 and 13 following TD CD40L or TI R848 stimulation 

 

 
 

 
Cells stimulated with either CD40L or R848 exhibited similar proliferation patterns on 

days 0, 3, 6, and 13. However, CD40L-mediated stimulation resulted in an average 

9.2-fold increase in proliferation, compared to a 4.7-fold increase observed with 

R848-induced stimulation. This data aligns with previous research indicating superior 

proliferation under CD40L conditions, particularly between days 3 and 6 (Shrimpton 

et al., 2020). Following this peak, cell numbers declined under both stimulation 

conditions, eventually stabilising at a low plateau around day 13, with only a small 

population of LLPCs managing to persist (Figure 3.12). 

 
 
 

 

 
Figure 3.12: B-cell counts at days 3, 6 and 13 following TD CD40L or TI R848 stimulation. 

Cell counts were determined manually using a haemocytometer on D0-3 and using flow cytometry 

CountBright absolute counting beads at later time points. Data is shown for the representative 

healthy control (HC1) and from three additional healthy controls (HC2, HC3 and HC4). 

 
 
 
 
 
 
 
 
 
 

 
Figure 3.11: Quantification of IgM, IgG and IgA concentrations at days 6 and 13 following 

TD CD40L or TI R848 stimulation. Supernatants were collected at the specified time points and 

analysed using specific ELISA quantification kits as per the manufacturer’s protocol. Values were 

normalised against respective control ELISA standards. Representative data is shown for one 

donor, and values are based on the average of three separate dilutions per sample. 
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3.4 In vitro B-cell differentiation in fractioned naïve versus 

memory populations 

 
In cases where immunodeficient patients have impairments/deficiencies specifically 

affecting B naïve or memory cell populations, fraction-specific assays should be 

performed to ensure patients and control cell inputs are similar. Hence, CD40L + 

F(ab’)2 anti-IgG/M/A differentiation assays of fractioned healthy donor naïve or 

memory populations was reproduced using methods outlined in Chapter 2.2.3. 

 

 
The overall phenotypes of fractioned naïve and memory populations from D0 to D13 

in both representative and additional HCs evidenced a typical differentiation marker 

phenotypic progression, similar to Figures 3.1 and 3.7. However, differences 

between the naïve versus memory cell fractioned were seen across HCs. 

 

 
Prior to stimulation at D0 in the representative HC, both fractions exhibited purity 

levels exceeding 98%. The unstimulated CD27+ expression was around 57% higher 

in memory versus naïve B-cell populations, which is indicative of a memory B-cell 

phenotype. While elevated CD27+ expression in memory cells was consistently 

observed at all time points, the relative percentages of CD27+ cells increased in both 

fractions by D13, ultimately becoming similar as PCs developed. Although CD38hi 

expression was higher in naive cells at D0, the accelerated CD38hi expression in 

memory cells surpassed that of naive populations thereafter (Figure 3.13). 

Data from the other HCs also indicated a slightly elevated percentage of 

CD38hiCD138+ PCs at days 6 and 13 in the memory fractions (Figure 3.14). 

Consistent with published literature, these findings suggest that accelerated 

differentiation may occur more readily in memory populations compared to naive 

populations (Arpin and Liu, 1997; Tangye et al., 2003). 
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Figure 3.13: Surface immunophenotype of in vitro differentiated B naïve and B memory cells 

between days 0 and 13 stimulated with TD CD40L conditions. Total B-cells were isolated from healthy 

donor peripheral blood and stimulated with F(ab’)2 anti-IgG/M/A and CD40L at day 0. Cytokines and 

supplements were added at specific time points: day 0: IL-2, IL-21; day 3: IL-2, IL-21, lipid media, amino 

acids (AA); day 6: IL-6, IL-21, APRIL, lipid media, AA. Surface staining was determined on days 0, 3, 6 and 

13 (D0-13). Representative data is shown for one donor. 
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Figure 3.14: Phenotypic profiles of healthy control B-cells denoting the relative percentages of 

CD20+; CD38hiCD27+ and CD138+ B-cells between days 0 and 13 in naïve versus memory B-cell 

fractions. Total B-cells were isolated from representative healthy control (HC1) and three additional 

healthy control (HC2, HC3 and HC4) peripheral blood samples and stimulated with F(ab’)2 anti-IgG/M/A 

and CD40L at day 0. Cytokines and supplements were added at specific time points: day 0: IL-2, IL-

21; day 3: IL-2, IL-21, lipid media, amino acids (AA); day 6: IL-6, IL-21, APRIL, lipid media, AA. Surface 

staining was determined on days 0, 3, 6 and 13. Each plot represents the percentage of cells expressing 

the stated CD marker. Black denotes naïve B-cell fractions and red denotes memory B-cell fractions. 

Independent differentiation is represented by different shapes. 

 
 
 
 
 

 
Intracellular immunoglobulin expression profiles showed similar trends across HCs, 

with a consistent decrease in IgM and a corresponding increase in IgG and IgA that 

aligned with the profiles depicted in previous figures. However, notable differences 

emerged between the naive and memory populations. 

Specifically, IgM expression was higher in the naive fractions from days 0 to 6 

compared to their memory counterparts, though these differences diminished by 

D13. Both fractions exhibited a progressive increase in IgG+ levels, with memory 

populations consistently demonstrating higher expression across all time points 

examined. In the representative control, IgA expression was consistently higher in 

memory fractions across all time points; however, by day 13, levels equilibrated to 

closely resemble those in naive populations (Figure 3.15). This pattern was also 

observed in the other controls (Figure 3.16). 
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conditions 

 

 
 

 
Figure 3.15: Intracellular immunophenotype of in vitro differentiated B naïve and B memory cells 

between days 0 and 13 stimulated with TD CD40L conditions. Total B-cells were isolated from healthy 

donor peripheral blood and stimulated with F(ab’)2 anti-IgG/M/A and CD40L at day 0. Cytokines and 

supplements were added at specific time points: day 0: IL-2, IL-21; day 3: IL-2, IL-21, lipid media, amino acids 

(AA); day 6: IL-6, IL-21, APRIL, lipid media, AA. Surface staining was determined on days 0, 3, 6 and 13 (D0-

13). Representative data is shown for one donor. 
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Figure 3. 16: Intracellular immunoglobulin profiles of healthy control B-cells denoting the relative percentages of IgM+; IgG+ and IgA+ cells 
days 0 and 13 in naïve versus memory B-cell starting fractions 

Figure 3. 17: Quantification of IgM, IgG and IgA concentrations at days 6 and 13 in naïve versus memory B-cell fractions 

 

In the representative HC, the relative secretion of all immunoglobulin isotypes 

increased from days 6 to 13 as both populations underwent differentiation (Figure 

3.17). While differences in immunoglobulin secretion became evident by D13, they 

were minimal across the various fractions. Notably, IgG concentrations were 

elevated in the memory cells, reflecting the accelerated generation of antibody- 

secreting CD138+ PCs relative to naïve counterparts observed in Figure 3.13. In 

contrast, variations in IgM and IgA secretion were less pronounced (Figure 3.17), 

preventing any definitive conclusions regarding these isotypes. 

 
 
 
 
 
 
 
 

 
Figure 3.16: Intracellular immunoglobulin profiles of healthy control B-cells denoting the relative 

percentages of IgM+; IgG+ and IgA+ cells between days 0 and 13 in naïve versus memory B-cell 

starting fractions. Fractionated B-cells were isolated from representative healthy control (HC1) and three 

additional healthy control (HC2, HC3 and HC4) peripheral blood samples and stimulated with F(ab’)2 anti- 

IgG/M/A and CD40L at day 0. Cytokines and supplements were added at specific time points: day 0: IL-2, IL-

21; day 3: IL-2, IL-21, lipid media, amino acids (AA); day 6: IL-6, IL-21, APRIL, lipid media, AA. Surface 

staining was determined on days 0, 3, 6 and 13. Each plot represents the percentage of cells expressing the 

stated immunoglobulin. Black denotes naïve B-cell fractions and red denotes memory B-cell fractions. 

Independent differentiation is represented by different shapes. 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.17: Quantification of IgM, IgG and IgA concentrations at days 6 and 13 in naïve versus 

memory B-cell fractions. Supernatants were collected at the specified time points and analysed using 

specific ELISA quantification kits as per the manufacturer’s protocol. Values were normalised against 

respective control ELISA standards. Representative data is shown for one donor, and values are based 

on the average of three separate dilutions per sample. 
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Figure 3. 18: B-cell counts at days 0, 3, 6 and 13 in naïve versus memory B-cell fractions 

The cell numbers of both naïve and memory populations remained stable and 

exhibited a similar proliferation pattern from days 0 to 13. Although both fractions in 

all HCs demonstrated increased proliferation from days 3 to 6, memory populations 

from HC4 proliferated two-fold more than their naïve counterparts. In contrast, HC3 

showed reduced proliferation in the memory population compared to the naïve cells 

(Figure 3.18). These observed differences likely reflect individual donor variability. 

 
 
 
 

 

Figure 3.18: B-cell counts at days 0, 3, 6 and 13 in naïve versus memory B-cell fractions. Cell 

counts were determined manually using a haemocytometer on D0-3 and using flow cytometry 

CountBright absolute counting beads at later time points. Data is shown for the representative healthy 

control (HC1) and from three additional healthy controls (HC2, HC3 and HC4). 
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3.5 Discussion 

 
The chapter provides preliminary data concerning in vitro B-cell differentiation in HCs 

under various conditions, which would allow the establishment of a system for 

modelling and analysing PC differentiation in antibody-deficient individuals. 

Complimentary with previous data, CD40L stimulation elicited the normal phenotypic 

progression of HC B-cells into PCs by D13 (Cocco et al., 2012; Stephenson et al., 

2019; Stephenson et al., 2022), as assessed using surface markers in multiple 

independent donor B-cell differentiations. 

Intracellular and secretory IgG, IgM, and IgA expression supported the group’s 

previous findings, especially highlighting IgG secretion as a hallmark of LLPCs 

(Cocco et al., 2012). IgA, which is highly expressed in mucosal PCs (Pabst, 2012), 

was analysed for its potential relevance in studying antibody deficiencies, particularly 

in SADs. Low IgA levels can pose a severe infection risk in SAD cases where IgM 

does not adequately compensate, especially in CLL cases (Pabst and Slack, 20; 

Jolles et al., 2021). The in vitro model has also illustrated reduced IgA expression in 

elderly samples, linking age-related IgA decline to mucosal vulnerability and potential 

implications for antibody deficiencies (Xie et al., 2021). 

Results shown here demonstrated that, in HCs, intracellular and secretory IgA levels 

increased from D0 to D13, albeit to a lesser degree than IgG. It is possible that IgA 

expression would continue increasing at timepoints beyond D13, as previous studies 

have reported that most IgA+ PCs are indeed long-lived regardless of their 

residential tissue (Wilmore et al., 2021), and that IgA concentrations may peak three 

weeks after viral infection exposure (Sterlin et al., 2020). However, D13 is the culture 

end-point in all differentiations, since any differences in: differentiation, 

immunoglobulin expression/secretion and cell numbers (with regards to patient 

samples) would become apparent by D13 as timepoints beyond tend to be LLPC 

maintenance stages (Cocco et al., 2012; Stephenson et al., 2019; Stephenson et al., 

2021). Hence, it is more meaningful to utilise all D13 cells for analysis than maintain 

the PC pool. 
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Preliminary data shown here additionally modelled B-cells in TD CD40L versus TI 

R848 conditions. Phenotypes were overall highly similar between B-cells stimulated 

with CD40L and R848, although minor differences were observed. One such 

difference was the accelerated expansion of CD27+ memory cells under TI 

conditions. In agreement with current literature (Simchoni and Cunningham- 

Rundles., 2015), this data reflects the elevated responsiveness to TLR7 stimulation 

of memory compared to naïve cells which itself is due to increased memory B-cell 

TLR7/9 expression (Bernasconi et al., 2003). Another notable difference between 

stimulation under the different conditions was the somewhat quicker differentiation 

rate observed under R848 versus CD40L stimulation. Together with the accelerated 

expansion of memory B-cells seen with R848 compared to CD40L, this data 

supports the primed ability of memory B-cells to rapidly respond to pathogens and 

thus generate a quicker immune response (Good and Tangye, 2007). 

However, intracellular data was somewhat surprising. Firstly, the percentage of IgM+ 

cells was higher under CD40L compared to R848 stimulation. This is contradictory 

to the literature (Poeck et al., 2004; Simchoni and Cunningham-Rundles., 2015) 

which evidences greater IgM positivity with TLR stimulation in favour of the 

characteristically rapid TD response. 

Secondly, flow cytometry data evidenced higher percentages of IgG+ cells under 

R848 conditions at all timepoints, when it was expected that TD conditions would 

elicit a longer-lasting IgG expression that generated more IgG+ cells than TI 

conditions. Despite this, ELISA results demonstrated little difference in IgG secretion 

between the two conditions. To this respect, the in vitro system can robustly model 

both TI and TD generation of antigen secreting B-cells. 

Preliminary evidence comparing CD40L versus R848 B-cell differentiation suggests 

that the generation of an immune response is quicker under TI conditions, yet higher 

proliferation/cell counts observed under CD40L stimulation could reflect a stronger 

and longer-lasting response that is more capable of differentiating both memory and 

naïve populations in comparison to R848 stimulation (Simchoni and Cunningham-

Rundles., 2015). Hence, TI responses elicit a faster immune response due to rapid 

and more transient differentiation of memory B-cells that are less persistent than TD 

responses. Studying both TD CD40L and TI R848 B-cell stimulation will be 



Chapter 3 – Results 
 

 
76 

important in the context of antibody deficiency, since a deficiency could primarily 

affect the functioning of proteins critical for one of the two stimulatory conditions (e.g. 

a deficiency affecting CD40/CD40L interaction). This may have different outcomes 

on the other stimulatory pathway which could, in turn, either: remain function, also be 

impaired or even over-compensate in a pathological manner to exacerbate a 

condition. 

The independent differentiation of fractioned control naïve and memory populations 

is important when studying antibody deficient patients whereby only one of the two 

B-cell subtypes might be affected, since it limits the risk of cell count bias. Results 

obtained in these experiments, whereby PCs were generated at quicker rates 

amongst memory B-cells, and that memory B-cell populations had higher levels of 

IgG+ cells compared to naïve cells which themselves appeared more IgM+. Such 

findings support the literature (Deenick et al., 2013), and observed memory versus 

naïve B-cell differences likely reflect the reduced activation threshold and 

subsequent ability of responding more rapidly to stimulation (i.e. accelerated 

differentiation) with memory B-cells. Similar to reasons discussed for R848 

stimulation, quicker memory B-cell responses are partly due to their enhanced 

ability to respond to co-stimulatory signals (i.e. higher TLR expression), in addition 

to other factors including: earlier recruitment to cell division relative to naïve cells 

(Macalla et al., 2005), higher CD80 and CD86 expression to facilitate T-helper cell 

assistance (Liu et al., 1995; Tangye et al., 1998; Ellyard et al., 2004; Good et al., 

2009), differences in downstream BCR signalling pathways (Moens et al., 2016) 

and the lower expression of genes negatively regulating cell cycle entry (Good and 

Tangye, 2007; Horikawa et al., 2007; Deenick et al., 2013). 

 
Proliferation capacities of both fractions were overall similar from D0-13 across 

donors, whereby there is a rapid expansion of memory versus naïve B-cells at D6. 

 

Collectively, this chapter establishes the B-cell differentiation model under various 

conditions as previously described by the group. Whilst this system robustly models 

B-cell differentiation in healthy cells, there is a need to optimise the protocol for 

suboptimal conditions and likely caveats that may occur when studying the B-cells of 
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patients with antibody deficiency. Hence, the next chapter will discuss protocol 

optimisation. 
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Chapter 4 – Optimising the in vitro B-cell 

differentiation system in healthy donors for 

application to COV-AD patient samples 

 
4.1 Introduction 

Data discussed thus far provides a fundamental basis of differentiating fresh healthy 

donor B-cells under different conditions using the established in vitro model system. 

Perhaps the most apparent caveat in these experiments, in the context of patients, is 

the practicality of obtaining the high PBMC and isolated B-cell counts achieved when 

starting with around 50 mL of fresh blood from HCs. Low starting B-cell numbers in 

patients could be the result of sample scarcity, use for multiple immunological 

assays, long-term storage/freezing or directly due to the defect(s). This is particularly 

true for the COV-AD study (Chapter 1.10), whereby PBMCs from a heterogenous 

cohort of primary and secondary antibody-deficient SARS-CoV-2 vaccine-responders 

and non-responders have been stored. Harnessing the B-cell differentiation assay 

may prove invaluable in the analysis of patient-specific B-cell responses and 

possible reasons for variable vaccine responses. However, the inevitability of low cell 

counts may hinder analysis, since the lower-limits of B-cell numbers for successful in 

vitro differentiation have not yet been studied. 

 

 

4.2 In vitro B-cell differentiation using limited starting cell counts 

 
It is yet to be determined whether low starting B-cell counts can be used with 

confidence when performing the B-cell differentiation assay. Accordingly, the next 

objective was to determine the potential for LLPC differentiation from low starting B- 

cell numbers in healthy donors and identify potential approaches to optimise the 
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Figure 4. 1: Experimental workflow for the analysis of low starting B-cell counts 
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culture system to maximise B-cell differentiation in the very low starting B-cell counts 

that would likely be seen in patient samples. 

To initially compare the differentiation potential of varying starting B-cell numbers, 30 

mL of fresh blood was obtained from HCs and separated into: 15 mL, 10 mL and 5 

mL. Relative to the reduced cell numbers, the in vitro culture followed the same 

protocol outlined in chapter 2.2 with the same ratio of B-cells to the TD stimuli 

(Cocco et al., 2012; Stephenson et al., 2019; Stephenson et al., 2021), however 

three independent (i.e. 15 mL vs 10 mL vs 5 mL) experiments were being run in 

parallel to establish the possibility of successful LLPC generation when starting with 

low B-cell counts and identify any divergences in differentiation and proliferation 

(Figure 4.1). Isolated PBMC and B-cell numbers per mL from three experimental 

repeats can be seen in Table 4.1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.1: Experimental workflow for the analysis of low starting B-cell counts. 30 mL of blood 

was collected from a representative healthy control (HC) and divided into 15 mL, 10 mL and 5 mL 

samples. B- cells were isolated and co-cultured with TD conditions, as described in methods (Chapter 

2.3). Samples were analysed at day 0, 6 and 13 (D0, D6 and D13) to assess the effect of working with 

low starting B- cell numbers. 
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PBMCs B-cells 

A B 
 

 
Table 4.1: Cell counts. Starting PBMC (a) and B-cell (b) numbers per mL in three different healthy 

controls (HC1, HC2 and HC3) from either 15 mL, 10 mL or 5 mL fresh blood. In vitro culture followed 

the same experimental protocol outline in chapter 2.3, with adjustments made relative to the reduced 

cell numbers. 

 
The purity of all three starting blood amounts from the representative control (HC1) 

was >95% and D0 phenotypes were similar. D3 flow cytometry samples were to be 

omitted in this and all subsequent experiments to preserve as many cells as 

possible. Slight variations in the relative percentages of CD20+, CD38hiCD27+ and 

CD138+ cells between the different starting amounts were observed, such as the 

retention of CD19+CD20+ expression in the 5 mL sample compared to 15 mL and 

10 mL. Despite minor discrepancies in relative expression percentages, phenotypes 

were highly comparable across timepoints in the representative HC whereby 

characteristic progression into PC was observed (Figure 4.2). The same was true in 

the additional HC replicate experiments, although limited D6 cell counts in all 

conditions with one HC rendered analysis to D13 not possible (Figure 4.3). 

 

Intracellular staining in the representative control showed variability in the relative 

percentages of IgM+, IgG+, and IgA+ cells across different time points, with distinct 

trends observed in response to different starting cell numbers (Figure 4.4). Notably, 

IgG+ cell percentages decreased progressively from 15 mL to 10 mL to 5 mL 

starting conditions, a trend that was consistent across both donors analysed to D13 

(Figure 4.5). In contrast, IgA+ cell percentages showed a slight increase as the 

starting cell number decreased, suggesting a potential shift in differentiation 

dynamics when fewer cells were present. These findings indicate that initial cell 

numbers may influence the balance of IgG and IgA differentiation. Assessing a third 

donor, if sufficient cells had been available, would have been valuable to determine 

whether these trends were reproducible. Nonetheless, the staining patterns confirm 

that B-cells could successfully differentiate into antibody-secreting PCs across all 

conditions, despite variations in starting cell number (Figure 4.5). 
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4. 2: Surface immunophenotype at days 0, 6 and 13 of in vitro differentiated B-cells generated from either 15 mL, 10 mL or 5 mL stimulated with TD conditions 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.2: Surface immunophenotype at days 0, 6 and 13 of in vitro differentiated B-cells generated from either 15 mL, 10 mL or 5 mL 

stimulated with TD conditions. Total B-cells from 15, 10 and 5 mL were isolated from one healthy control (HC1) peripheral blood obtained and 

stimulated with F(ab’) 2 anti-IgG/M/A and CD40L at day 0. Cytokines and supplements were added at specific time points: day 0: IL-2, IL-21; day 3: IL-2, 

IL-21, lipid media, amino acids (AA); day 6: IL-6, IL-21, APRIL, lipid media, AA. Surface staining was determined on days 0, 6 and 13 (D0-13). 

Representative data is shown for one donor. 
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Figure 4. 3: Phenotypic profiles of healthy control B-cells (HC1, HC2 and HC3) denoting the relative percentages of CD20+; 
CD38hiCD27+ and CD138+ B-cells between days 0 and 13 generated from either 15 mL, 10 mL or 5 mL stimulated with TD 
conditions 

 
 
 
 
 
 
 
 
 

 
Figure 4.3: Phenotypic profiles of healthy control B-cells (HC1, HC2 and HC3) denoting the 

relative percentages of CD20+; CD38hiCD27+ and CD138+ B-cells between days 0 and 13 

generated from either 15 mL, 10 mL or 5 mL stimulated with TD conditions. Total B-cells were 

isolated from healthy control (HC1, HC2 and HC3, as indicated by the number of dots per sample) 

peripheral blood and stimulated with F(ab’)2 anti-IgG/M/A and CD40L at day 0. Surface staining was 

determined on days 0, 6 and 13. Each plot represents the percentage of cells in each donor (n=3) 

expressing the stated CD marker and each colour represents a different starting amount of blood. Note 

that limited day 6 cell counts in all conditions with one HC rendered analysis to D13 not possible. 

 

 
Measurement of IgM, G and A secretion showed progressive increase in all isotypes 

from day 6-13 (Figure 4.6). Whilst values of all immunoglobulin isotypes appear 

slightly elevated at 10 mL, this is likely attributed to slight cell culture-related 

variation, such as the possibility of achieving an optimal cell density and nutrient 

availability for immunoglobulin secretion at this amount. 

 

With regards to cell number, all starting volumes exhibited typical B-cell expansion 

patterns, with cell counts increasing to D6 and thereafter rapidly declining by D13. 

While the 15 mL starting volume demonstrated overall higher total cell numbers 

compared to the other starting volumes, the differences between the starting 

amounts were only noticeable at D0 and D6 (Figure 4.7) and were not striking. This 

suggests that, although the starting amounts showed some variation, all volumes 

were capable of supporting differentiation. The observed trend indicates that the 

balance between proliferation and apoptosis may be slightly more favorable for 

survival in the higher starting volumes, but overall, the differences were relatively 

modest. 
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Figure 4. 4: Intracellular immunophenotype of in vitro differentiated B-cells generated from either 15 mL, 10 mL or 5 mL stimulated with 
TD 

 

 
 

 
Figure 4.4: Intracellular immunophenotype of in vitro differentiated B-cells generated from either 15 

mL, 10 mL or 5 mL stimulated with TD conditions. Total B-cells from 15, 10 and 5 mL were isolated from 

healthy control (HC1) peripheral blood obtained from the same donor and stimulated with F(ab’)2 anti- 

IgG/M/A and CD40L at day 0. Cytokines and supplements were added at specific time points: day 0: IL-2, 

IL-21; day 3: IL-2, IL-21, lipid media, amino acids (AA); day 6: IL-6, IL-21, APRIL, lipid media, AA. 

Intracellular staining was determined on days 6 and 13 (D6-13). 

Representative data is shown for one donor. 
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Figure 4. 6: Quantification of IgM, IgG, IgA concentrations at days 6 and 13 in the representative healthy control (HC1) generated from 
ither 15 mL, 10 mL or 5 mL under TD stimulation using CD40L of total B-cells 

Figure 4. 5: Intracellular immunoglobulin profiles of healthy control B-cells (HC1, HC2 and HC3) denoting the relative percentages of 
IgM+; IgG+ and IgA+ B-cells between days 0 and 13 generated from either 15 mL, 10 mL or 5 mL stimulated with TD condition 

Figure 4. 7: B-cell counts at days 0, 6 and 13 in the representative healthy control generated 
from either 15 mL, 10 mL or 5 mL under TD stimulation using CD40L of total B-cells 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.5: Intracellular immunoglobulin profiles of healthy control B-cells (HC1, HC2 and HC3) 

denoting the relative percentages of IgM+; IgG+ and IgA+ B-cells between days 0 and 13 generated 

from either 15 mL, 10 mL or 5 mL stimulated with TD conditions. Total B-cells were isolated from 

healthy donor peripheral blood and stimulated with F(ab’)2 anti-IgG/M/A and CD40L at day 0. Cytokines and 

supplements were added at specific time points: day 0: IL-2, IL-21; day 3: IL-2, IL-21, lipid media, amino 

acids (AA); day 6: IL-6, IL-21, APRIL, lipid media, AA. Intracellular staining was determined on days 6 and 

13. Each plot represents the percentage of cells in each donor (n=3) expressing the stated immunoglobulin 

and each colour represents a different starting amount of blood. Note that limited day 6 cell counts in all 

conditions with one HC rendered analysis to D13 not possible. 

 

 
 
 

 Figure 4.6: Quantification of IgM, IgG, IgA concentrations at days 6 and 13 in the 

representative healthy control (HC1) generated from either 15 mL, 10 mL or 5 mL under TD 

stimulation using CD40L of total B-cells. Supernatants from healthy control 1 were collected at the 

specified time points and analysed using specific ELISA quantification kits as per the manufacturer’s 

protocol. Values were normalised against respective control ELISA standards. Representative data is 

shown for one donor, and values are based on the average of three separate dilutions per sample. 
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In vitro data generated from B-cell differentiations starting with limited cell numbers 

demonstrates the potential and characteristic comparability of generating functional 

LLPCs, regardless of reduced PBMC counts. This data is promising for the potential 

translatability of patient samples to the in vitro system, even with lower starting cell 

numbers. However, a potential caveat highlighted by the data is the possible 

reduced ability for B-cell survival by the D13 timepoint, particularly in differentiations 

with lower starting cell counts. Given that patient cell numbers are anticipated to be 

much lower than those used in these experiments, this poses a challenge for 

obtaining sufficient numbers of samples at various timepoints for analysis. 

Enhancing B-cell survival through the addition of a survival factor, such as BAFF, 

early in B-cell differentiation may improve survival to the D13 LLPC stage and 

optimize the differentiation process (Marsman et al., 2022). 

 
 
 
 
 
 
 
 

 
Figure 4.7: B-cell counts at days 0, 6 and 13 in the representative healthy control generated 

from either 15 mL, 10 mL or 5 mL under TD stimulation using CD40L of total B-cells. Cell counts 

were determined manually using a haemocytometer on D0-3 and using flow cytometry CountBright 

absolute counting beads at later time points. Data is shown for the representative healthy control 

(HC1). 
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4.3 Optimisation of in vitro B-cell differentiation with BAFF 

 
The TNF family B-cell activation factor (BAFF) is a B-cell-specific survival factor that 

binds to the BAFF-receptor, transmembrane activator and calcium-modulating and 

cyclophilin ligand interactor (TACI) and (to a lower affinity) B-cell maturation antigen 

(BCMA) (Schneider., 2005). Engagement of BAFF with the BAFF-R induces PAX5 

modulation and enhanced BCR signalling, which in turn elicits the upregulation of 

CD19 expression (Wang et al., 2012). BAFF has been evidenced to increase B-cell 

survival in both mice and humans (Rolink et al., 2002; Avery et al., 2003; Marsman et 

al., 2022) under various in vitro conditions. It could, therefore, be possible that the 

incorporation of BAFF into the established B-cell differentiation system could elevate 

B-cell numbers at D6-13 which would facilitate analyses. 

 
 
 

 
The initial experimental aim was to compare the differences, if any, with versus 

without the incorporation of BAFF (AdipoGen, AF-40B-0112-3010) into the model 

system. 50 mL of blood was obtained from a HC and B-cells were isolated as per the 

protocol (Chapter 2.2). At the co-stimulation step, equal amounts of cells were split 

into three separate differentiation conditions. Condition 1 was treated with F(ab’)2, 

IL2, IL21 and BAFF at D0; condition 2 was treated with F(ab’)2, IL2 and IL21 at D0 

with BAFF being added at D3 and condition 3 followed the normal protocol (Cocco et 

al., 2012; Stephenson et al., 2019; Stephenson et al., 2021) without any addition of 

BAFF. In instances where BAFF was added, a concentration of 100 ng/mL was used 

(Figure 4.8), demonstrating the upper range recommended for robust B-cell 

activation and differentiation (Thien et al., 2004). Experimental procedures were 

otherwise equivalent to the described protocol (chapter 2.2) 



 

 
88 

Chapter 4 – Results 

 

In all instances hereafter, BAFF-R surface marker (BD Biosciences, 564817) was 

used in replacement for CD20, and summary CD marker plots will include 

CD19+BAFF-R+ expression. This is both to confirm an initial pure B-cell population 

(i.e. both are typically highly expressed amongst pre-activated peripheral B-cells) as 

well as provide further clues on BAFF physiology. At D0, the phenotype of the 

representative control (HC1) evidenced a pure CD19+/BAFF-R+ B-cell population 

with a donor-specific anomaly of having high CD27+ expression prior to activation. 

By D6, cells stimulated with D3 BAFF appeared to lose BAFF-R expression to a 

higher degree than without BAFF or with D0 BAFF, although these differences were 

not observed thereafter. The expression of all other phenotypic markers in the 

representative HC were highly similar otherwise (Figure 4.9). Despite minor donor- 

specific discrepancies, all other HC replicates demonstrated highly comparable 

phenotypes, despite the addition of BAFF at any timepoint (Figure 4.10). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.8: Experimental setup for the evaluation of the temporal effects of B-cell activation factor 

(BAFF) on B-cell activation and differentiation. Total B-cells were isolated from a healthy control and the 

impact of BAFF addition at day 0 versus day 3 of culture, relative to no addition, was assessed. 
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Figure 4.9: Surface immunophenotype at days 0, 6 and 13 of in vitro differentiated B-cells stimulated with TD conditions either in the absence of 

BAFF or with the addition of BAFF at day 0 (D0) or day 3 (D3). Total B-cells were isolated from 50 mL of healthy donor peripheral blood obtained from the 

same donor and stimulated with F(ab’)2 anti-IgG/M/A and CD40L at day 0. Cytokines and supplements were added at specific time points: day 0: IL-2, IL-

21; day 3: IL-2, IL-21, lipid media, amino acids (AA); day 6: IL-6, IL-21, APRIL, lipid media, AA. Isolated B-cells were equally split into three conditions: No 

BAFF, BAFF added at day 0 or BAFF added at day 3. Surface staining was determined on days 0, 6 and 13 (D0-13). Representative data is shown for one 

donor. 
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Figure 4.10: Phenotypic profiles of healthy control B-cells (HC1, HC2 and HC3) denoting the relative 

percentages of CD19+BAFF-R+; CD38hiCD27+ and CD138+ B-cells between days 0 and 13 during the 

differentiation assay in no BAFF, day 0 or day 3 +BAFF conditions. Total B-cells were isolated from 

healthy control (n=3, as indicated by the number of dots per sample) peripheral blood and stimulated with 

F(ab’)2 anti-IgG/M/A and CD40L at day 0. Cytokines and supplements were added at specific time points: day 

0: IL-2, IL-21; day 3: IL-2, IL-21, lipid media, amino acids (AA); day 6: IL-6, IL-21, APRIL, lipid media, AA. 

Surface staining was determined on days 0, 6 and 13. Each plot represents the percentage of cells 

expressing the stated CD marker and each colour represents different culture conditions. 

 
 
 

 
Similarly, in HC1, intracellular immunoglobulin expression followed the expected 

patterns of isotype switching, with similar profiles observed regardless of the addition 

of BAFF (Figure 4.11). This consistency was also seen across additional controls, 

despite some variability in relative expression percentages between donors (Figure 

4.12). Secreted immunoglobulin in HC1 displayed comparable levels between 

conditions, though the highest relative secretion was seen in the + day 3 BAFF 

condition (Figure 4.13). Despite this, both intracellular and secreted immunoglobulin 

data suggest that BAFF does not significantly alter immunoglobulin expression 

levels, highlighting its limited effect on overall immunoglobulin production. 
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of BAFF or with the addition of BAFF at day 0 (D0) or day 3 (D3) under T-dependent stimulation using CD40-L 

 
 
 

 
Figure 4.11: Intracellular immunophenotype at days 6 and 13 of in vitro differentiated B-cells 

stimulated with TD conditions either in the absence of BAFF or with the addition of BAFF at day 0 

(D0) or day 3 (D3). Total B-cells were isolated from 50 mL of healthy donor peripheral blood obtained from 

the same blood donor and stimulated with F(ab’)2 anti-IgG/M/A and CD40L at day 0. Cytokines and 

supplements were added at specific time points: day 0: IL-2, IL-21; day 3: IL-2, IL-21, lipid media, amino 

acids (AA); day 6: IL-6, IL-21, APRIL, lipid media, AA. Isolated B-cells were equally split into three 

conditions: No BAFF, BAFF added at day 0 or BAFF added at day 3. Intracellular staining was determined 

on days 6 and 13 (D6-13). Representative data is shown for one donor. 
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Figure 4. 13: Quantification of IgM, IgG, IgA concentrations at days 6 and 13 in the representative healthy control either in the absence of BAFF or 
with the addition of BAFF at day 0 (D0) or day 3 (D3) under TD stimulation using CD40L of total B -cells 

Figure 4. 12: Intracellular immunoglobin profiles of healthy control B-cells (HC1, HC2 and HC3) denoting the relative percentages of CD19+BAFF- 
R+; CD38hiCD27+ and CD138+ B-cells between days 0 and 13 during the differentiation assay in no BAFF, day 0 or day 3 +BAFF 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.12: Intracellular immunoglobin profiles of healthy control B-cells (HC1, HC2 and HC3) denoting 

the relative percentages of IgM+; IgG+ and IgA+ B-cells between days 0 and 13 during the 

differentiation assay in no BAFF, day 0 or day 3 +BAFF conditions. Total B-cells were isolated from healthy 

control (n=3, as indicated by the number of dots per sample) peripheral blood and stimulated with F(ab’)2 anti- 

IgG/M/A and CD40L at day 0. Cytokines and supplements were added at specific time points: day 0: IL-2, IL-

21; day 3: IL-2, IL-21, lipid media, amino acids (AA); day 6: IL-6, IL-21, APRIL, lipid media, AA.  Intracellular 

staining was determined on days 0, 6 and 13. Each plot represents the percentage of cells expressing the 

stated immunoglobulin and each colour represents different culture conditions. 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.13: Quantification of IgM, IgG, IgA concentrations at days 6 and 13 in the representative 

healthy control either in the absence of BAFF or with the addition of BAFF at day 0 (D0) or day 3 

(D3) under TD stimulation using CD40L of total B-cells. Supernatants from heathy control 1 total B-cells 

were collected at the specified time points and analysed using specific ELISA quantification kits as per the 

manufacturer’s protocol. Values were normalised against respective control ELISA standards. 

Representative data is shown for one donor, and values are based on the average of three separate 

dilutions per sample. 
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Cell counts demonstrate the B-cell expanding actions of BAFF, whereby both 

cultures containing BAFF reach higher numbers than the culture without BAFF 

(Figure 4.14). In the representative HC and repeats, the trend of higher cell counts 

when BAFF was added at D3 versus D0 was observed. This demonstrates the utility 

of both the chosen 100 ng/mL concentration of BAFF and the benefit of addition at 

D3, supporting the literature regarding BAFF facilitating B-cell expansion, most 

notably when added to already-activated D3 B-cells (Zhang et al., 2017). 

 
A 

 

 
Figure 4.14: Total B-cell counts at days 0, 3, 6 and 13 in healthy control samples either in the 

absence of BAFF or with the addition of BAFF at day 0 (D0) or day 3 (D3) under TD stimulation 

using CD40L of total B-cells. Cell counts were determined manually using a haemocytometer on D0-3 

and using flow cytometry CountBright absolute counting beads at later time points. Representative data 

for healthy control 1 (HC1) (A) and HC2 and HC3 replicates (B) demonstrate total cell counts per mL. 
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4.3.1 Naïve-fractioned in vitro B-cell differentiation with BAFF 

 

 
The reduced cell input in naïve-fractioned B-cells is more comparable to antibody- 

deficient patients relative to inputting total B-cells. Therefore, a similar experimental 

setup as section 4.3 was followed using naïve B-cell fractions. Isolated naïve B-cells 

evidenced a purity of >94%. When BAFF was added at D3, there was an accelerated 

loss of BAFF-R expression, as seen in the total B-cell experiment in Figure 4.9, 

compared to the +D0 BAFF and no BAFF cultures (Figure 4.15), suggesting that 

adding BAFF to activated B-cells is likely to exert the greatest effect. Nonetheless, 

BAFF-R expression levelled to similar values seen in the No BAFF and +D0 BAFF 

cultures by D13. Similar to the total B-cell experiment, the expression of other 

phenotypic markers remained highly comparable across different conditions, 

including a consistent capacity to generate CD138+ PCs. Additionally, increased 

staining intensity was consistent with a higher number of CD138+ cells detected by 

flow cytometry, particularly in the presence of BAFF, with the most pronounced effect 

observed when BAFF was added at D3 (Figure 4.15). 
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Figure 4.15: Surface immunophenotype at days 0, 6 and 13 of in vitro differentiated naïve-fractioned B-cells stimulated with TD conditions either 

in the absence of BAFF or with the addition of BAFF at day 0 (D0) or day 3 (D3). Naïve B-cells were isolated from 50 mL of healthy donor peripheral 

blood obtained from the same blood-donor and stimulated with F(ab’)2 anti- IgG/M/A and CD40L at day 0. Cytokines and supplements were added at 

specific time points: day 0: IL-2, IL-21; day 3: IL-2, IL-21, lipid media, amino acids (AA); day 6: IL-6, IL-21, APRIL, lipid media, AA. Isolated B-cells were 

equally split into three conditions: No BAFF, BAFF added at D0 or BAFF added at D3. Surface staining was determined on days 0, 6 and 13. 

Representative data is shown for one donor. 
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Intracellular immunoglobulin expression profiles showed a slight decrease in class- 

switched isotypes by D13 when BAFF was added, most notably when introduced on 

D3. However, the overall expression patterns remained steady, and productive 

antibody secretion was observed regardless of BAFF addition at any time point 

(Figure 4.16), which was comparable to secreted immunoglobulin values (Figure 

4.17). The increased staining intensity seen with BAFF further indicates that the 

presence of BAFF contributed to higher cell counts, reinforcing its role in enhancing 

cell proliferation rather than significantly altering differentiation profiles (Figure 4.18). 

 

 

Figure 4.16: Intracellular immunophenotype at days 6 and 13 of in vitro differentiated naïve-fractioned B- 

cells stimulated with TD conditions either in the absence of BAFF or with the addition of BAFF at day 0 

(D0) or day 3 (D3). Naïve B-cells were isolated from 50 mL of healthy donor peripheral blood obtained from the 

same blood-donor and stimulated with F(ab’)2 anti- IgG/M/A and CD40L at day 0. Cytokines and supplements 

were added at specific time points: day 0: IL-2, IL-21; day 3: IL-2, IL-21, lipid media, amino acids (AA); day 6: IL-

6, IL-21, APRIL, lipid media, AA. Isolated B-cells were equally split into three conditions: No BAFF, BAFF added 

at D0 or BAFF added at D3. Intracellular staining was determined on days 6 and 13. Representative data is 

shown for one donor. 
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Figure 4. 17: Quantification of IgM, IgG, IgA concentrations at days 6 and 13 in the representative healthy control either in the absence of 
BAFF or with the addition of BAFF at day 0 (D0) or day 3 (D3) under TD stimulation using CD40L in naïve B-cells 

 

 
Consistent with the total B-cell experiments, the naïve-only B-cell experiment 

mimicked the enhanced cell counts when adding BAFF to activated B-cells at D3 

compared to the other conditions (Figure 4.18). This ability of +D3 BAFF to increase 

cell counts whilst minimally impacting differentiation prompted the decision to add 

100 ng/mL BAFF at this specific timepoint in all experiments hereafter. 

 
 
 

 

 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.17: Quantification of IgM, IgG, IgA concentrations at days 6 and 13 in the 

representative healthy control either in the absence of BAFF or with the addition of BAFF at 

day 0 (D0) or day 3 (D3) under TD stimulation using CD40L in naïve B-cells. Supernatants from 

heathy control 1 naïve B-cells were collected at the specified time points and analysed using specific 

ELISA quantification kits as per the manufacturer’s protocol. Values were normalised against 

respective control ELISA standards. Representative data is shown for one donor, and values are 

based on the average of three separate dilutions per sample. 
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4.4 The addition of BAFF at day 3 on low starting cell counts 

under TD stimulation 

 
Preliminary data shown in chapter 4.3 suggests that incorporation of 100 ng/mL 

BAFF at D3 of B-cell culture, starting with plentiful cell numbers, increases D6 

plasmablast production without impacting B-cell phenotypes and immunoglobulin 

secretion. Hence, the subsequent objective was to determine whether this trend is 

reciprocated in the smaller starting cell numbers generated in the 5 mL versus 10 

mL versus 15 mL B-cell differentiation experiments under CD40L and R848 

stimulation (see Chapter 4.5). 

 

 
First, 60 mL of HC blood was obtained and split into two conditions whereby one 

would receive BAFF at D3 and the other would not. Each of the two conditions were 

thereafter divided into 15 mL, 10 mL or 5 mL fresh blood and were individually 

subject to B-cell isolation and differentiation as outlined in Chapter 2.3 under CD40L 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.18: Total B-cell counts at days 0, 3, 6 and 13 in representative healthy control sample 

either in the absence of BAFF or with the addition of BAFF at day 0 (D0) or day 3 (D3) under TD 

stimulation of naïve B-cells. Cell counts were determined manually using a haemocytometer on 

D0-3 and using flow cytometry CountBright absolute counting beads at later time points. Data is 

shown for the representative healthy control. 
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stimulation (Figure 4.19). Cell counts, flow cytometry and ELISA data were 

generated at specific timepoints to provide clues as to whether BAFF can increase 

cell counts whilst minimally affecting surface and immunoglobulin profiles where 

limited initial cells are available, which will be likely with regards to patient samples. 

 

 

 
Figure 4.19: Schematic of the experimental workflow for studying the effect of adding BAFF in B-cell 

cultures at day 3 under TD stimulation. Blood was collected from a healthy control and split into various 

conditions to determine whether BAFF can increase cell counts whilst minimally affected surface and 

immunoglobulin profiles where limited initial cells are available. 
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All six D0 cultures generated purity of >96% and had overall highly comparable 

CD19+BAFF-R+CD27-CD38hiCD138- surface expression. Contrary to data 

obtained in section 4.3, the decline in BAFF-R expression at D6 was overall only 

marginally lower in the +D3 BAFF cultures compared to when no BAFF was added. 

This is likely attributed to the lower cell counts in this experiment, notably in the 5 

mL cultures, whereby BAFF-R expression was higher when BAFF was not added. 

Furthermore, albeit marginal, all cultures without BAFF had higher relative 

percentages of CD38hiCD138+ PCs than those that included BAFF (Figure 4.20). 

Since this effect was not seen in previous data from chapter 4.3, it is likely to reflect 

minor differences in donors. Thus, what is conclusive, is that the addition of BAFF 

does not significantly affect B-cell phenotypes across differentiation timepoints, 

regardless of cell counts and BAFF-related conditions. 

 
 
 

 
Similar to the prior BAFF experiments in chapter 4.3, only minor differences in 

intracellular immunoglobulin were observed with versus without the addition of BAFF 

(Figure 4.21). Any differences in immunoglobulin expression in BAFF versus no 

BAFF tended to be between the 5 mL samples, where IgM appeared to be retained 

at D6 and less IgG and IgA was expressed at D13 in the absence of BAFF. This was 

reciprocated in secreted immunoglobulin values denoted by ELISA (Figure 4.22) 

whereby secretion, regardless of stimulatory conditions, was highly similar. The only 

possible exception to this similarity, as per intracellular immunoglobulin expression in 

Figure 4.21, is the higher IgA expression in the 5 mL samples at D13 in addition to 

an overall elevated IgA expression with versus without the addition of BAFF at D13 at 

all starting amounts. 
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Figure 4.20: Surface phenotype at days 0, 6 and 13 (D0-13) of 

in vitro differentiated B-cells generated from either 15mL, 10 

mL or 5 mL fresh healthy control blood with versus without 

the addition of BAFF under TD stimulation using CD40L. 

Total B-cells from 15, 10 and 5 mL (-BAFF) and 15, 10 and 5 mL 

(+BAFF) were isolated from healthy donor peripheral blood 

obtained from the same blood-donor and stimulated with F(ab’)2 

anti-IgG/M/A and CD40L at day 0. Cytokines and supplements 

were added at specific time points: day 0: IL-2, IL-21; day 3: IL-2, 

IL-21, lipid media, amino acids (AA); day 6: IL-6, IL-21, APRIL, 

lipid media, AA.  In cultures with BAFF, BAFF was added at D3 

and removed from culture by D6. Surface staining was 

determined on days 0, 6 and 13. Representative data is shown 

for one donor. Data for D0 5mL +BAFF culture was not available. 
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Figure 4.21: Intracellular immunophenotype at days 6 and 13 (D6-13) of in vitro differentiated 

B-cells generated from either 15 mL, 10 mL or 5 mL fresh healthy control blood with versus 

without the addition of BAFF under TD stimulation using CD40L. Total B-cells from 15, 10 and 5 

mL (-BAFF) and 15, 10 and 5 mL (+BAFF) were isolated from healthy donor peripheral blood 

obtained from the same blood-donor and stimulated with F(ab’)2 anti-IgG/M/A and CD40L at day 0. 

Cytokines and supplements were added at specific time points: day 0: IL-2, IL-21; day 3: IL-2, IL-21, 

lipid media, amino acids (AA); day 6: IL-6, IL-21, APRIL, lipid media, AA.  In cultures with BAFF, 

BAFF was added at D3 and removed from culture by D6. Intracellular staining was determined on 

days 6 and 13. Representative data is shown for one donor. 
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Figure 4. 22: Quantification of IgM, IgG and IgA concentrations generated from either 15 mL, 10 mL or 5 mL fresh healthy control blood 
with versus without the addition of BAFF at days 6 and 13 in the representative healthy control under TD stimulation using CD40L  

 

 
Figure 4.22: Quantification of IgM, IgG and IgA concentrations generated from either 15 mL, 10 mL 

or 5 mL fresh healthy control blood with versus without the addition of BAFF at days 6 and 13 in 

the representative healthy control under TD stimulation using CD40L. Supernatants from total B- 

cells were collected at the specified time points and analysed using specific ELISA quantification kits as 

per the manufacturer’s protocol. Values were normalised against respective control ELISA standards. 

Representative data is shown for one donor, and values are based on the average of three separate 

dilutions per sample. 

Across all starting amounts, the addition of BAFF at D3 notably increased the cell 

numbers in all three starting amounts at D6, evidencing a pro-B-cell survival effect of 

BAFF that is independent of cell count. This elevated cell count with the addition of 

BAFF was lost by D13 (Figure 4.23), suggesting BAFF preferentially exerts its effect 

on activated B-cells that are entering the plasmablast stage rather than promoting 

the development and retention of LLPCs. 

 
 

 

Figure 4.23: B-cell counts at days 0, 3, 6 and 13 generated from either 15 mL, 10 mL or 5 

mL fresh healthy control blood with versus without the addition of BAFF in the 

representative healthy control under TD stimulation using CD40L. Cell counts were 

determined manually using a haemocytometer on D0-3 and using flow cytometry CountBright 

absolute counting beads at later time points. Representative data is shown for one donor. 
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Figure 4. 24: Schematic of the experimental workflow for studying the effect of adding BAFF in B-cell cultures at day 3 under TI R848 stimulation 

Each condition started with pure B-cell populations, devoid of detectable 

contamination. However, it is important to note that the 5mL samples, both with and 

without BAFF, failed to yield sufficient cell numbers by D6 to continue culturing until 

4.5 The addition of BAFF at day 3 on low starting cell counts 

under TI stimulation 

 
To assess whether the effects of BAFF addition at D3 in healthy B-cells under TD 

stimulation could be replicated under TI conditions, the same experiment outlined in 

Figure 4.19 was repeated, substituting CD40L stimulation with R848. This allowed 

for a direct comparison between the two stimulation pathways, providing insight into 

BAFF's role in enhancing B-cell survival and differentiation under TI conditions 

(Figure 4.24). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.24: Schematic of the experimental workflow for studying the effect of adding BAFF in B-cell 

cultures at day 3 under TI R848 stimulation. Blood was collected from a healthy control and split into various 

conditions to determine whether BAFF can increase cell counts whilst minimally affecting surface and 

immunoglobulin profiles where limited initial cells are available. 
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Each condition started with pre B-cell populations, devoid of detectible 

contamination. However, it is important to note that the 5mL samples, both with and 

without BAFF, failed to yield sufficient cell numbers by D6 to continue culture to 

D13, resulting in the absence of data at that time-point. Similar to the outcomes 

observed with CD40L stimulation (chapter 4.3), phenotypic differentiation remained 

highly comparable regardless of BAFF addition, with visibly higher staining 

intensities in all conditions at D6 when BAFF was included. Notably, the relative 

percentage of CD138+ cells by D13 was more consistent under R848 stimulation 

compared to CD40L stimulation, where PC expression appeared slightly diminished. 

This difference may be due to slight differences in the use of BAFF in TI versus TD 

signalling pathways (Lau et al., 2020; Mackay and Schneider, 2009). Furthermore, 

retention of CD19+ populations was observed at D13 in cultures with BAFF under T- 

cell independent R848 conditions, a phenomenon less evident in corresponding T- 

cell dependent CD40L stimulation experiments (Figure 4.25). 

Intracellular IgM and IgA expression was remarkably consistent across both time 

points and starting amounts, irrespective of BAFF addition. At D6, IgG expression 

was notably higher, exceeding 34% in all conditions with BAFF and reaching 50% 

without it, potentially indicating enhanced activation. By D13, IgG levels plateaued in 

the absence of BAFF but continued to rise with its presence, suggesting ongoing 

stimulation (Figure 4.26). Secreted immunoglobulin data indicated higher IgM 

concentrations at D6 with BAFF, which normalised by D13, while differences in IgG 

and IgA concentrations remained insignificant across both time points (Figure 4.27). 

 

In line with earlier findings, cell counts were higher at D6 with the addition of D3 

BAFF across all experimental conditions, and these elevated counts were 

maintained in D13 samples, particularly within the 10 mL group (Figure 4.28). This 

experiment was designed as a preliminary investigation to determine whether the 

pro-survival effects of BAFF seen under TD (CD40L) stimulation could also be 

observed in TI conditions using R848. As subsequent patient experiments focused 

exclusively on CD40L-based stimulation, repetition of this assay was not pursued. 

Moreover, insufficient cell numbers in the R848-stimulated cultures at D6 prevented 

continuation through to D13, accounting for the absence of data points in the 5 mL 

group. Nonetheless, the results suggest that the benefits of BAFF can be translated 

into TI conditions, whereby B-cell counts are increased with minimal differences in 

surface and intracellular phenotypes. 
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Figure 4.25: Surface phenotype at days 0, 6 and 13 (D0-13) of 

in vitro differentiated B-cells generated from either 15 mL, 10 

mL or 5 mL fresh healthy control blood with versus without 

the addition of BAFF under TI stimulation using R848. Total 

B-cells from 15, 10 and 5 mL (-BAFF) and 15, 10 and 5 mL 

(+BAFF) were isolated from healthy donor peripheral blood 

D6 obtained from the same blood-donor and stimulated with F(ab’)2 

anti-IgG/M/A and R848 at day 0. Cytokines and supplements 
were added at specific time points: day 0: IL-2, IL-21; day 3: IL-
2, IL-21, lipid media, amino acids (AA); day 6: IL-6, IL-21, 
APRIL, lipid media, AA. In cultures with BAFF, BAFF 

was added at D3 and removed from culture by D6. Surface 

staining was determined on days 0, 6 and 13. Representative 

data is shown for one donor. Data for D13 5 mL -BAFF and 

+BAFF cultures were not available. 
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Figure 4.25: Surface phenotype at days 0, 6 and 13 (D0-13) of in 

vitro differentiated B-cells generated from either 15 mL, 10 mL 

or 5 mL fresh healthy control blood with versus without the 

addition of BAFF under TI stimulation using R848. Total B-cells 

from 15, 10 and 5 mL (-BAFF) and 15, 10 and 5 mL (+BAFF) were 

isolated from the same blood-donor and stimulated with F(ab)2 anti-

IgG/M/A and R848 at day 0. Cytokines and supplements were 

added at specific time points: day 0: IL-2, IL-21; day 3: IL-2, IL-21, 

lipid media, amino acids (AA); day 6: IL-6, IL-21, APRIL, lipid 

media, AA. In cultures with BAFF, BAFF was added at D3 and 

removed from culture by D6. Surface staining was determined on 

days 0, 6 and 13. Representative data is shown for one donor. Data 

for D13 5mL -BAFF and +BAFF cultures were not available. 

D13 
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Figure 4. 26: Intracellular immunophenotype at days 6 and 13 (D6-13) of in vitro differentiated B-cells generated 
from either 15mL, 10 mL or 5 mL fresh healthy control blood with versus without the addition of BAFF under TI 
stimulation using R848 

 

 

Figure 4.26: Intracellular immunophenotype at days 6 and 13 (D6-13) of in vitro 

differentiated B-cells generated from either 15mL, 10 mL or 5 mL fresh healthy control 

blood with versus without the addition of BAFF under TI stimulation using R848. Total B-

cells from 15, 10 and 5 mL (-BAFF) and 15, 10 and 5 mL (+BAFF) were isolated from healthy 

donor peripheral blood obtained from the same blood-donor and stimulated with F(ab’)2 anti-

IgG/M/A and R848 at day 0. Cytokines and supplements were added at specific time points: day 

0: IL-2, IL-21; day 3: IL-2, IL-21, lipid media, amino acids (AA); day 6: IL-6, IL-21, APRIL, lipid 

media, AA.  In cultures with BAFF, BAFF was added at D3 and removed from culture by D6. 

Intracellular staining was determined on days 6 and 13. Representative data is shown for one 

donor. Data for D13 5 mL -BAFF and +BAFF cultures were not available. 
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Figure 4. 27: Quantification of IgM, IgG and IgA concentrations generated from either 15 mL or 10 mL or 5 mL fresh healthy control blood with 
versus without the addition of BAFF at day 3 during days 6 and 13 in the representative healthy control under TI stimulation 

 
 

Figure 4.27: Quantification of IgM, IgG and IgA concentrations generated from either 15 mL or 10 mL 

or 5 mL fresh healthy control blood with versus without the addition of BAFF at day 3 during days 6 

and 13 in the representative healthy control under TI stimulation using R848. Supernatants were 

collected at the specified time points and analysed using specific ELISA quantification kits as per the 

manufacturer’s protocol. Values were normalised against respective control ELISA standards. 

Representative data is shown for one donor, and different plots under the same condition represent repeats 

using different dilutions (section 2.4). Data for 5 mL was not available at day 13. 

 

 

Figure 4.28: B-cell counts at days 0, 3, 6 and 13 generated from either 15 mL, 10 mL or 5 mL 

fresh healthy control blood with versus without the addition of BAFF at day 3 in the 

representative healthy control under TI stimulation using R848. Cell counts were determined 

manually using a haemocytometer on D0-3 and using flow cytometry CountBright absolute 

counting beads at later time points. Representative data is shown for one donor. Data for 5 mL was 

not available at day 13 due to insufficient cell numbers at day 6 for further culture. 
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4.6 Discussion 
 

 
A critical caveat when harnessing the in vitro B-cell differentiation model for use in 

antibody deficient patients, particularly in terms of frozen samples from the COV-AD 

study, is the high possibility of severely reduced cell counts that could hinder 

analysis from isolation to PC stages. Hence, the first aim of this chapter was to 

closely mimic these low-cell conditions by evaluating how different starting volumes 

(15 mL, 10 mL and 5 mL) affect B-cell differentiation and resulting cell numbers. 

These findings demonstrate that B-cells can successfully differentiate into LLPCs 

with minimal differences in surface phenotypes, intracellular and secreted 

immunoglobulin profiles, regardless of the starting volume. Whilst this demonstrates 

the potential for studying patient B-cells using the in vitro system, this experimental 

setup mimics optimum conditions in HCs. Such conditions are likely to be harder to 

achieve when working with the patient samples for reasons beyond scarcity (i.e. 

difficulty in obtaining large volumes of blood), including freezing PBMCs and 

disease-related defects (Ballow, 2002; Browne et al., 2024). These factors are likely 

to impair the ability for productive downstream analysis, underscoring the need for 

optimised culture conditions that can sustain B-cell viability and differentiation even 

when starting with minimal cell numbers and sub-optimal conditions. 

To address the challenge of low B-cell viability, the potential of BAFF, a member of 

the TNF family known for its role in promoting B-cell survival (Mackay and Browning, 

2002), was investigated. BAFF was added to the culture following TD CD40-L 

stimulation at different timepoints (D0 or D3) to assess its impact on B-cell 

differentiation and cell numbers. Results indicate that the addition of BAFF at D3 

sufficiently enhanced cell counts at D6 without implicating differentiation phenotypes, 

demonstrating a notable pro-survival effect on B-cells when added to cultures at the 

D3 timepoint. The benefit of adding BAFF to activated B-cells addition is, in part, 

mediated by BAFF-receptor, BAFF-R, upregulation at the D3 timepoint (as well as 

TACI and BCMA to a lesser extent) which enhances their sensitivity to BAFF’s 

survival signals. Since activated B-cells should express high levels of BAFF-R 
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(Schneider, 2005), they are more effective at responding to BAFF and promoting 

survival/proliferation. Additionally, by D3, B-cells have likely transitioned into a state 

both more responsive to and requiring additional survival signals relative to D0, thus 

making BAFF more beneficial after activation and able to selectively support 

successfully activated B-cells that require additional signals to avoid apoptosis and 

continue proliferating (Avery et al., 2003). 

 

 
The applicability of BAFF’s pro-survival effects additionally translated to low starting 

cell counts (15 mL, 10 mL and 5 mL) when investigated under both TD CD40-L and 

TI R848 conditions. However, by D13 under CD40L stimulatory conditions, the 

advantage conferred by BAFF addition diminished, supporting the notion that BAFF 

primarily supports early-stage B-cell expansion and survival rather than LLPC 

maintenance (Mackay et al., 2003). In contrast, under TI R848 stimulatory 

conditions, the addition of BAFF appeared to generate more cells than the non-BAFF 

counterpart. Whilst this could be attributed to niche-specific factors beyond activation 

differences, this discrepancy could also be because TI activation provides rapid but 

short-lived survival signals whereby BAFF may be supplementing the limited survival 

cues i.e. the effects of BAFF may become more pronounced/prolonged and supports 

B-cells that would otherwise undergo apoptosis more rapidly in the absence of T-cell 

help (Thompson et al., 2000). Regardless, the data shown demonstrates that adding 

D3 BAFF to both TI and TD B-cell cultures is greatly beneficial in expanding B-cell 

counts, facilitating analysis up to later PC stages. 

Throughout all BAFF-related experiments, there is an apparent lack of significant 

impact on surface phenotype or intracellular and secretory immunoglobulin 

expression across different conditions. This further supports the idea that BAFF’s 

primary role is to enhance early survival and proliferation, i.e. BAFF does not directly 

interfere with differentiation signals (Thompson, 2001). The ability of BAFF to 

enhance cell counts without notably altering differentiation phenotype is seen in the 

literature whereby BAFF promotes immature transitional B-cell survival that in turn 

triggers elevated mature B-cell numbers (Batten et al., 2000). The ability to promote 

survival has been attributed to the capability of BAFF to activate signalling pathways 

that inhibit apoptosis, notably the NF-ĸB pathway. This anti-apoptotic effect helps 

https://www.sciencedirect.com/science/article/pii/S095279150500049X?via=ihub
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Figure 4. 29: Optimised In vitro B-cell differentiation culture conditions 

maintain higher cell viability, especially under in vitro conditions where cell death can 

occur due to suboptimal nutrient and cytokine levels (Mackay et al., 1999). By 

restricting apoptosis, BAFF enables a greater number of B-cells to survive, evident at 

earlier time points, when BAFF’s survival-promoting effects are most needed and 

effective. 

Collectively, the data presented in this section highlight the ability of D3 BAFF to 

enhance B-cell survival and proliferation in vitro without affecting differentiation 

phenotypes. Given the nature of the samples from the COV-AD study that are, in 

most instances, likely to give even lower initial cell counts than shown in this section, 

optimising the differentiation model through the addition of D3 BAFF will provide an 

imperative optimisation step to facilitate sufficient downstream analysis (Figure 4.29). 

Indeed, further optimisation approaches could also be followed to ensure robust cell 

counts for all downstream analysis. Applying the optimised B-cell assay to patient-

derived samples would be the next step. 

 

 

 

Figure 4.29: Optimised In vitro B-cell differentiation culture conditions. Isolated B-cells at day 0 are 

activated by CD40L or TLR agonist (i.e. R848) with F(ab’)2 anti-IgG/M/A. Corresponding stages of differentiation 

relative to the days are indicated, and cytokines/media requirements at each stage are stated above. Samples for 

flow cytometry, ELISA and RNA analysis are taken at the different stages. BAFF, B-cell activating factor; APRIL, a 

proliferation-inducing ligand; AA, amino acid; LM, lipid media. 
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Chapter 5- B-cell differentiation profiles of 

antibody-deficient patients enrolled in the 

COV-AD study 

 
5.1 Introduction 

Following the successful optimisation of the in vitro B-cell model for use with 

antibody-deficient patient samples, attention was turned to characterising B-cell 

differentiation profiles in these patients. This analysis aligns with the broader 

objectives of the COV-AD study, which aims to investigate how patients with 

antibody deficiencies respond to SARS-CoV-2 infection and vaccination, particularly 

given their heightened susceptibility to severe outcomes. A key focus of this study is 

to characterise the immune responses of these patients, with an emphasis on 

antibody production following vaccination (Shields et al., 2022a; Shields et al., 

2022b). 

Given the proven utility of the in vitro model in dissecting B-cell responses, it was 

suggested that the system could be effectively applied to COV-AD patients to study 

how various aspects of PC differentiation might influence a patient’s ability to mount 

a successful immune response, or fail to do so, after SARS-CoV-2 vaccination. A 

successful immune response following COVID-19 vaccination is commonly defined 

by the presence of neutralising antibodies, primarily IgG and IgA, targeting the 

SARS-CoV-2 spike protein. This response includes a rise in IgG antibodies around 

10-14 days post-vaccination, often reaching peak levels after the second dose. IgA 

responses typically appear earlier but decline more rapidly in serum. However, IgA 

can persist longer at mucosal surfaces, contributing to ongoing neutralising activity. 

Together, these antibody responses play a key role in the vaccine's protective 

effects by neutralising the virus and preventing infection at initial entry points 

(Wisnewski et al., 2021; Pang et al., 2021).  

Studies have highlighted the significant contribution of germline-encoded BCRs to 

neutralising SARS-CoV-2. These antibodies, derived from conserved germline genes such 

as IGHV3-53 and IGHV3-6, demonstrate potent neutralisation abilities with minimal or no 
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SHM. Notably, Lunderberg et al. (2022) found that germline-encoded antibodies can 

effectively neutralise multiple SARS-CoV-2 variants, including those with mutations 

in the spike protein, by targeting conserved regions of the virus. This suggests that 

early protective antibody responses can be generated without extensive affinity 

maturation, providing a potential mechanism for immune responses even in 

antibody-deficient patients with impaired GC function. These findings are particularly 

relevant for understanding vaccine responses in individuals with limited SHM, as 

seen in some antibody-deficient conditions (Yuan et al., 2020; Robbiani et al., 2020; 

Andreano and Rappuoli, 2021). 

Studying antibody responses to vaccination in COV-AD patients could provide 

important insights into the cellular mechanisms underlying vaccine responsiveness in 

antibody-deficient individuals and may also help identify biomarkers that could 

predict vaccine response, offering a potential tool for risk stratifying patients and 

personalising treatment strategies. 

Accordingly, 50 frozen patient PBMC samples were selected and total B-cells were 

isolated from 49 of the patients who had recoverable B-cells. The patient cohort 

included a heterogenous group of both SARS-CoV-2 vaccine responding (n=35) and 

non-responding (n=14) patients with various primary (n=29) and secondary (n=20) 

antibody deficiencies. Samples were nationally obtained, and patients were both 

male and female adults aged 24-78 (Table 5.1). Previous findings from the COV-AD 

study primarily define non-responders based on their inadequate serological and 

cellular immune response following a second dose of either the approved Pfizer 

BioNTech (162b2) or AstraZeneca (ChAdOx1 nCoV-19) vaccine. Specifically, non-

responders were defined as those with an IgGAM ratio <1.0 (optical density compared with 

calibrator), as measured by anti-spike glycoprotein antibody assays, around 28 days post-

vaccination. This ratio provides a semi-quantitative assessment of antibody magnitude, 

where values greater than 1.0 are considered seropositive (Shields et al., 2022a; Shields 

et al., 2022b). Serum samples were also tested for neutralising activity using an in-

house live virus neutralisation assay, which assesses the ability of antibodies to 

prevent virus entry into host cells. Non-responders were further defined by the 

absence of significant neutralising capacity. Additionally, T-cell responses were 

assessed using the T-SPOT®.COVID assay, with fewer than 5 spots per well 

indicating a negative response. A third group, termed 'true non-responders,' could be  
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defined as patients with IgGAM ratios below the threshold after both the second and 

third vaccine doses. However, for the purpose of this thesis, the classification will 

focus solely on responders versus non-responders, with non-responders defined as 

those who fail to generate a robust response to any vaccine dose. 
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5.1.1 Experimental setup 

 

To distribute the workload efficiently, the differentiation of samples was performed in 

batches of five over ten experimental sessions. Each experimental setup included a 

naïve-fractioned HC obtained from approximately 5-10 mL of blood. The inclusion of 

a HC in each experiment was crucial to serve as a control, enabling the detection 

and exclusion of experimental errors or anomalies, i.e. any observed deviations in 

patient samples would likely be attributed to biological differences rather than 

technical variability. Using smaller amounts of starting blood and selecting only naïve 

B-cell populations was an approach to maintain as much consistency as possible 

between patient and HC samples. This would facilitate for cell inputs and counts to 

be as similar as possible, minimising any variability that could be accounted for by 

large differences in cell numbers or activation states. For patient samples, total B-

cells were used, rather than fractionating into naïve B-cells as per controls, to better 

reflect the patient’s natural B-cell composition. 

 

 Overall Vaccine 

responders 

Vaccine non- 

responders 

n 49 35 14 

Primary antibody 

deficiency, n 

29 21 8 

Secondary 

antibody 

deficiency, n 

20 14 6 

Female, n 32 25 7 

Age range (years) 24-78 24-78 31-74 

Table 5.1: Characteristics of patients enrolled in the COV-AD study. Response to SARS-CoV-2 

vaccination is determined post-third or fourth vaccination. 
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Although a total of 49 patient differentiations were conducted, this chapter will focus 

in detail on a selected subset of 9 patients (Table 5.2, along with a naïve-only healthy 

control and patients with either a known pathogenic mutation in NFKB1 (c.447del) or 

a VUS NFKB1 variant c.257A>G. In the Figures herein, HCs are represented in 

green, vaccine-responders in black, non-responders in red, and NFKB1 patients in 

maroon. A variant of uncertain significance (VUS) refers to a genetic alteration in the 

NFKB1 gene that has unclear implications for protein function and disease risk 

(ACGS, 2024). The inclusion of the HC is crucial for establishing baseline 

differentiation profiles, allowing for comparison against the patient samples to identify 

deviations indicative of immune dysfunction. The patients with NFKB1 mutations 

serve as functional controls for flow cytometry analysis only, providing relevant 

insights into how variations in NFKB1 function may influence B-cell differentiation, 

especially given that NFKB1 mutations are often observed in patients with CVID 

(Fliegauf et al., 2021). Notably, a subset of patients in the COV-AD study have been 

diagnosed with CVID, further emphasising the relevance of examining NFKB1 

patients in this context. This comparative approach enables a more nuanced 

analysis of the differentiation profiles within these groups, helping to clarify the 

variations that may impact immune responses. The data from the remaining patients 

will be included in summary figures, offering an overview of trends and patterns 

across the broader cohort without compromising the depth of insight gained from the 

detailed examination of the selected individuals. Statistical analysis was initially 

performed using one-way ANOVA, but as assumptions of normality and equal 

variance were not consistently met, the Kruskal-Wallis test was used to assess 

overall differences between groups, with Dunn’s test applied where appropriate to 

explore specific group differences. 
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Table 5.2: Patient characteristics and immune responses to vaccination. Clinical data from nine 

patients (P1-9), including age, sex, diagnosis, and their immune response status post-vaccination. The 

diagnoses include common variable immunodeficiency (CVID), and secondary immunodeficiency related to 

haematological (HAEM) and rheumatological (RHEUM) conditions. Post-vaccination immune response is 

measured by the IgG, IgA, and IgM (IgGAM) anti-spike glycoprotein ratio after the second (V2) and third (V3) 

vaccine doses. Patients are classified as either responders or non-responders based on their post-V2 

IgGAM ratio. 

 
 

 
5.2 B-cell proliferation capacities 

The primary goal of the experiments in chapter 4 was to expand B-cell counts, given 

the anticipated low cell yields from patient samples in the COV-AD study. It was 

crucial to demonstrate the ability to generate sufficient cell numbers through to D13, 

as inadequate cell counts across all timepoints would impede the ability to perform 

comprehensive analyses. 
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Figure 5. 1: Evaluation of viable cell number in naïve 

In the representative patients (P1-P9), despite some patient-specific variability, 

overall B-cell counts were highly consistent with each other and with the controls at 

all timepoints, further evidenced by overlaps in data points (Figure 5.1A). However, 

data from the entire sample cohort at both the D6 and D13 timepoints revealed 

trends towards lower B-cell counts in both patient groups compared to controls, with 

non-responders displaying significantly reduced numbers at both timepoints 

(Figures 5.1B and 5.1C). This may suggest an intrinsic defect in B-cell survival or 

proliferation capacity amongst non-responders within the in vitro culture system. 

Despite this, the data also demonstrate that, with the incorporation of the modified in 

vitro differentiation system described in chapter 4, sufficient B-cells were generated 

to support the study of PC differentiation up to and including D13.    

Furthermore, both vaccine responders (n=5) and non-responders (n=4) exhibited a 

typical B-cell proliferative pattern, similar to that of healthy controls (n=2) and NF-ĸB 

controls (n=2). This was characterised by an expansion of B-cells by D6 followed by 

a significant reduction, with only long-lived PCs persisting thereafter. 

 

A B 

 

 
Figure 5.1: Evaluation of viable cell number in naïve controls, vaccine-responding and 

non-responding antibody deficient patients using the differentiation assays. A. Viable 

cell counts in representative controls and antibody deficient patients (P1-P9) from start to 

end of culture. HC (green), n=2; NF-ĸB controls (maroon), n=2; responders (black), n=5; 

non-responders (red), n=4. B. Quantification of the cell number per mL at the day 6 

timepoint. C. Quantification of the cell number per mL at the day 13 timepoint. Healthy 

control (HC) naive B-cells, n= 10; Vaccine-responding patient B-cells, n=35; Vaccine non-

responding patient B-cells, n=14. Significant differences were determined by one-way 

ANOVA or Kruskal-Wallis test with Dunn’s multiple comparison, as appropriate 

(****p<0.0001 ***p<0.001 **p<0.01, *p<0.05). 

 
 

B C 
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5.3 Plasma cell generation 

 
As expected, the representative HC displayed a typical differentiation profile, 

producing over 63% CD38hiCD138+ cells by D13. Vaccine-responding CVID patients 

and the NFKB1 VUS patient similarly showed the anticipated CD138 expression 

pattern across the timepoints, though with notable variability in percentages. For 

example, P1 produced only 21% CD138+ cells by D13, whereas P5 generated over 

75% CD138+ cells at the same timepoint and more than 9% CD138+ by D6, 

exceeding the levels seen in the HC (Figure 5.2). 

Responding SAD patients, on the other hand, exhibited a tendency for lower 

CD38hi cell populations at D0 compared to the HC and CVID patients, potentially 

reflecting B-cell depletion, immunosuppressive treatments, or intrinsic B-cell 

dysfunction, all of which may impair early activation and differentiation. 

Nevertheless, by D6, CD38 expression in these patients appeared to return to near-

normal levels. Regarding CD138 expression, the relative percentages were similarly 

variable. Notably, P2 showed abnormally high CD138+ expression at day 6, which 

normalised by D13 (Figure 5.2), possibly indicating an accelerated PC response as 

a compensatory mechanism to immune challenges. 

Vaccine non-responders with both CVID and SAD demonstrated a typical B-cell 

differentiation phenotype, showing comparable ability to generate CD138+ PCs as 

seen in responders (Figure 5.2). This trend was observed across all differentiated 

patient samples (Figure 5.3), where no significant differences in CD138+ PC 

generation were observed at any timepoint between controls, responders, and non- 

responders. Any variation in CD138+ expression appeared to be driven more by the 

individual’s antibody deficiency phenotype rather than by responder status within a 

specific patient subset. 
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in a representative heterogenous population of SARS-CoV-2 vaccine responding 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.2: Plasma cell phenotypes in a representative heterogenous 

population of SARS-CoV-2 vaccine responding and vaccine non- 

responding antibody deficient patients at day 0 (D0), day 6 (D6) and day 

13 (D13). Representative example of naïve healthy control (HC); Common 

variable immunodeficiency (CVID) vaccine-responder; Secondary antibody 

deficient (SAD) vaccine-responder; SAD vaccine non-responder and CVID 

vaccine non-responder and patients with a known variant and variant of 

uncertain significance (VUS) in NFKB1. B-cells were stimulated with F(ab’)2 

anti-IgG/M/A and CD40L at day 0. Cytokines and supplements were added at 

specific time points: day 0: IL-2, IL-21; day 3: IL-2, IL-21, lipid media, amino 

acids (AA); day 6: IL-6, IL-21, APRIL, lipid media, AA.  B-cells were assessed 

at days 0, 6 and 13 for plasma cell generation by the gain of CD38 and 

CD138 after stimulation with TD conditions. 
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Figure 5.3: Summary of plasma cell phenotypes in a heterogenous population of antibody 

deficient patients. B-cells were stimulated with F(ab’)2 anti-IgG/M/A and CD40L at day 0. Cytokines and 

supplements were added at specific time points: day 0: IL-2, IL-21; day 3: IL-2, IL-21, lipid media, amino 

acids (AA); day 6: IL-6, IL-21, APRIL, lipid media, AA. Quantification of the percentage of cells 

expressing CD138 at the start of the assay, day 6 and day 13. Healthy control (HC) naive B-cells, n= 10; 

Vaccine-responding patient total B-cells, n=35; Vaccine non-responding patient total B-cells, n=14. 

Significant differences were determined by one-way ANOVA or Kruskal-Wallis test with Dunn’s multiple 

comparison, as appropriate (****p<0.0001 ***p<0.001 **p<0.01, *p<0.05). Note that low cell numbers 

resulted in the inability to obtain certain samples at later time-points. 
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5.5 Plasmablast generation 

 
The representative HC exhibited the expected gradual increase in CD27+ cells up to 

D13, with 95.1% of cells expressing the CD38hiCD27+ phenotype. This trend was 

observed across all representative COV-AD samples and in the NFKB1 patients, 

though to varying extents. While all samples demonstrated an increase in 

CD38hiCD27+ populations, they showed a reduced capacity for this compared to the 

control, particularly at days 6 and 13, where the differences were statistically 

significant, most notably at D6 (Figure 5.4). The only notable deviation was P5, 

which displayed an atypical differentiation pattern. While P5 showed typical 

percentages at D6, the exceedingly high CD38hiCD27+ expression at D13 and the 

abnormal phenotype make this patient distinct (Figure 5.4). 

Regarding vaccine responders versus non-responders, no significant difference in 

the generation of CD38hiCD27+ plasmablasts was observed, either in the 

representative samples or the total sample pool, for both primary and secondary 

antibody deficiencies (Figures 5.4 and 5.5). Therefore, while this data highlights a 

reduced capacity for generating CD38hiCD27+ plasmablasts in the patient cohort 

(most notably in the non-responders), it also suggests that variations in plasmablast 

generation, similar to the patterns of PC generation discussed in chapter 5.4, are 

unlikely to dictate vaccine responsiveness.
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after stimulation with TD conditions. 

 
Figure 5.4: Plasmablast phenotypes in a representative 
heterogenous population of SARS-CoV-2 vaccine responding and 
vaccine non- responding antibody deficient patients at day 0 (D), 
day 6 (D6) and day 13 (D13). B-cells were stimulated with F(ab’)2 anti-
IgG/M/A and CD40L at day 0. Cytokines and supplements were added 
at specific time points: day 0: IL-2, IL-21; day 3: IL-2, IL-21, lipid media, 
amino acids (AA); day 6: IL-6, IL-21, APRIL, lipid media, AA. 
Representative example of naïve healthy control (HC); Common 
variable immunodeficiency (CVID) vaccine responder; Secondary 
antibody deficient (SAD) vaccine responder; SAD vaccine non-
responder and CVID vaccine non-responder and patients with a known 
variant and variant of unknown significance (VUS) in NFKB1. B-cells 
were assessed at days 0, 6 and 13 for plasmablast generation by the 
gain of CD27 and CD38 after stimulation with TD conditions.  
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Figure 5.5: Summary of plasmablast phenotypes in a heterogenous population of antibody 

deficient patients. B-cells were stimulated with F(ab’)2 anti-IgG/M/A and CD40L at day 0. Cytokines and 

supplements were added at specific time points: day 0: IL-2, IL-21; day 3: IL-2, IL-21, lipid media, amino 

acids (AA); day 6: IL-6, IL-21, APRIL, lipid media, AA. Quantification of the percentage of cells expressing 

CD38hiCD27+ at the start of the assay, day 6 and day 13. Healthy control (HC) naive B-cells, n= 10; 

Vaccine-responding patient total B-cells, n=35; Vaccine non-responding patient total B-cells, n=14. 

Significant differences were determined by one-way ANOVA or Kruskal-Wallis test with Dunn’s multiple 

comparison, as appropriate (****p<0.0001 ***p<0.001 **p<0.01, *p<0.05). Note that low cell numbers 

resulted in the inability to obtain certain samples at later time-points. 

 
 

 
5.6 Immunoglobulin expression 

 
Thus far, the data presented in this chapter has shown that, despite phenotypic 

variability in the expression of PC and plasmablast markers among individual 

patients, these markers alone do not clearly distinguish vaccine non-responders from 

responders. While surface phenotypes indicate activation, they do not necessarily 

reflect the functional capacity of the cells to produce sufficient immunoglobulin. By 

definition, antibody-deficient patients have reduced or impaired antibody production, 

which may reflect intrinsic B-cell problems, or a lack of adequate T-cell help. 

However, because the reduced production of these immunoglobulins is a defining 

feature of antibody deficiency, it may serve as a critical factor in explaining why some 

individuals fail to respond effectively to COVID-19 vaccination. Differences in 

immunoglobulin production profiles between responders and non-responders could 
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provide further insight. Without adequate intracellular and secreted immunoglobulin, 

these cells may remain functionally deficient, contributing to poor vaccine responses, 

even in the presence of 'normal' surface markers. Therefore, the next objective is to 

examine the intracellular and secretory expression of IgM, IgG, and IgA in the patient 

cohort to better assess their functional capacity. 

 

 

5.7 Intracellular immunoglobulin expression 

 
The representative HC displayed a typical intracellular immunoglobulin expression 

profile, demonstrating effective class switching. Higher IgM expression at D6 

decreased by D13, at which point IgG and IgA levels reached approximately 46% 

and 30%, respectively. The NFKB1 VUS patient exhibited good IgG expression at 

both time points, though IgA expression was reduced. Based on the collective 

representative patient data, no clear distinction was observed between SAD and 

CVID patients. Most patients exhibited elevated IgM and reduced IgG and IgA 

expression at both time points, consistent with an antibody deficiency. A subset of 

patients (e.g., P1, P4, P6, and P8) displayed particularly high IgM expression, as 

evidenced by increased fluorescence. (Figure 5.6 and Figure 5.7). Across the wider 

cohort, IgM expression was significantly higher in non-responders compared to 

controls at both D6 and D13, while responders also demonstrated significantly 

increased IgM at D6 but only a non-significant trend towards elevated levels at D13 

(Figure 5.8).  

Anomalies in the IgG profile was noted in P3 and P4, with P3 demonstrating 

intracellular IgM, IgG, and IgA levels comparable to a HC. However, P5 showed a 

highly unusual phenotype, with an inability to express IgM, minimal IgA expression, 

and an unusually high expression of IgG (~92%) at both time points (Figure 5.6), 

suggesting possible dysregulation in isotype switching or a skewed immunoglobulin 

production pattern possibly attributed to a disorder other than the CVID. 

With regard to IgG, the representative data suggested that non-responders 

expressed lower levels of IgG at both time points compared to responders (Figure 

5.6). However, when all samples were analysed collectively (Figure 5.8), no 

significant difference in IgG expression between responders and non-responders 
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was observed at either D6 or D13, though both groups had significantly lower IgG 

levels compared to HCs. 

IgA expression was overall lower in all representative patients compared to the 

control. Notably, P4 and P7 showed no IgA expression at either D6 or D13 (Figure 

5.7). When considering all patient samples, non-responders had significantly 

reduced intracellular IgA expression by D13 compared to both controls and vaccine 

responders (Figure 5.8), suggesting a potential link between poor IgA production and 

a lack of response to the COVID vaccine. 

In summary, across all patient differentiations (Figure 5.8), both vaccine responders 

and non-responders tended to exhibit elevated IgM expression throughout the time 

points. Both groups also showed significantly reduced IgG and IgA levels compared 

to controls at days 6 and 13, but the only isotype with a significant difference 

between responders and non-responders was IgA expression at D13, potentially 

linking IgA deficiency with poor vaccine response. 
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Figure 5.6: Intracellular immunoglobulin (IgM and IgG) expression in representative SARS-CoV-2 vaccine responding and vaccine non- 

responding antibody deficient patients at day 6 (D6) and day 13 (D13). B-cells were stimulated with F(ab’)2 anti-IgG/M/A and CD40L at day 0. 

Cytokines and supplements were added at specific time points: day 0: IL-2, IL-21; day 3: IL-2, IL-21, lipid media, amino acids (AA); day 6: IL-6, IL-

21, APRIL, lipid media, AA. Representative example of naïve healthy control (HC); Common variable immunodeficiency (CVID) vaccine-responder; 

Secondary antibody deficient (SAD) vaccine-responder; SAD vaccine non-responder; CVID vaccine non-responder and patients with a known 

variant and variant of uncertain significance (VUS) in NFKB1. B-cells were assessed at days 6 and 13 for intracellular IgM and IgG expression after 

stimulation with TD conditions. Note that insufficient cell counts at D13 in P9 rendered analysis not possible. 
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Figure 5.7: Intracellular immunoglobulin (IgM and IgA) expression in representative SARS-CoV-2 vaccine responding and vaccine non-responding antibody 

deficient patients at day 6 (D6) and day 13 (D13). B-cells were stimulated with F(ab’)2 anti-IgG/M/A and CD40L at day 0. Cytokines and supplements were added 

at specific time points: day 0: IL-2, IL-21; day 3: IL-2, IL-21, lipid media, amino acids (AA); day 6: IL-6, IL-21, APRIL, lipid media, AA. Representative example of 

Naïve Healthy Control (HC); Common Variable Immunodeficiency (CVID)vaccine-responder; Secondary antibody deficient (SAD) vaccine-responder; SAD 

vaccine non-responder; CVID vaccine non-responder and patients with a known variant and variant of uncertain significance (VUS) in NFKB1. B-cells were 

assessed at days 6 and 13 for intracellular IgM and IgG expression after stimulation with TD conditions. Note that insufficient cell counts at D13 in P9 rendered 

analysis not possible. 
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Figure 5. 9: Assessment of the percentage of cells expressing IgM, IgG and IgA at days 6 and 13 

 
 

 

 

 

 
Figure 5.8: Assessment of the percentage of cells expressing IgM, IgG and IgA at days 6 and 13. B-

cells were stimulated with F(ab’)2 anti-IgG/M/A and CD40L at day 0. Cytokines and supplements were 

added at specific time points: day 0: IL-2, IL-21; day 3: IL-2, IL-21, lipid media, amino acids (AA); day 6: 

IL-6, IL-21, APRIL, lipid media, AA. Healthy control (HC) naïve B-cells, n=10; vaccine-responding patient 

total B-cells, n=35; vaccine non- responding patient total B-cells, n=13. Quantification of intracellular IgM, 

IgG and IgA expression at days 6 and 13 from representative naïve HC, Vaccine responding and vaccine 

non-responding patients. Significant differences were determined by one-way ANOVA or Kruskal-Wallis 

test with Dunn’s multiple comparison, as appropriate (****p<0.0001 ***p<0.001 **p<0.01, *p<0.05). Note 

that low cell numbers resulted in the inability to obtain certain samples at later time-points. 
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5.8 Secreted immunoglobulin quantification 

 
Immunoglobulin secretion varied across the patient cohort. In both the representative 

and collective HCs, IgM secretion ranged between 5,000–100,000 ng/mL at D6 and 

remained consistent through D13. At D6, most representative patients, including the 

NFKB1 VUS control, showed IgM levels comparable to the HCs, except for P3, who 

had lower secretion, and P5, who secreted almost no IgM - consistent with P5’s 

intracellular IgM phenotype in Figures 5.6 and 5.7. By D13, most patients 

demonstrated the consistent IgM concentration across the timepoints seen in the 

HC, although four patients (P1, P4, P8, and P9) demonstrated higher IgM secretion 

relative to HC (Figure 5.9). In the broader analysis, there was additionally trend 

towards higher IgM secretion in non-responders compared to responders (Figure 

5.10), possibly representing an impairment in class-switching. 

IgG secretion was also variable across all representative and total patient datapoints, 

although showed a general trend of lower IgG levels at both timepoints in COV-AD 

patients and the NFKB1 VUS control compared to HCs. P5 was a notable outlier, 

with an exceptionally high D13 IgG level that skewed the overall results (Figure 5.9). 

The summary plot showed that vaccine responders had significantly lower IgG 

concentrations than HCs at D13, whereas non-responders exhibited IgG levels 

comparable to controls at the same timepoint (Figure 5.10). Unexpectedly higher IgG 

secretion values may reflect assay-related background interference, heterogeneity 

within non-responders or autoantibody production in a subset of patients. It is also 

possible that preferential survival or outgrowth of switched IgG+ B-cells in culture 

contributed to these secretory findings (King et al., 2021). 

In terms of IgA secretion, all representative patients, including the VUS NFKB1 

control, exhibited lower IgA levels at both timepoints compared to HCs. Similar to 

intracellular data, certain patients, such as P5 and P6, either secreted very little or no 

IgA at all (Figure 5.9). Based on the collective patient results, both vaccine 

responding and non-responding groups had significantly lower IgA secretion 

compared to controls (Figure 5.10), with non-responders showing an even greater 

reduction, comparable to intracellular IgA data (Figure 5.7). 
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Figure 5. 10: Assessment of secreted IgM, IgG and IgA at days 6 and 13 in a heterogenous cohort of antibody deficient patients (P1-P9) 

Overall, immunoglobulin secretion varied across the patient cohort, influenced more 

by individual patient factors than by diagnosis or vaccine response. The findings 

revealed patterns consistent with those seen in intracellular data, with IgA being the 

only isotype that demonstrated significant differences in concentrations between 

both patient groups and HCs, likely reflecting the high prevalence of deficiencies in 

this isotype. However, given that only a trend was noted in lower IgA concentrations 

in non-responders compared to responders at D13, it is unlikely that IgA levels-or 

any of the other isotypes measured-can reliably predict vaccine response. 

 
 
 
 
 
 
 

 

Figure 5.9: Assessment of secreted IgM, IgG and IgA at days 6 and 13 in a heterogenous cohort of 

antibody deficient patients (P1-P9). Representative example of Naïve Healthy Control (HC); Common 

Variable Immunodeficiency (CVID) vaccine-responder; Secondary antibody deficient (SAD) vaccine-responder; 

SAD vaccine non-responder; CVID vaccine non-responder and patient with a variant of uncertain significance 

(VUS) in NFKB1. B-cells were assessed at days 6 and 13 for secreted IgM, IgG and IgA expression after 

stimulation with T-dependent stimulation conditions. *Note: some values were exceptionally low (day 6 IgM, P5) 

or high (day 13 IgG, P5) and were not included in the Figure. 
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Figure 5.10: Assessment of secreted IgM, IgG and IgA at days 6 and 13 in a heterogenous cohort of 

antibody deficient patients. B-cells were stimulated with F(ab’)2 anti-IgG/M/A and CD40L at day 0. 

Cytokines and supplements were added at specific time points: day 0: IL-2, IL-21; day 3: IL-2, IL-21, lipid 

media, amino acids (AA); day 6: IL-6, IL-21, APRIL, lipid media, AA. Healthy control (HC) naïve B-cells, n=6; 

vaccine-responding patient total B-cells, n=20; vaccine non-responding patient total B-cells, n=10. 

Quantification of intracellular IgM, IgG and IgA expression at days 6 and 13 from representative naïve HC, 

Vaccine responding and vaccine non-responding patients. Significant differences were determined by one-

way ANOVA or Kruskal-Wallis test with Dunn’s multiple comparison, as appropriate (****p<0.0001 ***p<0.001 

**p<0.01,*p<0.05). Note that low cell numbers resulted in the inability to obtain certain samples. 

 
 

 
5.9 Phenotypic features regulating survival 

 
Despite the inherent variability among patients, analyses thus far have revealed no 

significant differences in the expansion of B-cells, generation of phenotypically 

identifiable antibody-secreting cells or the expression of immunoglobulin isotypes 

between vaccine non-responders and responders likely to predict a productive 

response to vaccination. These results suggest that provision of optimised 

differentiation and survival factors in vitro are sufficient to overcome in vivo 

limitations. If this is the case, then there may be changes in access to these factors 

in vivo that lead to vaccine failure. To further explore whether non-responders might 
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have alterations in key external regulators of the B-cell lineage, CD19 and BAFF-R 

expression were next investigated (Darce et al., 2007; Wang et al., 2012; Lau et al., 

2020). 

 
In line with expected B-cell differentiation patterns, the representative HC 

demonstrated a homogeneous population of 100% CD19+BAFF-R+ pre-activated B- 

cells at D0. Consistent with the literature, BAFF-R expression declined by D6 and 

remained low at D13, mirroring the in vivo expression dynamics of BAFF-R (Smulski 

et al., 2018). While PCs typically do not express BAFF-R, the apparent increase in 

expression at D13 may indicate the maturation of B-cells that have not fully 

differentiated into PCs but are still in stages where BAFF-R is essential for survival, 

such as mature naive or memory B-cells. This is exemplified in patient sample P1, 

which displayed 44.1% BAFF-R+ expression at D13 alongside only 21% CD138+ 

expression at the same time point (Figure 5.11). Alternatively, this increase could be 

an artifact resulting from the consistent gating strategy applied across all samples 

and time points. 

Regarding patient samples, vaccine non-responders, P4 and the NFKB1 VUS 

patient exhibited abnormally low or absent BAFF-R expression at D0 (Figure 5.11), a 

trend that persisted across all other patient samples (Figure 5.12). In contrast, all 

HCs showed expected CD19+BAFF-R+ expression near 100%, while most 

responders demonstrated high BAFF-R expression; however, some exhibited 

intermediate or low levels. Notably, all non-responders showed low or absent BAFF- 

R expression in pre-activated B-cells. While this marked difference in BAFF-R 

expression did not extend to time points beyond D0 (Figure 5.12), there was a trend 

suggesting slightly higher BAFF-R expression at D6 in non-responders relative to 

responders and controls, potentially indicating a delayed BAFF-R response in certain 

patients. 

Thus, the data regarding CD19 and BAFF-R expression strongly correlate with 

vaccine response, highlighting a significant relationship between BAFF-R expression 

in pre-activated B-cells and the ability to mount an effective immune response. 

Additionally, the presence of a subset of vaccine responders exhibiting similar low 

BAFF-R expression raises intriguing questions about whether these individuals may 

have a predisposition to impaired vaccine responses, suggesting that BAFF-R could 

potentially serve as a biomarker for predicting responses to the SARS-CoV-2 
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vaccine.  

The reduced BAFF-R expression observed may reflect impaired B-cell survival, as 

BAFF-R-mediated signalling is crucial for maintaining mature B-cell homeostasis and 

promoting cell survival in both naïve and memory compartments (Mackay et al., 

2003; Cancro, 2009). Furthermore, diminished BAFF-R expression could limit 

responsiveness to BAFF-dependent differentiation signals, potentially restricting the 

generation of antibody-secreting cells or memory B-cells following stimulation 

(Thompson, 2001; Mackay et al., 2003). This may partly explain the reduced 

immunogenicity observed in non-responders, although the lack of associated 

abnormalities in responders with low BAFF-R expression suggests additional factors 

are likely involved. 

It should be noted, however, that responders with low/absent BAFF-R expression did 

not trend towards borderline IgGAM values nor did they share any other known 

distinguishing features. 
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Figure 5.11: B-cell phenotypes in a representative 

heterogenous population of SARS-CoV-2 vaccine 

responding and vaccine non-responding antibody deficient 

patients at day 0 (D), day 6 (D6) and day 13 (D13). B-cells 

were stimulated with F(ab’)2 anti-IgG/M/A and CD40L at day 0. 

Cytokines and supplements were added at specific time 

points: day 0: IL-2, IL-21; day 3: IL-2, IL-21, lipid media, amino 

acids (AA); day 6: IL-6, IL-21, APRIL, lipid media, AA. B-cells 

were assessed for expression of the B-cell activation factor- 

receptor (BAFF-R) and B-cell marker CD19 after stimulation. 

Representative example of naïve healthy control (HC); 

Common variable immunodeficiency (CVID) vaccine-

responder; Secondary antibody deficient (SAD) vaccine-

responder; SAD vaccine non-responder and CVID vaccine non-

responder and patients with a known variant and variant of 

uncertain significance (VUS) in NFKB1. B-cells were assessed 

at days 0, 6 and 13 for markers of B-cell survival regulators by 

the gain of CD19 and BAFF-R after TD stimulation.
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Figure 5.12: Summary of CD19+BAFF-R+ phenotypes in a heterogenous population of antibody 
deficient patients. B-cells were stimulated with F(ab’)2 anti-IgG/M/A and CD40L at day 0. Cytokines and 
supplements were added at specific time points: day 0: IL-2, IL-21; day 3: IL-2, IL-21, lipid media, amino acids 
(AA); day 6: IL-6, IL-21, APRIL, lipid media, AA. Quantification of the percentage of cells expressing the B-cell 
activation factor-receptor (BAFF-R) and B-cell marker CD19 at the start of the assay, day 6 and day 13 after 
stimulation with TD conditions. HC naive B-cells, n= 10; Vaccine-responding patient total B-cells, n=35; Vaccine 
non-responding patient total B-cells, n=14. Significant differences were determined by one-way ANOVA or 
Kruskal-Wallis test with Dunn’s multiple comparison, as appropriate (****p<0.0001 ***p<0.001 **p<0.01*p<0.05). 
Note that low cell numbers resulted in the inability to obtain certain samples at later time-points. 
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 5.10 Expression of the TNFRSF13C gene 
 

Due to the striking differences in BAFF-R expression observed at the D0 timepoint, 

samples were next collected at this stage to explore whether RNA expression could 

shed light on whether impaired transcription of the BAFF-R-encoding 

gene, TNFRSF13C, contributes to the abnormal surface expression phenotype. 

Patients selected for RNA-seq represented a diverse group of vaccine responders 

and non-responders with CVID or SAD diagnoses, covering a range of BAFF-R 

surface expression levels at D0. Selection was also dependent on the availability of 

sufficient B-cell numbers, as cell yields are typically limited at this early timepoint. 

These samples contained adequate material for both phenotypic analyses, as 

described in previous chapters, and RNA-seq analysis. For consistency, low surface 

BAFF-R expression was defined as 50% or lower relative to healthy controls. 

RNA-seq data revealed that TNFRSF13C expression was high in representative 

HCs and reduced in both non-responders and responders with low BAFF-R surface 

expression at D0 (Figure 5.13). This suggests that in some cases, reduced BAFF-R 

surface expression may be mirrored by lower transcript levels. 

However, TNFRSF13C expression was unexpectedly variable among responders 

with high surface BAFF-R levels (Figure 5.13), implying that additional regulatory 

factors (i.e. compensatory mechanisms, post-transcriptional modifications, or 

heterogeneity within the responder group) may influence its expression. These 

differences also reflect the limitations of grouping CVID and SAD patients together in 

analyses, hinting at the value of more refined patient stratification in future studies. 

Taken together, RNA-seq data suggest that while reduced TNFRSF13C expression 

may partially explain low surface BAFF-R expression in some patients, it is unlikely 

to account for the entirety of the phenotype, particularly in cases where RNA levels 

appear unchanged. This raises the possibility that post-translational modifications, 

altered receptor trafficking, or increased receptor degradation could be contributing 

to the abnormal surface expression (Yoshinage and Takeuchi, 2019). To investigate 

other potential mechanisms influencing the observed BAFF-R phenotype, 

subsequent work in this Chapter will focus on exploring other surface-level 

mechanisms that might underpin these findings. 
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Figure 5. 13: Boxplot showing the expression of the BAFF-R encoding gene, TNFRSF13C, in a cohort of vaccine responding and non-responding 
antibody deficient patients and healthy controls (HCs) 

 
Figure 5.13: Boxplot showing the expression of the BAFF-R encoding gene, TNFRSF13C, in a cohort of 

vaccine responding and non-responding antibody deficient patients and healthy controls (HC). RNA from B-

cells was isolated at day 0, and COV-AD samples were divided into those who responded to COVID-19 vaccination 

and evidenced high surface expression of BAFF-R at day 0 (n=5), those who responded to vaccination and 

evidenced low surface expression of BAFF-R at day 0 (n=3) and those who did not respond to vaccination and 

evidenced low surface expression of BAFF-R at day 0 (n=2). Samples were additionally compared relative to naïve-

fractioned HC comparators taken at the day 0 time point (n=2).  
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5.11 Surface expression of BAFF-R, TACI and BCMA 

 
Data from chapter 5.9 demonstrated a correlation between vaccine responsiveness 

and BAFF-R expression in pre-activated B-cells, revealing that subsets of antibody- 

deficient patients have reduced BAFF-R expression, a finding that was not 

consistently accounted for reduced TNFRSF13C gene expression. Published 

literature has associated BAFF-R deficiency with antibody deficiency, demonstrating 

that CVID patients can exhibit reduced BAFF-R expression, which inversely 

correlated with serum BAFF levels, and elevated expression of TACI 

(Transmembrane Activator and CAML Interactor), particularly in patients with 

splenomegaly (Barbosa et al., 2014). 

Whilst BAFF-R is primarily responsible for B-cell survival, TACI regulates 

immunoglobulin class switching and PC generation (Salzer et al., 2005). Alongside 

BCMA (B-cell Maturation Antigen), which also supports PC survival, these receptors 

interact with BAFF and APRIL (Vincent et al., 2013). In cases of impaired BAFF-R 

expression, TACI and BCMA may compensate for impaired BAFF-R expression in 

response to elevated BAFF levels. 

 

 
Given this, the next objective was to investigate whether findings from this study, 

such as elevated serum BAFF and compensatory TACI upregulation, were evident in 

the COV-AD patient samples. Initially, the focus was on the surface expression of 

BAFF-R, TACI, and BCMA in B-cells from various HCs, responders, and non- 

responders at days 0, 6, and 13 to observe potential receptor-level compensatory 

mechanisms. A random subset of patients was selected for initial analysis to 

preserve cells from the representative patients for further downstream experiments. 

Both HCs showed the anticipated profile: BAFF-R downregulated and TACI/BCMA 

upregulated as B-cells differentiated into PCs (Smulski et al., 2018). As per Figures 5.11 and 

5.12, non-responders and some responders showed reduced BAFF-R at D0, which 

normalised by D6. Minor differences in TACI and BCMA expression were observed, but 

these did not correlate with reduced BAFF-R (Figure 5.14), suggesting no clear 

compensatory role (i.e. for TACI) in these patients. 
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Finally, to rule out the possibility that low BAFF-R expression at D0 was due to 

elevated serum BAFF levels, as reported in previous studies (Barbosa et al., 2014), 

serum TNFRSF13 levels were analysed, using data generated by Adrian Shields, 

University of Birmingham (Figure 5.15). No significant differences were found, ruling 

out this hypothesis and confirming that serum BAFF does not explain the impaired 

BAFF-R expression seen in non-responding and certain responding patients. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.14: Surface expression of the B-cell activation factor receptor (BAFF-R), B-cell maturation 

antigen (BCMA) and the transmembrane activator and CAML interactor (TACI) receptors in healthy 

controls, SARS-CoV-2 vaccine responding and non-responding antibody deficient patients at days 

0 (D0), 6 (D6) and 13 (D13) following stimulation with T-dependent stimulation conditions. Green histogram 

plots indicate healthy controls, grey indicates responding patients and red indicates non-responding 

patients. 

Figure 5.14 1:Surface expression of the B-cell activation factor (BAFF-R), B-cell maturation antigen (BCMA), and the 
transmembrane and CAML interactor (TACI) receptor in healthy controls, SARS-CoV2- vaccine responding and non-responding 
antibody deficient patients 
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Figure 5.15 1: Soluble levels of the Tumour Necrosis Factor Receptor Superfamily memory 13 (sTNFRSF13) in healthy controls (HCs), SARS-CoV-2 
vaccine-responding and non-responding antibody deficient patients 

Figure 5.15: Soluble levels of the Tumour Necrosis Factor Receptor Superfamily member 13 

(sTNFRSF13) in Healthy controls (HCs), SARS-CoV-2 vaccine-responding and non-responding antibody 

deficient patients. Serum was taken 1-2 months post second vaccination. Significant differences were 

determined by one-way ANOVA (****p<0.0001 ***p<0.001 **p<0.01, *p<0.05). 

 
 

 
5.11 Discussion 

 
The COVID-19 pandemic exposed the global vulnerability to a novel pathogen, 

creating an unprecedented sense of uncertainty. It was only with the rollout of 

vaccination programmes that many began to feel more protected. However, these 

vaccines also highlighted a critical issue: some individuals, particularly those with 

antibody deficiencies, remained just as vulnerable due to their inability to mount an 

adequate immune response. The COV-AD study addresses this gap by investigating 

the impact of COVID-19 on individuals with antibody deficiencies, with a key focus 

on vaccine efficacy in this patient population (Shields et al., 2022a; Shields et al., 

2022b). This chapter utilised the optimised in vitro B-cell differentiation system 

(Chapter 2.3) to conduct a preliminary investigation into the intrinsic capacity of 

patient B-cells to generate functional plasma cells in selected vaccine responders 

and non-responders enrolled in the COV-AD study, potentially aiding in the risk 

stratification of the most vulnerable patients. 
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Before examining the differentiation phenotypes in the patients, cell counts were 

assessed throughout the culture. Notably, the data demonstrated consistent B-cell 

numbers across both patient groups and HCs, indicating that B-cell proliferation is 

not impaired and is therefore unlikely to contribute to the observed vaccine 

responses in these patients. While this finding may contrast with previous studies 

suggesting that non-responders exhibit reduced B-cell numbers (Puissant-Librano et 

al., 2014), it aligns with other research indicating that patients with various antibody 

deficiencies may experience reductions in antibody production while maintaining 

intact B-cell proliferation capabilities (Vale and Schroeder, 2010). 

The formation of PCs, as indicated by CD138+ expression, is crucial for an effective 

immune response to antigens and vaccines. Thus, investigating CD138+ PCs 

provides valuable insights into whether non-responders fail to generate adequate 

PCs, potentially explaining their poor vaccine responses. Data presented here 

revealed no significant difference in the generation of CD138+ PCs between 

responders and non-responders by D13, suggesting that the intrinsic capacity to 

generate PCs is not impaired in non-responders. Whilst this finding may contradict 

the assumption that non-responders exhibit reduced PC formation, the observation 

from previous reports that most patients with PC dyscrasias demonstrated good 

response to COVID-19 vaccinations strongly suggests that insufficient PC generation 

is not the sole factor contributing to impaired vaccine response (Shah et al., 2022). 

Thus, the variability in CD138+ generation observed in this study, particularly at D13, 

can likely be attributed to the heterogeneity among the patients. The lower-than- 

expected CD138+ expression in some individuals may be linked to their specific 

diagnoses, as some may indeed have underlying PC dyscrasias (Setiadi and 

Sheikine, 2019; Kawano et al., 2012). 

At the opposite end of the spectrum, higher than anticipated CD138+ expression at 

D13 was observed in P5, indicating a highly dysregulated PC response. This 

elevated expression may suggest an enhanced activation of PCs in response to 

additional underlying immune dysregulation (Sharma et al., 2018). Consequently, 

while phenotypic analysis of CD138+ plasma cell expression does not distinguish 

between vaccine responders and non-responders, it remains a valuable tool for 
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identifying individuals who may require close monitoring or further clinical 

investigation for potential PC abnormalities. 

 

 
After assessing PC generation in patient samples, plasmablast production 

(CD27+CD38hi cells) was subsequently evaluated, revealing reduced levels in both 

patient groups at days 6 and 13, with notably lower numbers among vaccine non- 

responders. This pattern suggests that impaired plasmablast differentiation is a 

common feature among antibody-deficient patients, being especially pronounced in 

those with poor vaccine responses. Published literature has made associations 

between abnormal plasmablast generation and COVID-19 disease severity, 

suggesting correlations to levels of BAFF, IL10 and IL4 (Schultheiß et al., 2021). 

Accordingly, it could be hypothesised that the reduced plasmablast generation 

observed, most notably in non-responders, may correlate with the low or absent D0 

BAFF-R expression. However, since the representative data indicate no link between 

BAFF-R expression and plasmablast numbers, this explanation in unlikely. Instead, 

the reduced plasmablast levels may more plausibly stem from each patient in the 

heterogenous cohort’s specific antibody deficiency and its impact on critical B-cell 

signalling pathways required for activation and differentiation. This could relate to 

defects in B-cell signalling pathways, possibly leading to impaired activation and 

differentiation capabilities due to altered cytokine environments and intrinsic 

signalling mechanisms (Fekrvand et al., 2022). Regardless, plasmablast data here 

showed no significant differences in CD27+CD38hi expression between the vaccine 

response groups, indicating that this marker alone is not a reliable predictor of 

COVID-19 vaccine response. 

 

 
The analysis of intracellular and secreted immunoglobulin production revealed 

notable differences in expression across controls, vaccine responders, and non- 

responders, though these differences did not always reach statistical significance. In 

line with existing literature, most patients exhibited reduced intracellular IgG and IgA 

expression, with compensatory increases in IgM, a pattern commonly observed in 

individuals with antibody deficiencies (Catanzaro et al., 2019; Agarwal and 

Cunningham-Rundles, 2007). This trend was particularly pronounced in patients with 

https://pubmed.ncbi.nlm.nih.gov/?term=%22Schulthei%C3%9F%20C%22%5BAuthor%5D
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3099256/
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SAD, who, due to immunosuppressive treatments, can experience more pronounced 

hypogammaglobinaemia compared to PAD patients, where intrinsic B-cell defects 

are present (Ponsford et al., 2019). 

Additionally, secondary conditions like chronic infections or malignancies may lead to 

compensatory IgM increases. For instance, patients with multiple myeloma or 

nephrotic syndrome may show elevated IgM levels as part of their immune response 

to infections or due to disease-induced dysregulation in B-cell function and cytokine 

production (Bogner and Pecher, 2013). Dysgammaglobinaemia characterised by low 

IgG and high IgM is a known immune profile in such conditions, further complicating 

the immune response (El Mashad et al., 2017). 

 

Low or absent intracellular and/or secretory IgG or IgA expression may reflect 

defects in class switch recombination. This was seen most noticeably in the context 

of IgA in patients 4, 5 and 7 whereby there was minimal or absent IgA expression. 

Such patients could have defects in CSR pathways, particularly those involving 

transforming growth factor-beta (TGF-β), which is essential for IgA production 

(Asano et al., 2004). The possibility that selective IgA deficiency, the most common 

primary immunodeficiency, exacerbates IgA impairment in patients with other 

antibody deficiencies cannot be ruled out. Notably, at D13, vaccine non-responders 

exhibited significantly lower intracellular IgA compared to controls and responders, a 

trend that persisted at the secretory level as well. 

While the differences in IgA expression may indicate differential immune responses 

to vaccination, studies have shown that certain vaccines, such as COVID-19 mRNA 

vaccines, can elicit strong IgG responses with weaker IgA production. Tang et al. 

reported that the mRNA vaccine induces robust systemic IgG responses but limited 

IgA production, potentially explaining why non-responders maintain IgG levels but 

show reduced IgA (Tan et al., 2024). This differential stimulation of immune pathways 

could contribute to the overall reduced IgA levels observed in non-responders, 

despite no significant differences in IgG. 

Additionally, the presence of chronic infections or underlying immunological 

conditions that may be present in vaccine non-responders can further complicate the 

antibody response. Chronic inflammatory states can lead to dysregulation of the 

immune system, which may preferentially support IgG production while suppressing 

https://www.cambridge.org/core/journals/the-british-journal-of-psychiatry/article/clozapine-is-associated-with-secondary-antibody-deficiency/59687F02595E18C19E0BC59374572995
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IgA synthesis (Hopp and Niebur, 2022). For example, in patients with CVID, it has 

been observed that while IgG levels may remain stable, IgA levels can be 

significantly lower, reflecting the underlying immunological dysfunction that could be 

used as a prognostic tool for predicting vaccine responses (Pulvirenti et al., 2020). 

When comparing overall in vitro immunoglobulin production between controls and 

vaccine response groups, it is it is evident that non-responders tend to have elevated 

IgM, reduced intracellular IgG, and markedly lower IgA at all time points. However, 

the only statistically significant difference between groups was the lower intracellular 

IgA at D13. Given that some responders, such as P4 and P5, also exhibited minimal 

IgA expression, relying on IgA as a predictor of vaccine response may not be valid in 

this context. Further research into alternative biomarkers may provide better 

predictive value for immune response efficacy in these patients. 

Expanding on the abnormal CD38+CD138+ and CD27+CD38hi phenotypes observed 

in P5, notable abnormalities were also identified in their immunoglobulin profile. IgM 

and IgA were marginally expressed, while IgG levels were abnormally elevated, 

reaching over 94% by D6. The rarity and severity of this immunophenotype 

prompted further investigation into the patient’s clinical history, revealing that P6 was 

receiving IgRT, azithromycin, and various cardiac medications, in addition to having 

a diagnosis of Chronic Lymphocytic Leukaemia (CLL) alongside CVID. 

CLL, a B-cell malignancy, can lead to immune dysregulation, promoting abnormal B- 

cell activity and altering immunoglobulin production, potentially driving the increase 

in IgG and CD138+ while suppressing IgM and IgA synthesis (Cerutti et al., 2002). 

The high IgG and near absent IgM level in P5 may be attributed to a rare case of 

class-switched IgG CLL, where ongoing CSR occurs within a subset of the CLL 

clone (Cerutti et al., 2002; Klein and Dalla-Favera, 2005). This rare IgG-expressing 

CLL phenotype suggests a possible origin from more antigen-experienced, memory- 

like B-cells rather than naïve B-cells, which may contribute to the patient’s highly 

abnormal phenotype and immune dysregulation (Klein et al., 2001). 

Additionally, the aberrant immunoglobulin profile raises the possibility that, beyond 

CLL and CVID, other autoimmune phenomena- such as autoimmune cytopenia- may 

be contributing to the immune dysregulation. This could trigger excessive B-cell 

activation and the production of autoantibodies (Podjasek and Abraham, 2012; 
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Upton, 2015). Some CLL B-cells may recognise autoantigens, leading to 

autoantibody secretion and possibly contributing to the complex phenotype observed 

in P5 (García-Muñoz et al., 2012). 

Further investigation, including sequencing or more detailed immunophenotyping, 

could be beneficial in understanding the interplay of these factors and whether this 

patient’s CVID diagnosis is compounded by autoantibody production. This case 

highlights the value of the in vitro system for identifying patients who require more in- 

depth study, potentially reconsidering whether ongoing IgRT is necessary or if 

alternative therapeutic approaches are warranted based on their complex clinical 

presentation. 

A striking difference in BAFF-R expression was observed between vaccine 

responders and non-responders, with all non-responders and a subset of responders 

showing absent or very low BAFF-R expression at D0.  

RNA expression analysis has been widely utilised in the context of primary 

immunodeficiencies and in understanding differential vaccine responses to uncover 

gene-level anomalies that provide critical insights into immune system dysfunction 

and reveal diagnostic targets that traditional DNA sequencing might miss (Lye et al., 

2019; Van Schouwenburg et al., 2015; Santos-Rebouças et al., 2024; Haralambieva 

et al., 2024). Therefore, applying RNA-seq to isolated B-cells from various primary 

and secondary antibody deficient COV-AD patients at D0 could provide valuable 

mechanistic insights into the gene-level basis of this observation.  

TNFRSF13C, which encodes the BAFF-R protein, exhibited reduced RNA 

expression in non-responders and in some patients with low surface BAFF-R 

expression. This reduction aligns with the flow cytometry showing diminished or 

absent BAFF-R on the surface of B-cells in these groups. A plausible explanation for 

this reduced RNA expression could be impaired transcriptional regulation, potentially 

driven by epigenetic factors affecting the promoter or enhancer regions of 

TNFRSF13C (Warnatz et al., 2009). However, it is unlikely attributed to genetic 

mutations, as variants in receptors related to BAFF signalling pathways (such as 

BAFF-R, TACI and BCMA), which are occasionally identified in CVID patients, were 

not detected in the individuals studied. Moreover, even if such mutations were 

present in isolated cases, they would not explain the abnormal BAFF-R phenotype 

observed in SAD patients, who are unlikely to carry pathogenic variants in these  
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genes.  

Interestingly, some responders with normal surface BAFF-R expression also 

exhibited similarly low TNFRSF13C RNA levels, suggesting a complex interplay 

between RNA levels and protein expression. Post-transcriptional mechanisms, 

including mRNA stability, translation efficiency, and protein turnover, might account 

for these discrepancies (Yoshinage and Takeuchi, 2019). For example, RNA 

degradation or translational inefficiency might destabilise transcripts without directly 

impacting protein abundance, possibly explaining why low RNA expression does not 

always correlate with reduced surface expression (Gallego Romero et al., 2014; Li et 

al., 2020; Agarwal and Kelley, 2022). Furthermore, protein turnover influenced by 

cellular degradation pathways may allow sufficient surface expression despite low 

RNA levels, since mechanisms such as the ubiquitin-proteasome system and 

autophagy can stabilise proteins (Li et al., 2022). These pathways regulate protein 

stability and degradation, ensuring that proteins can be maintained on the surface of 

cells despite reduced transcriptional activity, contributing to discrepancies between 

RNA and protein expression (Li et al., 2020). 

 

Another plausible explanation for the low or absent BAFF-R expression in pre- 

activated B-cells is elevated circulating BAFF, which is well-documented in CVID 

patients and patients with B-cell malignancies. Increased BAFF signalling through 

BAFF-R could lead to downregulation of the receptor to prevent overactivation of B- 

cells (Kreuzaler et al., 2012). This phenomenon has been observed in autoimmune 

diseases where high BAFF levels correlate with reduced BAFF-R expression 

(Matharu et al., 2013; Jacobs et al., 2016). Additionally, elevated serum BAFF and 

reduced BAFF-R expression in memory B-cells have also been linked with HIV- 

positive non-responders to the H1N1/09 vaccination, further supporting the 

connection between impaired vaccine responses, low BAFF-R expression and high 

BAFF levels (Pallikkuth et al., 2011). In response to elevated BAFF, compensatory 

overexpression of TACI or BCMA may occur to mitigate excessive BAFF signalling 

(Barbosa et al., 2014). 

https://pubmed.ncbi.nlm.nih.gov/22124120/
https://journals.aai.org/jimmunol/article/196/9/3525/105981/Cutting-Edge-BAFF-Promotes-Autoantibody-Production
https://www.jacionline.org/article/S0091-6749(11)00858-X/fulltext
https://pubmed.ncbi.nlm.nih.gov/24809296/
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To investigate this, surface expression levels of BAFF-R, TACI and BCMA were 

measured across HCs, responders and non-responders, in addition to referring to 

already-obtained serum BAFF-R levels. This data indicated that neither excessive 

serum BAFF levels nor compensatory receptor changes explain the aberrant BAFF- 

R expression at D0. Serum BAFF levels were normal in all patients, suggesting that 

reduced expression was not solely due to chronically raised BAFF levels, however 

this possibility could not be excluded with certainty. 

While serum BAFF levels appeared normal across patients, one potential 

explanation for the impaired BAFF-R staining could be masking of the receptor by its 

ligand. It has previously been shown that BAFF receptors are difficult to detect with 

specific antibodies when bound to BAFF, as ligand engagement may obscure the 

antibody-binding epitope (Smulski et al., 2017). However, as BAFF serum 

concentrations were comparable across all patients in this work, it seems unlikely 

that receptor masking alone accounts for the observed reduction in BAFF-R 

staining. If ligand-induced masking were responsible, variation in BAFF levels would 

be expected to correlate with receptor detection, which was not observed. This 

makes it more plausible that intrinsic alterations in receptor expression, stability, or 

regulation at the cell surface contribute to this phenotype. 

Another potential mechanism involves receptor shedding, where membrane-bound 

receptors like BAFF-R are cleaved by metalloproteinases, such as ADAM10 and 

ADAM17, leading to decreased surface expression. Dysregulation of this shedding 

process could account for the observed reduction in BAFF-R expression (Smulski et 

al., 2017). Overactivation of this shedding mechanism could result in significantly 

lower BAFF-R levels on B-cell surfaces, impairing signalling and contributing to the 

phenotypic variability observed among patients. 

BAFF-R expression is regulated by a complex network of immune signals, including 

pro-inflammatory cytokines, which can modulate BAFF-R levels and influence B-cell 

activation and vaccine response (Yuan et al., 2010). Disruption of BAFF-R signalling, 

whether due to low BAFF availability or imbalances in the BAFF-BAFF-R axis, 

impairs B-cell function, leading to suboptimal antibody production post-vaccination. A 

notable study on rheumatoid arthritis therapy demonstrated significant reductions in 

BAFF-R expression following B-cell depletion, despite stable serum BAFF levels (de 

la Torre et al., 2010). This reduction was linked to increased CSR and post- 

translational modifications of BAFF-R, suggesting that lower BAFF-R levels on newly  
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generated B-cells may reduce their survival potential, favouring B-cell populations 

capable of undergoing productive, but not antigen-specific, differentiation. 

Given that this mechanism could parallel what is observed in data presented in this 

chapter, RNA analysis at D0 could provide crucial insights into the underlying 

molecular processes. Additionally, investigating the clonality of B-cells at later time 

points may reveal patterns in B-cell differentiation and activation that contribute to 

the impaired BAFF-R expression in non-responders. Identifying gene signatures 

associated with BAFF-R regulation in these patients could illuminate key regulatory 

pathways involved in this phenotype and provide further clues to their poor vaccine 

responses. 

This chapter highlights the invaluable applications of the in vitro B-cell differentiation 

system in studying immune responses among antibody-deficient patients, 

underscoring its potential as a risk-stratification tool. Notably, the variability in BAFF- 

R expression observed in non-responders suggests the possibility of using BAFF-R 

as a biomarker for predicting vaccine responses universally. However, this 

observation raises several critical questions, particularly regarding the underlying 

mechanisms driving the observed phenotype. It remains to be determined whether 

intermediate or low BAFF-R expression in responders predisposes these patients to 

poorer or less effective antibody responses to vaccinations. Additionally, the 

implications of these findings for other vaccines warrant exploration, especially in the 

context of future pandemics. To establish the reliability of BAFF-R as a predictive 

biomarker, further investigation is essential. 
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Chapter 6 - BCR repertoire analysis 

 
6.1 Introduction 

The previous chapter underscored the promising applications of the in vitro B-cell 

differentiation system in elucidating B-cell intrinsic immune response variability in 

antibody-deficient patients, with BAFF-R expression emerging as a potentially 

valuable biomarker for vaccine responsiveness. This variability highlighted the need 

to understand underlying mechanisms, including the association between BAFF-R 

levels and immune competence, as well as its potential as a universal predictor for 

vaccine efficacy. The findings raised critical questions regarding the influence of 

BAFF-R expression on B-cell functionality and the consistency of these effects 

across different vaccines - a line of inquiry that could hold substantial implications for 

both current and future immunisation strategies. 

In an attempt to further delve into the utility of the in vitro system in characterising 

antibody responses in antibody-deficient patients, this chapter will explore B-cell 

receptor (BCR) analysis in COV-AD patients. Sequencing the BCR repertoire at D13 

will facilitate characterisation of the diversity and clonality of B-cell populations, 

metrics that might reveal differences in the immune potential of vaccine responders 

versus non-responders. 

 

 

6.2 BCR repertoire 

 
The B-cell receptor (BCR) repertoire represents the diversity and specificity of the 

adaptive immune response, encompassing the unique set of immunoglobulin 

sequences that allow B-cells to recognise a vast array of antigens. BCR diversity 

arises from V (D) J recombination, where variable (V), diversity (D), and joining (J) 

gene segments undergo rearrangement to create unique BCR sequences on 

individual B-cells (Tonegawa, 1983). This process is complemented by somatic 

hypermutation and clonal expansion in response to antigen exposure, enabling 

further diversification and adaptation (Chapter 1.2). Collectively, these mechanisms 
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generate a vast array of BCR specificities that are crucial for robust immune 

responses (Alt et., 1992; Schatz et al., 2011). 

Examining the BCR repertoire provides critical insights into immune system function, 

as diversity within the repertoire is often linked to enhanced immune defence and 

adaptability against infections and vaccines (Soto et al., 2019a; Yaari and Kleinstein, 

2015). However, in patients with antibody deficiencies, the BCR repertoire may 

exhibit restricted diversity, reduced clonal expansion or other alterations that could 

impair immune effectiveness (Roskin et al., 2015). Hence, BCR repertoire 

sequencing has emerged as a powerful tool for understanding immune capacity in 

both healthy and immunocompromised populations (Zheng et al., 2022). 

Herein, BCR repertoire analysis was performed on D13 samples, capturing B-cell 

responses at an advanced stage of in vitro differentiation. This timepoint allows for 

the assessment of diversity and clonality patterns that may distinguish vaccine non- 

responders from responders. Previous studies of BCR repertoire analysis in patients 

with antibody deficiencies, such as CVID, have yielded mixed results, likely reflecting 

the heterogeneity of the disease. While some studies show no significant differences 

in BCR characteristics between controls and patients (Ijspeert et al., 2016), others 

have observed notable alterations in diversity or clonal expansion (Roskin et al., 

2015; Ghraichy et al., 2018). 

In the context of vaccination, BCR repertoire studies have revealed that younger 

individuals tend to elicit stronger immune responses to vaccines like yellow fever, in 

comparison to middle-aged individuals (Davydov et al., 2018). Furthermore, immune 

responses in healthy individuals to the SARS-CoV-2 vaccination have been 

characterised, evidencing the differential effect of the vaccine on BCR repertoire 

development (Kotagiri et al., 2022). However, it remains unclear whether distinct 

differences in the BCR repertoire exist between vaccine responders and non- 

responders, particularly in populations with antibody deficiencies and in the context 

of SARS-CoV-2 vaccination. Previous research suggests that increased BCR 

diversity typically correlates with broader antigen recognition and more effective 

immune responses, while reduced diversity or high clonality can signal impaired 

immune function (Friedman et al., 2016; Rubelt et al., 2016). Hence, this analysis 

aims to identify BCR characteristics linked to variability in the immune responses of 
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Figure 6. 1: Schematic representation of read map using VDJ primers 

 
antibody deficient patients, shedding light on immune dysregulation and vaccine 

efficacy among COV-AD patients. 

 

6.2.1 BCR repertoire workflow 

RNA was extracted from samples collected at the D13 timepoint derived from 

differentiated non-fractionated B-cells of vaccine responders and non-responders, as 

well as from CVID and SAD patients. Additionally, a naïve-enriched HC sample from 

the same timepoint was also analysed. For the purposes of this study, patients P3, 

P4, P5, P8, and P9 (Table 5.2) will serve as representative cases. cDNA was 

synthesised from the extracted RNA and amplified using specific primers targeting 

the V and J regions of the immunoglobulin heavy chain variable region. PCR 

products were subsequently barcoded with Nextera™ Index primers. The indexed 

samples were then sequenced, and the resulting fastq files were processed using 

MiXCR v.4.6.0 and Immunarch software. The fastq files were split into two reads per 

sample: R1 and R2. R1 covers the region from framework region 1 (FR1) to the start 

of the complementarity-determining region 3 (CDR3), while R2 spans from FR4 

through the end of CDR3 and into the beginning of FR2 (Figure 6.1). This 

methodology allows for a comprehensive analysis of the BCR repertoire and its 

diversity, aiding in the understanding of immune responses in both responders and 

non-responders. 

 
 

 

 

 
Figure 6.1: Schematic representation of read map using VDJ primers. Within V (D) J 

regions are framework regions (FR) and complementary-determining (CD) regions. Two read 

files, R1 and R2 were used to generate pair-end sequencing data, with R1 representing the 

forward read of the V(D)J region and R2 representing the reverse read. Taken from 

https://mixcr.com/mixcr/reference/overview-analysis-overview/#upstream-analysis-steps. 

https://mixcr.com/mixcr/reference/overview-analysis-overview/#upstream-analysis-steps
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6.3 Alignments 

Sequencing files were loaded into the MiXCR platform and quality checks against a 

reference gene segment databases were first determined to confirm the efficiency of 

sequence alignment of each sample. Productive alignment was demonstrated by 

over 90% successful alignment rate in all representative samples and control. A 

small percentage of reads in the samples showed an absence of hits, most 

noticeably J hits (Figure 6.2), however the high percentage of efficient alignment 

confirmed confidence in the quality of all samples. 

 
 

 

Figure 6.2: Alignment rates of COV-AD patients (P3, P4, P5, P8 and P9) and healthy 

control (HC) samples. Sequenced BCR amplicons were derived from RNA extracted from a 

representative naïve-fractioned HC (green), SARS-CoV-2 vaccine responding (black) and 

non-responding (red) antibody deficient patient cells at day 13 of in vitro differentiation. 
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Figure 6. 3: Chain abundance in COV-AD patients (P3, P4, P5, P8 and P9) and healthy control (HC) samples 

 
6.4 Chain usage 

After evaluating successful sequence alignments, clonal usage can confirm whether 

the primers effectively targeted the correct regions of the VDJ segments. Analysis of 

chain usage showed that the heavy chain (IGH) appeared in over 95% of aligned 

reads, indicating high primer efficiency (Figure 6.3). 

 

 
Figure 6.3: Chain abundance in COV-AD patients (P3, P4, P5, P8 and P9) and healthy 

control (HC) samples. Sequenced BCR amplicons were derived from RNA extracted from a 

representative naïve-fractioned HC (green), SARS-CoV-2 vaccine responding (black) and 

non-responding (red) antibody deficient patient B-cells at day 13 of in vitro differentiation. 

 
 
 
 

 
6.5 Clonotypes 

 
The high alignment and chain usage quality in the sequencing data justified 

continued analysis, enabling the assessment of clonal populations using the MiXCR 

output in Immunarch for clonotype visualisation. The HC displayed a high number of 

unique clonotypes, indicating a broad and diverse BCR repertoire typical of an intact 

immune system, capable of recognising various antigens (Roskin et al., 2015) and 

consistent with the use of a polyclonal stimulus to initiate in vitro differentiation 

(Cocco et al., 2012). In contrast, all patient samples, particularly P3 and P5, showed 
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lower numbers of unique clonotypes (Figure 6.4A), suggesting reduced clonal 

diversity (Schlegel et al., 2024) regardless of vaccine response status or type of 

antibody deficiency. Clonotypes grouped by relative abundance revealed that while 

the HC had a range of small, medium, and large clonotypes, responders showed a 

notable proportion of hyperexpanded clonotypes (Figure 6.4B). Since patient 

samples were collected following the third or fourth vaccination, this hyperexpansion 

in responders may reflect successful clonal responses to vaccination (Laserson et 

al., 2014; Fraley et al., 2022), which were absent in non-responders and the HC, 

who had not recently received vaccination against SARS-CoV-2. Analysis of rare 

clonal proportions further supports this finding, as vaccine responders exhibited a 

higher representation of high-frequency clonotypes (notably within the 101-MAX 

category) compared to non-responders and the HC (Figure 6.4C). This pattern is 

indicative of effective clonal expansion following recent vaccination, likely reflecting a 

strong antigen-specific immune response (Laserson et al., 2014; Fraley et al., 2022). 

Together, the clonotype analysis demonstrates that vaccine responders show robust 

clonal expansion and diversity, reflecting a strong immune response to vaccination. 

In contrast, non-responders and the HC exhibit limited expansion, suggesting 

impaired vaccine response in non-responders and a lack of recent conspicuous 

antigen exposure in the HC. This highlights the link between clonotypic diversity and 

immune competence. 

https://pmc.ncbi.nlm.nih.gov/articles/PMC9506540/
https://pmc.ncbi.nlm.nih.gov/articles/PMC9506540/
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Figure 6.4: Clonotype proportions and abundance in COV-AD patients (P3, P4, P5, P8 and P9) and 

healthy control (HC) samples. Sequenced BCR amplicons were derived from RNA extracted from a 

representative HC (green), SARS-CoV-2 vaccine responding (black) and non-responding (red) antibody 

deficient patient B-cells at day 13 of in vitro differentiation. Analysis was performed using MiXCR software 

and the R package Immunarch. A: Number of clonotypes. B: Relative abundance of clonotypes. C: Rare 

clonal proportion. 
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6.6 V and J gene usage 

Since the diversity of the BCR repertoire is largely attributed to V (D) J 

recombination, the analysis of V and J gene usage provides insight into the diversity 

and selection processes of the BCR repertoire (Schlegel et al., 2024). Examining V 

and J gene segment facilitates understanding as to how different combinations 

contribute to antigen recognition and specificity. In immune responses, certain V and 

J genes may be preferentially used, reflecting an adaptive response to antigen 

exposure or a predisposition based on genetic background. Hence, the next 

objective was to compare V and J gene usage between the HC and antibody- 

deficient patients, highlighting patterns associated with immune competence and 

response to vaccination. Post-analysis of MiXCR data was performed to generate 

tables detailing the specific V and J gene segments utilised by each clone. These 

results were then visualised as bar charts, illustrating the frequency of each V and J 

gene segment across samples to reveal patterns of gene usage. 

 

 

6.6.1 V gene usage 

BCRs and antibodies rely on a diverse set of V gene segments to recognise a wide 

range of antigens. In humans, there are 7 VH gene families (Rees, 2020), and VH3 

usage has been documented as the predominant subgroup (Wang et al., 2022). This 

finding was recapitulated in this study, whereby the HC and most patient samples 

demonstrated highest abundance of IGV3 (Figure 6.5). IGHV3 was particularly 

overrepresented in P5, likely reflecting the high-risk nature of this patient’s additional 

CLL diagnosis (Ghia et al., 2008). P3, P8, and P9 exhibited higher IGHV4 

abundance compared to the control and other patients (Figure 6.5), consistent with 

existing literature that identifies IGHV4 as the second most frequent VH gene family 

(Ghia et al., 2008). 

https://www.tandfonline.com/doi/full/10.1080/19420862.2020.1729683#d1e257
https://pmc.ncbi.nlm.nih.gov/articles/PMC9278287/
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Figure 6.5: Usage of the V gene segments in COV-AD patients (P3, P4, P5, P8 and P9) 

and healthy control (HC) samples. Sequenced BCR amplicons were derived from RNA 

extracted from a representative healthy control (green), SARS-CoV-2 vaccine responding 

(black) and non-responding (red) antibody deficient patient B-cells at day 13 of in vitro 

differentiation. Weight indicates the frequency of the specified gene segment. 

 
 
 
 
 
 
 

 
6.6.2 J gene usage 

Among the seven J gene families, IGHJ4 is typically the most frequently observed, 

while IGHJ2 and IGHJ1 are found at the lowest frequencies (Shi et al., 2020). 

Consistent with this, IGHJ4 was highly abundant in both the HC and all patient 

samples, except for P5 (Figure 6.6). The unusually high expression of IGHJ6 in P5 

likely reflects characteristics specific to the CLL pathology rather than an antibody 

deficiency (Datta and Jumaa, 2022; Agathangelidis et al., 2012). 

https://ashpublications.org/blood/article/119/19/4467/30002/Stereotyped-B-cell-receptors-in-one-third-of


Chapter 6- Results 
 

 
159 

 
 
 
 
 

 

 
 

Figure 6.6: Usage of the J gene segments in COV-AD patients (P3, P4, P5, P8 and P9) 

and healthy control (HC) samples. Sequenced BCR amplicons were derived from RNA 

extracted from a representative healthy control (green), SARS-CoV-2 vaccine responding 

(black) and non-responding (red) antibody deficient patient B-cells at day 13 of in vitro 

differentiation. Weight indicates the frequency of the specified gene segment. 

 
 

 
6.7 V and J segment combinations 

The human immune repertoire relies on the extensive combination of V(D)J 

segments to create the diverse array of antibodies necessary for identifying and 

combating numerous pathogens. It was therefore thought that antibody-deficient 

patients may have disruptions in V or J segment usage which may limit their diversity 

or functionality of the antibody repertoire. By comparing V and J gene segment 

combinations in HC and antibody-deficient patients, it could be possible to better 

understand how these patterns may differ and how certain segment pairings might 

correlate with immune deficiency and dysregulation (IJspeert et al., 2017). Using an 

online visualisation tool (https://mk.bcgsc.ca/tableviewer/visualize/), Circos plots 

were generated to illustrate V-J connections, offering insights into potential biases or 

gaps in segment usage that may contribute to antibody deficiency. In the HC, there 

https://mk.bcgsc.ca/tableviewer/visualize/
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was a broad and balanced spread of V-J connections across the circle, with arcs 

linking various V and J segments relatively evenly (Figure 6.7). This pattern is 

indicative of a diverse and functional antibody repertoire, allowing for a wide range of 

antigen recognition. Patient samples similarly showed a relatively diverse range of V- 

J pairings, although some combinational links appear different between all patients 

(except P5) and the HC which might suggest a functional yet mildly restricted 

repertoire. P4, a SAD responder, had fewer V-J combinations with certain segments 

appearing more dominant (Figure 6.7), indicating a more focused but still functional 

repertoire that allowed for a positive vaccine response. 

P5 displayed a highly restricted pattern, with dense connections concentrated within 

fewer V-J pairings, suggesting limited recombination events or clonal expansions 

(Figure 6.7). This restricted diversity may still permit a vaccine response but hints at 

underlying immune dysregulation most likely attributed to the CLL (IJspeert et al., 

2017). Notably, this observation is reminiscent of results obtained using 

Waldenström macroglobulinemia (WM) cells, another B-cell malignancy, as the 

starting population, where similarly restricted diversity and clonal expansions were 

reported following activation (Shrimpton et al., 2020). 

The non-responders demonstrated a high number of combinations and seemingly 

diverse V-J pairings (Figure 6.7). Despite this apparent diversity, these two samples 

displayed a pattern that is similar to each other, more so than the other samples in 

the representative cohort. While this pattern could suggest a reliance on a limited set 

of recurring and possibly redundant V-J pairings in non-responders, it is more likely 

that there is no true functional difference between responders and non-responders, 

and a larger sample cohort is needed to clarify this distinction. 

https://journals.aai.org/jimmunol/article/198/10/4156/105950/Antigen-Receptor-Galaxy-A-User-Friendly-Web-Based
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Figure 6.7: V and J gene combinations in COV-AD patients (P3, P4, P5, P8 and P9) and healthy 

control (HC) samples. Sequenced B-cell receptor (BCR) amplicons were derived from RNA extracted from a 

representative healthy control (green), SARS-CoV-2 vaccine responding (black) and non-responding (red) 

antibody deficient patient B-cells at day 13 of in vitro differentiation. Each plot represents the clonal distribution 

of BCR sequences within individual patients. The arc length corresponds to the relative frequencies of V of J 

gene segments used, and the ribbon width depicts relative connection frequencies of each clonotype within 

the sample. Colours indicate different clonotypes, allowing for visual comparison of diversity and clonality 

across samples. 

 

 
 
 

 
6.8 CDR3 characteristics 

 
The CDR3 region is the most variable region of the BCR and is crucial for antigen 

recognition, due to its direct interaction with the antigen’s epitope (Xu and Davis, 

2000). Studies have shown that variation in CDR3 characteristics can affect immune 

responses, particularly in the context of vaccine efficacy (Wong et al., 2022). For 

instance, alteration in the CDR3 sequence composition have been observed in 

individuals with certain immunodeficiencies (Roskin et al., 2016). By analysing the 

hydrophobicity, charge and length distribution of CDR3 in the HC and patient cohort, 

it might be possible to uncover potential patterns or abnormalities that may  

https://www.sciencedirect.com/science/article/pii/S1521661622000432
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contribute to vaccine non-responsiveness in antibody deficient patients. 

The characteristics of the CDR3 region were analysed using MiXCR for BCR 

repertoire profiling. All patient samples exhibited negatively charged CDR3 regions, 

with the HC sample showing the most negative charge, consistent with a repertoire 

that favours non-autoreactive B cells (Figure 6.8A). An exception was observed in 

P8, who displayed a positively charged CDR3 region- a trait often associated with 

increased self-reactivity, which could hint at underlying immune dysregulation or 

reduced tolerance possibly contributing to the impaired vaccine response 

(Wardemann, 2003). 

CDR3 length was next examined in the representative cohort. The HC and both 

responding patients, except the abnormal responder P5, showed a shorter CDR3 

length, supporting the expected pattern. However, the two non-responders and P5 

exhibited notably longer CDR3 regions (Figure 6.8B), possibly indicating a higher 

risk of autoreactivity that may distinguish patients with additional immune 

impairments (Bashford-Rogers et al., 2018). 

The final CDR3 characteristic analysed was hydrophobicity, which typically 

converges near a neutral value of zero; lower values are considered hydrophilic, and 

higher values indicate hydrophobicity. The HC and P8 showed values close to zero, 

suggesting a balanced hydrophobicity profile, while P3, P4, and P9 exhibited slightly 

elevated hydrophobic CDR3 regions, and P5 displayed a more hydrophilic CDR3 

(Figure 6.8C). These variations may reflect differences in antigen-binding affinities or 

immune repertoire diversity across the cohort but are likely impacted by individual 

immune selection pressures, which may influence autoreactivity (Ghraichy et al., 

2018) 

 

 
Analysis of CDR3 characteristics in the representative patient cohort reveals trends 

suggesting differences between patients and controls, including a distinction in 

CDR3 length between vaccine responders and non-responders. However, given the 

considerable variability in the studied characteristics among patients and the limited 

sample size, these findings should be interpreted with caution. Sequencing 

additional samples would be necessary to confidently confirm whether these 

observed differences are statistically significant.

https://www.science.org/doi/10.1126/science.1086907#body-ref-REF15
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Figure 6. 8: CDR3 characteristics in COV-AD patients (P3, P4, P5, P8 and P9) and healthy control (HC) samples 

 
 

 
 

 

 
 

Figure 6.8: CDR3 characteristics in COV-AD patients (P3, P4, P5, P8 and P9) and healthy control (HC) 

samples. Sequenced BCR amplicons were derived from RNA extracted from a representative healthy control 

(green), SARS-CoV-2 vaccine responding (black) and non-responding (red) antibody deficient patient B-cells at 

day 13 of in vitro differentiation. A: Charge of CDR3 region. B: Amino acid (aa) length of CDR3 region. C: 

Hydrophobicity of CDR3 region. Statistical significance was evaluated using the Wilcoxon test, p= -1.00. 

 
 
 
 
 
 

 
6.9 Discussion 

 
The incorporation of BCR repertoire analysis has proved a useful tool in facilitating 

understanding of immune dysfunction in antibody-deficient patients, who have been 

previously shown to exhibit limited diversity in their antibody response (Roskin et al., 

2015; Soto et al., 2019b). In healthy individuals, diverse BCR repertoires allows 

broad antigen recognition, but antibody-deficient patients may show restricted 

repertoires or abnormal clonal expansion, limiting effective immunity (Roskin et al., 

2015; Ghraichy et al., 2018). Therefore, this approach may provide insights into the 

https://onlinelibrary.wiley.com/doi/10.1111/imm.12865
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mechanisms underlying poor vaccine responses and highlights potential markers of 

immune competence in immunodeficient populations. 

In this chapter, BCR repertoire analysis was performed on five samples from 

antibody-deficient patients, with a focus on distinguishing between vaccine 

responders (P3, P4, and P5) and non-responders (P7 and P8). After confirming the 

quality of the samples, clonal populations were assessed, revealing differences in 

BCR diversity and clonal expansion across the samples. One finding was the 

significantly reduced number of unique clonotypes in all patient samples compared 

to the HC. Healthy adult naive B-cell populations typically exhibit millions of unique 

clonotypes, as seen in the HC, which is expected given the high diversity inherent in 

the naive BCR repertoire (Soto et al., 2019b; Greiff et al., 2017). Moreover, the 

observation of a high number of clonotypes in the HC aligns with previously 

published data under similar conditions, where polyclonal stimulation without 

selective pressure promotes the presence of a diverse range of clonotypes (Cocco et 

al., 2012). However, with regards to the patient samples, it remains unclear whether 

the in vitro conditions may be promoting the expansion or survival of particular 

clones, despite the use of polyclonal stimuli. This raises the question of whether 

clonotypic observations in patients are reflecting the true repertoire or are skewed by 

the experimental setup. In this context, it could be useful to address this by 

comparing the BCR repertoire before and after differentiation to determine if the 

same degree of diversity is maintained or if there is evidence for the 

outgrowth/survival of specific clones. Another possible explanation for the differences 

in clonotypic features across all samples could be individual variations in responses 

to stimuli, such as BAFF, which may promote broader B-cell activation in HCs, 

thereby enhancing clonotypic diversity (Mackay and Schneider, 2009). Experimental 

factors, such as sequencing errors or artifacts, could also contribute to an 

overestimation of diversity (Yaari and Kleinstein, 2015). Incorporating additional 

control samples would strengthen the reference and increase confidence in the 

observed trends. Nonetheless, based on the representative data, antibody-deficient 

patients exhibit a reduced number of unique clonotypes, irrespective of vaccine 

response. 

Clonotype analysis based on relative abundance revealed distinct patterns between 

groups. The HC exhibited a diverse mix of small, medium, and large clonotypes, 
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while vaccine responders displayed a significant proportion of hyperexpanded 

clonotypes. This may reflect successful clonal responses to vaccination (Laserson et 

al., 2014; Fraley et al., 2022; Lopes de Assis et al., 2023), since hyperexpansion was 

absent in both non-responders and the HC. Confirmation of this hypothesis in future 

experiments could be achieved using COVID-specific ELISAs of D13 supernatants. 

Further analysis of rare clonal proportions reinforced this finding, with responders 

showing a higher frequency of high-abundance clonotypes, particularly within the 

101-MAX category, indicative of effective clonal expansion in response to 

vaccination. In the case of the HC, who had not been recently vaccinated, clonal 

expansion was limited to low-level activation driven by normal immune system 

maintenance, which is typically triggered by BCR signalling through low-affinity 

antigens (Hershberg and Luning Prak, 2015). This background expansion is minimal 

and does not involve the large-scale clonal proliferation seen after stimulation by 

infection of vaccination (Hershberg and Luning Prak, 2015). On the other hand, the 

reduced expansion of specific clonotypes in vaccine non-responders could suggest 

issues with immune tolerance or insufficient T-cell help - critical factors for optimal B- 

cell activation and differentiation (Frasca et al., 2016; Malvey et al., 1998). However, 

the observation of reduced clonal expansion in non-responders at the D13 timepoint 

is speculative and supporting literature is minimal. Hence, it would be important to 

include a recently vaccinated HC sample for direct comparison in order to draw more 

definitive conclusions. Such a comparison would help determine whether the 

reduced clonal expansion in non-responders is specifically linked to their immune 

response to vaccination or reflects broader underlying immunological differences. 

The next aspect of the BCR repertoire analysed was V and J gene usage. Most 

samples, including HC, showed a predominance of the IGHV3 gene, consistent with 

its role as the most common VH subgroup (Wang et al., 2022). However, unlike the 

HC, all patients-irrespective of vaccine response (except P5) - displayed higher than 

expected IGHV4 levels. IGHV4 is frequently associated with autoreactivity (Schickel 

et al., 2017), which has been observed in several autoimmune and immunodeficient 

conditions (Costagliola et al., 2021). Elevated IGHV4 levels have been linked to 

autoreactivity, a feature that has been associated with severe COVID-19 infection 

(Woodruff et al., 2022). The shift towards IGHV4 could also result from antigen 

pressure, leading to CDR3 somatic hypermutation (Hirokawa et al., 2019), which  

/Users/ellieocallaghan/Library/Containers/com.apple.mail/Data/Library/Mail%20Downloads/FCD0C8DF-1C50-4D56-8C95-1E689353436B/Frasca
https://pmc.ncbi.nlm.nih.gov/articles/PMC5502416/
https://www.nature.com/articles/s41586-022-05273-0
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may represent an interesting avenue for further investigation in the context of 

vaccine response. 

Unsurprisingly, the only patient exhibiting an anomaly in IGHV usage was P5, who 

showed a notable overrepresentation of IGHV3. This is likely attributable to the 

patient’s CLL diagnosis, which is probably a rare and clinically distinct subset of CLL 

(Ghia et al., 2008; Bomben et al., 2010). This suggests a disease-specific alteration 

in the BCR repertoire, rather than a deficiency-related change. 

Similarly, regarding J gene usage, the overrepresentation of IGHJ6 in P5 likely 

reflects the patient’s unique CLL diagnosis (Datta and Jumaa, 2022; Agathangelidis 

et al., 2012). In contrast, analysis of the J gene usage in the remaining samples 

revealed highly consistent patterns, with IGHJ4 being the most frequently observed 

in all samples (except P5), which aligns with the literature (Shi et al., 2020). These 

findings suggest that V and J gene usage patterns reflect both adaptive responses 

and individual health conditions, offering insights into the differences between 

immune-competent and antibody-deficient individuals rather than vaccine 

responders versus non-responders. 

Given the large number of possible V-J gene segment combinations required to 

recognise a vast array of pathogens, it was suggested that antibody-deficient 

patients, particularly vaccine non-responders, might exhibit restricted diversity in V-J 

gene segment combinations, potentially limiting their ability to elicit a sufficient 

immune response. Patient samples displayed a similar range of V-J pairings to the 

HC, with connections broadly distributed, indicating the preservation of 

immunoglobulin gene usage and diversity within the antibody repertoire. This finding 

aligns with previous work which notes similar patterns, even in antibody deficient 

patients with severe clinical phenotypes (Ghraichy et al., 2018). This suggests that, 

at least at the level of V-J recombination, the repertoire in patients, particularly non- 

responders, may not be inherently restricted. However, it remains possible that 

functional limitations in immune responses arise from other factors, such as 

signalling defects or impaired maturation processes, rather than a lack of diversity in 

V-J combinations (Ghraichy et al., 2018). It was also noted that the two 

representative non-responders exhibited combinational patterns most similar to each 

https://onlinelibrary.wiley.com/doi/10.1111/imm.12865
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other, possibly suggesting a shared underlying effect in their repertoires. However, 

this is speculative and may not represent a true functional difference. The similarities 

observed could simply be due to the limited sample size, and further investigation 

with more patient samples would be necessary to clarify whether this pattern reflects 

a meaningful distinction or if it is an artifact of the data. 

The final analysis of the BCR repertoire was looking at CDR3 characteristics. 

Existing studies on CDR3 metrics in antibody deficient patients show conflicting 

results (Ghraichy et al., 2018; IJspeert et al., 2016), likely due to the extensive 

heterogeneity of immunodeficiencies (i.e. CVID). Nonetheless, this analysis aimed to 

identify any distinctive CDR3 features within our patient cohort, particularly between 

vaccine responders and non-responders, to investigate if specific trends might 

correlate with vaccine response outcomes. 

In agreement with published literature on mature B-cell subsets (Kaplinsky et al., 

2014), all samples in the cohort exhibited negatively charged CDR3 regions, with the 

HC showing the most negative charge. This likely reflects selection against 

autoreactive B cells, a process that favours more negatively charged CDR3s in 

mature B cells (Kaplinsky et al., 2014). The only patient to deviate from the 

negatively charged CDR3 was P8, possibly suggesting low specificity and the 

presence of autoreactive and polyreactive BCRs (Rabia et al., 2018; Wardemann, 

2003). 

The average CDR3 length of the BCR repertoire typically decreases after antigen 

exposure (Galson et al., 2015), and shorter CDR3 lengths are associated with 

reduced autoreactivity (Wardemann, 2003), which is critical for avoiding self-reactive 

immune responses. However, patients with CVID, particularly in clinically severe 

cases, often show trends towards longer CDR3 lengths compared to healthy 

individuals (Roskin et al., 2015), potentially contributing to an increased prevalence 

of autoimmunity. This association between longer CDR3 lengths and autoreactivity 

may reflect a reduced negative selection against self-reactive B-cells (Roskin et al., 

2015). Data presented here recapitulate the findings from Roskin et al. (2015), 

whereby those with probable more clinically severe phenotypes (i.e. P5 and the 

vaccine non-responders) demonstrated longer CDR3 lengths. P5 aside, this could 

suggest that vaccine non-responders have a higher risk of autoreactivity. To 

https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2015.00157/full
https://www.pnas.org/doi/pdf/10.1073/pnas.1403278111
https://www.pnas.org/doi/pdf/10.1073/pnas.1403278111
https://pmc.ncbi.nlm.nih.gov/articles/PMC6524611/
https://www.science.org/doi/10.1126/science.1086907#body-ref-REF15
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determine whether longer CDR3 lengths consistently differentiate non-responders, 

additional data from a larger cohort would be essential. Sequencing more samples 

from both patient and HCs could help clarify if this pattern is consistent, potentially 

strengthening the link between CDR3 length and vaccine response. Such data could 

also address current discrepancies in findings across studies, further illuminating 

how characteristics of the BCR repertoire may relate to immune function and vaccine 

responsiveness in antibody-deficient patients. 

Collectively, the BCR repertoire analysis in this study revealed no overall 

distinguishable differences in immune diversity or clonal expansion between 

representative COV-AD patients, particularly when comparing vaccine responders 

and non-responders. While trends such as longer CDR3 regions in non-responders 

and varied V and J gene segment usage were observed, these findings align with 

some literature on immunodeficient populations, they should be interpreted with 

caution, as they represent preliminary trends rather than definitive conclusions. 

Given the limited sample size, observed patterns in clonal expansion and CDR3 

characteristics should be considered suggestive rather than conclusive. However, 

the analysis does show the potential of BCR repertoire sequencing to identify 

particularly vulnerable patients, such as P5, and could be used alongside other risk 

stratification-approaches, though this may be more applicable outside an 

immunodeficiency setting. Further BCR repertoire analysis, incorporating 

methodologies such as repertoire profiling across different timepoints or high-

throughput sequencing, could provide deeper insights into the evolution of B-cell 

responses following vaccination and the mechanisms underlying impaired immune 

responses in antibody-deficient patients. In particular, integrating repertoire data 

with complementary immunophenotyping, functional assays, and sequencing-

based approaches may help to better characterise patient subgroups and inform 

future strategies for personalised management in this population.
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Concluding remarks 

The vulnerability of antibody-deficient patients to severe infections, notably COVID- 

19, highlights the critical need to deepen our understanding of the immune 

dysfunctions underlying these deficiencies. Despite widespread vaccination efforts, 

many individuals with antibody deficiencies continue to face a heightened risk of 

poor outcomes due to their impaired capacity to generate adequate immune 

responses. This issue remains especially pertinent in the context of the COVID-19 

pandemic and the emergence of new variants, as well as other infectious diseases 

that continue to threaten immunocompromised populations. Addressing these 

challenges is paramount to developing targeted therapeutic strategies and ensuring 

equitable healthcare outcomes for these vulnerable groups. 

 
This thesis represents a novel in vitro investigation into the B-cell profiles of 

antibody-deficient patients, aiming to assess their contributions to vaccine 

responsiveness in the context of COVID-19. By optimising an established B-cell 

differentiation model (Cocco et al., 2012; Stephenson et al., 2019; Stephenson et al., 

2021) to accommodate patient cells with low cell counts, this work demonstrates the 

unique ability of this system to profile heterogeneous antibody-deficient patients on 

an individual basis. This approach provides invaluable information on their B-cell 

biology, offering critical insights into their immune functionality and potential vaccine 

responsiveness. Furthermore, it has shed light on the mechanisms underlying 

vaccine non-responsiveness in these patients, paving the way for future studies to 

refine therapeutic strategies and improve vaccination outcomes in this vulnerable 

population. 

 

While the findings show some minor differences that likely reflect patient 

heterogeneity, rather than intrinsic differences in the vaccine response, both groups, 

vaccine responders and non-responders, were able to differentiate into antibody- 

secreting plasma cells following T-dependent CD40-L stimulation. However, among 

the key findings of this thesis, the most significant was the identification of impaired 

or absent BAFF-R expression at day 0 as a central factor contributing to vaccine 

non-responsiveness. Data from this study revealed a notable reduction or complete 



 

 
170 

absence of BAFF-R expression in vaccine non-responders, and even in a subset of 

responders, suggesting that BAFF-R dysfunction may play a pivotal role in 

modulating the immune response. 

 
The initial hypothesis that reduced surface BAFF-R expression might be explained 

by transcriptional abnormalities in its encoding gene, TNFRSF13C, was not 

supported by the RNA expression data. Notably, some vaccine responders with 

normal or high surface BAFF-R expression displayed similarly 

low TNFRSF13C transcript levels to those with reduced surface expression, 

indicating that mRNA levels alone do not account for the observed variability. This 

prompted further investigation into potential compensatory upregulation of 

alternative receptors such as TACI or BCMA, in addition to serum level, but neither 

circulating BAFF concentrations nor patterns of surface receptor staining provided a 

clear causal link. These findings suggest that factors downstream of transcription, 

such as post-transcriptional modifications, receptor shedding, or altered protein 

trafficking, likely play a more significant role in regulating surface BAFF-R availability 

and influencing immune outcomes (Smulski et al., 2017; Mihalcik et al., 2010). 

 
The reduction in BAFF-R surface expression is likely driven by a complex interplay 

of post-transcriptional, genetic, epigenetic, and environmental factors (Gibney and 

Nolan, 2010; Martínez-Cano et al., 2019; Hedrich and Tsokos, 2011). Collectively, 

these findings suggest that BAFF-R dysfunction, whether through transcriptional or 

post- transcriptional alterations, plays a critical role in impaired vaccine responses in 

antibody-deficient patients. Notably, this thesis identifies a novel biomarker, BAFF-R 

expression in preactivated B-cells, as a potential tool to risk-stratify patients who are 

unlikely to respond to vaccination against COVID-19 and potentially other infections. 

This insight is both clinically significant and economically relevant, as it opens 

avenues to address the barriers preventing effective vaccine responses in these 

individuals. 

 

Interestingly, the relevance of impairments in the BAFF/BAFF-R axis on COVID-19 

vaccine efficacy can be backed up by a recent publication that demonstrates an 

association between heightened extrafollicular B-cell activity and anti-BAFF therapy 

with inferior responses to COVID-19 vaccines (Faliti et al., 2024). This study 

highlights how disruptions in BAFF signalling pathways can negatively impact B-cell 

survival and differentiation. These findings align with the data presented in this 



 

 
171 

thesis, as they underscore the critical role of the BAFF/BAFF-R axis in shaping 

effective immune responses. The potential link between reduced BAFF-R expression 

and extrafollicular B-cell dysregulation further supports the hypothesis that altered 

BAFF-R function, whether through diminished expression or defective signalling, 

plays a central role in vaccine non-responsiveness in antibody-deficient patients. 

 
BAFF-R-related findings from this thesis may also have direct relevance to IgRT, 

since BAFF-R dysfunction could serve as a marker to identify patients who may 

benefit from more aggressive or tailored IgRT regimens. Given that IgRT aims to 

restore functional antibody levels (Sil et al., 2024), understanding the role of BAFF-R 

in B-cell activation and differentiation could help in determining which patients are 

more likely to respond to IgRT, and how their B-cell biology might affect their long- 

term immune functionality (Le pottier et al., 2007). In particular, patients with 

impaired BAFF-R expression could potentially require a more personalised IgRT 

approach, or closer monitoring, to achieve optimal protection against infections (Le 

pottier et al., 2007). Identifying these patients early could guide therapeutic 

decisions, enabling clinicians to tailor IgRT treatment more effectively based on the 

patient’s immune dysfunction profile. 

 
Refining this in vitro plasma cell differentiation model will enable more rapid 

assessments of BAFF-R levels and other key biomarkers, thereby improving its 

potential as a practical tool for risk stratification in clinical settings, particularly for 

predicting vaccine response. However, the current data linking impaired BAFF-R 

expression to impaired vaccine response is limited, highlighting the need for more 

mechanistic studies to elucidate why this phenotype continually occurs and what it 

might mean for patient outcomes. Understanding these mechanisms is critical for 

refining therapeutic interventions. Future studies could investigate key aspects such 

as the signalling pathways downstream of BAFF-R, the role of receptor shedding or 

trafficking in vaccine responses, and how BAFF-R dysfunction affects long-term 

immunity. Techniques such as gene editing, single-cell RNA-seq, and proteomics 

could provide valuable insights into these processes. 

 
Furthermore, applying a large-scale BAFF-R risk stratification approach to a broad 

cohort of antibody-deficient patients could validate the utility of this biomarker and 

identify trends across different patient populations. Expanding these investigations to 
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include responses to vaccines beyond COVID-19 may also reveal broader 

relevance, potentially aiding in efforts to address future pandemics. By combining 

mechanistic data with large-scale clinical applications, this research could inform 

strategies to optimise vaccine efficacy, improve clinical outcomes, and enhance risk 

stratification for IgRT interventions in vulnerable populations. 
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