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Abstract……. 
 

WNK1 is a kinase that has been implicated in ion homeostasis in cells through 

the activation of the kinases OXSR1 and STK39, which in turn phosphorylate the 

NKCC- and KCC-families of ion cotransporters leading to their activation and 

inhibition respectively. Mutations in the human WNK1 gene that cause 

overexpression of WNK1 result in pseudohypoaldosteronism type II, a condition 

where individuals present with hypertension and high concentrations of potassium in 

their blood. WNK1 has been implicated in migration and cell division in cancer cells. 

Work in CD4+ T cells has shown that WNK1 is a negative regulator of adhesion and 

a positive regulator of migration, but the function of WNK1 in other immune cells 

remains unknown. The work presented in this thesis describes the function of WNK1 

in B cells. I have used inducible deletion of WNK1 in both naïve and activated B cells, 

as well as an inhibitor of WNK1, to assess the role of WNK1 in mature B cell biology. 

I have shown that WNK1 is a crucial kinase for several aspects of B cell biology in 

mice, since loss of Wnk1 expression caused dysregulation of B cell survival, 

adhesion, migration and development. WNK1 is required in B cells during an immune 

response as it positively regulates proliferation after activation. Furthermore, WNK1-

deficient B cells display defects in antigen presentation to CD4+ T cells as well as 

defective responses to stimulation with CD40L, highlighting a role for WNK1 in the 

regulation of crosstalk between B and CD4+ T cells. WNK1-deficient B cells are not 

able to mount a T-dependent antibody response nor differentiate into germinal centre 

B cells. Taken together this work indicates that WNK1 is absolutely required for 

multiple aspects of B cell function. 
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Impact Statement 
 

B cells are key mediators of the immune response to infection. During an 

immune response, antigen-specific B cells form a germinal centre with other cell 

types, where editing and isotype switching of the immunoglobulin genes occurs. The 

outputs of the germinal centre are memory B cells and long-lived plasma cells. After 

infection, these cells provide long-lasting protective immunity from reinfection by 

either quicker responses in the case of memory B cells or circulating antibodies in 

blood secreted by long-lived plasma cells. Circulating antibodies can neutralise 

pathogens, lead to pathogen killing through activation of the complement cascade 

and formation of the membrane attack complex, or target pathogens for phagocytosis 

and subsequent killing.  

Vaccines use the phenomenon of immunological memory to protect 

individuals and populations through herd immunity from potentially fatal infections. A 

hallmark of a successful vaccination is increased levels of antibodies circulating in 

the blood. B cells are critical to provide protection mediated by vaccination, thus an 

understanding of how B cells function is required so that vaccines can be designed 

to provide an optimal antibody response and protection from infection. Additionally, 

the dysregulation of B cells is implicated in autoimmune diseases such as systemic 

lupus erythematosus and rheumatoid arthritis. This further highlights how an 

understanding of B cells and mechanisms involved in their activation will have 

beneficial impacts on human health. 

The work in this thesis focussed on the role of the kinase WNK1 in B cell 

biology, which has previously not been described in the scientific literature. This work 

has shown that WNK1 is required in B cells for their survival, migration, and ability to 

generate T-dependent antigen-specific antibodies, thus furthering the understanding 

of molecular mechanisms that control these processes in B cells. This work will be 

published in a scientific journal for dissemination of information to the wider scientific 

community. This knowledge along with other work may lead to improved vaccine 

design or therapeutics for autoimmune disorders.  
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Chapter 1. Introduction 

1.1 Overview of the Immune System 

Ever since the beginning of life on Earth, organisms have had to defend 

themselves from attack by either viruses or other organisms. Thus, immunity is a 

very old concept as cell intrinsic defence has existed in one form or another and has 

driven evolution in a form of an arms race. With the advent of multicellularity, cells 

with specialised functions arose, which gave birth to another form of innate immunity: 

cells whose sole function was to protect the larger organism from “other”. As 

evolutionary time progressed, more and more of these cells arose with different 

functions within the organism, which led to functions other than responding to 

infection, such as: surveillance in protecting from tumours and wound healing. 

Eventually, in vertebrates, two major branches arose: the innate immune system and 

the adaptive immune system. I will give an overview of how these two systems work 

together in mammals to protect from pathogenic organisms. 

1.1.1 Innate Immunity 

The innate immune system has the ability to protect an organism from 

pathogens by using generic responses hardwired into the genome. The response is 

unique for different classes of pathogens, e.g. the response to extracellular gram-

negative bacteria is different to the response to a virus. Innate immunity is generally 

the first line of defence against invading pathogens and can be found in many 

organisms, including unicellular organisms such as bacteria and fungi. For example, 

bacteria can express restriction endonucleases that will cut invading DNA that can 

be differentiated from “self” as it is not methylated, thereby protecting themselves 

from infection by DNA bacteriophages (Tock and Dryden, 2005). In mammals, the 

innate immune system is generally considered to consist of 4 main areas: barriers, 

complement, inflammation and myeloid cells.  

Barriers such as the skin and the epithelium in the gastrointestinal tract are the 

first line of defence as they physically prevent entry of pathogens into the organism. 

Maintenance of barriers is very important as many commensal microorganisms live 

at barrier sites, and if the barrier becomes compromised, they can become 

opportunistic pathogens. Complement is a cascade of protein-protein interactions 
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and cleavages that ultimately leads to clearance of pathogens. It can be activated by 

three pathways: classical by binding to immunoglobulins, alternative basal 

constitutive activation and by binding to mannose-binding lectins. This highlights the 

interplay between the innate and adaptive branches, as immunoglobulins from the 

adaptive response can activate the complement cascade. Complement components 

(C) can lead to clearance by opsonising pathogens for phagocytosis, driving 

inflammation or formation of the membrane attack complex (MAC) in cell 

membranes, which leads to lysis of bacteria and enveloped viruses (Figure 1.1) 

(Gialeli et al., 2018). Inflammation can occur in response to infection and is 

characterised by redness, swelling, pain, heat and loss of function. The primary 

purpose of inflammation is to allow the infiltration of phagocytes to a site of infection 

in order to control numbers of pathogens. There are various drivers of inflammation 

including lipids and cytokines (Iqbal et al., 2016).  

The major mediators of the immune response to an infection are the myeloid 

cells. These are white blood cells that carry out specialised functions within the 

immune system but have generic responses for any given class of pathogen. 

Examples of myeloid cells include: dendritic cells, macrophages, eosinophils and 

neutrophils. These cells have the ability to detect infection in two main ways: “self vs 

non-self” and “danger”. Myeloid cells express pattern recognition receptors (PRRs) 

that bind either pathogen-associated molecular patterns (PAMPs) or damage-

associated molecular patterns (DAMPs) (Takeuchi and Akira, 2010, Vénéreau et al., 

2015). Examples of PRRs that recognise PAMPs include Toll-like receptors (TLRs), 

retinoic acid-inducible gene 1-like receptors (RLRs), cyclic GMP-AMP synthase 

(cGAS) and C-type lectin receptors (CLRs). TLRs are found both at the plasma 

membrane and in the cytoplasm, and can detect a range of non-self-antigens such 

as lipopolysaccharide (LPS), peptidoglycan and double stranded RNA through their 

leucine-rich repeats (Takeuchi and Akira, 2010). RLRs are cytosolic and bind to 

double-stranded RNA or uncapped 5’ end of RNA, which indicate the RNA is not host 

derived (Ori et al., 2017). cGAS is found in the cytoplasm and binds B-form double-

stranded DNA, a hallmark of infection or mitochondrial damage (Ori et al., 2017). 

CLRs are found on the plasma membrane, where they detect bacterial and fungal 

species and can cooperate with TLRs to lead to activation of the myeloid cell (Del 

Fresno et al., 2018). Examples of PRRs that bind DAMPs include P2X7 and Dendritic 

cell natural killer lectin group receptor 1 (DNGR1), which bind ATP and actin released 
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from dying cells respectively (Vénéreau et al., 2015). Signals from PRRs lead to 

activation and a tailored response from the myeloid cells towards the particular 

threat, as well as tailoring of the adaptive immune system through secretion of 

particular cytokines (Takeuchi and Akira, 2010). 
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Figure 1.1 Overview of Complement Cascade 
Schematic of the complement cascade. The complement cascade can be activated by either 
antibodies, mannose binding lectins or spontaneous hydrolysis of C3. C1q binding to antibodies 
and mannose-binding lectin-associated serine protease (MASP) binding to mannose binding 
lectin leads to the cleavage of C2 and C4. C3 is cleaved to C3a and C3b by C3 convertase made 
up of either C2bC4b or C3bBb. C3a leads to inflammation and C3b opsonises pathogens for 
phagocytes. C3b is a subunit of C5 convertase leading to the generation of C5b from C5, which 
leads to the formation of the membrane attack complex through recruitment of C6, C7, C8 and 
C9. 
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1.1.2 Adaptive Immunity 

The adaptive immune system by contrast uses genetic recombination to 

generate diversity of immunoglobulin domain-containing receptors that are specific 

for one type of antigen. In jawed vertebrates there are three major cell types: CD4+ 

T cells, CD8+ T cells and B cells. T cells arise from the thymus, where their 

progenitors undergo genetic rearrangements at the T cell antigen receptor (TCR) 

alpha and beta loci, and selection to produce either CD4+ or CD8+ T cells. These T 

cells recognise peptides bound to major histocompatibility (MHC) molecules, CD8+ 

T cells are restricted to MHC class I whereas CD4+ T cells are restricted to MHC 

class II (Gascoigne et al., 2016). B cells arise from the bone marrow and are 

discussed in further detail in Section 1.2. 

CD4+ T cells are activated by cells known as antigen-presenting cells (APCs) 

such as dendritic cells. These cells sample the environment and degrade proteins to 

display peptides on MHC class II, allowing CD4+ T cells to become activated if they 

encounter their cognate antigen. CD4+ T cells are known as helper T cells (TH) as 

upon their activation they can secrete a distinct set of cytokines which aid in the 

resolution of an infection by directing other cells, including innate cells, to carry out 

particular functions. The set of cytokines released is dependent on the environment 

established by innate cells. For example, interleukin (IL)-12 secreted by dendritic 

cells will lead to differentiation into TH1 cells that secrete interferon-g but IL-4 drives 

differentiation into TH2 cells, which secrete IL-4, IL-5 and IL-13 (Zhu, 2018).  

CD8+ T cells are also known as cytotoxic T cells as they possess the ability to 

kill infected or transformed host cells. Cytotoxic T cells are activated by dendritic cells 

in a process called cross-presentation, where internalised antigens are loaded on 

MHC class I rather than MHC class II (Embgenbroich and Burgdorf, 2018). 

Conventional presentation of peptides on MHC class I occurs in nucleated cells 

during proteasomal degradation of proteins. Peptides generated by proteasomal 

degradation are then loaded onto MHC class I and then transported to the cell 

surface. This system provides a snapshot of the proteins being made inside the cell 

for surveillance by CD8+ T cells. If a cell is infected with a virus, viral peptides will be 

presented on MHC class I and thus a primed CD8+ T cells can detect an infected cell 

(Van De Weijer et al., 2015). When this occurs, the cytotoxic T cell induces apoptosis 

in the target cell, thereby restricting infection (Halle et al., 2017).   
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1.2 B Cells 

As previously mentioned, B cells belong to the adaptive branch of the immune 

system. In this section I will describe in detail their development, survival, trafficking 

around the body, activation and immune responses. 

1.2.1 B Cell Development and Selection 

Like all haematopoietic cells, B cells derive from multipotent haematopoietic 

stem cells (HSC) found in the bone marrow (Tamma and Ribatti, 2017). More 

specifically, B cells develop from an oligopotent progenitor known as the common 

lymphoid progenitor (CLP), which retains the ability to differentiate into B cells, T cells 

or innate lymphoid cells (ILCs) (Constantinides et al., 2014, Kondo et al., 1997, Yang 

et al., 2011). CLPs express both FMS-like tyrosine kinase 3 (FLT3) and IL-7 receptor, 

which both promote both survival and proliferation (Sitnicka et al., 2003, Sitnicka et 

al., 2002). Figure 1.2 shows an overview of B cell development in the bone marrow 

post CLP.  

 

 

 
Figure 1.2 Overview of B Cell Development and Maturation 
Schematic showing the development and maturation of B cells, and cell surface markers used to 
identify them. B cells arise from common lymphoid progenitors (CLP) in the bone marrow that 
develop into pro-B cells. B cell progenitors undergo genetic rearrangements at the Igh and Igl loci 
to produce unique BCR on the surface of immature B cells. Black domains indicate rearranged Ig 
chains, and yellow domains indicate l5 and VpreB1. Immature B cells migrate to the spleen where 
they undergo maturation from T1 to T2 cells. T2 cells are able to complete maturation by 
becoming either a marginal zone B cell or a follicular B cell. T3 cells are anergic and the product 
of failed maturation. 
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Commitment to the B cell lineage is driven through upregulation of several 

different transcription factors, which is in part instructed by high concentrations of  

IL-7 (Dias et al., 2005). Transcription factor E2-alpha (E2A) activates the expression 

of forkhead box protein O1 (FOXO1). FOXO1 and E2A together induce expression 

of early B cell factor 1 (EBF1), which may be the critical factor for CLPs to 

differentiate into the B cell lineage (Lin et al., 2010, Zandi et al., 2008). EBF1 is 

necessary for the expression of the transcription factor paired box protein 5 (PAX5) 

(O’Riordan and Grosschedl, 1999). PAX5 is known as the master regulator of the B 

cell lineage and is activated at the pro-B cell stage. Together with EBF1, PAX5 

suppresses expression of genes required for differentiation into other lymphoid 

lineages (Nechanitzky et al., 2013, Schebesta et al., 2007).  

In order to generate diverse antigen receptors, both B and T cell progenitors 

undergo V(D)J recombination, which requires both recombination activating gene 1 

and 2 (RAG1 and RAG2). V(D)J recombination is necessary for both B and T cell 

development, as shown by Rag1-/- mice lacking both B and T cells (Mombaerts et 

al., 1992, Shinkai et al., 1992). Upregulation of RAG1 and RAG2 occurs early during 

B cell development at the pro-B cell stage, and is dependent on FOXO1 (Amin and 

Schlissel, 2008). V(D)J recombination occurs at the immunoglobulin (Ig) heavy and 

light chain gene loci for the B cell antigen receptor (BCR) and at the gene loci of the 

alpha and beta subunits of the TCR. The variable regions of the heavy chain gene 

loci (Igh) are arranged into variable (V), diversity (D) and joining (J) segments, 

whereas in the light chain gene loci (Igl) variable regions contain only V and J 

segments. These segments are flanked by recombination signal sequences (RSSs), 

which contain a palindromic heptamer and an A-T rich nonamer that are separated 

by either 12 or 23 base pairs (12-RSS and 23-RSS respectively) (Bassing et al., 

2002). The complex of RAG1 and RAG2 only binds to one 12-RSS and one 23-RSS 

and induces a nick specifically at the site between the gene segment and the RSS 

(McBlane et al., 1995). Further processing leads to the generation of blunt ends and 

proteins involved in non-homologous end joining (NHEJ) are recruited to the RAG 

complex leading to the re-joining of the DNA segments (Rooney et al., 2004). At the 

heavy chain gene loci, first D and J segments are joined and then a V segment is 

joined to the DJ segment to generate a completely rearranged VDJ segment 

(Bassing et al., 2002). 
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After successful genetic rearrangement at the heavy chain locus, the Ig heavy 

chain protein is produced and trafficked to the plasma membrane with surrogate light 

chain molecules known as l5 and VpreB1 (Karasuyama et al., 1990, Tsubata and 

Reth, 1990). This complex is known as the pre-BCR and its expression is the defining 

feature of the transition from a pro-B cell to a pre-B cell. The pre-BCR associates 

with an Iga and Igb (CD79a and CD79b) dimer as the cytoplasmic portion of the pre-

BCR does not possess the ability to signal alone. This association is required since 

mice that lack either the transmembrane portion of the heavy chain (µMT-/- mice) or 

lack CD79A do not have mature B cells and are blocked at the pro-B cell stage 

(Kitamura et al., 1991, Pelanda et al., 2002). Galectin-1 and heparan sulphate on 

stromal cells have been implicated as ligands for the pre-BCR (Bradl et al., 2003, 

Gauthier et al., 2002, Vettermann et al., 2008). Signalling downstream of the pre-

BCR results in up to 6 cell divisions and downregulation of Rag1 and Rag2 due to 

phosphoinositide 3-kinase (PI3K) signalling inhibiting FOXO1 (Amin and Schlissel, 

2008). If the first allele is successfully rearranged, allelic exclusion occurs to ensure 

only one heavy chain allele is expressed, thus guaranteeing that the B cells are not 

bi-specific. Allelic exclusion is dependent on signalling of the pre-BCR through 

spleen tyrosine kinase (SYK) and zeta-chain associated protein kinase 70 (ZAP70) 

(Schweighoffer et al., 2003). 

After successive rounds of division, pre-B cells arrest in the G1 phase of the 

cell cycle (Kurosaki et al., 2010), which induces reactivation of the RAG complex that 

now facilitates recombination of the V and J segments of the light chain loci. There 

are two loci that encode for immunoglobulin light chains: Igk and Igl. In mice, Igk is 

the preferred locus for VJ recombination to occur. After successful light chain 

rearrangements, the BCR can be fully assembled and is now expressed on the 

surface. The BCR consists of 2 heavy chain molecules, 2 light chain molecules, 1 

Iga molecule and 1 Igb molecule. B cells that now express IgM alone on their surface 

are termed immature B cells. 

The combination of rearranged heavy and light chain genes can lead to 1012 

theoretical BCRs (Mårtensson et al., 2010). This broad range of BCRs and therefore 

specificities is advantageous to protect animals from a wide range of pathogens. 

However, there is large potential for generating B cells with BCRs that bind self-

antigens. To prevent these cells from entering the periphery and producing 
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antibodies against “self”, they undergo negative selection. If an immature B cell 

encounters self-antigen for which it has specificity and there is sustained signalling 

through the BCR, it can lead to cell death thereby removing the cell from the pool of 

cells that enter the periphery. However, BCR signalling can also lead to a 

phenomenon known as receptor editing, whereby upon encounter of self-antigen the 

RAG complex can be reactivated. This allows other light chain alleles to be 

rearranged to generate a new BCR that may no longer be self-reactive (Nemazee, 

2017). 

Immature B cells leave the bone marrow and home to the spleen to complete 

their development, at which point they are termed transitional (T) B cells. There are 

three different subsets of transitional B cells, which can be differentiated based on 

cell surface markers: T1 (CD93+ CD23- IgMhi), T2 (CD93+ CD23+ IgMhi) and T3 

(CD93+ CD23+ IgMlo) (Allman et al., 2001). T1 cells are able to become T2 cells within 

48 hours by upregulating IgD and CD23 on their surface (Loder et al., 1999). At the 

T2 stage of development, B cells undergo both negative and positive selection and 

upregulate IgD on their surface. Here they can encounter additional self-antigens, 

which can induce anergy or cell death thus removing these cells from the B cell 

repertoire. It is thought that T3 B cells are this anergic cell type and not a stage of B 

cell development to generate mature B cells (Teague et al., 2007). In contrast, if cells 

receive insufficient signals through the BCR or fail to receive survival signals, they 

are also removed from the repertoire. If a T2 cell passes this round of selection they 

become mature B cells.  

In the spleen, there are two distinct subsets of mature B cells: follicular B cells 

(FOB; CD93- CD23+ IgM+) and marginal zone B cells (MZB; CD93- CD23- IgMhi). 

FOB cells constitute the majority of mature B cells and are found in the white pulp of 

the spleen adjacent to the periarteriolar lymphoid sheath (PALS), where T cells 

reside (Mebius and Kraal, 2005). This localisation allows for B and T cells to interact 

and thus form a germinal centre (GC). FOB cells are recirculating and can change 

location repeatedly between lymph nodes, bone marrow and spleen. MZB cells are 

found in the marginal sinuses at the border of the red and white pulp allowing them 

to respond quickly to blood-borne antigens and T-independent antigens (Mebius and 

Kraal, 2005, Martin et al., 2001). MZB cells are retained at the marginal sinus by 

sphingosine-1-phosphate (S1P) binding to S1P receptor (S1PR) 1 (Cinamon et al., 

2004). MZB retention is mediated by the integrins lymphocyte function-associated 
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antigen 1 (LFA-1) and very late antigen 4 (VLA-4) on MZB cells binding to 

intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 

(VCAM-1) respectively, which are expressed in the marginal zone (Lu and Cyster, 

2002). MZB cells can sample antigens in the blood, due to their close proximity to 

the red pulp, and transport the antigen to the follicle in a C-X-C chemokine receptor 

type (CXCR) 5-, S1PR1- and S1PR3-dependent manner to allow FOB to survey for 

their cognate antigen (Cinamon et al., 2008, Arnon et al., 2013). 

1.2.2 Naïve B Cell Survival 

Though generation of a diverse repertoire of BCRs is important, maintenance 

of the cells is of equal importance. FOB cells have been shown to have a half-life of 

four and a half months when bone marrow output is ablated by conditional deletion 

of Rag2 (Hao and Rajewsky, 2001), showing that there are mechanisms supporting 

long-lived survival of B cells. B cell survival is mediated by both cell-intrinsic 

mechanisms driven by the BCR, and secretion of the B cell activating factor of the 

tumour necrosis factor-family (BAFF). 

To establish the requirement for BCR in B cell survival, mice were genetically 

engineered to knock in a pre-rearranged VDJ region of the heavy chain flanked by 

LoxP sites into the IgH locus. This allowed for inducible deletion of the BCR upon 

Cre expression. After Cre induction, there was rapid loss of surface levels of IgM that 

accompanied cell death (Lam et al., 1997). A similar approach showed that the 

signalling portion of the BCR, Iga and Igb, are required for B cell survival (Kraus et 

al., 2004). This highlights that signalling through the BCR is needed for survival. 

Importantly, B cells with a fixed BCR specificity can survive in the absence of cognate 

antigen, suggesting that antigen-independent, named tonic, signalling mediates 

survival of B cells (Lam et al., 1997). 

BAFF is a member of the tumour necrosis factor (TNF)-family and is able to 

bind to three distinct receptors that have differential expression in B cell populations: 

BAFF receptor (BAFFR), transmembrane activator and calcium-modulator and 

cyclophilin ligand interactor (TACI), and B cell maturation antigen (BCMA). BAFF is 

closely related to another TNF-family member called a proliferation-inducing ligand 

(APRIL), which is only able to bind TACI and BCMA. BAFF has been shown to 

regulate both development of B cells and survival since BAFF-deficient mice have B 
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cells that are blocked at the T1 stage of splenic development (Schiemann et al., 

2001) and antibody-mediated blocking of BAFF in vivo leads to a reduction in mature 

B cell numbers in the B2 compartment only (Gross et al., 2001). The important role 

of BAFF in B cell survival is further illustrated by studies in which overexpression of 

BAFF in transgenic mice led to B cell hyperplasia, suggesting that levels of BAFF 

production limit the size of the B cell compartment (Mackay et al., 1999). In contrast 

to BAFF-deficient mice, APRIL-deficient mice do not display a reduction in mature B 

cell populations, but have a reduction of the innate-like B1 cells in the peritoneal 

cavity (Sindhava et al., 2014, Varfolomeev et al., 2004).  

BCMA is only expressed in plasma cells and is required for the generation and 

maintenance of plasma cells by binding of both BAFF and APRIL as only 

neutralisation of both leads to loss of plasma cells (Benson et al., 2008, O'Connor et 

al., 2004). All mature B cells express TACI, with MZB cells expressing it at higher 

levels than FOB cells. Deletion of TACI has revealed its role as a negative regulator 

of B cell survival (Seshasayee et al., 2003, von Bülow et al., 2001), which has been 

shown to be achieved via its cleavage from the cell surface by a disintegrin and 

metalloprotease 10 (ADAM10) thereby acting as a soluble decoy receptor for BAFF 

(Hoffmann et al., 2015). 

Analysis of the A/WySnJ mouse strain revealed that an insertion of a 

transposable element in the gene encoding BAFFR, Tnfrsf13c, was the cause for the 

B cell hypoplasia associated with this mouse strain (Thompson et al., 2001, Yan et 

al., 2001). Mice lacking expression of Tnfrsf13c phenocopy the BAFF-deficient and 

A/WySnJ mice with a block at the T1 stage of B cell maturation (Lentz et al., 1996, 

Sasaki et al., 2004, Schiemann et al., 2001). Further work using anti-BAFFR 

antibodies to block BAFF binding in mice caused a loss of mature B cells, indicating 

that BAFF binding to BAFFR is responsible for the survival and maturation of B cells 

(Rauch et al., 2009). BAFF is produced by various cell types including: T cells, 

monocyte-derived dendritic cells, neutrophils and macrophages (Nardelli et al., 2001, 

Puga et al., 2011, Schneider et al., 1999). However, evidence suggests that only 

BAFF production by follicular reticular cells is required for naïve B cell survival 

(Cremasco et al., 2014).  

BAFF binding to BAFFR induces a network of signalling cascades that lead to 

survival of B cells (summarised in Figure 1.3). The non-canonical nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-kB) pathway is activated upon 
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BAFF binding; TNF receptor-associated factor (TRAF) 3 is recruited to the 

cytoplasmic tail of BAFFR (Morrison et al., 2005) along with TRAF2 and either 

cellular inhibitor of apoptosis protein (cIAP) 1 or cIAP2. This leads to a change of 

target for cIAP1 and cIAP2 E3 ubiquitin ligase activity. Instead of ubiquitinating and 

degrading NF-kB-inducing kinase (NIK), cIAP1 and cIAP2 now ubiquitinate TRAF3 

leading to its degradation (Liao et al., 2004). This in turn results in stabilisation of NIK 

(Liao et al., 2004) and thus allows phosphorylation and activation of inhibitor of NF-

kB kinase (IKK) 1 (Ling et al., 1998). Processing of nuclear factor NF-kB p100 

subunit (NFKB2) induced by IKK1 phosphorylation generates p52 (Senftleben et al., 

2001), a transcription factor that associates with RELB and regulates transcription of 

genes (Saccani et al., 2003). There is also evidence that NIK may directly 

phosphorylate NFBK2, which can lead to its processing to p52 (Xiao et al., 2001). 

Constitutive deficiency of NIK and IKK1 leads to a reduction in mature B cells, either 

mediated by defects maturation or survival (Hahn et al., 2016, Kaisho et al., 2001, 

Senftleben et al., 2001). When Map3k14 (gene encoding NIK) expression is lost in 

an inducible manner, there is a partial reduction in numbers of mature B cells 

(Brightbill et al., 2015). In contrast when mature B cells lose expression of Chuk 

(gene encoding IKK1), there is no effect on the numbers of B cells, suggesting, 

surprisingly, that IKK1 is dispensable for BAFF-mediated survival of B cells 

(Jellusova et al., 2013).  

BAFF stimulation of B cells induces additional cascades of signalling, which 

appear to be dependent on the BCR and the BCR coreceptor CD19. Inducible 

deletion of Syk leads to a large reduction in mature B cell numbers, implicating its 

role in survival of B cells. BAFF stimulation of B cells has been shown to induce 

phosphorylation of both Iga and SYK, showing that the BCR is co-opted during 

BAFF-induced signalling. In addition, phosphorylation of RAC-alpha 

serine/threonine-protein kinase (AKT, also known as protein kinase B) and 

phosphorylation of extracellular signal-regulated kinase (ERK) 1 and 2 are 

dependent on Syk expression (Schweighoffer et al., 2013). CD19 recruitment of PI3K 

to the BCR leads to phosphorylation of AKT and indeed CD19 has been implicated 

in B cell survival in the absence of Syk expression (Hobeika et al., 2015). Despite 

the phosphorylation of ERK1 and 2 downstream of BAFF stimulation, their activation 

is not required for B cell survival, instead ERK5 has been implicated in survival of B 

cells (Jacque et al., 2015). 



Chapter 1 Introduction 

31 

 

 
Figure 1.3 Signalling Pathways Involved in B Cell Survival 
Schematic of signalling pathways controlling B cell survival. BAFFR signals through TRAF2, 
TRAF3 and cIAP1 and cIAP2 lead to TRAF3 degradation, thus relieving inhibition of NIK and 
activating non-canonical NF-kB signalling. This leads to the processing of NFKB2 to p52, which 
translocates to the nucleus with RELB to activate transcription of pro-survival genes. BAFFR also 
signals through SYK and CD19 via the BCR leading to the activation of PI3K and ERK1/2. PI3K 
activates AKT causing the inhibition of FOXO1, a negative regulator of B cell survival. Additionally, 
ERK5 activation promotes B cell survival. Figure was adapted from (Schweighoffer and 
Tybulewicz, 2018) 
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BAFF-induced signalling promotes B cell survival through regulation of 

apoptosis. Apoptosis is one way in which cells undergo programmed cell death 

through cysteine-aspartic proteases (caspases). Growth factor depletion or stress 

causes the release of cytochrome C from mitochondria, which leads to activation of 

caspases, inducing apoptosis by degradation of cellular components. Cytochrome C 

release from mitochondria is regulated by the apoptotic regulators known as the B 

cell lymphoma (BCL) 2-family. BCL2-family proteins can regulate apoptosis through 

being either pro-apoptotic or anti-apoptotic. For example, Bcl-2-associated X protein 

(BAX) and Bcl-2 homologous antagonist killer (BAK) are required for 

permeabilisation of the outer mitochondrial membrane, which facilitates cytochrome 

C release (Youle and Strasser, 2008). In contrast, BCL-XL, encoded by Bcl2l1, 

prevents apoptosis by inhibiting VDAC1-mediated transport of calcium (Ca2+) into 

mitochondria, which drives apoptosis (Monaco et al., 2015). BAFF has been shown 

to regulate apoptosis by inducing upregulation of anti-apoptotic genes including, 

Bcl2l1 and Mcl1 (Hsu et al., 2002, Woodland et al., 2008), and restricting 

upregulation of BIM, a pro-apoptotic protein, induced by BCR signalling (Craxton et 

al., 2005). 

1.2.3 Adhesion and Migration in Naïve B Cell Homing to Secondary Lymphoid 
Organs 

In order to survey the body for infection, B cells travel the secondary lymphoid 

organs, the spleen and lymph nodes (LNs), via the circulatory and lymphatic 

systems. An overview of lymphocyte entry and exit into and from LNs can be seen 

in Figure 1.4. In order to gain entry to LN, lymphocytes initially tether and then roll 

along the endothelium of high endothelial venules (HEV) mediated by L-selectin 

(CD62L) (Warnock et al., 1998). CD62L binds a complex of proteins known as 

peripheral lymph node addressin (PNAd), which includes the sialomucins CD34 and 

glycosylation-dependent cell adhesion molecule 1 (GLYCAM-1) in mice (Rosen, 

2004). If this interaction is disrupted then lymphocytes are unable to tether to HEV 

endothelial cells and thus do not enter LN (Von Andrian, 1996, Warnock et al., 1998).  

After rolling along the endothelium, lymphocytes adhere tightly to the 

endothelial cells which is mediated by LFA-1 (aLb2) (Warnock et al., 1998, Andrew 

et al., 1998), although there is work suggesting that VLA-4 also contributes (Berlin-
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Rufenach et al., 1999). B cell adhesion to HEV endothelial cells is induced by either 

chemokine (C-C motif) ligand (CCL) 21, C-X-C motif chemokine ligand (CXCL) 

CXCL12 or CXCL13 (Okada et al., 2002, Ebisuno et al., 2003), which is tethered to 

the surface of endothelial cells by heparan sulphate (Bao et al., 2010, Girard et al., 

2012). Binding of CCL21, CXCL12 and CXCL13 to CC chemokine receptor (CCR) 

7, CXCR4 and CXCR5 respectively leads to activation of LFA-1 and tight binding to 

the endothelium via ICAM-1 and ICAM-2 (Figure 1.4A). 

All chemokine receptors are G-protein-coupled receptors (GPCRs). Upon 

binding ligand, the chemokine receptor transduces signals to activate phospholipase 

C (PLC), which leads to the hydrolysis of phosphatidylinositol-4,5-bisphosphate 

(PIP2) to diacyl glycerol (DAG) and inositol-1,4,5-trisphosphate (IP3). Both IP3 and 

DAG lead to the activation of RAS guanyl-releasing protein (RASGRP) 2, which acts 

as a guanine nucleotide exchange factor (GEF) for RAS-related protein (RAP) 1 

leading to its activation (Ghandour et al., 2007). Activated RAP1 regulates integrin 

affinity through activation of TALIN-1 via interaction with RAP1-GTP-interacting 

adapter molecule (RIAM) (Han et al., 2006). Activation of TALIN-1 leads to 

anchorage of the integrins to the actin cytoskeleton and switches them to a high 

affinity state (Tadokoro et al., 2003). RAP1 also regulates avidity of LFA-1 through 

the recruitment of regulator for cell adhesion and polarisation enriched in lymphoid 

tissues (RAPL) to aL, leading to LFA-1 clustering (Katagiri et al., 2003).  

The molecular mechanisms behind transmigration through the endothelium 

into the parenchyma of the LN are poorly understood (Girard et al., 2012). However, 

it is known that tight adhesion to the endothelial layer, along with shear flow 

(Cinamon et al., 2001) and endothelial production of autotaxin to produce 

lysophosphatidic acid (Bai et al., 2013) are required for lymphocyte transmigration. 

After arrival in the parenchyma of the LN, B cells migrate towards follicles by 

following a chemotactic gradient of CXCL13 (Gunn et al., 1998, Okada et al., 2002). 

CXCL13 is produced by follicular dendritic cells (FDCs), which reside in LN follicles 

thus establishing the chemotactic gradient (Vissers et al., 2001). Dissemination of 

CXCL13 occurs through the conduit system, allowing migration along the conduits 

(Roozendaal et al., 2009). In the follicle, naïve B cells migrate via random walk at a 

velocity of 6 µm/min (Okada et al., 2005) to survey for their cognate antigen (Figure 

1.4B).  
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If a B cell fails to encounter cognate antigen, their egress from the LN is 

promoted so they can home to a different LN or spleen. Egress is mediated by S1P 

and S1PR1 signalling, leading to entry of B cells into lymphatic vessels (Matioubian 

et al., 2004, Park et al., 2012, Sinha et al., 2009). S1P is generated by lymphatic 

endothelial cells, thus providing a gradient of S1P to induce chemotaxis to the 

lymphatic vessels (Pham et al., 2010). S1P stimulation leads to downregulation of 

S1PR1 and thus desensitisation, this allows B cells to be retained in the LN after 

entry due to the high concentration of S1P in the blood (Girard et al., 2012, Park et 

al., 2012). Once in the lymphatic vessels, B cells leave the LN and return to the 

circulation via the thoracic ducts (Figure 1.4B). 
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Figure 1.4 Entry and Exit of B Cells in Lymph Nodes 
(A) Rolling of B cells along high endothelial venules (HEV) is mediated by L-selectin binding to 
CD34 or GLYCAM-1. Binding of either CCL21 or CXCL12 to CCR7 or CXCR4 respectively leads 
to triggering of the B cells and affinity increase in LFA-1, allowing tight adhesion to ICAM-1 on 
HEV. This tight adhesion allows the B cell to transmigrate through the endothelial layer into the 
parenchyma of the lymph node. (B) Once inside the lymph node, the B cell migrates to the follicle 
in a CXCL13-dependent manner. In the follicle the B cell can survey for cognate antigen leading 
to its activation. If no cognate antigen is present, B cells leave by migrating to the efferent 
lymphatic vessels by binding of sphingosine-1-phosphate. The B cells using the lymphatic vessels 
to return to the circulation where they can enter another lymph node or the spleen. 
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1.2.4 Early Events in B Cell Activation  

In order for B cells to become activated, they need to encounter their cognate 

antigen which can occur at a variety of locations inside the LN. Upon entry into the 

LN, B cells survey dendritic cells in the T cell zone for antigen, which can lead to their 

activation (Qi et al., 2006). Small soluble antigens of less than 70 kDa in size are 

able to drain into the conduit system of LNs via afferent lymphatics. These small 

antigens can be captured by cognate B cells leading to their activation (Roozendaal 

et al., 2009). Larger antigens coated by C3 can be captured by subcapsular sinus 

macrophages expressing complement receptor 3 (CR3, CD11b), and the antigen is 

relayed by the macrophages from the subcapsular sinus to the follicular side. Here 

the antigen can be captured by B cells in either a cognate or a non-cognate manner. 

Cognate interaction of antigen by the B cell at the subcapsular sinus proximal region 

of the follicle leads to B cell activation (Carrasco and Batista, 2007). The non-cognate 

capture of antigen is mediated by CR2 (CD21) on the B cells. The B cells then 

migrate back into the follicle core and the antigen is deposited on FDCs mediated by 

CR1 (CD35) on their surface. This is a rapid process as the majority of antigen is 

transported to FDCs 8 hours post immunisation (Phan et al., 2007). This is analogous 

to the shuttling of antigen by MZB from the red pulp to the white pulp previously 

mentioned. FDCs are an important APC for B cells as they can present antigen for 

extended periods of time, up to 9 days after immunisation. This allows for activation 

of cognate B cells that entered the follicle days after initial immunisation or pathogen 

infection (Suzuki et al., 2009). 

Upon binding of cognate antigen through the BCR, a signalling cascade is 

initiated leading to B cell activation (Figure 1.5). The BCR associates with the  

Src-family tyrosine kinases LCK, LYN, FYN and BLK (Clark et al., 1992) and 

stimulation through the BCR leads to their activation (Burkhardt et al., 1991). Upon 

activation, the ITAM motifs of Iga and Igb are phosphorylated (Flaswinkel and Reth, 

1994). ITAM motifs were first described in 1989 (Cambier, 1995, Reth, 1989) and 

their phosphorylation allows binding of SYK to Iga and Igb through its tandem SH2 

domains (Rowley et al., 1995). This induces activation of SYK and facilitates 

autophosphorylation for maximal activation (Rowley et al., 1995). SYK is required for 

BCR-mediated signalling and directly phosphorylates B cell linker (BLNK), which acts 

as a scaffold protein recruiting other signalling components such as PLCg2, VAV1 
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and growth factor receptor bound protein 2 (GRB2) (Fu et al., 1998, Goitsuka et al., 

1998, Wienands et al., 1998, Ishiai et al., 1999). 

LYN is able to phosphorylate the BCR coreceptor CD19, which leads to 

recruitment of PI3K to the BCR signalosome (Fujimoto et al., 2000, Tuveson et al., 

1993). PI3K catalyses the phosphorylation of PIP2 to phosphatidylinositol-3,4,5-

trisphosphate (PIP3). Generation of PIP3 leads to recruitment of proteins to the 

plasma membrane through their pleckstrin homology domains. These proteins 

include Bruton’s tyrosine kinase (BTK) (Saito et al., 2001), AKT and 

phosphoinositide-dependent kinase (PDK) 1. Dual recruitment of AKT and PDK1 

leads to phosphorylation and activation of AKT (Alessi et al., 1997, Manning and 

Toker, 2017, Stokoe et al., 1997). Activation of AKT has pleiotropic effects in cells. It 

has been shown to regulate proliferation by sequestering FOXO1 in the cytoplasm, 

leading to decreased expression of genes that negatively regulate survival, growth 

and proliferation (Brunet et al., 1999, L. et al., 1999, Manning and Toker, 2017). 

Additional regulation of growth and metabolism occurs through activation of 

mammalian target of rapamycin complex 1 (mTORC1) by AKT (Kovacina et al., 

2003, Manning and Toker, 2017). Activation of BTK is mediated by binding to PIP3 

as well as phosphorylation by LYN (Rawlings et al., 1996, Saito et al., 2001). 

Phosphorylated BLNK also binds BTK through its SH2 domain, facilitating 

phosphorylation and activation of PLCg2 by BTK (Chiu et al., 2002, Hashimoto et al., 

1999). 

PLCg2 activation leads to the generation of IP3 and DAG. IP3 release from the 

plasma membrane leads to its binding to receptors on the endoplasmic reticulum 

(ER), inducing the release of Ca2+ from the ER (Sugawara et al., 1997). The depletion 

of Ca2+ from the ER is sensed by stromal interaction molecule (STIM) 1 and STIM2, 

which then translocate to the ER-plasma membrane interface. Here they facilitate 

the opening of Ca2+ release-activated Ca2+ channels, which allows for sustained Ca2+ 

influx into the cytoplasm by allowing Ca2+ from the extracellular space to enter the 

cell (Shaw et al., 2013). Cytoplasmic Ca2+ binds to calmodulin (CaM), which then 

complexes with and activates the phosphatase calcineurin (CaN) (Kurosaki et al., 

2010). CaN dephosphorylates nuclear factor of activated T cells (NFAT)-family 

proteins, which can now translocate from the cytoplasm into the nucleus due to a 

nuclear localisation sequence being revealed (Beals et al., 1997). Ca2+ and DAG 

together lead to the activation of protein kinase C (PKC), which activates both 
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canonical and non-canonical NF-kB pathways. Canonical NF-kB signalling is 

initiated by PKC phosphorylation of caspase recruitment domain-containing protein 

11 (CARD11), leading to association with BCL10 and mucosa-associated lymphoid 

tissue lymphoma translocation protein 1 (MALT1) to form the CBM complex. The 

CBM complex activates the IKK complex, which consists of IKK1, IKK2 and NF-kB 

essential modulator (NEMO). Activated IKK complex phosphorylates inhibitor of NF-

kB (IkB), resulting in degradation of IkB. This reveals a nuclear localisation sequence 

on NF-kB dimer of RelA and p50, allowing their translocation to the nucleus (Kurosaki 

et al., 2010, Perkins, 2007, Shinohara et al., 2005). PKC also phosphorylates IKK1 

leading to the activation of non-canonical NF-kB signalling (Dolmetsch et al., 1997, 

Saijo et al., 2002, Trushin et al., 1999). 

DAG is able to activate the small GTPase resistance to audiogenic seizures 

(RAS) through the GEFs RASGRP1 and RASGRP3 (Coughlin et al., 2005, Taher et 

al., 2017). RAS is additionally activated by another exchange factor son of sevenless 

homologue 1 (SOS1), which is recruited to the BCR signalosome by GRB2 binding 

to BLNK (D’Ambrosio et al., 1996, Nagai et al., 1995). RAS initiates mitogen-

activated protein kinase (MAPK) signalling via v-raf-leukaemia viral oncogene 1 

(RAF1). Activation of RAF1 leads to the phosphorylation of ERK1/2 via MAPK kinase 

(MAP2K) 1 and MAP2K2 (Ehrhardt et al., 2004, Nagaoka et al., 2000, Oh-hora et al., 

2003, Teixeira et al., 2003, Kurosaki et al., 2010). ERK1/2 phosphorylate and 

activate the transcription factors myelocytoatosis oncogene (MYC) and ETS domain-

containing protein 1 (ELK1) (Dal Porto et al., 2004). MAPK signalling is also mediated 

by VAV-family proteins recruited to BLNK and RAS-related C3 botulinum substrate 

(RAC) 1 and RAC2, which lead to the activation of p38 MAPK and c-Jun N-terminal 

kinase (JNK) (Hashimoto et al., 1998, Ishiai et al., 1999). Activated p38 MAPK and 

JNK are able to activate the transcription factors c-Jun, activating transcription factor 

2 (ATF2) and myc-associated factor X (MAX) (Dal Porto et al., 2004). In addition, 

VAV-family proteins have been shown to regulate Ca2+ flux (Doody et al., 2001, 

Tedford et al., 2001). 

Further to activation of transcription factors that upregulate expression of genes 

that regulate cell cycle, metabolism and protein synthesis, signalling via the BCR 

leads to regulation of the cytoskeleton and ultimately internalisation of antigen. 

Signalling via RAC- and VAV-family proteins leads to the reorganisation of the actin 
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cytoskeleton via Wiskott-Aldrich syndrome protein (WAS) and WAS-family  

verprolin-homologous protein (WAVE) complex regulation of actin-related protein 

(ARP) 2/3 (Tolar, 2017, Tybulewicz and Henderson, 2009). After the formation of the 

immune synapse, the actin cytoskeleton is able to generate pulling forces to test 

antigen affinity, mediated by myosin IIa, on BCR clusters (Hoogeboom et al., 2018, 

Natkanski et al., 2013, Tolar, 2017, Tolar and Spillane, 2014). These pulling forces 

are able to induce internalisation of antigen into the cell in a clathrin-coated pit-

dependent manner (Tolar, 2017, Tolar and Spillane, 2014), along with membranes 

from APCs (Suzuki et al., 2009). 

In addition to actin cytoskeletal regulation, BCR signalling through GRB2 and 

docking protein 3 (DOK3) leads to the relocalisation of the microtubule organising 

centre (MTOC) to the immune synapse (Schnyder et al., 2011, Yuseff et al., 2011). 

This facilitates the arrival of MHC class II containing lysosomes to the immune 

synapse (Yuseff et al., 2011), allowing for endocytosed antigen to be degraded and 

peptides loaded onto MHC class II molecules. Peptide loading onto MHC class II is 

facilitated by H2-M, which removes class II-associated invariant chain peptide (CLIP) 

from the peptide binding groove of MHC class II allowing binding of other peptides 

for presentation (Denzin and Cresswell, 1995). B cells also express H2-O which 

functions to regulate H2-M by binding to the MHC class II binding region on H2-M, 

thus preventing CLIP removal from MHC class II (Adler et al., 2017, Guce et al., 

2013). After CLIP replacement on MHC class II, the MHC class II-containing vesicles 

are then transported to the plasma membrane along microtubules (Bretou et al., 

2016). How fusion occurs is unclear but the actin cytoskeleton is known to be 

required (Bretou et al., 2014, Bretou et al., 2016). 
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Figure 1.5 Simplified Overview of Signalling Pathways Downstream of BCR 
Schematic showing signalling cascades induce by binding of cognate antigen through the BCR. 
Upon binding cognate antigen, recruitment of LYN leads to phosphorylation of the ITAMs of 
CD79A and CD79B, and of CD19. Phosphorylation of CD79A and CD79B leads to the recruitment 
and activation of SYK. Phosphorylation of CD19 leads to the recruitment of PI3K and generation 
of PIP3, which recruits and activates PDK1, AKT and BTK. Active AKT inhibits FOXO1 and 
activates mTORC1. BTK is phosphorylated by SYK, which also phosphorylates the scaffold 
BLNK. BLNK recruits PLCg2, GRB2-SOS1 and VAV1. BTK activates PLCg2, which generates 
DAG and IP3 leading to increased intracellular Ca2+ and activation of the small GTPase RAS. 
RAS activation is also mediated by GRB2-SOS1 leading to c-MYC activation by MAPK signalling. 
Increased intracellular Ca2+ activated NFAT by CaM and CaN. VAV1 leads to activation of ATF2 
and c-JUN via RAC1, and regulates the actin cytoskeleton through WAVE complex and ARP2/3. 
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1.2.5 Antigen Presentation to CD4+ T Cells 

In order to present antigen to cognate CD4+ T cells and receive “help”, the B 

cells need to migrate to the border between the follicle and T cell zone (B-T border). 

To do this they use the chemokine receptor CCR7, which binds CCL19 and CCL21 

that is produced by stromal cells in the T cell zone of the lymph node and extends 

into the T cell zone-proximal region of the follicle (Okada et al., 2005). 

Once at the border of the follicle and the T cell zone, B cells have the 

opportunity to act as APCs to activated CD4+ T cells. During their activation, B cells 

upregulate a variety of proteins on their surface, which together are termed activation 

markers. These activation markers include CD69, CD80, CD86 and MHC class II. 

CD69 upregulation promotes the retention of activated B cells by forming a complex 

with S1PR1, leading to its internalisation and degradation (Bankovich et al., 2010). 

CD80, CD86 and MHC class II all enhance the ability of B cells to communicate with 

T cells in an antigen dependent manner. CD80 and CD86 are ligands for the TCR 

coreceptor CD28 and are required for complete TCR signalling (Linsley et al., 1991, 

Linsley et al., 1990). Activated CD4+ T cells express CD154, also known as CD40 

ligand (CD40L), on their surface, which upon binding to CD40 initiates signalling that 

further activates B cells. Disruption in the interaction of CD40 and CD40L leads to 

an attenuation of the B cell immune response by lack of formation of a germinal 

centre (Han et al., 1995a). Conjugation of B and T cells is also dependent on 

signalling lymphocyte activation molecule (SLAM) interactions and SLAM-associated 

protein (SAP) in T cells (Qi et al., 2008). 

CD40 is a member of the TNF receptor-family, and signalling downstream of 

CD40 is mediated by TRAF proteins. Upon binding of CD40L, CD40 forms a 

homotrimer leading to the recruitment of TRAF1, TRAF2, TRAF3, TRAF5 and 

TRAF6 (Haswell et al., 2001, Pullen et al., 1999a, Pullen et al., 1999b, Pullen et al., 

1998). Recruitment of the heterodimer of TRAF2 and TRAF3 in complex with cIAP1 

and cIAP2 to CD40 further recruits shank-associated RH domain-interacting protein 

(SHARPIN), haem-oxidised IRP2 ubiquitin ligase 1 homologue (HOIL-1) and  

HOIL-1-interacting protein (HOIP) (Gerlach et al., 2011). SHARPIN, HOIL-1 and 

HOIP form the linear ubiquitin chain assembly complex (LUBAC) which is required 

for activation of the NF-kB and JNK signalling pathways (Gerlach et al., 2011). 

Binding of TRAF6 to CD40 leads recruitment of PI3K to the plasma membrane 
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through Casitas B-lineage lymphoma (c-Cbl) and Cbl-b leading to activation of AKT 

(Arron et al., 2001). TRAF2 recruitment leads to the activation of JNK and p38 MAPK 

in a MAP3K1 dependent manner (Gallagher et al., 2007). 

Stimulation through CD40 leads to the upregulation of inducible costimulator 

(ICOS) ligand (ICOSL) via NIK and NF-kB signalling (Hu et al., 2011). ICOSL on the 

B cell binding to ICOS on the T cell is required for T cell differentiation into T follicular 

helper cells (TFH) and for B cell differentiation into a germinal centre B cell (Hamel et 

al., 2014, Hu et al., 2011, Liu et al., 2015). After a successful interaction with a 

cognate CD4+ T cell, B cells start to undergo division at the B-T border and migrate 

back into the follicle together with the conjugated cognate T cell (Okada et al., 2005). 

1.2.6 The Germinal Centre Reaction 

The germinal centre is a specialised structure that develops during an immune 

response, where somatic hypermutation (SHM) and class switch recombination 

(CSR) takes place to generate high affinity antibodies of different isotypes (Berek et 

al., 1991, Jacob et al., 1991, Nieuwenhuis and Opstelten, 1984). There are two 

distinct areas within the germinal centre: the light zone and the dark zone. GC B cells 

found in the dark zone are termed centroblasts and are more proliferative and larger 

than the GC B cells found in the light zone, which are named centrocytes (Allen et 

al., 2007a, Allen et al., 2007b, Hauser et al., 2007, MacLennan, 1994, Schwickert et 

al., 2007). GC B cells shuttle between the two zones, dividing in the dark zone and 

then migrating to the light zone (Allen et al., 2007b, Hauser et al., 2007, Schwickert 

et al., 2007). In general, GC B cells can be identified by the expression of CD95, high 

binding of the antibody clone GL7 and downregulation of IgD on their surface (Victora 

and Nussenzweig, 2012). Dark zone centroblasts have been shown to be CXCR4hi 

CD83lo CD86lo and light zone centrocytes are CXCR4lo CD83hi CD86hi (Victora et al., 

2010).  

In the dark zone, SHM is used to refine the affinity of the BCR to generate B 

cells with high affinity receptors for antigens present during the immune response. 

SHM is mediated by the enzyme activation-induced cytidine deaminase (AID), 

encoded by the Aicda gene, which is upregulated upon activation of B cells 

(Muramatsu et al., 2000, Revy et al., 2000). AID deaminates deoxycytidine to 

deoxyuridine on single stranded DNA, which is found during transcription of genes 
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such as the variable regions of the immunoglobulin genes (Bransteitter et al., 2003, 

Dickerson et al., 2003, Methot and Di Noia, 2017). This leads to mutations in the 

variable region DNA sequence. Transition mutations can then arise during DNA 

replication, where the guanine base is exchanged for adenine. The deoxyuridine can 

be removed by either uracil DNA glycosylase (UNG) or single-strand selective 

monofunctional uracil DNA glycosylase (SMUG1), which leaves an abasic site that 

can be replaced by any of the four bases during DNA replication (Dingler et al., 2014, 

Rada et al., 2002). Furthermore, the mismatch of deoxyuridine and deoxyguanosine 

can be recognised by mismatch repair machinery leading to excision of the DNA 

around the mismatch and repair by the error prone DNA polymerase h (Rogozin et 

al., 2001, Zeng et al., 2001). 

CSR is the process by which the constant region of the heavy gene locus is 

exchanged for another leading to a switch in immunoglobulin isotype, i.e. IgM to 

IgG1. In mice, all the constant region genes (µ, d, g3, g1, g2a, g2b, e and a) are 

preceded by a cytokine inducible promoter, intervening exon, and a switch region, 

except for the d locus as this is expressed along with the µ locus through alternative 

splicing (Moore et al., 1981). In the presence of cytokines, transcription and splicing 

of the intervening exon, switch region and constant region exons occurs to generate 

a sterile transcript (also known as a germline transcript) (Stavnezer et al., 1988). For 

example, IL-4 signalling leads to expression of g1 and e transcripts (Lutzker et al., 

1988, Rothman et al., 1988) and transforming growth factor (TGF) b leads to 

expression of a transcripts (Ehrhardt et al., 1992, van Vlasselaer et al., 1992). 

Transcription leads to RNA-DNA hybrids and formation of an R-loop on the non-

template strand, which allows AID to deaminate deoxycytidine (Chaudhuri et al., 

2003, Reaban and Griffin, 1990, Shinkura et al., 2003), resulting in the formation of 

double strand breaks. Double stranded breaks can be generated by a UNG-

dependent pathway. UNG creates an abasic site and apurinic/apyrimidinic 

endonuclease 1 (APE1) introduces nicks on both strands in similar locations creating 

a staggered double strand break (Bross et al., 2000, Papavasiliou and Schatz, 2000, 

Rada et al., 2002, Schrader et al., 2009). An alternative mechanism is through the 

mismatch repair machinery nicking and digesting the mutated DNA to create single-

stranded DNA, which can lead to double strand breaks if nicking and resection 

occurs on both strands in a similar location (Matthews et al., 2014). Double strand 
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breaks are repaired by the NHEJ pathway that now join the variable region with the 

new constant region (Matthews et al., 2014). The intervening constant regions are 

excised creating a loop of DNA named the switch circle (Iwasato et al., 1990, 

Matsuoka et al., 1990).  

Other than centrocytes, FDCs, TFH cells, follicular regulatory T (TFR) cells, and 

tingible body macrophages can be found in the light zone of the germinal centre. 

Centrocytes test their new BCR by binding to antigen presented on FDCs and 

compete for help from TFH cells. GC B cells interact with antigen in a different manner 

to naïve B cells. Rather than clustering of antigen, antigen is trafficked to the 

periphery of the interface between the B cell and FDC into many clusters, thereby 

reducing the avidity. They are also able to generate a stronger pulling force on the 

BCR and it is possible that affinity is tested in this manner as a strong pulling force 

can disrupt low affinity interactions (Nowosad et al., 2016). Another mechanism for 

testing affinity is by higher affinity receptors endocytosing more antigen and then 

presenting more antigenic peptides on MHC class II to TFH cells (Victora et al., 2010). 

However, recent evidence has shown that the density of MHC class II does not 

control selection in the GC but rather the entry into the GC (Yeh et al., 2018). TFH 

cells and GC B cells rely on each other for the continuation of the GC reaction and 

their survival, mediated by ICOSL, CD40L and IL-21 (Han et al., 1995b, Linterman 

et al., 2010). If a GC B cell is unable to bind antigen or fails to receive T cell help they 

die by neglect (Allen et al., 2007a). Apoptotic cells can be cleared by tingible body 

macrophages (Nieuwenhuis and Opstelten, 1984). 

In the last decade a new player in the GC has been identified: TFR cells. They 

seem to arise from regulatory T cells that express the transcription factor forkhead 

box p3 (FOXP3) (Chung et al., 2011, Linterman et al., 2011, Wollenberg et al., 2011) 

and are recruited to the GC independent of recognition of particular antigen 

(Maceiras et al., 2017). There is additional work showing that they can also be 

derived from the naïve CD4+ T cell pool (Aloulou et al., 2016). TFR cells can restrain 

the size of the germinal centre (Chung et al., 2011, Linterman et al., 2011, 

Wollenberg et al., 2011) as well as facilitate the generation of high-affinity antibodies 

(Sage et al., 2014). There are different mechanisms that TFR cells may use to 

regulate the GC reaction (Fonseca et al., 2019) but one of the main mechanisms is 

through cytotoxic T-lymphocyte-associated protein 4 (CTLA4). CTLA4 deficient mice 

have increased TFH and GC B cells in the steady state, and blockade of CTLA4 leads 
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to generation of TFH and GC B cells (Wang et al., 2015). CTLA4 binds to CD80 and 

CD86 with a higher affinity than CD28 thus acts cell-extrinsically either by interfering 

with co-stimulation of other T cells or by restricting availability of ligands for CD28 

through binding or trans-endocytosis (Qureshi et al., 2011, Walker and Sansom, 

2015). Trans-endocytosis has been suggested to be the dominant mechanism by 

which CTLA4 regulates T cell activation (Hou et al., 2015). Additionally, regulatory T 

cells can induce tryptophan starvation through induction of indoleamine 2,3-

dioxygenase (IDO), which is an enzyme that is involved in the metabolism of 

tryptophan to kynurenine, or secretion of TGFb to regulate other T cell functions and 

activation (Walker and Sansom, 2011). Studies using in vitro cocultures have shown 

that TFR cells can regulate GC B and restrict their proliferation and antibody secretion 

(Sage et al., 2016). 

1.2.7 B Cell Effector Functions 

If a B cell survives selection in the germinal centre, it can differentiate into two 

cell types: a memory B cell or a terminally differentiated plasma cell. The cues that 

drive fate decision in the germinal centre are not fully understood, but affinity for 

antigen plays a role as B cells with lower affinity BCRs for antigen become memory 

B cells, whereas cells with higher affinity BCRs become plasma cells (Sciammas et 

al., 2011, Shinnakasu et al., 2016). Immunological memory is a hallmark of the 

adaptive immune system, although recent studies have shown that innate cells may 

exhibit properties of immunological memory (Hamon and Quintin, 2016). 

Immunological memory is the ability of the immune system to “remember” which 

pathogens have previously infected the organism. All immune memory cells have 

common features: they have been previously activated, and exhibit faster and 

tailored responses upon reactivation. In the case of memory B cells, after activation 

they can rapidly form new germinal centres or differentiate into antibody-secreting 

plasma cells (Zuccarino-Catania et al., 2014). Memory B cells are a heterogenous 

population of cells and different subsets can be characterised by expression of 

different combinations of CD73, CD80 and PD-L2 on their surface as well as having 

the ability to express a switched isotype of surface immunoglobulin (Tomayko et al., 

2010). This heterogeneity is reflected in their responses upon reactivation, as cells 

that are low for memory markers (CD73, CD80 and PD-L2) are more likely to become 
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germinal centre B cells whereas cells that have higher levels of memory markers 

differentiate into plasma cells (Zuccarino-Catania et al., 2014). Memory B cells can 

recirculate between secondary lymphoid organs or can be found at sites of infection, 

such as the lung (Allie et al., 2019). This allows for a rapid antigen-specific response 

locally where previous infections occurred.  

Plasma cells are professional antibody-secreting cells and can be identified by 

surface expression of syndecan-1 (CD138) and by lack of B220 expression. The 

transcription factor B lymphocyte-induced maturation protein 1 (BLIMP1), encoded 

by the Prdm1 gene, is expressed in plasma cells, and is upregulated upon activation 

in B cells (Turner et al., 1994). Together with IRF4, BLIMP1 coordinates plasma cell 

differentiation by negative regulation of the transcription factors PAX5 and BCL-6 

that regulate B cell and GC B cell identity respectively (Sciammas et al., 2006, 

Shaffer et al., 2002). However, BLIMP1 is not essential for plasma cell fate as  

BLIMP-1-deficient B cells can still generate isotype-switched antibodies (Kallies et 

al., 2007). CD138+ cells can be split into plasmablasts and plasma cells, where the 

plasmablasts express low levels of BLIMP-1 and are still proliferating, and plasma 

cells are no longer dividing and have high expression of BLIMP1 (Kallies et al., 2004). 

Pre-plasmablast precursors can be found in the light zone of the germinal centre by 

BCL-6loCD69hi expression as these cells have a high affinity BCR and have 

downregulated GC-signature genes and upregulated a subset of plasma cell 

signature genes (Ise et al., 2018). It has been shown that TFH cells and stromal cells 

that express APRIL, support the differentiation of plasmablasts. These stromal cells 

also express BAFF, IL-6 and CXCL12 that may also facilitate plasmablast survival 

and differentiation (Zhang et al., 2018a). 

Upon receiving signals to become plasma cells, the progenitors leave the 

germinal centre through the dark zone (Ise et al., 2018, Kräutler et al., 2017, Zhang 

et al., 2018a). Plasma cells can home to either the red pulp of the spleen or the bone 

marrow, where they can become long-lived plasma cells. This migration is dependent 

on the chemokines S1P and CXCL12, where S1P is required for exit from lymphoid 

tissue and CXCL12 is required for homing to the bone marrow (Hargreaves et al., 

2001, Kabashima et al., 2006). Localisation in the bone marrow and the red pulp of 

the spleen allows direct secretion of antibody into the circulation to provide protective 

immunity. In the bone marrow, the plasma cell survival niche is dictated by contact 

with CXCL12+ VCAM-1+ stromal cells and eosinophils which produce APRIL and IL-
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6 (Chu et al., 2011, Tokoyoda et al., 2004). In the absence of eosinophils, plasma 

cells can still be found in the bone marrow, meaning that there may be other 

haematopoietic cells that contribute to plasma cell survival (Chu et al., 2011).  

Circulating antibodies have different methods of providing protection from 

reinfection. These mechanisms include: neutralisation of pathogens by binding and 

prevent invasion into cells, opsonisation of pathogens through recognition of 

pathogen-bound antibodies by phagocytes leading to phagocytosis and degradation 

of the pathogen, activation of the complement cascade, induction of antibody-

dependent cellular cytotoxicity through natural killer (NK) cells, and degranulation of 

granulocytes that drives inflammation (Forthal, 2014). This highlights the interplay 

with the adaptive and innate branches of the immune system as many of these 

effector functions require innate cells or pathways. 

Further to production of antibodies that provide protection, upon activation B 

cells are able to regulate the immune response by the secretion of cytokines. These 

cytokines include: IL-6, IL-10, Lymphotoxin a and b, TNFa and vascular endothelial 

growth factor A (VEGF-A) which can lead to the enlargement of lymphoid organs, 

maintenance of TFH cells in the germinal centre, and regulation of homeostasis within 

the immune system (Angeli et al., 2006, Hartweger et al., 2014, Lund et al., 2005). 

1.2.8 T-Independent Immune Response 

In addition to the T-dependent response, B cells are able to respond to 

pathogens in a T-independent manner, as athymic mice are able to mount antibody 

responses (Gershon and Kondo, 1970). T-independent responses can be split into 

three classes: type 1, type 2 and type 3. Type 1 responses are initiated by B cell 

recognition of a pathogen through TLRs as well as through the BCR, thus providing 

two signals to activate the B cell (Bekeredjian-Ding and Jego, 2009). Type 2 

responses are initiated by multivalent antigens that lead to extensive BCR 

crosslinking and provide a sustained signal leading to activation (Mond et al., 1995). 

This signalling is dependent on BTK as CBA/N mice, which have a deficiency in BTK, 

are unable to mount an antibody response to type 2 antigens but can do so to type 

1 antigens (Mosier et al., 1977). Type 3 responses are characterised by B cells 

responding to mucosal or blood-borne antigens, that receive help from bone marrow-

derived cells rather than thymic-derived cells (Vinuesa and Chang, 2013). For 
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example, a subset of neutrophils have been shown to have a helper role by secreting 

BAFF, APRIL and IL-21 that facilitates MZB cells to perform SHM and CSR (Puga et 

al., 2011). 

  



Chapter 1 Introduction 

49 

 

1.3 WNK1 

Kinases are important enzymes that catalyse the phosphorylation of their 

substrates and are involved in many signal transduction cascades. The with no lysine 

(WNK)-family of serine/threonine protein kinases are distinct among the kinase 

families, due to their unique kinase domain. In this section, I will describe one of the 

family members, WNK1, and its role in physiology. 

1.3.1 Discovery and Structure 

WNK1 was first discovered at the turn of the century whilst searching for novel 

MAP/ERK kinases (MEKs) (Xu et al., 2000). Wnk1 orthologues exist throughout 

many clades of eukaryotic life, from humans to plants and fungi (Xu et al., 2000). 

Originally, WNK1 was found to be missing the conserved catalytic lysine in 

subdomain II of the kinase domain, hence its name, but later work showed that a 

lysine in subdomain I is the catalytic lysine in WNK1 (Min et al., 2004, Xu et al., 2000). 

Wnk1 is found on mouse chromosome 6 and is arranged into 33 exons. Alternative 

splicing and multiple promoters lead to the generation of different isoforms of WNK1, 

including one missing the kinase domain (Delaloy et al., 2003, O'Reilly, 2003). Wnk1 

is expressed in various organs of both adult and foetus, including brain, kidney, 

spleen and heart (Verissimo and Jordan, 2001, Xu et al., 2000). 

WNK1 is a large protein, with most isoforms being over 200 kDa and the 

canonical isoform being 250 kDa large (www.uniprot.org). It is made up of an N-

terminal kinase domain, an autoinhibitory domain, and three coiled-coil domains 

(Moon et al., 2013, Verissimo and Jordan, 2001, Xu et al., 2002). Furthermore, 

WNK1 is proline rich and contains many PxxP motifs, suggesting that it may have a 

role as a scaffold to allow binding of proteins with SH3 domains. 

WNK1 is critical for embryonic development as constitutive loss of Wnk1 in 

mice leads to death between E10.5 and E13.5. Wnk1-/- embryos die due to defects 

in cardiovascular development, and endothelial-specific expression of Wnk1 is 

required for normal cardiovascular development (Xie et al., 2009). 
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1.3.2 Regulation of Ion Homeostasis and Cell Volume 

In humans, deletions in the intron between exons 1 and 2 of WNK1 lead to 

overexpression of the gene and are associated with the hereditary disorder called 

pseudohypoaldosteronism type II (PHAII). Patients with PHAII present with 

hypertension and hyperkalaemia (high levels of serum K+) (Wilson et al., 2001). 

WNK1 can be activated by osmotic stress and acts as a Cl- sensor as Cl- can bind 

to its kinase domain inhibiting its autophosphorylation (Piala et al., 2014, Xu et al., 

2000). Further to this, WNK1 can be activated by PI3K through AKT (Cheng and 

Huang, 2011). In the kidney epithelium, activated WNK1 phosphorylates the 

oxidative stress-responsive 1 (OXSR1) kinase and the related serine/threonine-

protein kinase 39 (STK39) in both their S-loop and T-loop, leading to their activation 

(Anselmo et al., 2006, Vitari et al., 2005, Moriguchi et al., 2005). OXSR1 and STK39 

are further activated by calcium-binding protein 39, also known as MO25a (Filippi et 

al., 2011). Activated OXSR1 and STK39 are able to phosphorylate the cytoplasmic 

tail of Na+-K+-Cl- cotransporter (NKCC) 1 and NKCC2, encoded by Slc12a2 and 

Slc12a1 respectively, opening the channels and facilitating entry of Na+, K+ and Cl- 

ions into the cell (Figure 1.6) (Anselmo et al., 2006, Piechotta et al., 2002, Moriguchi 

et al., 2005, Richardson et al., 2011). Additionally, OXSR1 and STK39 phosphorylate 

Na+-Cl- cotransporter (NCC), encoded by Slc12a3, which inhibits internalisation of 

NCC from the surface of cells and thereby promotes Na+ and Cl- entry into the cell 

(Moriguchi et al., 2005, Rosenbaek et al., 2014). Thus, in the kidney epithelium of 

patients with PHAII, there is an increase in Na+, K+ and Cl- uptake from the urine to 

the blood, thus giving rise to hypertension and hyperkalaemia. 

Activation of WNK1 and other WNK-family members can lead to 

phosphorylation of electroneutral K+-Cl- cotransporter (KCC) 1, KCC2, KCC3 and 

KCC4, encoded by the genes Slc12a4, Slc12a5, Slc12a6 and Slc12a7 respectively 

(De Los Heros et al., 2014). Rather than activating the transporter activity of the 

KCCs, phosphorylation by OXSR1 and STK39 leads to the inhibition of KCC activity 

(Jennings and Al-Rohil, 1990, Shekarabi et al., 2017), leading to a block of K+ and 

Cl- ion export.  

Conditionally deleting Oxsr1 in the endothelium causes embryonic lethality, 

phenocopying the conditional knockout of Wnk1, suggesting that WNK1 signalling 

through OXSR1 in the endothelium is essential for normal embryonic development 
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(Xie et al., 2013). Constitutive knockout of Slc12a2 (NKCC1) does not lead to 

embryonic death but the mice are deaf, growth retarded, have decreased blood 

pressure and exhibit repetitive circling behaviours (Flagella et al., 1999). This 

suggests that NKCC1 is not critical for the phenotype observed in the Wnk1-/- 

embryos, or at least that there may be compensation by other transporters, such as 

NKCC2. 

Further ion regulation is mediated by serum and gluticorticord-induced protein 

kinase (SGK1), which has been shown to be activated by and also activate WNK1 

(Cheng and Huang, 2011, Xu et al., 2005a, Xu et al., 2005b). Activation of SGK1 by 

WNK1 has been shown to be independent of the kinase function of WNK1 (Xu et al., 

2005a, Xu et al., 2005b). Through interactions with SGK1, WNK1 has been shown 

to positively regulate epithelial Na+ channel (ENaC) via preventing its ubiquitination 

and degradation by E3 ubiquitin-protein ligase NEDD4-like (NEDD4L), and to 

negatively regulate renal outer medullary K+ channel (ROMK) by promoting its 

endocytosis (Figure 1.6) (Cheng and Huang, 2011, Xu et al., 2005a, Xu et al., 2005b, 

Zhou et al., 2007). Taken together, the evidence shows that WNK1 activation leads 

to import of Na+ and Cl and to a block of K+ export (Figure 1.6). This ion movement 

leads to an increase in tonicity inside the cell, which in turn causes swelling of cells 

as water moves across the plasma membrane via osmosis to restore cellular tonicity. 
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Figure 1.6 WNK1 Regulation of Ion Homeostasis 
WNK1 is activated by PI3K/AKT pathway, osmotic stress and low Cl- concentrations. Activated 
WNK1 can phosphorylate and activate OXSR1 and STK39, which can phosphorylate ion 
cotransporters from the SLC12A-family. Phosphorylation of NKCC1 and NCC1 leads to their 
activation, whereas phosphorylation of KCC1, KCC2, KCC3 and KCC4 leads to their inhibition. 
WNK1 also activates SGK1, which has also been shown to activate WNK1. Activated SGK1 leads 
to activation of the ENaC channel, leading to increased Na+ transport, and inhibition of ROMK via 
endocytosis, decreasing K+ transport. 
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1.3.3 WNK1 in the Central Nervous System 

Hereditary sensory and autonomic neuropathy type II (HSAN2), which is an 

early-onset disorder characterised by loss of pain, touch and heat perception, was 

found to be caused by mutations in a single-exon open reading frame called 

hereditary sensory neuropathy type II (HSN2) (Lafrenière et al., 2004). It was found 

that HSN2 is an exon of WNK1, found between exons 8b and 9, and is expressed in 

a nervous system-specific manner (Shekarabi et al., 2008). This work highlights that 

WNK1 has roles in the central nervous system. 

WNK1 has been shown to regulate Cl- homeostasis in neurons by 

phosphorylation of KCC2, a neural-specific KCC-family protein, through forming a 

physical complex (Friedel et al., 2015, Inoue et al., 2012). The phosphorylation of 

KCC2 is dependent on STK39 and an unidentified kinase (Friedel et al., 2015). In a 

model of neuropathic pain, WNK1 has been shown to be activated leading to the 

phosphorylation of KCC2 (Kahle et al., 2016). Antagonism of gamma-aminobutyric 

acid A receptor (GABAAR) leads to activation of the WNK1/OXSR1 pathway, 

suggesting the pathway may be important for adjusting neuronal ion homeostasis 

(Heubl et al., 2017). 

Further to regulation of KCC2, WNK1 has been shown to regulate proliferation 

and migration in neural progenitors (Sun et al., 2006), suggesting a role for WNK1 

during neuronal development. Work using a glioma cell line showed that 

WNK1/NKCC1 pathway is important for cell migration and for cell volume control 

(Zhu et al., 2014).  

1.3.4 Other Known Functions and Interactors of WNK1 

WNK1 has been shown to regulate TGFb signalling by interacting with mothers 

against decapentaplegic homologue 2 (SMAD2). It was shown that knockdown of 

WNK1 leads to a reduction in the amount of SMAD2 present in the cells through 

reduced expression of SMAD2 mRNA. Additionally, knockdown of WNK1 leads to 

increased levels of phosphorylated SMAD2 in the nucleus, and increased 

transcription of SMAD2 target genes, suggesting that WNK1 negatively regulates 

TGFb signalling. Taken together, these data show that regulation of TGFb signalling 

by WNK1 is multi-faceted as it regulates both levels and activation of SMAD2 (Lee 

et al., 2007). 
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Activation of WNK1 is able to activate ERK5 in a manner that is dependent on 

the MEK5a isoform of MEK5 but not the MEK5b isoform. WNK1 is able to directly 

phosphorylate MAP3K2 and MAP3K3 in vitro, which are upstream of ERK5, but 

kinase function of WNK1 is not required for their association with WNK1. 

Furthermore, phosphorylation by WNK1 doesn’t directly to activate MAP3K2 and 

MAP3K3. However, the kinase function of WNK1 seems to be required for complete 

activation of ERK5 (Xu et al., 2004). This suggests that WNK1 regulates activation 

of ERK5 by at least two pathways, one that is dependent on kinase function of WNK1 

and another that is not. 

WNK1 is emerging as a regulator of autophagy as knockdown of WNK1 leads 

to an increase in the number of LC3 puncta (a marker for autophagosomes), 

suggesting an increase in the number of autophagosomes. WNK1 positively 

regulates autophagy by regulating localisation of UV radiation resistance-associated 

gene (UVRAG), which is a component of class III PI3K that initiates autophagy 

(Gallolu Kankanamalage et al., 2016, Petiot et al., 2000). Additional regulation is 

mediated by the negative regulation of unc-51-like kinase 1 (ULK1), which activates 

the class III PI3K complex (Gallolu Kankanamalage et al., 2016). 

In addition to the previously described role for proliferation in neural 

progenitors, WNK1 has been described to regulate proliferation induced by hypotonic 

challenge in rat vascular smooth muscle cells through regulation of cyclins, although 

the mechanism remains unknown (Zhang et al., 2018b). WNK1 has also been 

implicated in mitosis, since knockdown of when WNK1 in HeLa cells results in a 

defect in cytokinesis (Tu et al., 2011). This work also showed that WNK1, but not 

OXSR1, is localised to the microtubule spindles during mitosis (Tu et al., 2011). 

1.3.5 WNK1 in the Immune System 

Recent work from our laboratory has revealed novel insights into WNK1 biology 

in the immune system. WNK1 was revealed to be a negative regulator of T cell 

adhesion in a screen to discover kinases that regulate T cell adhesion to APCs (Köchl 

et al., 2016). Further work using naïve CD4+ T cells revealed that WNK1 negatively 

regulates T cell adhesion through LFA-1 by negative regulation of GTP-loading of 

RAP1 or positive regulation of GTP hydrolysis in RAP1. Furthermore, naïve CD4+ T 

cells lacking Wnk1 expression also showed defects in both in vitro migration in 
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response to CCL21 and in vivo migration. Thus, WNK1 is a positive regulator of 

chemokine-induced migration in CD4+ T cells. As a result, the ability of WNK1-

deficient CD4+ T cells to home to secondary lymphoid organs was diminished 

compared to control T cells. Further analysis showed that both CCL21 and anti-CD3 

stimulation induced phosphorylation of OXSR1 in a manner that was dependent on 

WNK1 kinase function as well as PI3K and AKT function. Interestingly, the negative 

regulation of adhesion through LFA-1 was not dependent on phosphorylation of 

OXSR1 nor on the expression of Slc12a2. However, WNK1 regulation of migration 

is mediated by phosphorylation of OXSR1 and NKCC1 (Köchl et al., 2016). 

Unpublished work has also shown that WNK1 is required for the development of T 

cells, since a knockout of WNK1 during early thymocyte development leads to a 

block at the double negative 3 stage of development, where cells are undergoing  

b-selection which is analogous to selection at the pre-B cell stage described 

previously (unpublished).  

Taken together, these studies indicate that WNK1 has pleiotropic roles within 

cells. WNK1 is important for regulation of autophagy, migration, ion homeostasis, cell 

volume regulation, control of cell cycle and division, and GABA signalling in neurons. 

WNK1 has also been implicated in different signalling pathways, including OXSR1 

and STK39 activation, ERK5 signalling and regulation of SMAD2 in TGFb signalling 

(Figure 1.6 and Figure 1.7). 
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Figure 1.7 WNK1 Regulates Many Cellular Processes and Signalling Pathways 
WNK1 has been implicated as a regulator in many cellular processes including: ion homeostasis, 
cell volume regulation, GABA signalling in neurons, autophagy, proliferation and cell cycle 
regulation, and migration and adhesion in CD4+ T cells. In addition to the signalling pathway 
involving OXSR1 and STK39, WNK1 has been implicated in ERK5 signalling, and TGFb signalling 
through regulation of SMAD2. 
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1.4 Aims 

The function of WNK1 has been well described in the process of ion 

homeostasis and regulation in both the kidney and the central nervous system. 

However, WNK1 is expressed in many cell types including lymphocytes. Little is 

known about the function of WNK1 in the immune system apart from its role in the 

regulation of naïve CD4+ T cell adhesion and migration. The main aim of this project 

was to extend our knowledge of the role of WNK1 in the immune system by 

investigating its potential function in B cell biology. The project was split into three 

main questions:  

 

1. Does WNK1 regulate B cell adhesion and migration in naïve B cells? 

2. Are B cells able to become activated in the absence of WNK1? 

3. Is Wnk1 expression in B cells required for an antibody response? 

 

In this project, I used inducible deletion of Wnk1 to answer these questions as 

well as a knockout of Slc12a2 to assess the role of NKCC1 in B cell biology. These 

studies revealed that WNK1 regulates multiple aspects of B cell biology, including 

adhesion, migration, survival, development, activation, proliferation, antigen 

presentation to CD4+ T cells and antibody responses to T-dependent antigens.  
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Chapter 2. Materials & Methods 

2.1 Mice 

All mice were kept under specific pathogen-free conditions at either the animal 

facility of the Medical Research Council National Institute for Medical Research 

(NIMR) or the animal facility of The Francis Crick Institute (Crick). All animal 

experimentation was conducted according to the project licence, institutional 

guidelines and UK Home Office regulations. All mice were maintained on the 

C57BL/6JNimr or C57BL/6Jax background, and genotyped using Transnetyx’s 

genotyping service. C57BL/6J mice were used as wildtype (WT) mice. A list of 

genetically modified mouse strains used can be found in Table 1. Mice were culled 

using Schedule 1 (S1K) methods.  

2.1.1 Breeding Strategies 

Since Wnk1 and Rosa26 are 6.8 Mb apart on the same chromosome (Mmu6), 

we deliberately crossed Wnk1fl/+ Rosa26CreERT2/+ mice to C57BL/6J mice to generate 

mice in which a genetic crossover caused the Wnk1fl and Rosa26CreERT2 alleles to 

become linked on the same chromosome. Double heterozygous mice were 

intercrossed to generate Wnk1fl/fl Rosa26CreERT2/CreERT2 homozygous mice. Wnk1fl/fl 

Rosa26CreERT2/CreERT2 mice were bred Wnk1+/- mice so that every offspring was either 

Wnk1fl/+ Rosa26CreERT2/+ or Wnk1fl/- Rosa26CreERT2/+. Wnk1fl/fl Rosa26CreERT2/CreERT2 

mice were bred Wnk1+/D368A mice so that every offspring was either Wnk1fl/+ 

Rosa26CreERT2/+ or Wnk1fl/D368A Rosa26CreERT2/+. Eµ-BCL2L1 mice were bred with 

Wnk1+/- mice to generate Wnk1+/- Eµ-BCL2L1 mice. These mice were bred with 

Wnk1fl/fl Rosa26CreERT2/CreERT2 mice to generate Wnk1fl/+ Rosa26CreERT2/+, Wnk1fl/- 

Rosa26CreERT2/+, Wnk1fl/+ Rosa26CreERT2/+ Eµ-BCL2L1, and Wnk1fl/- Rosa26CreERT2/+ 

Eµ-BCL2L1 offspring. MD4+ Wnk1+/- mice were bred with Wnk1fl/fl 

Rosa26CreERT2/CreERT2 mice to generate MD4+ Wnk1fl/+ Rosa26CreERT2/+ or MD4+ 

Wnk1fl/- Rosa26CreERT2/+ mice. Wnk1fl/fl mice were bred to AicdaCre/AicdaCre
 mice to 

generate mice which are homozygous for both alleles. Wnk1fl/fl AicdaCre/AicdaCre
 mice 

were bred to Wnk1+/- mice to generate Wnk1fl/+ AicdaCre and Wnk1fl/- AicdaCre
 mice. 
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Table 1 List of Genetically Modified Mouse Strains 

Allele 
Common 
Name 

MGI Nomenclature Description Reference 

µMT- Ighmtm1Cgn Neomycin 
resistance gene 
inserted into exon 
encoding 
membrane region 
of the IgM heavy 
chain 

(Kitamura et 
al., 1991) 

AicdaCre Tg(Aicda-cre)9Mbu Random insertion 
of Cre linked by an 
IRES to a truncated 
human CD2 
sequence under 
the control of the 
Aicda promoter 

(Kwon et al., 
2008) 

Eµ-BCL2L1 Tg(Emu-BCL2L1)87Nnz Random insertion 
of human BCL2L1 
under regulatory 
control of the SV40 
promoter and the 
IgH enhancer 

(Grillot et al., 
1996) 

MD4+ Tg(IghelMD4)4Ccg Random insertion 
of transgene 
encoding hen egg 
lysozyme specific 
IgM and IgD 

(Goodnow et 
al., 1988) 

OT-II+ Tg(TcraTcrb)425Cbn Random insertion 
of transgenes 
encoding TCRa 
and TCRb chains 
specific for chicken 
ovalbumin residues 
323-339 in the 
context of MHC 
class II 

(Barnden et 
al., 1998) 

Oxsr1T185A Oxsr1tm1.1Arte Knock-in of allele 
encoding non-
phosphorylatable 
mutant of OXSR1 

(Rafiqi et al., 
2010) 
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Rag1- Rag1tm1Mom Nuclear localisation 
sequence and zinc 
finger motif 
replaced with 
neomycin cassette 

(Mombaerts 
et al., 1992) 

Rosa26CreERT2 
(RCE) 

Gt(ROSA)26Sortm1(cre/ERT2)Thl Sequence 
encoding a fusion 
of Cre recombinase 
and the oestrogen 
receptor ligand 
binding domain 
inserted into the 
Rosa26 locus  

(de Luca et 
al., 2005) 

Slc12a2- Slc12a2tm1Ges Knockout allele by 
insertion of NeoR 
into exon 6 

(Flagella et 
al., 1999) 

Wnk1- Wnk1tm1.1Clhu Null allele (Köchl et al., 
2016) 

Wnk1D368A Wnk1tm1Tyb Knock-in of allele 
encoding kinase-
dead mutant of 
WNK1 

(Köchl et al., 
2016) 

Wnk1fl Wnk1tm1Clhu Exon 2 flanked by 
LoxP sites 

(Xie et al., 
2009) 

 

2.2 In vivo Deletion of Floxed Alleles 

Mice were injected via the intraperitoneal route for 3 consecutive days with 2 

mg tamoxifen (Sigma-Aldrich; Merck KGaA) dissolved in 100 µl corn oil  

(Sigma-Aldrich; Merck KGaA). Unless indicated otherwise, mice were sacrificed 7 

days after initial tamoxifen injection.  

2.3 Bone Marrow and Foetal Liver Chimeras 

Bone marrow was harvested from donor mice and either resuspended in 

ammonium-chloride-potassium (ACK) lysis buffer for two minutes at room 

temperature to lyse erythrocytes or in a mixture of 90% foetal calf serum (FCS, 

Biosera) and 10% dimethyl sulphoxide (DMSO, Sigma-Aldrich; Merck KGaA) for 

freezing using a Mr. FrostyTM Freezing Container (Nalgene; Nalge Nunc International 
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Corporation). Donor foetal livers were harvested from embryos at E14.5-E16.5 and 

resuspended in 90% FCS 10% DMSO for freezing. For mixed chimeras, cells were 

mixed at a 1:4 ratio with cells from µMT mice in order to restrict genomic 

modifications to the B cell lineage. Cells were intravenously injected into  

RAG1-deficient mice that were sublethally irradiated with 1 dose of 5 Gy from a 37Cs 

source. Mice were maintained on 0.02% enrofloxacin (Baytril, Bayer Healthcare) for 

4 weeks and the haematopoietic compartment was left to reconstitute for at least 8 

weeks prior to performance of any further regulated procedures. 

2.4 Preparation of Single Cell Suspensions 

Single cell suspensions of spleen, mesenteric lymph nodes and peripheral 

lymph nodes (axillary, brachial and inguinal) were obtained by pressing the organs 

through a 70 µm cell strainer. Bone marrow single cell suspensions from the tibia 

and femur were generated by flushing the bone marrow out of the bone with a syringe 

filled with Air buffered Iscove’s modified Dulbecco’s medium (AB IMDM) 

supplemented with 5% FCS. Blood was collected by puncturing the heart after culling 

mice. Erythrocytes from spleen and bone marrow were lysed using ACK lysis buffer 

and incubating at room temperature for two minutes. Erythrocytes from blood were 

lysed using ACK lysis buffer and incubating at room temperature for five minutes.  

2.5 Splenic B Cell Isolation 

Splenic single cell suspensions were prepared as described in Section 2.4. 

Splenocytes were incubated with biotinylated antibodies against CD11c, CD11b, 

CD43 and Ly-6G for 20 minutes on ice. The labelled cells were incubated with 1.2 to 

1.4 x 108 streptavidin-Dynabeads (Thermo Fisher Scientific, Inc.) in  

magnetic-activated cell sorting (MACS) buffer for 20 minutes at 4°C. Tubes were 

placed on a magnet and the supernatant containing the negative fraction was 

collected. 
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2.6 RNA Preparation and Quantitative Real Time Polymerase 
Chain Reaction (qPCR) 

All of the following experiments were performed according to the 

manufacturer’s instructions. RNA was extracted from 5x105 purified splenic B cells 

using RNeasy Plus Micro Kit (Qiagen). SuperScriptTMVILOTMcDNA Synthesis Kit 

(Invitrogen; Thermo Fisher Scientific, Inc.) was used to synthesise cDNA from the 

extracted RNA. TaqmanTM Gene Expression Master Mix (Thermo Fisher Scientific, 

Inc.) and TaqmanÒ  Gene Expression Assays (Thermo Fisher Scientific, Inc.) against 

mouse Wnk1 (spanning exons 1 and 2 – Mm01184006_m1, spanning exons 5 and 

6 – Mm01184014_m1) and Hprt (spanning exons 2 and 3 – Mm03024075_m1) were 

used to perform qPCRs in a QuantStudio3 qPCR machine (Thermo Fisher Scientific, 

Inc.). The relative expression of Wnk1 was determined using Microsoft Excel and the 

following equation: 

Relative	Expression = 	
2!(#$	&'('	)*	+($','-$!#$	.)/-'0''1+(&	&'(')

mean	(2!∆#$	4)($,)5	&,)/1)  

2.7 Stimulation of B Cells 

For stimulation with CXCL13, anti-IgM and BAFF, purified splenic B cells were 

rested in AB IMDM supplemented with 5% FCS for 45 minutes or 3 hours at 37°C. If 

0.1% DMSO (Sigma-Aldrich; Merck KGaA), 1 µM PI-103 (BioVision, Inc.), 2 µM 

MK2206 (Cambridge Bioscience) or WNK463 (MedChem Express) at a range of 

concentrations were added, this was done 1 hour prior to stimulation. After resting, 

or purification in the case of B cells stimulated with CD40L and LPS, 2-4x106 cells 

were stimulated with either 1 µg/ml recombinant murine CXCL13 (CXCL13, R&D 

Systems; Biotechne), 10 µg/ml AffiniPure F(ab’)2 fragment goat anti-mouse IgM  

(anti-IgM, Jackson ImmunoResearch Laboratories, Inc.), 200 ng/ml recombinant 

human BAFF (BAFF, PeproTech), 1 µg/ml recombinant murine CD40L (CD40L, R&D 

Systems; Biotechne) or 10 µg/ml LPS from Salmonella minnesota R595 (LPS, Enzo 

Life Sciences, Inc.) for the times indicated. The reaction was stopped using ice cold 

PBS and the cells were pelleted using centrifugation. The pelleted cells were 

resuspended in 1x RIPA buffer in order to lyse the cells. The insoluble fraction of the 

lysate was removed by centrifugation and the soluble fraction was mixed with 5x 
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sodium dodecyl sulphate (SDS) sample buffer. The samples were then frozen and 

stored at -20°C. 

2.8 Immunoblot 

Samples were thawed at room temperature and incubated at 95°C for 5 minutes to 

denature proteins. Samples were loaded onto either a 4-20% TGX gel (BioRad 

Laboratories), a 10% TGX gel (BioRad Laboratories) or a 10% SDS-polyacrylamide 

gel electrophoresis (SDS-PAGE) mini gel. Proteins were separated at 120 V in 1x 

tris-glycine-SDS (TGS) buffer (BioRad Laboratories) for 1 hour and 30 minutes. 

Proteins were transferred onto a methanol-activated polyvinylidene fluoride (PVDF) 

membrane (Merck Millipore) in 3-(cyclohexylamino)-1-propanesulphonic acid 

(CAPS) buffer at 350 mA for 1 hour and 15 minutes or by using the Trans-BlotÒ 

TurboTM Transfer System (Bio-Rad Laboratories) according to the manufacturer’s 

instructions. Membranes were incubated with OdysseyÒ Blocking Buffer (LI-COR 

Biosciences) at room temperature for 1 hour. The membranes were incubated in 

primary antibody diluted in blocking buffer at 4°C overnight. After washing the 

membrane 3 times with PBS + 0.05% Tween-20 (Sigma-Aldrich; Merck KGaA), the 

membranes were incubated with fluorophore-conjugated secondary antibodies at 

room temperature for 1 hour. A list of antibodies used can be found in Table 2 and 

Table 3. The Odyssey CLx (LI-COR Biosciences) was used to image the membranes 

and Image Studio Lite (LI-COR Biosciences) was used to quantify intensities. 

Microsoft Excel was used to determine relative signals by normalising to loading 

controls and then to the sum of the signals across multiple experiments (Degasperi 

et al., 2014).  
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Table 2 List of Primary Antibodies Used for Immunoblot 

Antigen Clonality (clone) Species Supplier Dilution 
a-TUBULIN Monoclonal (TAT-1) Mouse Cell Services 

STP, Crick 
1:15000 

ERK2 Monoclonal (D-2) Rabbit Santa Cruz 
Biotechology, 
Inc. 

1:500 

MYC Monoclonal (Y69) Rabbit Abcam 1:500 
p-AKT (S473) Monoclonal (193H12) Rabbit Cell Signalling 

Technology, 
Inc. 

1:500 

p-PRAS40 
(T246) 

Monoclonal (C77D7) Rabbit Cell Signalling 
Technology, 
Inc. 

1:500 

p-OXSR1 Polyclonal Sheep MRC PPU 
Reagents and 
Services 

1:1000 

 
Table 3 List of Secondary Antibodies Used for Immunoblot 

Antigen Conjugate Species Supplier Dilution 
Biotin Streptavidin 

Alexa Fluor 680 
N/A Invitrogen; 

Thermo Fisher 
Scientific, Inc. 

1:4000 

Mouse IgG IRDye® 800CW Goat LI-COR 
Biosciences 

1:4000 

Rabbit IgG Alexa Fluor 680 Goat Invitrogen; 
Thermo Fisher 
Scientific, Inc. 

1:4000 

Rabbit IgG Alexa Fluor Plus 
800 

Goat Invitrogen; 
Thermo Fisher 
Scientific, Inc. 

1:4000 

Sheep IgG Alexa Fluor 680 Donkey Invitrogen; 
Thermo Fisher 
Scientific, Inc. 

1:4000 
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2.9 Fluorescent Labelling of Cells with Dyes 

Single cell suspensions were incubated with either 5 µM CellTraceTM CFSE 

(CFSE, Thermo Fisher Scientific, Inc.), 5 µM CellTrace Violet (CTV, Thermo Fisher 

Scientific, Inc.), 1 µM CellTrackerTM green CMFDA (CMFDA, Invitrogen; Thermo 

Fisher Scientific, Inc.) or 10 µM cell proliferation dye eFluorTM 450 (eBioscience; 

Thermo Fisher Scientific, Inc.) in PBS at 37°C for 10 minutes, unless stated 

otherwise. Then media supplemented with FCS was added and incubated at 37°C 

for 7 minutes to soak up excess dye. The cells were pelleted by centrifugation and 

resuspended in appropriate media for the experiment.  

2.10 Flow Cytometry  

Single cell suspensions were stained for 20 minutes on ice in PBS containing 

appropriate antibodies, dyes and live/dead dye. Cells were washed and then 

resuspended in FACS buffer. Where required samples were labelled with secondary 

antibodies or streptavidin in PBS after washing out primary antibodies with FACS 

buffer. For intracellular staining, samples were fixed and permeabilised using BD 

Cytofix/Cytoperm (BD Biosciences) according to manufacturer’s instructions. To 

determine cell numbers, either a known number of BD Calibrite APC beads (BD 

Biosciences) were added to each sample or the cells were counted prior to staining 

using CASY cell counter. Cell populations were analysed using a BD Fortessa X20TM 

(BD Biosciences) flow cytometer and using FlowJo (TreeStar) software. A list of 

antibodies and fluorescent probes can be found in Table 4. 

 
Table 4 List of Antibodies, Reagents and Fluorescent Dyes Used for Flow 
Cytometry and Cell Isolation 

Antigen/Dye Clone Isotype Supplier Dilution 
B220 RA3-6B2 Rat IgG2a, 

κ 
BioLegend 1:200 

BAFFR eBio7H22-E16 Rat IgG1, κ eBioscience; 
Thermo Fisher 
Scientific, Inc. 

1:100 

Biotin 
(streptavidin) 

  eBioscience; 
Thermo Fisher 
Scientific, Inc. 

1:200 
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CD2 (mouse) RM2-5 Rat IgG2b, 
l 

eBioscience; 
Thermo Fisher 
Scientific, Inc. 

1:400 

CD2 (human) RPA-2.10 Rat IgG1, κ eBioscience; 
Thermo Fisher 
Scientific, Inc. 

1:200 

CD3e 145-2C11 Armenian 
Hamster 
IgG 

BD Biosciences 1:200 

CD4 RM4-5 Rat IgG2a, 
κ 

BioLegend 1:200 

CD4 GK1.5 Rat IgG2b, 
κ 

eBioscience; 
Thermo Fisher 
Scientific, Inc. 

1:200 

CD11a M17/4 Rat IgG2a, 
κ 

eBioscience; 
Thermo Fisher 
Scientific, Inc. 

1:200 

CD11b M1/70 Rat IgG2b, 
κ 

BioLegend 1:200 

CD11c N418 Armenian 
Hamster 
IgG 

BioLegend 1:200 

CD19 6D5 Rat IgG2a, 
κ 

BioLegend 1:200 

CD19 1D3 Rat IgG2a, 
κ 

BioLegend 1:200 

CD23 B3B4 Rat IgG2a, 
κ 

BioLegend 1:400 

CD40 1C10 Rat IgG2a, 
κ 

eBioscience; 
Thermo Fisher 
Scientific, Inc. 

1:200 

CD43 eBioR2/60 Rat IgM eBioscience; 
Thermo Fisher 
Scientific, Inc. 

1:200 

CD44 1M7 Rat IgG2b, 
κ 

Invitrogen; 
Therrmo Fisher 
Scientific, Inc. 

1:200 

CD45.1 A20 Mouse 
IgG2a, κ 

eBioscience; 
Thermo Fisher 
Scientific, Inc. 

1:200 

CD45.2 104 Mouse 
IgG2a, κ 

eBioscience; 
Thermo Fisher 
Scientific, Inc. 

1:200 
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CD69 H1.2F3 Armenian 
Hamster 
IgG 

BioLegend 1:200 

CD71 R17217 Rat IgG2a, 
κ 

eBioscience; 
Thermo Fisher 
Scientific, Inc. 

1:200 

CD80 16-10A1 Armenian 
Hamster 
IgG2, κ 

BD Biosciences 1:200 

CD86 GL1 Rat IgG2a, 
κ 

eBioscience; 
Thermo Fisher 
Scientific, Inc. 

1:200 

CD93 AA4.1 Rat IgG2b, 
κ 

eBioscience; 
Thermo Fisher 
Scientific, Inc. 

1:100 

CD95 Jo2 Armenian 
Hamster 
IgG2, l2 

BD Biosciences 1:200 

CD138 281-2 Rat IgG2a, 
κ 

BD Biosciences 1:200-300 

CmxROS   Invitrogen; 
Therrmo Fisher 
Scientific, Inc. 

1:50000 
(20nM) 

CXCR5 L138D7 Rat IgG2b, 
κ 

BioLegend 1:200 

Ea52-68 peptide 
bound to 1-Ab 

eBioY-Ae Mouse 
IgG2b 

eBioscience; 
Thermo Fisher 
Scientific, Inc. 

1:200 

GR1 RB6-8C5 Rat IgG2b, 
κ 

BioLegend 1:200 

ICOSL HK5.3 Rat IgG2a, 
κ 

Invitrogen; 
Therrmo Fisher 
Scientific, Inc. 

1:200 

IgD 11-26C Rat IgG2a, 
κ 

eBioscience; 
Therrmo Fisher 
Scientific, Inc. 

1:200-400 

IgG1 X56 Rat IgG1, κ BD Biosciences 1:200-300 
IgG2b Polyclonal Goat IgG Invitrogen; 

Therrmo Fisher 
Scientific, Inc. 

1:500 

IgM RMM-1 Rat IgG2a, 
κ 

BioLegend 1:200 
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IgM F(ab) Polyclonal Goat IgG Jackson 
ImmunoResearch, 
Inc. 

1:300 

Ly77 GL7 Rat IgM eBioscience; 
Thermo Fisher 
Scientific, Inc. 

1:100 

MHC class II 
(I-A/I-E) 

M5/114.15.12 Rat IgG2b, 
κ 

eBioscience; 
Thermo Fisher 
Scientific, Inc. 

1:200 

MitoTracker 
Green 

  Invitrogen; 
Therrmo Fisher 
Scientific, Inc. 

1:50000 
(20nM) 

Mouse IgG2b Polyclonal Goat IgG Invitrogen; 
Therrmo Fisher 
Scientific, Inc. 

1:500 

Near-IR 
fluorescent 
reactive dye 

  Invitrogen; 
Therrmo Fisher 
Scientific, Inc. 

1:500 

NP    LYNX Rapid 
Conjugation Kit, 
Bio-Rad 
Laboratories 

1:400-800 

TCRb H57-597 Armenian 
Hamster 
IgG 

BioLegend 1:200 

Zombie 
AquaTM 

  BioLegend 1:500 

2.11 Transwell Assay 

Transwell 5 µm pore inserts were coated with 0.5 µg/ml ICAM1 (R&D Systems; 

Biotechne) overnight at 4°C. After ICAM coating, they were washed with PBS twice 

and blocked with 2% Bovine serum albumin (BSA, Sigma-Aldrich; Merck KGaA) for 

an hour at room temperature and then washed with PBS twice. CXCL13 was diluted 

to 1 µg/ml in RPMI 1640 media (Sigma-Aldrich; Merck KGaA) supplemented with 

0.5% BSA. Either medium alone or CXCL13 was added to the Transwell plate. The 

Transwell insert was then placed into the Transwell plate and 80,000 isolated splenic 

B cells were added per well. 80,000 splenic B cells were also added to a V-bottom 

96-well plate (Corning, Inc.) to determine input cell number. The Transwell plate was 

placed in an incubator at 37°C for three hours. After removal from the incubator, the 
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insert was removed and 20 µl of 0.5 M ethylenediaminetetraacetic acid (EDTA) was 

added to the wells. The migrated cells were transferred to the V-bottom plate and the 

number of cells migrated and total inputs were determined using flow cytometry. 

2.12 In vitro Migration 

8-well chambered coverglass with non-removable wells (Avantor; VWR) were 

coated with 3 µg/ml ICAM-1 overnight at 4°C and then washed three times with PBS. 

Chambers were blocked with 2% BSA for an hour at room temperature and then 

washed three times. Isolated splenic B cells from each genotype were labelled with 

either CMFDA or CTV and mixed together at a 1:1 ratio. 1.5 x 105 cells were added 

to each chamber and allowed to settle for 20 minutes in heat chamber of Eclipse Ti2 

(Nikon, Inc.) set at 37°C. 10 µg/ml CXCL13 was added to the chamber so that the 

final concentration was 1 µg/ml. Three videos consisting of 60 frames at a rate of 3 

frames/min were generated using Eclipse Ti2 and µManager (https://micro-

manager.org) per chamber. Videos were analysed using the TrackMate (Tinevez et 

al., 2017) plugin in FIJI (Schindelin et al., 2012). Values were filtered for cells that 

appeared in all frames and had a displacement ³ 5 µm. 

2.13 Intravital Microscopy 

This work was carried out by Sujana Sivapatham. B cells were isolated by using 

mouse B cell isolation kit (STEMCELL Technologies) according to the 

manufacturer’s protocol. B cells from each genotype were labelled either with 5 µM 

CMTMR or 20 µM CMAC for 20 min at 37°C, 5% CO2. and mixed at a 1:1 ratio. The 

mixture was transferred intravenously into sex-matched C57BL/6J mice. 24 hours 

after transfer, the popliteal LN of recipient mice was surgically exposed for  

two-photon microscopy as in (Moalli et al., 2014). Immediately prior to imaging, HEVs 

were labelled by intravenous injection of Alexa Fluor 633-conjugated  

MECA-79. Two-photon microscopy imaging was performed by using a Trimscope 

system equipped with an Olympus BX50WI fluorescence microscope and an 20X 

(NA 0.95, Olympus) or 25X objective (NA 1.10, Nikon), which was controlled by the 

ImSpector software (LaVision Biotec). A MaiTai Ti: sapphire laser (Spectraphysics) 

was tuned to 780 nm for excitation of the fluorophores. To perform four – dimensional 
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analysis of cell behaviour, a 250 x 250 µm field of view with z-steps of 4 µm spacing 

was recorded every 20 s for 20 - 30 min. Vivofollow software allowed a continuous 

drift offset correction in real time using fine pattern matching during two-photon 

microscopy imaging (Vladymyrov et al., 2016). The cell migration analysis was 

performed by using Imaris 9.1.2 software (Bitplane). Median speeds, meandering 

index and turning angles (defined as the angle between the two velocity vectors 

before and after a measurement time point) were calculated from the (x,y,z) 

coordinates of the transferred B cell centroids. The arrest coefficient was calculated 

as the percentage per track a cell moved slower than 4 μm/min by using a custom 

script for Matlab (MathWorks) (Moalli et al., 2014). The motility coefficient was 

calculated from slope of displacement against time1/2. 

2.14 Soluble ICAM1 and VCAM1 Complex Binding Assay 

Either recombinant murine ICAM1-Fc fusion protein (R&D Systems; Biotechne) 

or recombinant murine VCAM1-Fc fusion protein (R&D Systems; Biotechne) were 

mixed with allophycocyanin-AffiniPure goat anti-human IgG (Jackson 

ImmunoResearch Laboratories, Inc.) in Hank’s Balanced Salt Solution (HBSS) 

supplemented with 0.5% BSA to generate complexes of either ICAM1 or VCAM1 

(scICAM1 or scVCAM1). Single cell suspensions of splenocytes were incubated at 

37°C for 3 hours in AB IMDM supplemented with 5% FCS. The stimuli were diluted 

in HBSS + 0.5% BSA so that the final concentrations were: 10 µg/ml anti-IgM,  

1 µg/ml CXCL13, and 2.5 mM MnCl2 (Sigma-Aldrich; Merck KGaA). The rested 

splenocytes were mixed with either scICAM1 or scVCAM1. The mixture of cells and 

soluble complexes were stimulated at 37°C with each of the stimuli for the indicated 

time and then fixed with 4% PFA (Alfa Aesar; Thermo Fisher Scientific, Inc.) in PBS. 

The fixed samples were analysed using flow cytometry. 

 

2.15 In vivo Homing Assay 

Splenocytes from each genotype were labelled with either CFSE or CTV. The 

differently dyed splenocytes were then mixed at a 1:1 ratio and injected intravenously 

into C57BL/6J mice. The mice were sacrificed at the indicated time points and blood, 

lymph nodes and spleens were harvested. Single cell suspensions were prepared 
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and flow cytometry was used to determine the ratio of B cells in each organ of each 

genotype. 

2.16 Cell Culture 

Single cell suspensions of purified splenic B cells were prepared and cultured 

in DMEM+ medium at 37°C for the times indicated. 

2.16.1 Survival and Activation Assay 

Isolated splenic B cells were cultured in flat bottom 48-well plates (Corning, 

Inc.) at 106 cells/well. Cells were stimulated with either 200 ng/ml BAFF, 10 µg/ml 

anti-IgM, 1 µg/ml CD40L, 1 µg/ml CD40L and 100 ng/ml recombinant murine IL-4 

(IL-4, Peprotech), 10 µg/ml LPS, 6 µg/ml class B CpG oligonucleotide – murine TLR9 

ligand (ODN1826, InvivoGen), or  50 ng/ml phorbol-12-myristate-13-acetate (PMA, 

Sigma-Aldrich; Merck KGaA) and 500 ng/ml ionomycin (Sigma-Aldrich; Merck KGaA) 

at 37°C for 72 hours. The cells were then removed from the 48-well plate and 

transferred to a V-bottom 96-well plate, where the cells were subjected to 

centrifugation and the supernatants removed and stored at -80°C for further 

processing. The number of live cells in the culture was determined using flow 

cytometry and the HTS function on the cytometers to analyse the same proportion 

of each sample.  

2.16.2 Proliferation Assay 

Isolated splenic B cells were first labelled with cell proliferation dye eFluorTM 

450 prior to preparation as in Section 0. If required, cells were incubated with either 

DMSO, 5 µM WNK463 or 10 µM bumetanide for 1 hour at 37°C. Then 0.5-1 x 106 

cells/well were cultured in flat bottom 48-well plates at 37°C and the indicated stimuli 

were added. After 72 hours, the cells were removed from culture and the proliferation 

was assessed by the dilution of cell proliferation dye eFluorTM 450 as measured using 

flow cytometry.  
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2.16.3 Cell Surface Activation Marker Upregulation Assay 

0.5-1 x 106 isolated splenic B cells per well were cultured in flat bottom  

48-well plates and cells were stimulated with either anti-IgM or CD40L. The cells 

were incubated at 37°C for the indicated times, after which the cells were removed 

from culture. Flow cytometry was used to determine the levels of surface expression 

of indicated activation markers.  

2.16.4 OT-II Antigen Presentation Assay 

Splenic B cells were isolated using magnetic negative depletion with 

Phycoerythrin (PE)-conjugated antibodies against CD11b, CD11c, CD43 and Gr1 

and anti-PE microbeads (Miltenyi Biotec) in line with the manufacturer’s instructions. 

Naïve splenic and lymph node CD4+ T cells from OT-II bone marrow chimeras were 

isolated using PE-conjugated antibodies against B220, CD8, CD11b, CD11c, CD25 

and CD44. Biotin-SP AffiniPure F(ab’)2 fragment goat anti-mouse IgM (biotinylated 

anti-IgM, Jackson ImmunoResearch Laboratories, Inc.) was added to the B cells at 

a concentration of 2.5 mg/ml followed by ovalbumin (OVA) antigen delivery reagent 

(Miltenyi Biotec) according to manufacturer’s instructions. T cells were labelled with 

CTV. Co-cultures of 2 x 105 B cells and 105 OT-II CD4+ T cells were set up in 96-well 

U-bottom plates and incubated at 37°C for 72 hours. Flow cytometry was used to 

determine T cell proliferation by CTV dilution. 

2.16.5 Ea Peptide Antigen Presentation Assay 

0.2 µm Dragon Green streptavidin microspheres (Bangs Laboratories, 10 

mg/ml) were washed twice with FACS buffer. Washed microspheres were incubated 

at 37°C for 1 hour with biotinylated anti-IgM at a final concentration of 1.38 µg/109 

microspheres, and biotin-Ea peptide (Biotin-GSGFAKFASFEAQGALANIAVDKA-COOH, 

Crick Peptide Chemistry STP) at a range of concentrations: 2.76 µg/109 

microspheres (high), 1.38 µg/109 microspheres (medium), 0.08 µg/109 microspheres 

(low) and No Ea. Conjugated microspheres were washed twice with FACS buffer 

before resuspending in DMEM+ at a bead concentration of 40 µg/ml. 1.3 x 106 

isolated splenic B cells were incubated with 4 µg conjugated microspheres for 30 

minutes at 37°C. After washing with DMEM+ approximately 0.2 x 106 cells were 
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incubated at 37°C in a U-bottom 96-well plate in duplicate: one for measurement of 

Ea, one for measurement of total MHC class II. After indicated time points, cells were 

fixed with 4% formaldehyde (Thermo Fisher Scientific, Inc.) for 40 minutes at room 

temperature. Ea on MHC class II and total MHC class II was determined using flow 

cytometry. 

2.17 Luminex Cytokine Assay 

Supernatants from activation assay from Section 2.16.1 were stored at -80°C 

until measurement. Procartaplex 4 Plex (Thermo Fisher Scientific, Inc.) was used to 

measure IL-6, IL-10, TNF-a and VEGF-A using Luminex based technology according 

to the manufacturer’s instructions on Bio-Plex 200 (Bio-Rad Laboratories).  

2.18 Antigen Internalisation Assay 

Goat F(ab’)2 anti-mouse Igk (Southern Biotech) was biotinylated with 20-fold 

molar excess of NHS-LC-LC-biotin (Thermo Fisher Scientific, Inc.) and labelled with 

Cy3 monoreactive dye pack (GE Healthcare) in sodium carbonate buffer (biotinylated 

anti-k-Cy3). Excess dye was removed using Zeba 7K MWCO desalting columns 

(Thermo Fisher Scientific, Inc.). Single cell suspensions of splenocytes were 

incubated with biotinylated anti-k-Cy3 for 30 minutes on ice. Samples were split into 

four and incubated at 37°C for the times indicated before fixation with 2% PFA on ice 

for 20 minutes. Cells were stained with fluorescently-labelled streptavidin to label 

antigen on the surface. Flow cytometry was used to determine the internalisation of 

antigen in B cells at time x using the following equation: 

=
gMFI(Streptavidin	at	0	minutes) − gMFI(Streptavidin	at	x	minutes)

gMFI(Streptavidin	at	0	minutes) ∗ 100 

2.19 Antigen Degradation Assay 

Isolated splenic B cells were stimulated with biotinylated anti-IgM as in Section 

2.7 for the times indicated. SDS-PAGE and transfer to a PVDF membrane was 

carried out as in Section 2.8. Membranes were probed with Streptavidin Alexa Fluor 

680 conjugate (Thermo Fisher Scientific, Inc.) to detect biotinylated IgH and IgL from 

F(ab’)2 fragment. 
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2.20 Immunisation with NP-CGG 

Mice were injected via the intraperitoneal route with 50 µg of either  

4-hydroxy-3-nitrophenylacetyl (NP) – chicken gamma globulin (CGG) (BioSearch 

Technologies) or CGG (BioSearch Technologies) in 25% Alum (Thermo Fisher 

Scientific, Inc.) in PBS. The immune response was assessed by either withdrawing 

blood from superficial veins of the mouse tail or the mice were sacrificed at the 

required time points and spleens were used for further analysis. 

2.21 Transfer of Antigen-Specific B Cells and Immunisation with 
HEL-SRBCs 

Donor cells were isolated from spleens and labelled with CMFDA (Thermo 

Scientific) and then 106 cells were injected intravenously into B6.SJL mice. Hen egg 

lysozyme (HEL) was conjugated to sheep red blood cells (SRBCs, Patricell Ltd.; TCS 

Biosciences Ltd) using 521.6 mM N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 

(EDCI, Sigma-Aldrich; Merck KGaA) in conjugation buffer at 4°C for 30 minutes. Mice 

were injected with either 2 µg of HEL conjugated to 109 SRBCs in PBS or just 109 

SRBCs alone in PBS. Mice were sacrificed at the indicated times.  

2.22 ELISAs 

2.22.1 Harvesting Serum 

Blood harvested from the superficial tail vein was left to clot for at least 30 

minutes before centrifugation at 17000 g for 10 minutes at room temperature. The 

supernatant was transferred to a new tube and centrifuged again at 17000 g for 10 

minutes. Finally, the new supernatant was transferred to a new tube and stored at  

-80°C until the enzyme-linked immunosorbent assay (ELISA) was performed. 

2.22.2 NP ELISA 

96-well Maxisorp Immunoplates (Nalge Nunc International Corporation) were 

coated with 5 µg/ml NP20-BSA (Santa Cruz Biotechnology, Inc.) overnight at 4°C and 

then washed five times with PBS + 0.01% Tween-20. Plates were blocked with 3% 

BSA in PBS for 2 hours at room temperature and washed twice. Serum was diluted 
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1:100 for IgM ELISA and 1:1000 for IgG1 ELISA before a serial 1:2 dilution was 

performed. Diluted sera was added to the coated plates and incubated overnight at 

4°C, followed by washing three times. 1.6 µg/ml goat anti-mouse IgM biotin 

conjugated (CALTAG laboratories; Thermo Fisher Scientific, Inc.) and 4 µg/ml  

biotin-XX goat anti-mouse IgG1 (Invitrogen; Therrmo Fisher Scientific, Inc.) were 

added to their respective plates and incubated at room temperature for 2 hours. After 

washing three times, plates were incubated 1 µg/ml peroxidase labelled streptavidin 

(Vector Laboratories) for 2 hours at room temperature. Plates were washed five 

times before incubation with 1x TMB ELISA substrate solution (eBioscience; Thermo 

Fisher Scientific, Inc.) and the reaction was stopped with 2N H2SO4. Signals were 

quantified using absorption at 450 nm measurement wavelength on SpectraMax 190 

(Molecular Devices LLC.). Data was analysed on Microsoft Excel and GraphPad 

Prism 8 (GraphPad). Only values in the linear portion of the response curve were 

used to calculate arbitrary values (a.u.) for serum concentrations of NP-specific 

antibodies.  

2.22.3 BAFF ELISA 

Serum concentration of BAFF was determined using Mouse BAFF ELISA Kit 

(Abcam) and was carried out according to manufacturer’s specification. Serum was 

diluted 1:100. Signals were quantified using absorption at 450 nm measurement 

wavelength on SpectraMax 190. A standard curve was used to determine 

concentration of BAFF in the serum. Data was analysed on Microsoft Excel and 

GraphPad Prism 8. 

2.23 Statistical Analysis 

A Mann-Whitney U-test or a two-way ANOVA were used to determine statistical 

significance of differences between groups using GraphPad Prism 8. Mann-Whitney 

U-tests were used compare between different genotypes or conditions, where data 

had low n values that normality could not be determined or data was shown to not 

be normally distributed (calculated in GraphPad Prism 8). Two-way ANOVAs were 

used to compare different conditions over time to determine if there was an effect of 

genotype over time. Differences with p < 0.05 were considered significant.  
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2.24 Solutions, Buffers and Media 

Table 5 List of Solutions, Media and Buffers Used 

Solution Composition 
AB IMDM 35.9 mM NaCl, 179 mM Penicillin, 171.9 mM 

Streptomycin, IMDM powder in dH2O, adjusted to pH 
7.2, sterilised by membrane filtration 

ACK lysis buffer 155 mM NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA 
CAPS buffer 3.78 mM CAPS (3-[cyclohexylamino]-1-

propanesulphonic acid) in dH2O, pH 11.0 
Conjugation buffer PBS, 0.35 M mannitol, 0.01 M NaCl 
DMEM+ DMEM (Gibco; Thermo Fisher Scientific, Inc.), 100 

µM non-essential amino acids (Gibco; Thermo Fisher 
Scientific, Inc.), 20 mM HEPES buffer (Gibco; 
Thermo Fisher Scientific, Inc.), 10% FCS, 100 U/ml 
Penicillin (Sigma-Aldrich; Merck KGaA), 100 µg/ml 
Streptomycin (Sigma-Aldrich; Merck KGaA), 2 mM L-
Glutamine (Sigma-Aldrich; Merck KGaA) and 100 µM 
2-mercaptoethanol (Sigma-Aldrich; Merck KGaA). 

FACS buffer PBS, 0.1% NaN3, 0.5% BSA 
MACS buffer PBS, 2 mM EDTA, 0.5% BSA 
PBS 137 mM NaCl, 2.68 mM KCL, 8.10 mM Na2HPO4, 

1.47 mM KH2PO4 in dH2O 
RIPA lysis buffer 50 mM Tris, 150mM NaCl, 50mM NaF, 5mM 

dithiothreitol (DTT), 2mM EDTA, 2mM Na4P2O7, 1mM 
Na3VO4, 1% Triton X100, 0.5% deoxycholate, 0.1% 
SDS, 1mM PMSF 1x cOmplete EDTA-free protease 
inhibitor cocktail (Roche), 1x PhoStop (Roche) 

SDS sample buffer 0.2 M Tris-HCl, 3% SDS, 10% glycerol, 3% 2-
mercaptoethanol, 0.25% bromophenol blue, pH 6.8 

Sodium carbonate buffer 15 mM Na2CO3, 85 mM NaHCO3, pH 9.3 
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Chapter 3. Characterising WNK1 Function in Naïve B 
Cells 

Previous work from our laboratory described the function of WNK1 in naïve CD4+ 

T cells, where it was shown to be a negative regulator of adhesion to ICAM-1 and a 

positive regulator of migration in vitro and in vivo (Köchl et al., 2016). No other 

published work has focussed on WNK1 in the immune system. To expand on this 

knowledge, I decided to examine the function of WNK1 in B cells. Initially, I 

investigated whether WNK1 is an active kinase in naïve B cells and if so, what cellular 

processes it regulates. In order to do this, I used mouse genetics as well as inhibitors 

of WNK1 and B cell signalling mediators.  

3.1 Wnk1 is Expressed in B cell Subsets 

To first identify whether Wnk1 is expressed in B cells, I used RNASeq data 

generated by Tiago Brazão from B cell subsets from C57BL/6J (WT) mice that were 

isolated by fluorescence-activated cell sorting (FACS) (Brazao et al., 2016). The 

RNASeq data was analysed by Richard Mitter, such that transcript abundance was 

measured in transcripts per million (TPM). Of interest were the WNK-family members 

(Wnk1, Wnk2, Wnk3 and Wnk4), targets of WNK1 (Oxsr1 and Stk39) and members 

of the solute carrier family 12 (SLC12A) family of ion cotransporters (Slc12a1, 

Slc12a2, Slc12a3, Slc12a4, Slc12a5, Slc12a6 and Slc12a7). Figure 3.1 shows that 

Wnk1 was the only WNK-family member expressed across all the B cell subsets 

investigated (Figure 3.1A, B, C and D). In addition, Oxsr1 was expressed in all B cell 

subsets, whereas Stk39 was expressed in B cell populations in the bone marrow but 

not in B cell subsets in secondary lymphoid organs. This expression of Stk39 was 

much lower than that of Oxsr1 (Figure 3.1E and F). As with the WNK-family 

members, not all of the SLC12A family members were expressed in B cell subsets. 

Slc12a1 and Slc12a5 were not expressed in any B cell subsets tested (Figure 3.1G 

and K) and Slc12a3 was only expressed in pro-B and pre-B cells but not in other B 

cell populations (Figure 3.1I). Slc12a2, Slc12a4 and Slc12a7 were expressed across 

B cell development and in mature B cell populations to a moderate level, with the 

exception of Slc12a7 that had no expression in B1a cells (Figure 3.1H, J and M). Of 

all the members of the SLC12A family, Slc12a6 was the most highly expressed with 
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TPM values approximately 10 times more than the other family members (Figure 

3.1L).  

In summary, Wnk1 and the downstream effectors Oxsr1, Slc12a2, Slc12a4, 

Slc12a6 and Slc12a7 are expressed in all B cell subsets, including mature naïve B 

cell subsets in the spleen. 
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Figure 3.1 Expression of WNK1 and related genes 
Bar graphs showing mean ± S.E.M. expression of genes Wnk1 (A), Wnk2 (B), Wnk3 (C), Wnk4 
(D), Oxsr1 (E), Stk39 (F), Slc12a1 (G), Slc12a2 (H), Slc12a3 (I), Slc12a4 (J), Slc12a5 (K), 
Slc12a6 (L), Slc12a7 (M) in different B cell populations. Pro-B, Pre-B, immature and mature B 
cells were sorted using FACS from bone marrow, marginal zone, follicular and germinal centre B 
cells from spleen, and B1a cells from the peritoneal cavity. Expression is measured as transcripts 
per million (TPM) (n=5), (Brazao et al., 2016). 
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3.2 Analysis of WNK1 Activity in Naïve B Cells Downstream of 
CXCR5 and BCR 

3.2.1 OXSR1 is Phosphorylated in WT B Cells Upon Stimulation Through the 
BCR and CXCR5 

WNK1 is activated downstream of CCR7 and the TCR leading to 

phosphorylation of OXSR1 (Köchl et al., 2016). Thus, I investigated whether OXSR1 

is phosphorylated upon stimulation of CXCR5 and the BCR. I purified B cells from 

spleens of WT mice by negative depletion. Representative flow cytometry plots of B 

cells purified in this manner can be seen in Figure 3.2A, showing that the purity of 

the isolated B cells was high (>90%). The isolated B cells were stimulated with either 

anti-IgM or CXCL13 and then lysed to measure relative OXSR1 phosphorylation by 

immunoblot. Both anti-IgM and CXCL13 induced phosphorylation of OXSR1 (Figure 

3.2B and C) with CXCL13 being a more potent inducer of OXSR1 phosphorylation 

(~2.5-fold vs ~1.5-fold). Furthermore, the dynamics of OXSR1 phosphorylation 

differed between the stimuli, with peak of phosphorylation occurring 10 minutes after 

anti-IgM stimulation and 1-2 minutes following CXCL13 stimulation.  
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Figure 3.2 OXSR1 is phosphorylated downstream of BCR and CXCR5 
(A) Representative flow cytometry plots showing purity of B cells after negative depletion from 
the spleen. Lymphocytes are gated based on forward and side scatter then dead cells are 
excluded based on low fluorescence of live-dead dye. B cells are identified by gating on B220+ 
TCRb- cells. (B) Representative immunoblot of WT B cells stimulated with anti-IgM F(ab)2 for the 
times shown and blotted with antibodies against p-OXSR1 and a-TUBULIN. Below is a bar graph 
showing the mean ± S.E.M. relative signal of p-OXSR1 at the different time points normalised to 
a-TUBULIN (n=8). (C) Representative immunoblot of WT B cells stimulated with recombinant 
murine CXCL13 for the times shown and blotted with antibodies against p-OXSR1 and  
a-TUBULIN. Below is a bar graph showing the mean ± S.E.M. relative signal of p-OXSR1 at the 
different time points normalised to a-TUBULIN (n=4). Statistical analysis was carried out using a 
Mann-Whitney U-test; * p<0.05, ** p<0.01. 
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3.2.2 Generation of WNK1 Knockout B Cells 

Having established that OXSR1 was phosphorylated following BCR and 

CXCR5 stimulation, I tested whether this is dependent on WNK1. Since the 

constitutive knockout of Wnk1 is embryonic lethal, a conditional knockout approach 

is required. To do this, I utilised the tamoxifen-inducible Cre-LoxP system. The DNA 

recombinase Cre is fused to a mutated oestrogen receptor that no longer binds 

oestrogen but retains the ability to bind tamoxifen. Heat shock protein 90 binds to the 

fusion protein causing retention in the cytoplasm. Upon addition of tamoxifen, heat 

shock protein 90 is released from the fusion protein allowing translocation of the 

fusion protein to the nucleus, where it can excise “floxed” regions of DNA. A 

schematic of the floxed Wnk1 allele can be seen in Figure 3.3A (Xie et al., 2009). 

Exon 2 encodes a portion of the kinase domain and its deletion leads to a frameshift 

from 0 to 2, generating a premature stop codon. To restrict the deletion of Wnk1 to 

haematopoietic cells, I generated bone marrow chimeras. Sub-lethally irradiated 

Rag1-/- mice were reconstituted with bone marrow from either Wnk1fl/+ Rosa26CreERT2 

or Wnk1fl/- Rosa26CreERT2 mice. Henceforth, these chimeric mice are referred to as 

Wnk1fl/+ RCE and Wnk1fl/- RCE mice respectively. After reconstitution of the 

haematopoietic system, the chimeras were injected with tamoxifen on 3 consecutive 

days via the intraperitoneal route. Seven days after initial injection, the mice were 

culled and organs were harvested for analysis.  

To check the efficiency of deletion of exon 2 of Wnk1, I isolated B cells from 

spleens from either Wnk1fl/+ RCE or Wnk1fl/- RCE mice that had been treated with 

tamoxifen. RNA was extracted from these cells and cDNA was made using a reverse 

transcription reaction. The cDNA was then used in a qPCR reaction to determine 

relative expression of the junctions between exon 1 and 2, and exon 5 and 6 of Wnk1 

compared to the expression of Hprt. There was efficient deletion of exon 2 of Wnk1 

in Wnk1fl/- RCE mice as there was approximately 4% expression when compared to 

the control Wnk1fl/+ RCE mice (Figure 3.3B). However, there was not complete loss 

of Wnk1 transcripts as there was approximately 55% expression of exons 5 and 6 of 

Wnk1 (Figure 3.3C). I was unable to test loss of WNK1 protein as all WNK1 

antibodies available for immunoblot were not able to show a clear signal of WNK1 in 

lymphocytes from WT mice (testing carried out by Robert Köchl, Lesley Vanes and 
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Harald Hartweger). Thus, this shows that tamoxifen treatment of Wnk1fl/- RCE mice 

gives rise to B cells with little or no expression of WT Wnk1 mRNA. 

 

 

 
Figure 3.3 Deletion of Exon 2 of Wnk1 in B Cells 
(A) Schematic of floxed Wnk1 allele showing LoxP sites either side of exon 2 of Wnk1. (B) Bar 
graph displaying the mean ± S.E.M. relative expression of the junction between exon 1 and exon 
2 of Wnk1 mRNA in B cells normalised to levels of Hprt mRNA (n=6). (C) Bar graph displaying 
the mean ± S.E.M. relative expression of the junction between exon 5 and exon 6 of Wnk1 mRNA 
in B cells normalised to levels of Hprt mRNA (n=6). Statistical analysis was carried out using a 
Mann-Whitney U-test; * p<0.05, ** p<0.01. 
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3.2.3 Generation of B cells expressing Kinase-Dead Wnk1 Allele 

To assess the role of the kinase function of Wnk1, I also generated B cells 

that carry a Wnk1 allele with a kinase inactivating mutation (D368A) (Köchl et al., 

2016). Wnk1fl/+ Rosa26CreERT2 and Wnk1fl/D368A Rosa26CreERT2 mice were then used 

as donors for bone marrow chimeras which are referred from now on as Wnk1fl/+ 

RCE and Wnk1fl/D368A RCE mice. The chimeras were injected with tamoxifen as 

before to induce excision of exon 2 in the floxed allele, resulting in the expression of 

a wild-type or a kinase-dead allele. Seven days after initial tamoxifen injection the 

mice were culled and organs were harvested. 

3.2.4 Phosphorylation of OSXR1 in B Cells is Dependent on WNK1 and its 
Kinase Activity 

To determine whether the phosphorylation of OXSR1 in B cells downstream 

of the BCR and CXCR5 is dependent on WNK1, I performed immunoblots as before 

with B cells from Wnk1fl/+ RCE and Wnk1fl/- RCE mice stimulated with anti-IgM or 

CXCL13. Figure 3.4A and B show that OXSR1 phosphorylation was dependent on 

WNK1 as the relative phosphorylation was strongly decreased in Wnk1fl/- RCE B cells 

compared to control B cells and did not increase upon stimulation.  

To assess whether the kinase activity of WNK1 is required for the 

phosphorylation of OXSR1, I immunoblotted Wnk1fl/+ RCE and Wnk1fl/D368A RCE B 

cells after anti-IgM or CXCL13 stimulation. Figure 3.4 C and D show that the 

phosphorylation of OXSR1 was lower in Wnk1fl/D368A RCE B cells compared to the 

control B cells and again did not increase after stimulation. 

In addition to these genetic approaches, I also used an inhibitor of WNK family 

kinases called WNK463 (Yamada et al., 2016). Due to their unique kinase domains, 

the WNK463 inhibitor has a high specificity for WNK family members. Based on an 

in vitro kinase activity screen carried out on 140 kinases by the Medical Research 

Council Protein Phosphorylation and Ubiquitylation Unit (MRC PPU, 

http://www.kinase-screen.mrc.ac.uk/kinase-inhibitors), the only 2 kinases whose 

activity was inhibited more than 50% by WNK463, were WNK1 and dual specificity 

tyrosine-phosphorylation-regulated kinase 2 (DYRK2), with the inhibition of WNK1 

being >90% (Figure 3.5A). Thus, WNK463 appears to be very selective with limited 

off target activity.  
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I tested the ability of WNK463 to inhibit the phosphorylation of OXSR1 

induced by CXCL13 stimulation at different concentrations. Figure 3.5B shows that 

WNK463 blocked the phosphorylation of OXSR1 at a range of concentrations  

(1-10µM). Treatment of B cells with WNK463 at 5µM blocked phosphorylation of 

OXSR1 after stimulation with both anti-IgM (Figure 3.5C) and CXCL13 (Figure 3.5D), 

consistent with the results in B cells deficient in WNK1 or expressing a kinase inactive 

WNK1. 

Together these data show that WNK1 and WNK1 kinase function is required 

in B cells to induce phosphorylation of OXSR1 downstream of BCR or CXCR5 

stimulation. 
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Figure 3.4 Phosphorylation of OXSR1 is Dependent on WNK1 and its Kinase 
Activity 
(A, B) Representative immunoblots of B cells from Wnk1fl/+ RCE and Wnk1fl/- RCE mice stimulated 
with anti-IgM F(ab)2 (A) or recombinant murine CXCL13 (B) for the times shown and blotted with 
antibodies against p-OXSR1 and a-TUBULIN. Below is a bar graph showing the mean ± S.E.M. 
relative signal of p-OXSR1 normalised to a-TUBULIN at the different time points (n=4 or 5 for 
anti-IgM or CXCL13 respectively). (C, D) Representative immunoblots of B cells from Wnk1fl/+ 
RCE and Wnk1fl/D368A RCE mice stimulated with anti-IgM F(ab)2 (C) or recombinant murine 
CXCL13 (D) for the times shown and blotted with antibodies against p-OXSR1 and a-TUBULIN. 
Below is a bar graph showing the mean ± S.E.M. relative signal of p-OXSR1 normalised to  
a-TUBULIN at the different time points (n=5). Statistical analysis was carried out using a Mann-
Whitney U-test; * p<0.05, ** p<0.01. 
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Figure 3.5 Phosphorylation of OXSR1 is inhibited by WNK463 
(A) Bar graph showing the mean ± S.D. kinase activity of kinases incubated with 1µM WNK463 
in an in vitro screen carried out by the MRC PPU on 140 kinases (http://www.kinase-
screen.mrc.ac.uk/kinase-inhibitors). Only kinases with the highest and lowest activities (10 of 
each) are displayed. Highlighted in red are kinases whose activity was inhibited by more than 
50%. (B) Immunoblot of WT B cells incubated with different concentrations of WNK463 and then 
stimulated with recombinant murine CXCL13 for 2 minutes and blotted with antibodies against  
p-OXSR1 and a-TUBULIN. Below is a bar graph showing the relative signal of p-OXSR1 
normalised to a-TUBULIN for each sample (n=1). (C) Representative immunoblot of WT B cells 
incubated with 5µM WNK463 or vehicle alone (DMSO) and then stimulated with anti-IgM F(ab)2 
for 10 minutes and blotted with antibodies against p-OXSR1 and a-TUBULIN (n=7). Quantification 
of anti-IgM stimulated samples was not possible due to low signal and white background leading 
to negative values. (D) Representative immunoblot of WT B cells incubated with 5µM WNK463 
or vehicle alone (DMSO) and then stimulated with recombinant murine CXCL13 for 2 minutes 
and blotted with antibodies against p-OXSR1 and a-TUBULIN. Below is a bar graph showing 
mean ± S.E.M. relative signal of p-OXSR1 normalised to a-TUBULIN at the different times (n=7). 
Statistical analysis was carried out using a Mann-Whitney U-test; *** p<0.001. 
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3.2.5 Phosphorylation of OXSR1 is Dependent on PI3K and AKT Activity 

Previous work from our laboratory showed that WNK1 activity is regulated by 

PI3K and AKT downstream of the TCR and CCR7 (Köchl et al., 2016). To test 

whether this is the case in B cells after being stimulated through the BCR and 

CXCR5, I stimulated splenic B cells purified from WT mice with anti-IgM or CXCL13 

in the presence of either a PI3K inhibitor (PI-103) or an AKT inhibitor (MK2206). 

When B cells are stimulated with CXCL13 in the presence of either PI-103 or 

MK2206, there was a block in the phosphorylation of OXSR1 (Figure 3.6A). 

However, this block in phosphorylation was not as clear when the B cells are 

stimulated with anti-IgM. There is a significant decrease in OXSR1 phosphorylation 

when anti-IgM stimulated cells are incubated with PI-103 and a trend for a decrease 

when they are incubated with MK2206 (Figure 3.6B). The inhibitors of PI3K and AKT 

were shown to be working by the decrease in phosphorylation of AKT and proline-

rich AKT substrate of 40 kDa (PRAS40) (Figure 3.6A and B). 

These data show that in B cells the WNK1-dependent phosphorylation of 

OXSR1 is also dependent kinase activity of PI3K and AKT, suggesting that PI3K and 

AKT are intermediate regulators of OXSR1 phosphorylation connecting the BCR or 

CXCR5 signalling to WNK1. 

In summary, I have shown that WNK1 is an active kinase in B cells and that I 

can efficiently disrupt Wnk1 to assess its function in B cell biology. Upon stimulation 

through either the BCR or CXCR5, OXSR1 is phosphorylated, and this is dependent 

on WNK1 and its kinase activity. In addition, this phosphorylation event is dependent 

on kinase function of PI3K and AKT.  
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Figure 3.6 OXSR1 Phosphorylation is Regulated by PI3K and AKT 
 (A) Representative immunoblot of WT B cells incubated with either 1µM PI-103 or 2µM MK2206 
or vehicle alone (DMSO) and then stimulated with recombinant murine CXCL13 for 2 minutes 
and blotted with antibodies against p-OXSR1, p-AKT, p-PRAS40 and ERK2. Below are bar 
graphs showing mean ± S.E.M. relative signal of p-OXSR1, pAKT and pPRAS40 (all normalised 
to ERK2) from cells incubated with the different inhibitors (n=4). (B) Representative immunoblot 
of WT B cells incubated with either 1µM PI-103 or 2µM MK2206 or vehicle alone (DMSO) and 
then stimulated with anti-IgM F(ab)2 for 10 minutes and blotted with antibodies against p-OXSR1, 
p-AKT, p-PRAS40 and ERK2. Below are bar graphs showing mean ± S.E.M. relative signal of  
p-OXSR1, pAKT and pPRAS40 (all normalised to ERK2) from cells incubated with the different 
inhibitors (n=5). Statistical analysis was carried out using a Mann-Whitney U-test; * p<0.05, ** 
p<0.01. 
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3.3 Analysis of the Role of the WNK1 Pathway in B Cell 
Adhesion 

3.3.1 WNK1 Regulates LFA-1-Dependent Adhesion Through Its Kinase 
Activity  

Previous work showed that WNK1 is a negative regulator of CD4+ T cell 

adhesion to ICAM-1 (Köchl et al., 2016). Therefore, it seemed logical to test whether 

this is also true in B cells, since the signalling pathways regulating LFA-1 are similar 

in B and T cells. To do this, I investigated the binding of soluble complexes of  

ICAM-1 (scICAM-1) to B cells stimulated with anti-IgM, CXCL13 and MnCl2 (Figure 

3.7A). When the binding of scICAM1 is compared between B cells from Wnk1fl/+ RCE 

and Wnk1fl/- RCE mice, it is clear that Wnk1fl/- RCE B cells bound more scICAM-1 

when stimulated through the BCR or CXCR5, or if LFA-1 is switched to a high affinity 

state by MnCl2 (Figure 3.7B). 

To determine whether the kinase function of WNK1 is required for its role as 

a negative regulator of B cell adhesion to ICAM-1, I repeated the experiment with 

splenocytes from Wnk1fl/D368A RCE mice. Figure 3.7C shows that Wnk1fl/D368A RCE B 

cells displayed the same hyperadhesive phenotype as Wnk1fl/- RCE B cells. Of 

interesting note is that unstimulated Wnk1fl/- and Wnk1fl/D368A B cells bound more 

ICAM-1 than their controls. These data suggest that WNK1 is a negative regulator of 

ICAM-1 binding to B cells, in both stimulated and unstimulated states, and that the 

kinase activity of WNK1 is required for this function. 

The difference in ICAM-1 binding could be due to differences in receptor 

levels on the surface of naïve B cells when Wnk1 is deleted. I measured the levels 

of CXCR5, IgM and CD11a (aL subunit of LFA-1) using flow cytometry. WNK1 

knockout B cells had a little more CD11a, less CXCR5 and no difference in levels of 

IgM on their surface compared to control B cells (Figure 3.7D). The increase in 

CD11a on the surface could explain the difference in ICAM-1 binding in unstimulated 

cells but is insufficient to explain the difference between Wnk1fl/+ RCE and Wnk1fl/- 

RCE B cells when stimulated with anti-IgM, CXCL13 or MnCl2. 
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Figure 3.7 WNK1 is a Negative Regulator of ICAM-1 Binding in B cells Through its 
Kinase Domain 
(A) Schematic of scICAM-1 binding assay. ICAM-1 Fc fusion proteins were mixed with anti-Fc 
antibodies labelled with APC to generate scICAM-1. scICAM-1 was mixed with splenocytes that 
were then stimulated to induce affinity and avidity changes in LFA-1. After given time points the 
splenocytes were fixed using PFA and ICAM-1 binding was measured on B cells using flow 
cytometry. (B) Line graphs showing mean ± S.E.M. mean fluorescent intensity (MFI) of APC on 
B220+ cells from Wnk1fl/+ RCE and Wnk1fl/- RCE mice after stimulation with anti-IgM, CXCL13 
and MnCl2 at the time points shown. Below are overlays of representative histograms of  
scICAM-1 (APC) in B cells from Wnk1fl/+ RCE and Wnk1fl/- RCE mice after stimulation with anti-
IgM, CXCL13 and MnCl2 for the indicated times (n=11). (C) Line graphs showing mean ± S.E.M. 
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MFI of APC on B220+ cells from Wnk1fl/+ RCE and Wnk1fl/D368A RCE mice after stimulation with 
anti-IgM, CXCL13 and MnCl2 at the time points shown (n=6). (D) Bar graphs showing mean ± 
S.E.M. normalised MFI of CD11a, CXCR5 and IgM on the surface of Wnk1fl/+ RCE and Wnk1fl/- 
RCE B cells. MFI was normalised to the average MFI on Wnk1fl/+ RCE B cells, which was set to 
100 (n=7). Statistical analysis was carried out using a two-way ANOVA with multiple comparisons 
(B and C) or a Mann-Whitney U-test (D); * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Asterisks 
outside bracket indicate significant differences between genotypes from the two-way ANOVA 
analysis. Asterisks above points indicate significant differences using multiple comparisons from 
the two-way ANOVA analysis. 
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3.3.2 NKCC1 does not Regulate LFA-1-Dependent Adhesion 

As WNK1 is known to regulate ion homeostasis through SLC12A family 

members, I investigated whether ion homoeostasis regulated by the sodium 

potassium and chloride cotransporter, NKCC1, which is encoded by the gene 

Slc12a2, also regulated LFA-1-dependent adhesion. Although constitutive knockout 

of Slc12a2 is not embryonic lethal, knockout mice have to be culled at an early age 

due to issues with balance and the inner ear. To circumvent this issue, I generated 

foetal liver chimeras by irradiating Rag1-/- mice and reconstituting them with either 

Slc12a2+/+ or Slc12a2-/- foetal livers harvested from E14.5 embryos.  

After reconstitution, I repeated the scICAM-1 binding experiment with B cells 

from Slc12a2+/+ and Slc12a2-/- chimeras stimulated through the BCR, CXCR5 or 

treatment with MnCl2. As shown in Figure 3.8, there was no difference in scICAM-1 

binding between Slc12a2+/+ and Slc12a2-/- B cells. This suggests that ion 

homeostasis through NKCC1 alone is not important for the regulation of LFA-1 

binding to ICAM-1. 

3.3.3 WNK1 Regulates VLA-4-Dependent Adhesion 

To determine whether WNK1 regulates other integrins other than LFA-1 

(aLb2), I repeated the scICAM1 experiment but replaced ICAM-1-Fc fusion protein 

with VCAM-1-Fc. This tests the adhesion of B cells through VLA-4 (a4b1) after the 

cells have been stimulated. As shown in Figure 3.9, WNK1-deficient B cells bound 

more VCAM-1 than control B cells after stimulation with anti-IgM and CXCL13. This 

shows that WNK1 is also a negative regulator of B cell adhesion through VLA-4. 

In summary, I have revealed that WNK1 is a negative regulator of B cell 

adhesion to ICAM-1 and VCAM-1, and that the kinase function is required to regulate 

binding to ICAM-1. This regulation of LFA-1 activity is not mediated through NKCC1, 

suggesting that ion regulation may not be required for regulating adhesion through 

WNK1 or that there is compensation from other ion cotransporters. Such a possibility 

would require further investigation. 
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Figure 3.8 B Cell Adhesion to ICAM-1 is not Regulated by NKCC1 
Line graphs showing mean ± S.E.M. MFI of APC on B220+ cells from Slc12a2+/+ and Slc12a2-/- 
foetal liver chimeras after stimulation with anti-IgM, CXCL13 and MnCl2 at the time points shown 
(n=5-6). Statistical analysis was carried out using a two-way ANOVA with multiple comparisons. 
 

 

 

 

 

 
Figure 3.9 WNK1 is a Negative Regulator of B Cell Adhesion to VCAM-1 
Line graphs showing mean ± S.E.M. MFI of APC on B220+ cells from Wnk1fl/+ RCE and Wnk1fl/- 
RCE mice after stimulation with anti-IgM, CXCL13 and MnCl2 at the time points shown (n=6). 
Statistical analysis was carried out using a two-way ANOVA with multiple comparisons; * p<0.05, 
*** p<0.001, **** p<0.0001. Asterisks outside bracket indicate significant differences between 
genotypes from the two-way ANOVA analysis. Asterisks above points indicate significant 
differences using multiple comparisons from the two-way ANOVA analysis. 
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3.4 Analysis of the Role of WNK1 in B Cell Migration and 
Homing 

3.4.1 Decreased Migration of WNK1-Deficient B Cells in Response to CXCL13 

Since WNK1 has been shown to be a positive regulator of naïve CD4+ T cell 

migration (Köchl et al., 2016), I investigated whether it is also regulates migration of 

B cells. To do this, I carried out a Transwell assay with B cells from Wnk1fl/+ RCE 

and Wnk1fl/- RCE mice in response to CXCL13. Figure 3.10A shows that B cells 

lacking WNK1 displayed a decreased ability to migrate through a Transwell with 5µm 

pores. WNK1-deficient B cells did migrate in response to CXCL13 stimulation but to 

a lesser extent than control B cells.  

To measure the speed and displacement of the cells as they are migrating in 

response to CXCL13, I used microscopy to make videos of the cells migrating in an 

ICAM-1 coated microscope chamber. Figure 3.10B and C show that there was a 

reduction in mean speed and displacement in B cells in which Wnk1 had been 

knocked out. Together these data demonstrate that WNK1 is a positive regulator of 

B cell migration after stimulation with CXCL13 in vitro. 

3.4.2 Impaired Migration of WNK1-Deficient B Cells in vivo 

To determine whether the in vitro migration defect in B cells lacking WNK1 

translated to a defect in vivo, I collaborated with Sujana Sivapatham in Jens Stein’s 

lab to assess the migration of Wnk1fl/+ RCE and Wnk1fl/- RCE B cells in vivo. Intravital 

imaging of transferred B cells was used to assess the migration of B cells in follicles 

of lymph nodes. Figure 3.11 shows that WNK1-deficient B cells displayed a defect in 

migration in lymph node follicles as there is a decrease in mean speed (Figure 3.11A) 

and track straightness (Figure 3.11B), and an increase in arrest coefficient (Figure 

3.11C) and median and lower quartile values of sphericity (Figure 3.11D). Arrest 

coefficient is the percentage per track a cell moved slower than 4µm/min. Taken 

together these phenotypes are consistent with WNK1 being a positive regulator of B 

cell migration in vivo. 
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Figure 3.10 WNK1-Deficient B Cells Show Decreased Migration in Response to 
CXCL13 
(A) Bar graph showing mean ± S.E.M proportion of Wnk1fl/+ RCE and Wnk1fl/- RCE B cells that 
migrated through a Transwell membrane with 5µm pores after stimulation with recombinant 
murine CXCL13 for 3 hours at 37°C. (n=4-5). (B) Violin plot of mean speed or displacement with 
median (red) and upper and lower quartiles (grey) of B cells from Wnk1fl/+ RCE and Wnk1fl/- RCE 
mice stimulated with 1µg/ml recombinant murine CXCL13 and migrating on the base of ICAM-1 
coated chambers. CMFDA- or CTV-labelled cells were imaged using a wide-field microscope. 
Videos were analysed using TrackMate plugin of FIJI to calculate mean speed and displacement 
(n=5245-7289). Statistical analysis was carried out using a Mann-Whitney U-test; * p<0.05, **** 
p<0.0001. 
 

 

 
Figure 3.11 WNK1 regulates B Cell Migration in vivo 
Work done by Sujana Sivapatham. Violin plots showing median (red), lower and upper quartiles 
(grey) of mean speed (A), meandering index (B), arrest coefficient (C) and sphericity (D) of B 
cells migrating in lymph nodes from intravital videos of labelled Wnk1fl/+ RCE and Wnk1fl/- RCE B 
cells transferred into WT mice (n=5441-16196). Statistical analysis was carried out using a Mann-
Whitney U-test; *** p<0.001, **** p<0.0001. 
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3.4.3 Decreased Homing of WNK1-Deficient B Cells to Secondary Lymphoid 
Organs 

Since WNK1 has a role in B cell migration and adhesion, I measured the 

ability of B cells lacking Wnk1 expression to home to secondary lymphoid organs 

(Figure 3.12A). 1 hour after transfer, the ratio of Wnk1fl/- RCE to Wnk1fl/+ RCE B cells 

was reduced in the spleen and lymph nodes and is increased in blood (Figure 3.12B). 

This shows that there is a reduced ability of WNK1-deficient B cells to home from the 

blood into secondary lymphoid organs. To determine whether this defect persists 

over longer time points, I looked 24 hours after transfer of splenocytes. Figure 3.12C 

shows that there was a reduced ratio of Wnk1fl/- RCE to Wnk1fl/+ RCE B cells in the 

blood, the spleen and lymph nodes. As there was a decrease in the ratio in all the 

compartments tested, it could be that WNK1-deficient B cells have a defect in 

survival or they were stuck in other compartments perhaps due to their increased 

adhesion. 

In summary, I have shown that WNK1 is a positive regulator of B cell migration 

in vitro and in vivo as well as B cell homing to secondary lymphoid organs. It remains 

to be tested whether this is dependent on the kinase function of WNK1 and NKCC1 

as has been previously shown in CD4+ T cells (Köchl et al., 2016). 
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Figure 3.12 WNK1 Regulates B Cell Homing to Secondary Lymphoid Organs 
(A) Schematic of in vivo homing assay. Labelled splenocytes from Wnk1fl/+ RCE and Wnk1fl/- RCE 
mice were mixed together and intravenously injected into WT mice. After either 1 hour or 24 
hours, the mice were culled and flow cytometry was used to determine ratio of Wnk1fl/- RCE to 
Wnk1fl/+ RCE B cells in blood, spleen and lymph nodes. (B) Bar graph showing mean ± S.E.M. 
ratio of Wnk1fl/- RCE to Wnk1fl/+ RCE B cells found in blood, spleen and lymph nodes from WT 
mice 1 hour after transfer (n=8). (C) Bar graph showing mean ± S.E.M. ratio of Wnk1fl/- RCE to 
Wnk1fl/+ RCE B cells found in blood, spleen and lymph nodes from WT mice 24 hours after transfer 
(n=12). Statistical analysis was carried out using a one sample t-test; **** p<0.0001. 
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3.5 Regulation of B Cell Survival by WNK1 

3.5.1 WNK1, WNK1 Kinase Activity and Phosphorylation of OXSR1, but not 
NKCC1, are Required for Survival and Development of B Cells  

When purifying B cells from Wnk1fl/+ RCE and Wnk1fl/- RCE mice, I noticed 

that there was reduced recovery of B cells from Wnk1fl/- RCE mice. To look into this 

further, I harvested bone marrow, spleen, peripheral lymph nodes and blood from 

Wnk1fl/+ RCE and Wnk1fl/- RCE chimeras 7 days after initial tamoxifen injection and 

used flow cytometry to evaluate different B cell populations (Figure 3.13). When 

Wnk1 was deleted, there was a rapid loss of B cells in all compartments examined 

(Figure 3.14A), with the exception of pro-B cells and plasma cells in the bone marrow. 

This shows that WNK1 regulates B cell survival and may regulate as well as B cell 

development. As these mice are chimeras made by irradiating Rag1-/- mice, I could 

not determine whether there was a developmental block at the pro-B cell stage or 

earlier as these cells are partly derived from the host mouse rather than the donor 

bone marrow. It is possible that the developmental block in Wnk1fl/- RCE mice is due 

to a defect in survival of progenitors such as CLP or HSC but further investigation is 

required to determine the function of WNK1 during B cell development.  

To determine whether the kinase function of WNK1 is required to regulate B 

cell survival and/or development, Harald Hartweger repeated the experiment by 

harvesting bone marrow, spleen and lymph nodes from Wnk1fl/+ RCE and 

Wnk1fl/D368A RCE chimeras 7 days after initial tamoxifen injection. Figure 3.14B 

shows that there was a trend for a decrease in the number of B cells found in 

secondary lymphoid organs in Wnk1fl/D368A RCE chimeras. There was a similar 

decrease in the number of developing B cell populations in the bone marrow when 

only a kinase-dead variant of WNK1 is expressed but not in pro-B and plasma cell 

numbers. 

Harald Hartweger also made radiation foetal liver chimers from either Oxsr1+/+ 

or Oxsr1T185A/T185A embryos. The Oxsr1T185A knock-in allele encodes mutant OXSR1 

that can no longer be phosphorylated by WNK1 and thus it cannot be activated in a 

WNK1-dependent manner. Analysis of B cell populations in these mice showed that 

there was a loss of B cells in all populations with the exception of pro-B cells (Figure 
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3.14C). Thus, OXSR1 phosphorylation is critical for generation and/or maintenance 

of B cell populations. 

To investigate whether ion homeostasis regulated by NKCC1 regulates B cell 

survival and/or development in vivo, I repeated the experiment with Slc12a2+/+ and 

Slc12a2-/- chimeras. As shown in Figure 3.14D, there was no difference in the 

number of B cells in the bone marrow and the spleen between Slc12a2+/+ and 

Slc12a2-/- chimeras but an increase of naïve B cells in lymph nodes of Slc12a2-/- 

chimeras. These data indicate that NKCC1 by itself is not required to regulate B cell 

development or survival in the spleen, but it could act as a negative regulator of B 

cell survival in lymph nodes or a positive regulator of B cell localisation to lymph 

nodes. 
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Figure 3.13 Flow Cytometry Gating for B Cell Populations 
Representative flow cytometry plots for gating of B cell populations in the bone marrow (A), the 
spleen (B), lymph nodes (C) and blood (D). All samples were initially gated using a lymphocyte 
gate based on forward and side scatter, singlets and live cells. Red gates indicate populations 
that were used for gating in the plot to the right, the black line indicates start of new gating from 
live cells. (A) All B cells are defined by B220+CD19+, pro-B cells by CD2-IgM-, pre-B cells by 
CD2+IgM-, immature B cells by CD2+IgM+IgD-, mature B cells by CD2+IgM+IgD+, and plasma cells 
by B220-CD138+. (B) All mature B cells are defined by CD4-CD8a-B220+CD93- cells, follicular B 
cells by CD23+IgMmed and marginal zone B cells by CD23-IgMhi. (C) Naïve B cells in lymph nodes 
are defined by B220+IgM+IgD+TCRb-. (D) B cells in the blood are defined by B220+CD19+. 
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Figure 3.14 WNK1, its Kinase Function and OXSR1 Activation are Required for B 
Cell Survival but NKCC1 is not Required 
(A) Bar graphs showing mean ± S.E.M. cell number of B cell populations found in the bone 
marrow, spleen, lymph nodes and blood in Wnk1fl/+ RCE and Wnk1fl/- RCE mice that were defined 
using the gating strategy in Figure 3.13 (n=5; blood n=3-5). (B) Bar graphs showing mean  
± S.E.M. cell number of B cell populations found in the bone marrow, spleen and lymph nodes in 
Wnk1fl/+ RCE and Wnk1fl/D368A RCE mice that were defined using the gating strategy in Figure 
3.13 (n=6). Data generated by Harald Hartweger. (C) Bar graphs showing mean ± S.E.M. cell 
number of B cell populations found in the bone marrow, spleen and lymph nodes in Oxsr1+/+ and 
Oxsr1T185A/T185A chimeras that were defined using the gating strategy in Figure 3.13 (n=8). Data 
generated by Harald Hartweger. (D) Bar graphs showing mean ± S.E.M. cell number of B cell 
populations found in the bone marrow, spleen and lymph nodes in Slc12a2+/+ and Slc12a2-/- 
chimeras that were defined using the gating strategy in Figure 3.13 (n=4-5). Statistical analysis 
was carried out using a Mann-Whitney U-test; * p<0.05, ** p<0.01, *** p<0.001. 
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I performed a time course to look at the number of cells in different B cell 

populations after initial tamoxifen injection to determine whether the loss of B cells is 

transient. In the bone marrow, there was no recovery of pre-B cells, immature and 

mature B cells (Figure 3.15B, C and D) up to 8 weeks after initial injection of 

tamoxifen. The number of pro-B and plasma cells in the bone marrow did not change 

over this time (Figure 3.15A and E). In secondary lymphoid organs, splenic follicular 

and marginal zone B cells, and naïve B cells from lymph nodes displayed a reduction 

in cell number in Wnk1fl/- RCE mice that persisted up to 8 weeks post tamoxifen 

injection (Figure 3.15F, G and H). This shows that the deletion of Wnk1 leads to a 

long-lasting decrease in number of mature B cell populations in the spleen, lymph 

nodes, and developing B cell populations in the bone marrow.  
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Figure 3.15 Loss of WNK1 Causes a Long-Lasting Reduction in B Cell Number 
Line graphs showing mean ± S.E.M. number of cells of pro-B (A), pre-B (B), immature B cells in 
the bone marrow (C), mature B cells in the bone marrow (D), plasma cells in the bone marrow 
(E), follicular B cells in the spleen (F), marginal zone B cells in the spleen (G) and naïve B cells 
in lymph nodes (H) as defined in Figure 3.13 in Wnk1fl/+ RCE and Wnk1fl/- RCE mice (n=4-5). 
Statistical analysis was carried out using a two-way ANOVA with multiple comparisons; * p<0.05, 
** p<0.01,*** p<0.001, **** p<0.0001. Asterisks outside bracket indicate significant differences 
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between genotypes from the two-way ANOVA analysis. Asterisks above points indicate significant 
differences using multiple comparisons from the two-way ANOVA analysis. 

3.5.2 WNK1 is Activated by BAFF Signalling and Required for BAFF-Mediated 
Survival in vitro 

Since BAFF is a key survival factor for B cells in vivo, I assessed the ability of 

B cells lacking WNK1 to respond to BAFF in vitro. B cells from Wnk1fl/- RCE mice 

displayed a decreased response to BAFF in vitro, as shown by fewer cells recovered 

after 3 days of culture with BAFF (Figure 3.16A). There were also fewer Wnk1fl/- RCE 

B cells recovered when cultured with medium alone compared to Wnk1fl/+ RCE B 

cells. This suggests that WNK1 is important for in vitro survival of B cells both with 

and without BAFF stimulation. 

To determine whether WNK1 is activated after stimulation of BAFFR, I 

assessed phosphorylation of OXSR1 by immunoblot after BAFF stimulation over a 

range of time points. Figure 3.16B shows that OXSR1 was phosphorylated after 

BAFF stimulation in WT B cells, with the peak of phosphorylation occurring at 15 

minutes post stimulation. The magnitude of phosphorylation was more similar to that 

of anti-IgM stimulation than CXCL13 stimulation (1.5- to 2-fold increase). This 

phosphorylation event was dependent on WNK1 as it was reduced in Wnk1fl/- RCE 

B cells and there was no increase upon BAFF stimulation (Figure 3.16C). 

Furthermore, it was dependent on kinase activity of WNK1 as when WT B cells were 

stimulated in the presence of WNK463 there was no phosphorylation of OXSR1 

(Figure 3.16D). To test whether the BAFF-induced phosphorylation of OXSR1 is 

dependent on PI3K and AKT activity, I stimulated WT B cells with BAFF in the 

presence of PI-103 and MK2206. In this experiment, BAFF stimulation did not induce 

OXSR1 phosphorylation (Figure 3.16E). However, there was a trend for  

BAFF-induced phosphorylation of AKT and PRAS40, indicating that the stimulation 

had induced signalling downstream of BAFFR. Despite the lack of BAFF-induced 

phosphorylation in these experiments, the level of OXSR1 phosphorylation is 

decreased in the presence of PI-103 and MK2206, suggesting that the basal 

phosphorylation of OXSR1 in B cells is mediated by PI3K and AKT. 
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Figure 3.16 WNK1 is Activated by Stimulation with BAFF 
(A) Bar graph showing mean ± S.E.M. number of Wnk1fl/+ RCE and Wnk1fl/- RCE B cells 
recovered after 72 hours culture in vitro with or without recombinant human BAFF (n=9-15). (B) 
Representative immunoblot of WT B cells stimulated with recombinant human BAFF for the time 
points shown and blotted with antibodies against p-OXSR1 and a-TUBULIN. Below is a bar graph 
showing the mean ± S.E.M. relative signal of p-OXSR1 normalised to a-TUBULIN at the different 
time points (n=7). (C) Representative immunoblots of B cells from either Wnk1fl/+ RCE and Wnk1fl/- 
RCE mice stimulated with recombinant human BAFF for the time points shown and blotted with 
antibodies against p-OXSR1 and a-TUBULIN. Below is a bar graph showing the mean ± S.E.M. 
relative signal of p-OXSR1 normalised to a-TUBULIN at the different time points (n=4). (D) 
Representative immunoblot of WT B cells incubated with 5µM WNK463 or vehicle alone (DMSO) 
and then stimulated with recombinant human BAFF for 15 minutes and blotted with antibodies 
against p-OXSR1 and a-TUBULIN. Below is a bar graph showing mean ± S.E.M. relative signal 
of p-OXSR1 normalised to a-TUBULIN at the different time points (n=6). (E) Representative 
immunoblot of WT B cells incubated with either 1µM PI-103 or 2µM MK2206 or vehicle alone 
(DMSO) and then stimulated with recombinant human BAFF for 15 minutes and blotted with 
antibodies against p-OXSR1, p-AKT, p-PRAS40 and TUBULIN. Below are bar graphs showing 
mean ± S.E.M. relative signal of p-OXSR1, pAKT and pPRAS40 (all normalised to ERK2) from 
cells incubated with the different inhibitors (n=5). Statistical analysis was carried out using a 
Mann-Whitney U-test; * p<0.05, ** p<0.01, *** p<0.001. 
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3.5.3 The Loss of B Cells is not Due to a Lack of BAFF Production and WNK1-
Deficient B Cells Have Less BAFFR on Their Surface 

The evidence provided suggests that WNK1 regulates B cell survival both in 

vitro and in vivo by participating in signal transduction from BAFFR. However, the 

reduced number of B cells in Wnk1fl/- RCE mice could be due to less BAFF production 

as some haematopoietic cells can produce BAFF and potentially loss of WNK1 could 

lead to reduced BAFF secretion. Alternatively, there could be less BAFFR on the 

surface of Wnk1fl/- RCE B cells compared to control B cells. Thus, I tested both of 

these hypotheses to determine if either or both contribute to the loss of B cells after 

deletion of Wnk1. To measure BAFF production, I measured serum concentration of 

BAFF by ELISA from Wnk1fl/+ RCE and Wnk1fl/- RCE mice 7 days after tamoxifen 

injection. In Wnk1fl/- RCE mice there was over three times the concentration of BAFF 

in the serum compared to Wnk1fl/+ RCE mice (Figure 3.17). I used flow cytometry to 

measure surface levels of BAFFR on both Wnk1fl/+ RCE and Wnk1fl/- RCE B cells. 

Figure 3.17B shows that there was reduced levels of BAFFR on WNK1-deficient B 

cells compared to control B cells. These data suggest that the decrease in the 

number of B cells in Wnk1fl/- RCE mice is not due to a failure to produce BAFF but 

may be regulated in part by decreased levels of BAFFR on the surface of Wnk1fl/- 

RCE B cells. 

 
 

 
Figure 3.17 Increase in BAFF Serum Levels in Wnk1fl/- RCE Mice and a Reduction 
in BAFFR Surface Expression in WNK1-Deficient B Cells 
(A) Bar graph showing mean ± S.E.M. of concentration of BAFF in serum of Wnk1fl/+ RCE and 
Wnk1fl/- RCE mice as measured by ELISA (n=6). (B) Bar graph showing mean ± S.E.M. 
normalised MFI of BAFFR on the surface of Wnk1fl/+ RCE and Wnk1fl/- RCE B cells. MFI was 
normalised to the average MFI of BAFFR on Wnk1fl/+ RCE B cells, which was set to 100 (n=7). 
Statistical analysis was carried out using a Mann-Whitney U-test; ** p<0.01, *** p<0.005.  
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3.5.4 Overexpression of an Anti-apoptotic Protein Partially Rescues B Cell 
Population Numbers in WNK1-Deficient Mice 

To determine how WNK1 regulates survival of B cells, I assessed whether B 

cell-specific overexpression of the anti-apoptotic protein BCL-XL can rescue the 

survival defect. Wnk1fl/+ RCE, Wnk1fl/- RCE, Wnk1fl/+ RCE Eµ-BCL2L1 and Wnk1fl/- 

RCE Eµ-BCL2L1 mice were used as donors for bone marrow radiation. Figure 3.18 

shows that overexpression of BCL-XL in WNK1-deficient B cells increased the 

number of immature and mature B cells in the bone marrow, splenic follicular B cells 

and naïve B cells in lymph nodes when compared to WNK1-deficient B cells with no 

BCL-XL overexpression. Despite this increase, there was still a partial effect of Wnk1 

deletion as there was a trend for a reduction in cell numbers of B cell populations in 

the spleen and lymph nodes in Wnk1fl/- RCE Eµ-BCL2L1 mice compared to Wnk1fl/+ 

RCE Eµ-BCL2L1 mice. The number of splenic follicular B cells and naïve B cells in 

lymph nodes in Wnk1fl/- RCE Eµ-BCL2L1 mice was comparable to that from Wnk1fl/+ 

RCE mice. However, in the bone marrow the increase in immature and mature cells 

was smaller and there was no increase in pre-B cells when BCL-XL is overexpressed. 

 

 

 
Figure 3.18 Overexpression of BCL-XL Partially Rescues the Survival Defect in 
Mature B Cells Lacking Wnk1 Expression 
Bar graphs showing mean ± S.E.M. cell number of B cell populations in the bone marrow, spleen 
and lymph nodes in Wnk1fl/+ RCE, Wnk1fl/- RCE, Wnk1fl/+ RCE Eµ-BCL2L1 and Wnk1fl/- RCE  
Eµ-BCL2L1 mice that were defined in Figure 3.13 (n=5). Statistical analysis was carried out using 
a Mann-Whitney U-test; * p<0.05, ** p<0.01. 
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3.5.5 WNK1-Deficient B Cells Display no Changes in Mitochondrial Health 

BCL-XL is found in the outer membrane of mitochondria and inhibits  

VDAC1-mediated transport of Ca2+ into mitochondria, a signal that drives apoptosis 

(Monaco et al., 2015). To assess mitochondrial health in Wnk1fl/- RCE B cells, I 

purified B cells and stained with MitoTracker Green and CmxROS to measure 

mitochondrial mass and potential respectively. Despite the low number of repeats 

and thus lack of statistical analysis, Figure 3.19A and B indicates that there was 

probably no difference in mitochondrial health and levels of apoptosis between 

Wnk1fl/+ RCE and Wnk1fl/- RCE B cells. In addition, there was no obvious difference 

in mitochondrial mass or mitochondrial potential (Figure 3.19C). 

 

 

 
Figure 3.19 Mitochondrial Health is not Altered in B Cells Lacking WNK1 
Expression 
(A) Representative flow cytometry plots of Wnk1fl/+ RCE and Wnk1fl/- RCE B cells showing gating 
to determine B cells with high mitochondrial potential (Hi), low mitochondrial potential (Lo) and 
apoptotic cells based on staining with MitoTracker Green and CmxROS. (B) Bar graph showing 
mean ± S.E.M. proportion of B cells in gates shown in flow cytometry plots (n=3). (C) Bar graph 
showing mean ± S.E.M MFI of MitoTracker Green and CmxROS in purified B cells from Wnk1fl/+ 
RCE and Wnk1fl/- RCE mice (n=3). 
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In summary, I have shown that deletion of Wnk1 leads to a reduction of B 

cells in the mice in the bone marrow, the spleen, lymph nodes and blood and this 

loss is dependent on the kinase function of WNK1 but not on ion regulation through 

NKCC1. The loss of B cells is not due to a reduction in the serum levels of BAFF in 

these mice, as there is a much higher concentration in WNK1 knockout chimeras, 

which is most likely due to the reduction of B cells so there is less consumption of 

BAFF. WNK1 is activated downstream of BAFF binding to BAFFR and induces a 

moderate increase in phosphorylation of OXSR1. WNK1-deficient B cells cannot 

respond to BAFF to induce B cell survival in an in vitro culture setting as well as 

control B cells. This implies that the survival defect in WNK1-deficient B cells may be 

through defective signalling downstream of BAFF. There is a partial rescue of the 

survival defect in mature B cell populations in secondary lymphoid organs when the 

anti-apoptotic protein BCL-XL is overexpressed in WNK1-deficient B cells. 

Furthermore, the mitochondrial health of B cells from Wnk1fl/- RCE mice does not 

seem to be perturbed, indicating that they are not actively undergoing apoptosis. 
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3.6 Discussion and Outstanding Questions 

For the first time, I have shown that WNK1 is an active kinase in B cells and is 

involved in signalling pathways downstream of the BCR, CXCR5 and BAFFR. In 

addition, I have shown that WNK1 is activated downstream of PI3K and AKT, since 

WNK1-dependent phosphorylation of OXSR1 is reduced when B cells are stimulated 

in the presence of PI-103 and MK2206. It has been suggested that WNK1 is activated 

by AKT (Cheng and Huang, 2011) and my work is consistent with this proposal as 

well as similar observations in CD4+ T cells stimulated with anti-CD3 or CCL21 (Köchl 

et al., 2016). 

Furthermore, I have demonstrated that WNK1 plays a role in many different 

cellular processes in naïve B cells, namely adhesion, migration, survival and 

development. When B cells lack expression of Wnk1 they bind more ICAM-1 and 

VCAM-1 both in an unstimulated state and when stimulated with anti-IgM or CXCL13. 

This shows that WNK1 is a negative regulator of B cell adhesion through LFA-1 and 

VLA-4. In the case of ICAM-1 binding through LFA-1, the kinase function of WNK1 

is required for its role as a negative regulator of ICAM-1 binding. WNK1-deficient B 

cells have higher levels of CD11a, the a subunit of LFA-1, which could explain why 

when they are unstimulated they bind more ICAM-1. However, this is insufficient to 

explain the difference in ICAM-1 binding between stimulated Wnk1fl/+ RCE and 

Wnk1fl/- RCE B cells as the magnitude of the difference is too high to be explained 

by the small increase in surface levels of CD11a. 

Despite the known role of WNK1 in ion homeostasis in kidney epithelial cells, I 

have shown that ion transport through NKCC1 is not required for LFA-1 regulation in 

B cells. This is consistent with work in CD4+ T cell adhesion to ICAM-1 (Köchl et al., 

2016). As WNK1 regulates LFA-1 following treatment with MnCl2, which directly 

induces an affinity switch of LFA-1, it suggests that WNK1 is not regulating LFA-1 by 

causing an affinity switch but by another mechanism. This mechanism remains to be 

discovered in B cells, but in CD4+ T cells WNK1 negatively regulates GTP loading of 

Rap1, which is the suggested mechanism for regulation of LFA-1-mediated adhesion 

(Köchl et al., 2016). It is possible that this may also be the case in WNK1-deficient B 

cells but this remains to be tested. However, there is no difference in VCAM-1 binding 

after McCl2 treatment between Wnk1fl/+ RCE and Wnk1fl/- RCE B cells. This suggests 

that regulation of LFA-1 and VLA-4 by WNK1 may differ between the different 
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integrins. Further investigation is required to understand this difference and the 

mechanisms underlying the regulation of B cell adhesion by WNK1. 

WNK1 is a positive regulator of B cell migration in response to CXCL13 in vitro 

as well as in vivo migration in lymph nodes. Again, this is consistent with the 

phenotype observed in CD4+ T cells (Köchl et al., 2016). The mechanism by which 

WNK1 regulates B cell migration is unknown. One explanation could be that lower 

levels of CXCR5 on the surface lead to less responsiveness to CXCL13 and thus 

reduced migration. In CD4+ T cells, WNK1 regulates migration through 

phosphorylation of OXSR1 and subsequent ion movement through NKCC1. I have 

no evidence to suggest that this is the case in B cells but it could be tested using 

either bumetanide, an inhibitor of ion transport by NKCC1, or using Slc12a2-/- B cells. 

If this were to be true in B cells, the question would still remain how ion movement 

regulates B cell migration? There is a model of cell migration in confinement called 

the osmotic engine model (Stroka et al., 2014). In this model, it is posited that water 

movement into the cell at the leading edge and out of the cell at the rear is enough 

to cause cell migration. The regulation of this water movement is dependent on 

polarised ion transport across the cell. As WNK1 regulates activity of ion channels, 

it is possible that such a process contributes to B cell migration.  

Homing of B cells to secondary lymphoid organs relies on both a combination 

of chemotactic cues and adhesion. It is therefore not a surprise that WNK1-deficient 

B cells show a defect in homing to spleen and lymph nodes 1 hour after transfer. It 

appears that this is not a matter of the cells just being slower since there is still a 

defect 24 hours post transfer. However, the survival defect could be masking the 

homing phenotype at this point as there are fewer WNK1-deficient B cells found in 

the blood. An alternative explanation could be that the mutant B cells are “stuck” 

elsewhere in the recipient mice as they have been shown to be hyperadhesive in 

vitro. This explanation would require further investigation of more compartments in 

the mouse, especially highly vascularised organs such as the liver and lungs.  

I have shown that WNK1 regulates B cell survival both in vitro and in vivo. This 

is mostly likely due to a role for WNK1 in transducing BAFFR signals, since BAFF 

stimulation leads to WNK1-dependent phosphorylation of OXSR1. The survival 

defect can be partially rescued by overexpression of BCL-XL but since it is not 

sufficient for complete rescue, this suggests that tipping the balance in favour of anti-

apoptotic mechanisms is not sufficient to rescue all WNK1-deficicent B cells from 
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dying. The mechanism by which the B cells are dying is not fully understood; their 

mitochondrial health seems to be similar in both Wnk1fl/+ RCE and Wnk1fl/- RCE B 

cells suggesting that mitochondrial-induced apoptosis is not regulated by WNK1 or 

if it is, the window to observe this effect has been missed. It is noteworthy that 

terminally differentiated plasma cells in the bone marrow no longer depend on WNK1 

for their survival even though they express Wnk1. Therefore it would be interesting 

to investigate the role of WNK1 in long-lived plasma cells since there is no 

confounding survival phenotype.  

One explanation for the survival defect could be that the lower levels of BAFFR 

on WNK1-deficient B cells decrease their ability to survive. This could be true but it 

could also be a consequence of the higher BAFF serum concentration leading to 

more internalisation of BAFFR. Additionally, since ERK5 activation has shown to 

require WNK1 and ERK5 is required for B cell survival, WNK1 could regulate B cell 

survival through the activation of ERK5. Further investigation is required to determine 

whether ERK5 is regulated by WNK1 in B cells. An alternative explanation could be 

that without expression of WNK1, B cells are unable to sense their environment and 

regulate ion homeostasis. Without correct ion homeostasis regulation, there could 

be shrinkage of the B cells due to water movement out of the cell. The shrinkage 

caused by osmotic stress could cause cell death as shown in cardiomyocytes and  

S. cerevisiae (Galvez et al., 2001, Silva et al., 2005) and maybe one of the ways 

BAFFR induces B cell survival is to maintain the correct cell size through a  

WNK1-dependent pathway. However, as loss of NKCC1 has no effect on the survival 

of splenic B cells the regulation of B cell volume leading to survival would have to be 

mediated by more than just NKCC1 and thus there would be redundancy in ion 

channels for regulating B cell volume. Further work is required to determine whether 

WNK1 regulates B cell volume. Harvesting B cells from Wnk1fl/+ RCE and Wnk1fl/- 

RCE mice may not be a good approach to test this as they may be using other 

compensatory mechanisms for their survival since they lost expression of Wnk1 up 

to 7 days prior to harvesting. Using the inhibitor WNK463 could be a better approach 

to look at the role of WNK1 kinase activity in regulating cell volume in B cells.  

Analysis of B cell populations deficient in WNK1 have revealed that there may 

be a developmental block since there is a large reduction of pre-B cells in the bone 

marrow of Wnk1fl/- RCE mice following deletion of Wnk1. Cell death has not been 

ruled out as the cause of the developmental block since the deletion of Wnk1 could 
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be causing death in HSC, CLP or pro-B cells. Further work is required to determine 

the cause for the developmental block caused by lack of WNK1. It could be that 

WNK1 is required to transduce signals from the pre-BCR in order for positive 

selection to take place, but this would need to be tested using a different driver of 

Cre expression such as CD2 as CD2 expression occurs early during B cell 

development. Of interesting note, the numbers of cells in developing B cell 

populations in Wnk1fl/- RCE mice are lower than in Wnk1fl/+ RCE mice before deletion 

of Wnk1 is induced by injection of tamoxifen. This may suggest that Wnk1 

heterozygosity has an impact on reconstitution of the haematopoietic system in 

radiation chimeras. However, this requires further investigation as only one group of 

chimeras were used in this experiment so it could be poorer reconstitution due to 

other causes. 

The lack of mature B cell populations in Oxsr1T185A/T185A chimeras suggests that 

phosphorylation and activation of OXSR1 is critical for development or survival of B 

cells and their precursors. As with WNK1-deficient mice, the pro-B cells that remain 

could be cells from the Rag1-/- hosts so it is impossible to determine if there is a block 

in B cell development at this stage or an earlier stage of B cell development. No such 

block in T cell development was seen in Oxsr1T185A/T185A chimeras (Köchl et al., 

2016). This may be because T cell progenitors express Stk39 which can compensate 

for the Oxsr1 mutation. In contrast, B-lineage progenitors have limited expression of 

Stk39, which may not be able to compensate for the Oxsr1 mutation. Due to the lack 

of mature B cells in the spleen and lymph nodes, I was unable to assess whether 

this OXSR1 mutation caused dysregulation in B cell adhesion, migration, homing and 

survival similar to the WNK1 mutation. To do this, a conditional deletion of Oxsr1 

would be required to inactivate the Oxsr1 gene in mature B cells. However, mice with 

a floxed allele of Oxsr1 were not available during the time frame of this PhD project. 
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Chapter 4. WNK1 Function During B Cell Activation 

Having shown that WNK1 is activated downstream of the BCR, I next 

investigated whether activation of B cells is perturbed by the deletion of Wnk1. In this 

chapter, I focus on cellular processes involved in B cell activation measured by in 

vitro assays as well as processing of antigen upon encounter through the BCR. 

4.1 Analysis of Activation of WNK1-Deficient B Cells 

4.1.1 Reduced Recovery of WNK1-deficient B Cells After Activation 

To determine the responsiveness of WNK1-deficient B cells to stimuli that 

induce activation, I isolated B cells from Wnk1fl/+ RCE and Wnk1fl/- RCE mice, which 

had been treated with tamoxifen 7 days earlier. I cultured these B cells for 3 days in 

vitro, and stimulated them with either anti-IgM, CD40L, CD40L and IL-4, LPS, 

ODN1826 or ionomycin and PMA. Figure 4.1 shows that there was less recovery of 

live B cells after stimulation of Wnk1fl/- RCE B cells compared to Wnk1fl/+ RCE B cells 

with all stimuli tested. This result could be due to a defect in survival of  

WNK1-deficient B cells after activation or a defect in proliferation or both. 

 

 

 
Figure 4.1 Reduced Cell Recovery in WNK1-Deficient B cells After Activation 
Bar graph showing mean ± S.E.M. number of Wnk1fl/+ RCE and Wnk1fl/- RCE B cells recovered 
after 72 hours of stimulation with either medium alone, anti-IgM F(ab)2, recombinant murine 
CD40L, recombinant murine CD40L and recombinant murine IL-4, LPS, ODN1826 or ionomycin 
and PMA in an in vitro culture (n=9-15). Statistical analysis was carried out using a Mann-Whitney 
U-test; * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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4.1.2 WNK1, Through its Kinase Activity, Regulates Proliferation in Response 
to Stimulation of the BCR, CD40 and TLR4 

As B cells undergo division upon activation with these stimuli, I tested whether 

the reduced cell recovery is due to a defect in proliferation by stimulating dye-labelled 

B cells from Wnk1fl/+ RCE and Wnk1fl/- RCE mice with either anti-IgM, CD40L or LPS 

for 3 days. Upon division the dye is shared equally among the daughter cells, thus 

allowing measurement of cell division. Flow cytometry and FlowJo software were 

used to calculate the percentage of cells that enter division and the proliferation 

index, which is a measure of the average number of divisions carried out by cells 

that have divided at least once. As shown in Figure 4.2A there was a reduction in the 

percentage of cells that divided at least once in B cells lacking WNK1 stimulated with 

anti-IgM and CD40L but not with LPS. In contrast, I observed no difference in the 

proliferation index although there was a trend for a decrease in this index in Wnk1fl/- 

RCE B cells stimulated with LPS.  

I tested whether this dependency on WNK1 for B cell division is dependent on 

the kinase activity by repeating the experiment with Wnk1fl/+ RCE and Wnk1fl/D368A 

RCE B cells. Figure 4.2B indicates that kinase function of WNK1 is probably required 

for the defects in division described above, since Wnk1fl/D368A RCE B cells displayed 

a trend for a similar decrease in percentage of cells that divided at least once. To 

further test this and to determine whether ion transport through NKCC1 is required, 

I analysed proliferation in the presence of either WNK463 or bumetanide. Figure 

4.2C shows that B cell division was not inhibited by bumetanide but confirms that 

kinase activity of WNK1 was required as there was a reduction in the number of cells 

that had divided at least once when cells were stimulated with anti-IgM, CD40L and 

LPS in the presence of WNK463. I also saw a reduction in the proliferation index 

when cells were stimulated with LPS. 
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Figure 4.2 WNK1 Kinase Activity is Required for B Cell Proliferation 
(A) Bar graphs showing mean ± S.E.M. percentage of cells divided (left) and proliferation index 
(right) of Wnk1fl/+ RCE and Wnk1fl/- RCE B cells stimulated with either anti-IgM F(ab)2, 
recombinant murine CD40L or LPS. Below are overlays of representative histograms of cell 
proliferation dye in Wnk1fl/+ RCE and Wnk1fl/- RCE B cells (n=5-6). (B) Bar graphs showing mean 
± S.E.M. percentage of cells divided (left) and proliferation index (right) of Wnk1fl/+ RCE and 
Wnk1fl/D368A RCE B cells stimulated with either anti-IgM F(ab)2, recombinant murine CD40L or 
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LPS. Below are overlays of representative histograms of cell proliferation dye in Wnk1fl/+ RCE 
and Wnk1fl/D368A RCE B cells (n=3). (C) Bar graphs showing mean ± S.E.M. percentage of cells 
divided (left) and proliferation index (right) of WT B cells stimulated with either anti-IgM F(ab)2, 
recombinant murine CD40L or LPS in the presence of 5µM WNK463 or 10µM bumetanide or 
vehicle alone (DMSO). Below are overlays of representative histograms of cell proliferation dye 
in WT B cells incubated with either µM WNK463 or 10µM bumetanide or vehicle alone (DMSO) 
(n=8-9). Statistical analysis was carried out using a Mann-Whitney U-test; ** p<0.01, *** p<0.001, 
**** p<0.0001. 
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To further understand if survival is a confounding issue in the proliferation 

defect, I used B cells from Wnk1fl/+ RCE, Wnk1fl/- RCE, Wnk1fl/+ RCE Eµ-BCL2L1, 

Wnk1fl/- RCE Eµ-BCL2L1 mice and assessed the percentage of cells that had divided 

at least once and the proliferation index in response to anti-IgM, CD40L and LPS 

stimulation. Figure 4.3A shows that overexpression of BCL-XL was not sufficient to 

rescue the proliferation defect as there was a trend for a reduction in the percentage 

of cells that had divided at least once in Wnk1fl/- RCE Eµ-BCL2L1 B cells compared 

to Wnk1fl/+ RCE Eµ-BCL2L1 B cells. There was no increase in division when Wnk1fl/- 

RCE and Wnk1fl/- RCE Eµ-BCL2L1 B cells were compared. In addition, I calculated 

the number of cells that would be alive in the well if there had been no division using 

the following equation: 

=
1
26
(no. cells	0	divisions) +

1
27
(no. cells	1	division) +⋯+

1
2(
(no. cells	n	divisions) 

Figure 4.3B shows that there was a reduction in the number of cells when 

division is removed from the equation in Wnk1fl/- RCE B cells compared to Wnk1fl/+ 

RCE B cells, which is rescued by overexpression of BCL-XL when cells are 

stimulated with anti-IgM and LPS but not with CD40L. These results suggest that 

both survival and proliferation contribute to the reduced recovery of WNK1-deficient 

cells shown in Figure 4.1. 
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Figure 4.3 Overexpression of BCL- XL does not Rescue Proliferation 
(A) Bar graphs showing mean ± S.E.M. percentage of cells divided (left) and proliferation index 
(right) of Wnk1fl/+ RCE, Wnk1fl/- RCE, Wnk1fl/+ RCE Eµ-BCL2L1 and Wnk1fl/- RCE Eµ-BCL2L1 B 
cells stimulated with either anti-IgM F(ab)2, recombinant murine CD40L or LPS (n=6). (B) Bar 
graph showing mean ± S.E.M. number of cells without division of Wnk1fl/+ RCE, Wnk1fl/- RCE, 
Wnk1fl/+ RCE Eµ-BCL2L1, Wnk1fl/- RCE Eµ-BCL2L1 B cells stimulated with either anti-IgM F(ab)2, 
recombinant murine CD40L or LPS (n=6). Statistical analysis was carried out using a  
Mann-Whitney U-test; * p<0.05, ** p<0.01. 
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4.1.3 Upregulation of MYC is not Affected by WNK1-Deficiency in B Cells 

The transcription factor MYC regulates the expression of pro-proliferative 

genes and is upregulated upon stimulation with anti-IgM and CD40L (Leider and 

Melamed, 2003, Zarnegar et al., 2004). I tested the upregulation of MYC in  

WNK1-deficient B cells downstream of BCR and CD40 stimulation. There was no 

difference in upregulation of MYC between Wnk1fl/+ RCE B cells and Wnk1fl/- RCE B 

cells when stimulated with anti-IgM (Figure 4.4A) or CD40L (Figure 4.4B), except a 

slightly faster upregulation in anti-IgM stimulated WNK1-deficient B cells. Thus the 

decrease in proliferation of WNK1-deficient B cells is not due to a failure in 

upregulation of MYC protein levels. 

 

 

 
Figure 4.4 Upregulation of MYC is not Perturbed by Deletion of WNK1 
(A) Representative immunoblots of B cells from either Wnk1fl/+ RCE and Wnk1fl/- RCE mice 
stimulated with anti-IgM F(ab)2 for the times shown and blotted with antibodies against MYC and 
a-TUBULIN. Below is a bar graph showing the mean ± S.E.M. relative signal of MYC normalised 
to a-TUBULIN at the different time points (n=6). (B) Representative immunoblots of B cells from 
either Wnk1fl/+ RCE and Wnk1fl/- RCE mice stimulated with recombinant murine CD40L for the 
times shown and blotted with antibodies against MYC and a-TUBULIN. Below is a bar graph 
showing the mean ± S.E.M. relative signal of MYC normalised to a-TUBULIN at the different time 
points (n=6). Statistical analysis was carried out using a Mann-Whitney U-test; * p<0.05. 
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4.1.4 OXSR1 is Phosphorylated in a WNK1-Dependent Manner After 
Stimulation with CD40L but not LPS 

Since deletion of Wnk1 leads to defects in response to CD40L and LPS, I 

wanted to test whether WNK1 is activated by these stimuli. I stimulated B cells from 

WT mice with CD40L and measured phosphorylation of OXSR1 over a time course. 

Figure 4.5A shows that CD40L induces phosphorylation of OXSR1 to a similar extent 

as CXCL13 (~2.5-fold) but displays similar dynamics to anti-IgM with peak 

phosphorylation occurring at 10 minutes. To determine whether CD40L-induced 

phosphorylation of OXSR1 is dependent on WNK1, I stimulated B cells from Wnk1fl/+ 

RCE and Wnk1fl/- RCE mice with CD40L. There was a decrease in phosphorylation 

of OXSR1 in WNK1-deficient B cells compared to the control B cells (Figure 4.5B). 

To demonstrate that CD40L driven OXSR1 phosphorylation is dependent on the 

kinase function of WNK1, I repeated the stimulation with either Wnk1fl/D368A RCE B 

cells or WT B cells incubated with WNK463. Again, there was a reduction in 

phosphorylation of OXSR1 before stimulation and no increase upon stimulation 

(Figure 4.5C and D), showing that kinase function of WNK1 is required for OXSR1 

phosphorylation downstream of CD40 stimulation. I tested whether the 

phosphorylation of OXSR1 is dependent on PI3K and AKT by using the inhibitors PI-

103 and MK2206. The CD40L-induced OXSR1 phosphorylation was partially 

reduced by MK2206 but not by PI-103 (Figure 4.5E). PI-103 and MK2206 were 

shown to actively inhibit PI3K and AKT respectively in this experiment as 

phosphorylation of AKT and PRAS40 were reduced in the presence of the inhibitors 

(Figure 4.5E). To determine if levels of CD40 on the surface remain the same after 

deletion of Wnk1, I used flow cytometry to measure CD40 levels on resting B cells 

from Wnk1fl/+ RCE and Wnk1fl/- RCE mice. Figure 4.5F shows that loss of WNK1 in 

B cells has no effect on the levels of CD40 on the surface, indicating that the 

reduction in OXSR1 phosphorylation in WNK1-deficient B cells is not due to a 

reduction of CD40 expression. 
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Figure 4.5 CD40L Stimulation Leads to OXSR1 Phosphorylation in a WNK1-
Dependent Manner 
(A) Representative immunoblot of WT B cells stimulated with recombinant murine CD40L for the 
times shown and blotted with antibodies against p-OXSR1 and a-TUBULIN. Below is a bar graph 
showing the mean ± S.E.M. relative signal of p-OXSR1 normalised to a-TUBULIN at the different 
time points (n=4). (B) Representative immunoblots of B cells from either Wnk1fl/+ RCE and Wnk1fl/- 
RCE mice stimulated with recombinant murine CD40L for the times shown and blotted with 
antibodies against p-OXSR1 and a-TUBULIN. Below is a bar graph showing the mean ± S.E.M. 
relative signal of p-OXSR1 normalised to a-TUBULIN at the different time points (n=5). (C) 
Representative immunoblots of B cells from either Wnk1fl/+ RCE and Wnk1fl/D368A RCE mice 
stimulated with recombinant murine CD40L for the times shown and blotted with antibodies 
against p-OXSR1 and a-TUBULIN. Below is a bar graph showing the mean ± S.E.M. relative 
signal of p-OXSR1 normalised to a-TUBULIN at the different time points (n=5). (D) 
Representative immunoblot of WT B cells incubated with 5µM WNK463 or vehicle alone (DMSO) 
and then stimulated with recombinant murine CD40L for 10 minutes and blotted with antibodies 
against p-OXSR1 and TUBULIN. Below is a bar graph showing mean ± S.E.M. relative signal of 
p-OXSR1 normalised to a-TUBULIN at the different time points (n=5). (E) Representative 
immunoblot of WT B cells incubated with either 1µM PI-103 or 2µM MK2206 or vehicle alone 
(DMSO) and then stimulated with recombinant murine CD40L for 10 minutes and blotted with 
antibodies against p-OXSR1, p-AKT, p-PRAS40 and TUBULIN. Below are bar graphs showing 
mean ± S.E.M. relative signal of p-OXSR1, pAKT and pPRAS40 (all normalised to ERK2) from 
cells incubated with the different inhibitors (n=6). (F) Bar graph showing mean ± S.E.M. of 
normalised MFI of CD40 on the surface of Wnk1fl/+ RCE and Wnk1fl/- RCE B cells. MFI was 
normalised to the average MFI on Wnk1fl/+ RCE B cells, which was set to 100 (n=7). Statistical 
analysis was carried out using a Mann-Whitney U-test; * p<0.05, ** p<0.01. 
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To test phosphorylation of OXSR1 downstream of LPS stimulation, I stimulated 

WT B cells with LPS over a range of time points and performed an immunoblot to 

detect phosphorylation of OXSR1. No increase in phosphorylation of OXSR1 was 

detected up to an hour after stimulation with LPS (Figure 4.6). Thus, TLR4 signalling 

does not activate the WNK1/OXSR1 pathway. 

 

 

 
Figure 4.6 LPS Stimulation does not Induce Phosphorylation OXSR1 
Representative immunoblot of WT B cells stimulated with LPS for the time points shown and 
blotted with antibodies against p-OXSR1 and a-TUBULIN. Below is a bar graph showing the 
mean ± S.E.M. relative signal of p-OXSR1 normalised to a-TUBULIN at the different time points 
(n=5). Statistical analysis was carried out using a Mann-Whitney U-test. 
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4.1.5 Upregulation of Activation Markers After Stimulation with Anti-IgM and 
CD40L is Regulated by WNK1 

WNK1-deficient B cells have a defective response to activation signals, 

therefore I wanted to assess their ability to activate as indicated by upregulation of 

activation markers. Wnk1fl/+ RCE and Wnk1fl/- RCE B cells were stimulated with  

anti-IgM over three days and the level of CD69, CD71, CD80, CD86, CD95 and MHC 

Class II were assessed by flow cytometry. Both WNK1-deficient B cells and control 

B cells upregulate all activation markers after stimulation with anti-IgM but  

WNK1-deficient B cells displayed differences in the levels of upregulation (Figure 

4.7). There was an increase in CD80 at day 3 and CD95 at days 2 and 3 in  

WNK1-deficient B cells. Contrastingly, there was a decrease in levels of MHC Class 

II at days 2 and 3 in B cells lacking WNK1 compared to control B cells. 

 

 

 
Figure 4.7 Upregulation of Activation Markers After Stimulation Through the BCR 
Bar graphs showing mean ± S.E.M. normalised MFI of CD69, CD71, CD80, CD86, CD95 and 
MHC Class II on Wnk1fl/+ RCE and Wnk1fl/- RCE B cells after stimulation with anti-IgM F(ab)2 for 
1, 2 and 3 days (n=5-6). MFI values were normalised to the peak response in Wnk1fl/+ RCE B 
cells, which was set to 100. Statistical analysis was carried out using a Mann-Whitney U-test;  
* p<0.05, ** p<0.01. 
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To address how activation markers change upon T-cell help in B cells lacking 

WNK1, I assessed changes in B cell activation markers after stimulation with CD40L. 

Figure 4.8 shows that WNK1-deficient B cells upregulated surface levels of activation 

markers after stimulation with CD40L, but the levels of CD69, CD80, CD86, CD95 

were higher in WNK1-deficient B cells compared to control B cells. In contrast, levels 

of ICOSL and MHC class II were lower in WNK1-deficient B cells than in control B 

cells. These data show that WNK1 is not required for upregulation of activation 

markers in response to stimulation with anti-IgM or CD40L. However, WNK1 does 

regulate the level of upregulation of these markers. 

 

 

 
Figure 4.8 Upregulation of Activation Markers After Stimulation Through CD40 
Bar graphs showing mean ± S.E.M. normalised MFI of CD69, CD80, CD86, CD95, ICOSL and 
MHC Class II on Wnk1fl/+ RCE and Wnk1fl/- RCE B cells after stimulation with recombinant murine 
CD40L for 1, 2 and 3 days (n=6). MFI values were normalised to the peak response in Wnk1fl/+ 
RCE B cells, which was set to 100. Statistical analysis was carried out using a Mann-Whitney  
U-test; * p<0.05, ** p<0.01. 
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4.1.6 Activated WNK1-Deficient B Cells Have Higher Forward Scatter Area 
After Stimulation with CD40L 

Upon activation, B cells increase in size which can be detected using flow 

cytometry and measuring forward scatter (FSC) (Bondada et al., 2003). I measured 

the FSC of Wnk1fl/+ RCE and Wnk1fl/- RCE B cells after stimulation with anti-IgM or 

CD40L. WNK1-deficient B cells displayed increased FSC after stimulation with anti-

IgM and CD40L, indicating that WNK1-deficient B cells are activated (Figure 4.9A 

and B). There was no difference in the FSC between WNK1-deficient and control 

cells after stimulation with anti-IgM (Figure 4.9A). However, there was an increase in 

FSC in WNK1-deficient B cells compared to control B cells after stimulation with 

CD40L (Figure 4.9B). This suggests that WNK1 may regulate cell volume after 

stimulation with CD40L but not with anti-IgM. 

 

 

 
Figure 4.9 WNK1-Deficient B Cells Display Higher FSC After CD40L Stimulation 
Bar graphs showing mean ± S.E.M. scattering index for forward scatter of Wnk1fl/+ RCE and 
Wnk1fl/- RCE B cells stimulated with anti-IgM F(ab)2 (A) or recombinant murine CD40L (B) for 1, 
2 and 3 days (n=6). Statistical analysis was carried out using a Mann-Whitney U-test; * p<0.05, 
** p<0.01. 
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4.1.7 WNK1 Regulates Cytokine Secretion in WNK1-Deficient B Cells After 
Anti-IgM Stimulation 

B cells are able to secrete a subset of cytokines after activation and this is a 

further hallmark of their activation. Previous work by Harald Hartweger in our group 

showed that IL-6, IL-10, TNF-a and VEGF-A are secreted by B cells at detectable 

levels following in vitro stimulation with anti-IgM and CD40L (Hartweger et al., 2014). 

I tested supernatants from either Wnk1fl/+ RCE B cells or Wnk1fl/- RCE B cells 

stimulated with either medium alone, anti-IgM or CD40L for 3 days. There was no 

difference in secretion of IL-6, IL-10 and TNF-a and a trend for a decrease in  

VEGF-A when Wnk1fl/- RCE B cells were stimulated with CD40L when compared to 

Wnk1fl/+ RCE B cells (Figure 4.10). In contrast, to when Wnk1fl/- RCE B cells were 

stimulated through the BCR as they secreted more IL-10 and TNF-a compared to 

Wnk1fl/+ RCE B cells (Figure 4.10). 

 

 

 
Figure 4.10 WNK1 Regulates Secretion of IL-10 and TNF-a 
Bar graphs showing mean ± S.E.M. concentration of IL-6, IL-10, TNF-a and VEGF-A secreted by 
Wnk1fl/+ RCE and Wnk1fl/- RCE B cells after 3-day stimulation in vitro with either medium alone, 
anti-IgM F(ab)2 or recombinant murine CD40L (n=9-15). Statistical analysis was carried out using 
a Mann-Whitney U-test; * p<0.05, ** p<0.01, **** p<0.0001. 
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In summary, I have shown that WNK1-deficient B cells have defects in 

activation in vitro. These include a reduced ability to proliferate and to survive when 

stimulated through the BCR, CD40 and TLR4, as well changes in levels of activation 

markers and cytokine secretion. Signalling downstream of CD40, but not TLR4, 

induces a WNK1-dependent phosphorylation of OXSR1. However, WNK1-deficient 

B cells can undergo some aspects of activation, since stimulation induces secretion 

of cytokines and upregulation of activation markers. Taken together, these data 

suggest that WNK1 regulates activation of B cells stimulated with anti-IgM, CD40L 

and LPS. 
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4.2 Analysis of Antigen Processing and Presentation 

4.2.1 WNK1-Deficient B Cells Have Defects in Antigen Presentation to CD4+ T 
Cells 

To further test whether WNK1 is required for other processes during B cell 

activation, I tested the ability of WNK1-deficient B cells to present antigen to CD4+ T 

cells as this is crucial for a T-dependent antibody response. One method I used was 

testing the ability of B cells to present ovalbumin (OVA) peptides to OT-II CD4+ T 

cells in an in vitro co-culture assay shown in Figure 4.11A. When OT-II CD4+ T cells 

are co-cultured with Wnk1fl/- RCE B cells that have been loaded with OVA fewer 

entered division and those that divided underwent fewer divisions than cells 

cocultured with Wnk1fl/+ RCE B cells (Figure 4.11B and C). This suggests a defect in 

antigen presentation, but, as shown previously, WNK1-deficient B cells have defects 

in survival and proliferation, which would lead to a decrease in number of  

antigen-presenting cells. Thus the reduced response of OT-II CD4+ T cell to OVA-

loaded WNK1-deficient B cells could be due to reduced numbers of B cells in the 

culture. 

To circumvent these potentially confounding phenotypes, I measured 

presentation of Ea peptide on MHC class II in a short-term assay by delivering the 

peptide on fluorescent microspheres coated with anti-IgM (Figure 4.12A). As levels 

of MHC class II increase upon activation (Figure 4.12B), I normalised the MFI of  

Ea-MHC class II to the MFI of total MHC class II. As shown in Figure 4.12C Wnk1fl/- 

RCE B cells were able to present antigen on MHC class II as shown by the increase 

in Ea-MHC class II over time but they presented less antigen compared to Wnk1fl/+ 

RCE B cells. This reduced presentation of peptides may contribute to the reduced 

proliferation seen in OT-II CD4+ T cells co-cultured with WNK1-deficient B cells 

loaded with OVA. 
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Figure 4.11 WNK1-Deficient B Cells Display Defects in Antigen Presentation to T 
Cells 
(A) Schematic of antigen presentation to OT-II T cells. B cells were loaded with ovalbumin (OVA) 
by incubating the cells with biotinylated anti-IgM F(ab)2 followed by anti-biotin antibody coupled 
to OVA and FITC. These B cells were then cocultured with CTV-labelled OT-II T cells for 3 days 
and division of the T cells was determined by flow cytometry. (B) Overlay of representative 
histograms of CTV fluorescence of OT-II T cells cocultured with either Wnk1fl/+ RCE or Wnk1fl/- 
RCE B cells. (C) Bar graphs showing mean ± S.E.M. percentage of cells that had divided at least 
once and the proliferation index of OT-II T cells when cocultured with either Wnk1fl/+ RCE or 
Wnk1fl/- RCE B cells (n=10). Statistical analysis was carried out using a Mann-Whitney U-test;  
* p<0.05, ** p<0.01. 
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Figure 4.12 Presentation of Peptides is Impaired in B Cells Lacking WNK1 
(A) Schematic of antigen presentation of Ea peptide on B cells. Purified B cells were loaded with 
fluorescent microspheres coated with biotinylated anti-IgM F(ab)2 (1.38 µg/109 microspheres) and 
three doses of biotinylated Ea peptide (high: 2.76 µg/109 microspheres, medium: 1.38 µg/109 
microspheres, and low: 0.08 µg/109 microspheres). Some B cells were loaded with fluorescent 
microspheres coated with biotinylated anti-IgM F(ab)2 alone. Then they were incubated at 37°C 
for 0, 3 and 5 hours before fixation and detection of Ea on MHC class II and total MHC class II by 
flow cytometry. (B) Overlay of representative histograms of Ea on MHC class II (left) and total 
MHC class II (right) on Wnk1fl/+ RCE and Wnk1fl/- RCE B cells after 0 and 5 hours of stimulation 
with a high concentration of Ea, gated on FITC+B220+ cells. (C) Bar graph showing mean ± S.E.M. 
normalised levels of Ea on MHC class II on Wnk1fl/+ RCE and Wnk1fl/- RCE B cells incubated with 
microspheres coated with a range of Ea concentrations for the times shown (n=7). Statistical 
analysis was carried out using a Mann-Whitney U-test; * p<0.05, ** p<0.01, *** p<0.001. 
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4.2.2 WNK1-Deficient B Cells Internalise More Soluble Antigen 

Since many cellular processes are involved in antigen presentation, I next 

tested one of the first to occur: antigen internalisation. I carried out a soluble antigen 

internalisation assay by using flow cytometry to determine changes in levels of biotin 

on the surface of B cells stimulated with biotinylated anti-kappa antibody (Figure 

4.13A). I used the following formula to calculate percentage of antigen internalised 

at time x: 

=
gMFI(Streptavidin	at	0	minutes) − gMFI(Streptavidin	at	x	minutes)

gMFI(Streptavidin	at	0	minutes) ∗ 100 

I measured the internalisation of antigen by B cells from Wnk1fl/+ RCE and 

Wnk1fl/- RCE mice and found that WNK1-deficient B cells displayed a marginal 

increase in the percentage of antigen internalised (Figure 4.13B and C). This 

suggests that WNK1 possibly negatively regulates soluble antigen internalisation in 

B cells.  

 

 

 
Figure 4.13 WNK1-Deficient B Cells Internalise Soluble Antigen 
(A) Schematic of soluble antigen internalisation assay. B cells were stimulated with biotinylated 
anti-IgM F(ab)2 labelled with Cy3 (green) for 0, 10, 20 or 30 minutes at 37°C before fixation with 
PFA. Streptavidin-allophycocyanin (red) labelling was used to measure levels of surface bound 
biotinylated anti-IgM F(ab)2 by flow cytometry. (B) Overlay of representative histograms showing 
levels of streptavidin fluorescence in Wnk1fl/+ RCE and Wnk1fl/- RCE B cells after 0 and 30 minutes 
of stimulation gated on Cy3+B220+ cells. (C) Bar graph showing mean ± S.E.M. percentage of 
antigen internalisation of Wnk1fl/+ RCE and Wnk1fl/- RCE B cells at the times shown (n=8). 
Statistical analysis was carried out using a Mann-Whitney U-test; * p<0.05. 
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4.2.3 Antigen Degradation is not Regulated by WNK1 

After B cells internalise antigen through their BCR, the antigen-containing 

endosomes are trafficked to the lysosome for degradation to take place. Figure 4.14A 

shows a schematic of the assay I used to measure antigen degradation. B cells were 

stimulated with biotinylated anti-IgM and immunoblotting techniques were used to 

measure amount of biotinylated IgH and IgL over time after stimulation. There was 

no difference between Wnk1fl/+ RCE and Wnk1fl/- RCE B cells in their ability to 

degrade antigen in this set up (Figure 4.14B).  

 

 

 
Figure 4.14 WNK1 Deficiency does not Affect Antigen Degradation 
(A) Schematic of soluble antigen internalisation assay. B cells were stimulated with biotinylated 
anti-IgM F(ab)2 for 0, 1, 2 or 3 hours at 37°C before lysing cells and assessing levels of biotinylated 
IgH and IgL by immunoblot with streptavidin. (B) Representative immunoblots of B cells from 
either Wnk1fl/+ RCE and Wnk1fl/- RCE mice stimulated with biotinylated anti-IgM F(ab)2 for the 
times shown and blotted with streptavidin and antibody against a-TUBULIN. Below is a bar graph 
showing the mean ± S.E.M. relative signal of IgH+IgL-biotin normalised to a-TUBULIN at the 
different time points (n=6). Statistical analysis was carried out using a Mann-Whitney U-test. 
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In summary, I have shown that WNK1 is a positive regulator of antigen 

presentation in B cells. This function of WNK1 is not through regulation of 

internalisation of soluble antigen or degradation since WNK1-deficient B cells 

internalise marginally more antigen than controls and display no difference in antigen 

degradation when compared to control B cells. Further investigation is required to 

determine how WNK1 regulates antigen presentation in B cells. 
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4.3 Discussion and Outstanding Questions 

In this chapter I have shown that WNK1 is involved in processes during B cell 

activation; specifically in survival, proliferation and antigen presentation. 

Measurements of the ability of WNK1-deficient B cells to activate show that they 

exhibit some hallmarks of activation since they can secrete cytokines, increase FSC 

area, and upregulate activation markers after stimulation with either anti-IgM or 

CD40L. This shows that B cells lacking WNK1 retain the capability to respond to 

activation signals in spite of displaying defects in survival. There is dysregulation in 

secretion of cytokines when WNK1-deficient B cells are stimulated through their BCR 

but not when stimulated through CD40. Additionally, WNK1-deficient B cells display 

higher FSC compared to controls after stimulation with CD40L but not anti-IgM. 

These data highlight that WNK1 regulates signals from the BCR and CD40 differently 

and perhaps there are different signalling pathways stemming from WNK1 

downstream of these two receptors. This is speculation as there is no data to support 

this statement but it would be interesting to compare the phosphoproteome of WNK1-

deficient B cells to controls with both anti-IgM and CD40L stimulation in an attempt 

to unravel this difference further. 

In addition, there is also moderate dysregulation of level of upregulation of 

activation markers. When stimulated with anti-IgM or CD40L, there is an increase in 

CD69, CD80, CD86 and CD95 levels and a reduction in ICOSL and MHC class II in 

WNK1-deficient B cells. These changes may not have a consequence in the cell 

biology of the B cells as they are not large changes but this remains to be tested. 

However, many of these proteins are involved in the communication of B and T cells 

suggesting that this communication could be impaired. This is further confirmed by 

the antigen presentation to OT-II T cells assay, where there is less T cell division 

when WNK1-deficient B cells are cocultured. The activation markers of the B and T 

cells were not tested in this experiment, nor the proliferation of the B cells in the 

setting of receiving signal 1 and 2. Therefore, it would be worthwhile investigating 

both the levels of activation markers on both B and T cells and B cell proliferation in 

this experimental setup.  

The levels of CD80, CD86, ICOSL and MHC Class II may not be the only 

contributing factor in reduced T cell proliferation in the OT-II antigen presentation 

assay. The reduction in the number of B cells on day 3 after stimulation with anti-IgM 



Chapter 4 Results 

 

137 

 

is a confounding factor. This means there are less cells to act at antigen presenting 

cells to the T cells, which could have an impact on the division of the T cells. 

Therefore, the direct measurement of antigen presentation using Ea peptide is a 

better approach to test antigen presentation in WNK1-deficient B cells. This revealed 

that there is a reduced capability to present peptides on MHC class II when B cells 

lack WNK1. This is not due to defects in antigen internalisation or degradation as 

these are comparable between WNK1-deficient and control B cells. The mechanism 

by which WNK1 regulates antigen presentation remains unknown. There are several 

processes that I have not tested that could be regulated by WNK1, such as fusion of 

the endolysosome with MHC class II containing vesicles, peptide loading on MHC 

class II by regulation of H2-M or similar regulatory proteins, and transport of MHC 

class II loaded with peptides to the plasma membrane. 

As well as there being defects in signals derived from B cells to T cells, there 

are defects in signals B cells receive from T cells. This is shown by reduced cell 

recovery when WNK1-deficient B cells are stimulated with CD40L, and CD40L and 

IL-4. I showed that there was WNK1-dependent phosphorylation induced by CD40L 

stimulation. As WNK1 is activated by CD40L stimulation, the major signal from T 

cells providing help to B cells, it is possible that B cell responses to T cell help are 

impaired in an in vivo setting but this remains to be directly tested. Unlike the OXSR1 

phosphorylation induced by anti-IgM and CXCL13, CD40L-induced phosphorylation 

of OXSR1 is not dependent on PI3K and only partially dependent on AKT. The 

signalling mediators downstream of CD40 signalling that activate WNK1 remain 

undetermined. As TRAFs (TRAF1, TRAF2, TRAF 3, TRAF5 and TRAF6) are known 

to be recruited to CD40, it could be that WNK1 is activated downstream of any of 

these signalling mediators. WNK1 is not known to associate with any TRAFs so it 

could be indirect activation through downstream signalling molecules. Further 

investigation is required to unravel the regulation of WNK1 downstream of CD40 

stimulation. 

The major function of WNK1 is positive regulation of proliferation after B cell 

activation, with the kinase function of WNK1 being critical for this role. WNK1 has 

previously been described to positively regulate proliferation in neural progenitor 

cells, although they did not measure survival of the cells in this study (Sun et al., 

2006). Additional work has shown that WNK1 is localised at spindles during 

metaphase and knock-down of WNK1 leads to defects in abscission in HeLa cells 
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(Tu et al., 2011). In this chapter, I have shown that WNK1-deficient B cells or cells 

where WNK1 has been inhibited display a reduced capability to divide upon 

stimulation through the BCR or CD40. The defect in proliferation is not solely due to 

a defect in survival as survival can be rescued by overexpression of BCL-XL but the 

defect in entry into cell division is not. It appears that overexpression of BCL-XL leads 

to a decrease in percentage of cells dividing as there is a trend for fewer cells 

entering division in B cells overexpressing BCL-XL. This is most likely due to more 

cells surviving without dividing, however it is possible that overexpression of BCL-XL 

has an impact on cell division in B cells. 

It remains to be shown whether the regulation of cell division by WNK1 is due 

to either regulation of entry into the cell cycle, regulation of the cell cycle as a whole 

or regulation of mitosis as would be suggested by work in HeLa cells and rat vascular 

smooth muscle cells (Tu et al., 2011, Zhang et al., 2018b). WNK1 has been 

implicated in the regulation of cyclins (Zhang et al., 2018a). The regulation of cyclins 

could be mediated by WNK1 in B cells. MYC controls transcription of pro-proliferative 

genes, such as cyclins and ribosomal genes. However, upregulation of MYC is 

unaffected by the deletion of Wnk1, suggesting that transcription of cyclins may be 

unaffected in WNK1-deficient B cells, but this has not been directly shown. Cyclins 

are not only transcriptionally controlled; there is also translational regulation as well 

as post-translational modifications that regulate their activity. Thus, it is possible that 

WNK1 may regulate cell cycle progression through regulation of cyclins at either the 

translational or post-translational levels, but further work would be required to test 

these hypotheses. 

The regulation of ion homeostasis by WNK1 through NKCC1 is not the 

mechanism by which it regulates proliferation in B cells, as shown by bumetanide not 

having an effect on cells entering division. This does not exclude ion movement from 

regulating cell division in B cells as NKCC1 may have a redundant role and other ion 

channels may compensate for the lack of transport through NKCC1. It remains 

unclear whether OXSR1 is involved in proliferation in B cells. Previous work indicates 

that OXSR1 is not localised to mitotic spindles and knock-down of OXSR1 leads to 

no defects in mitosis (Tu et al., 2011). However, there is no quantification in this 

paper, so it remains unclear if there is a partial reduction in cell division or 

redundancy by expression of Stk39 compensating for the lack of Oxsr1 expression. 

To investigate whether OXSR1 is required for B cell division, a conditional knockout 
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of Oxsr1 would need to be utilised due to the lack of mature B cells found in the 

Oxsr1T185A/T185A bone marrow chimeras. The Oxsr1fl mice were not available during 

the time frame of this PhD project. 
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Chapter 5. Role of WNK1 in B Cells During an 
Immune Response 

I have shown in the previous chapters that WNK1 regulates antigen 

presentation, proliferation, migration, survival and adhesion of B cells. In this chapter, 

I aimed to determine whether WNK1 has a function in B cells during an immune 

response, specifically a T-dependent antibody response. I explored this by using 

model antigen immunisations, transgenic mice with a fixed BCR and mice with Cre 

under the control of the Aicda promoter.  

5.1 WNK1-Deficient B Cells Mount a Defective Antibody 
Response to NP-CGG 

In order to assess the ability of WNK1-deficient B cells to partake in an immune 

response, I needed to restrict the deletion of Wnk1 to B cells to eliminate potential 

effects of the Wnk1 knockout in other cell types. µMT-/- mice have no mature B cells 

(Kitamura et al., 1991) and their bone marrow can be mixed with mutant bone marrow 

to reconstitute irradiated Rag1-/- mice. In the resulting mixed chimeric mice all B cells 

carry the mutated allele. The majority of cells of other haematopoietic cell types do 

not carry the mutated allele and thus the mutation is expected to have little impact 

on these other cell types. Together with Harald Hartweger, µMT-/- mixed bone 

marrow chimeras were made with either Wnk1fl/+ RCE or Wnk1fl/- RCE bone marrow. 

These chimeras are named µMT-/- + Wnk1fl/+ RCE and µMT-/- + Wnk1fl/- RCE mice 

respectively. Seven days after initial injection of tamoxifen, the mice were immunised 

with the hapten NP coupled to chicken gamma globulin (CGG) (NP-CGG) in alum. I 

tracked the immune response by measuring NP-specific antibodies in the blood by 

ELISA and differentiation into germinal centre and plasma cells by flow cytometry 

(Figure 5.1A). When µMT-/- + Wnk1fl/- RCE mice were immunised, there was a failure 

of the B cells to differentiate into germinal centre cells as shown by reduced numbers 

of NP-specific germinal centre cells, including both unswitched IgM+ and switched 

IgG1+ germinal centre cells, in comparison to µMT-/- + Wnk1fl/+ RCE mice up to day 

14 post immunisation (Figure 5.1B). A similar result was observed in NP-specific 

plasma cells where µMT-/- + Wnk1fl/- RCE mice had fewer total NP-specific plasma 
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cells than µMT-/- + Wnk1fl/+ RCE mice. No NP-specific IgG1+ plasma cells were 

observed in µMT-/- + Wnk1fl/- RCE mice, in contrast to the increase seen in  

µMT-/- + Wnk1fl/+ RCE mice after immunisation. From day 0 to day 7 post 

immunisation, there was a small increase in NP-specific plasma cells that were IgM+ 

in both µMT-/- + Wnk1fl/+ RCE and µMT-/- + Wnk1fl/- RCE mice (Figure 5.1B). However 

by day 14 there were many fewer WNK1-deficient IgM+ plasma cell compared to 

controls. 

Harald Hartweger performed an ELISA to measure NP-specific IgM and IgG1 

antibodies in the serum of µMT-/- + Wnk1fl/+ RCE mice and µMT-/- + Wnk1fl/- RCE 

mice before and after immunisation with NP-CGG in alum. As can be seen in Figure 

5.1C, there was no detectable secretion of NP-specific IgM or IgG1 in  

µMT-/- + Wnk1fl/- RCE mice while there was an increase in concentration of serum 

NP-specific IgM and NP-specific IgG1+ in µMT-/- + Wnk1fl/+ RCE mice after 

immunisation. These data together show that WNK1 is required in B cells for their 

differentiation into germinal centre B cells and plasma cells, and for the secretion of 

antigen-specific antibodies. 
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Figure 5.1 WNK1 is Required in B Cells for Antigen-Specific Antibody Responses 
and Differentiation 
(A) Schematic of generation of µMT-/- mixed bone marrow chimeras and subsequent 
immunisation with NP-CGG in alum. Bone marrow chimeras were generated by reconstituting 
irradiated Rag1-/- mice with a mix of bone marrow cells from either Wnk1fl/+ RCE or Wnk1fl/- RCE 
mice and µMT-/- mice at a 4:1 ratio. After reconstitution for ³ 8 weeks, mice were injected with 
tamoxifen. Seven days later they were injected with NP-CGG in alum and at the indicated days 
spleens and/or blood were harvested. NP-specific antibodies were analysed by ELISA and B cell 
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populations were analysed by flow cytometry. (B) Line graphs showing mean ± S.E.M. number 
of  NP-specific germinal centre cells (B220+ CD19+ Fas+ GL7+ NP+), NP-specific IgM+ germinal 
centre cells (B220+ CD19+ Fas+ GL7+ NP+ IgM+), NP-specific IgG1+ germinal centre cells (B220+ 

CD19+ Fas+ GL7+ NP+ IgG1+), NP-specific CD138+ cells (B220- CD138+ NP+), NP-specific IgM+ 
CD138+ cells (B220- CD138+ NP+ IgM+) and NP-specific IgG1+ CD138+ cells (B220- CD138+ NP+ 

IgG1+) in µMT-/- + Wnk1fl/+ RCE and µMT-/- + Wnk1fl/- RCE mice immunised with NP-CGG in alum 
(n=3-4). (C) Work done by Harald Hartweger. Line graphs showing mean ± S.E.M. antibody titres 
of NP-specific IgM and NP-specific IgG1 as measured in arbitrary units (a.u.) in µMT-/- + Wnk1fl/+ 
RCE and µMT-/- + Wnk1fl/- RCE mice immunised with NP-CGG in alum (n=4-5). Statistical analysis 
was carried out using a two-way ANOVA with multiple comparisons; * p<0.05, ** p<0.01,  
*** p<0.001, **** p<0.0001. Asterisks outside bracket indicate significant difference between 
genotypes from the two-way ANOVA analysis. Asterisks above points indicate significant 
difference using multiple comparisons from the two-way ANOVA analysis. 
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5.2 WNK1 is Required for Activation of B Cells in vivo 

Since WNK1-deficient B cells fail to differentiate into germinal centre cells, I 

wanted to assess their ability to activate in vivo to determine if they fail to become 

germinal centre cells due to defective activation. In order to measure activation of 

WNK1-deficient B cells, I needed to generate control and knockout B cells that are 

specific for an antigen. Thus, I utilised MD4 transgenic mice, which have a fixed BCR 

specific for hen egg lysozyme (HEL) coupled to the inducible knock-out of Wnk1. 

MD4+ Wnk1fl/+ RCE or MD4+ Wnk1fl/- RCE to use as donors for bone marrow 

chimeras. These chimeras were treated with tamoxifen and 7 days later I isolated B 

cells from these chimeras and labelled them with CMFDA before transferring them 

into congenically marked Ptprca/b (CD45.1/CD45.2 F1) mice. I immunised these mice 

with either sheep red blood cells (SRBC) or HEL coupled to SRBC (HEL-SRBC) 

(Figure 5.2A). To assess the ability of MD4+ Wnk1fl/+ RCE and MD4+ Wnk1fl/- RCE B 

cells to become activated, I analysed the levels of activation markers on transferred 

B cells 3 days after transfer and immunisation. I compared these between genotypes, 

and between those that received HEL and those that did not. Figure 5.2B shows that 

in response to HEL-SRBC, MD4+ Wnk1fl/- RCE B cells failed to upregulate CD69 and 

CD80 compared to MD4+ Wnk1fl/+ RCE B cells and showed no increase compared 

to B cells from mice immunised with SRBC only. CD86 was upregulated on MD4+ 

Wnk1fl/- RCE B cells but to a lower extent than on MD4+ Wnk1fl/+ RCE B cells, 

whereas there was no difference in the upregulation of MHC class II between the 

genotypes. I wanted to determine if there were differences in proliferation at this time 

point but unfortunately the CMFDA signal was insufficient for FlowJo to measure 

division. These data indicate that WNK1-deficient B cells are unable to become fully 

activated in vivo as they are unable to upregulate CD69 or CD80. However, they are 

able to be partially activated as they upregulate CD86 and MHC class II in an  

antigen-dependent manner. 
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Figure 5.2 WNK1 is Required in B Cells for B Cell Activation in vivo 
(A) Schematic of generation of MD4+ Wnk1fl/+ RCE and MD4+ Wnk1fl/- RCE mice, subsequent 
transfer of isolated B cells and immunisation with HEL-SRBC. Bone marrow chimeras were 
generated by reconstituting irradiated Rag1-/- mice with a mix of bone marrow cells from either 
MD4+ Wnk1fl/+ RCE or MD4+ Wnk1fl/- RCE mice. After reconstitution for ³ 8 weeks, mice were 
injected with tamoxifen, and B cells were isolated 7 days later and labelled with CMFDA (green). 
These cells were transferred into Ptprca/b mice intravenously and the recipients were immunised 
with either SRBC or HEL-SRBC. Three days later the mice were culled, spleens harvested and 
flow cytometry was used to measure activation markers. (B) Bar graph showing mean ± S.E.M. 
normalised MFI of CD69, CD80, CD86 and MHC class II on MD4+ Wnk1fl/+ RCE and MD4+ Wnk1fl/- 
RCE B cells from mice that were immunised with either SRBC (-) or HEL-SRBC (+) (n=3-4). The 
MFI was normalised to the average MFI of each marker on MD4+ Wnk1fl/+ RCE B cells from mice 
that received SRBC only, which was set to 100. Statistical analysis was carried out using a  
Mann-Whitney U-test; * p<0.05. 
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5.3 NKCC1 is not Required in B Cells to Mount an Antibody 
Response to NP-CGG  

WNK1 activates NKCC1 (SLC12A2) through phosphorylation of OXSR1, which 

in turn phosphorylates NKCC1. This phosphorylation event activates NKCC1 and 

opens the channel allowing sodium, potassium and chloride ions to enter the cell. To 

assess whether NKCC1 plays a role in the immune response of B cells, I generated 

mixed foetal liver chimeras with µMT-/- foetal liver and with either Slc12a2+/+ or 

Slc12a2-/- foetal liver so that all the B cells were either Slc12a2+/+ or Slc12a2-/- and 

the majority of other haematopoietic cells were WT. These mice are named  

µMT-/- + Slc12a2+/+ and µMT-/- + Slc12a2-/- respectively. I immunised these mice with 

NP-CGG or CGG alone and then measured NP-specific antibodies in the serum and 

differentiated B cell populations at day 14 post-immunisation (Figure 5.3A). One 

caveat with the interpretation of these results is that there were NP-specific germinal 

centre cells in mice that only received CGG, indicating that there was either an issue 

with the staining or the immunisation. Despite this, there is no difference between 

total number of germinal centre cells, including IgM+ and IgG1+ germinal centre B 

cells, nor in the number of plasma cells (Figure 5.3B). Furthermore, there was no 

difference in the concentration of NP-specific IgM or NP-specific IgG1 in the serum 

(Figure 5.3C). Since this experiment is suboptimal, it will need to be repeated. 

Despite this, these data suggest that NKCC1 is not required in B cells to mount an 

antigen-specific antibody response nor for differentiation into germinal centre B cells 

or plasma cells. 
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Figure 5.3 NKCC1 is not Required in B Cells for an Immune Response 
(A) Schematic of generation of µMT-/- mixed foetal liver chimeras and subsequent immunisation 
with NP-CGG in alum. Foetal liver chimeras were generated by reconstituting irradiated Rag1-/- 
mice with a mix of foetal liver cells from either Slc12a2+/+ or Slc12a2-/- mice and µMT-/- mice at a 
4:1 ratio. After reconstitution for ³ 8 weeks, mice were injected with NP-CGG or CGG alone in 
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alum and at the indicated days spleen and/or blood were harvested. NP-specific antibodies were 
analysed by ELISA and B cell populations were analysed by flow cytometry. (B) Bar graphs 
showing mean ± S.E.M. number of NP-specific germinal centre cells (B220+ CD19+ Fas+ GL7+ 

NP+), NP-specific IgM+ germinal centre cells (B220+ CD19+ Fas+ GL7+ NP+ IgM+), NP-specific 
IgG1+ germinal centre cells (B220+ CD19+ Fas+ GL7+ NP+I gG1+) and total CD138+ cells (B220- 

CD138+) in µMT-/- + Slc12a2+/+ and µMT-/- + Slc12a2-/- mice at day 14 post-immunisation with  
NP-CGG or CGG in alum (n=5-6). (C) Line graphs showing mean ± S.E.M. antibody titres of  
NP-specific IgM and NP-specific IgG1 as measured in arbitrary units (a.u.) in µMT-/- + Slc12a2+/+ 
and µMT-/- + Slc12a2-/- mice immunised with NP-CGG or CGG in alum (n=6). Statistical analysis 
was carried out using a Mann-Whitney U-test (B) or a two-way ANOVA with multiple comparisons 
(C). 
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5.4 Analysis of Requirement of WNK1 After Activation in an 
Immune Response 

The previous work has described the in vivo activation or differentiation of naïve 

B cells that lack expression of Wnk1. However, there are compounding factors in 

these experiments such as homing and survival. To circumvent these issues, I 

investigated the immune response in mice where the deletion of Wnk1 is restricted 

to activated B cells using Wnk1fl/+ AicdaCre and Wnk1fl/- AicdaCre
 mice. The AicdaCre 

allele is not expressed in naïve B cells, but is induced after B cells are activated. I 

immunised these mice with either NP-CGG or CGG in alum and assessed the ability 

of the B cells to differentiate into germinal centre cells or plasma cells, as well as 

evaluating NP-specific antibodies in the blood (Figure 5.4A). When Wnk1 expression 

was lost following B cell activation, there was a reduction in the number of total 

germinal centre cells and there were no germinal centre cells in which Cre had been 

expressed, as measured by huCD2 on the surface (Figure 5.4B). Thus WNK1 is 

required for the differentiation of B cells into germinal centre B cells. However, there 

was no difference in the differentiation into IgM+ or IgG1+ plasma cells (Figure 5.4B). 

Despite this, there was a trend for more NP-specific IgM and less NP-specific IgG1 

in the serum of Wnk1fl/- AicdaCre mice compared to Wnk1fl/+ AicdaCre
 mice (Figure 

5.4C). This shows that WNK1 is not required after activation of B cells for 

differentiation into plasma cells but there may be a requirement for WNK1 in the 

production of antigen-specific IgG1 antibodies. 
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Figure 5.4 WNK1 Expression in Activated B Cells is Required for an Immune 
Response 
(A) Schematic of immunisation of Wnk1fl/+ AicdaCre or Wnk1fl/- AicdaCre mice with NP-CGG in alum. 
Mice were injected with NP-CGG or CGG alone in alum and at the indicated days spleen and/or 
blood were harvested. NP-specific antibodies were analysed by ELISA and B cell populations 
were analysed by flow cytometry. (B) Bar graphs showing mean ± S.E.M. number of total germinal 
centre cells (B220+ CD19+ Fas+ GL7+), NP-specific germinal centre cells with Cre expression 
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(B220+ CD19+ Fas+ GL7+ NP+ huCD2+), NP-specific IgM+ CD138+ cells (B220- CD138+ NP+ IgM+) 
and NP-specific IgG1+ CD138+ cells (B220- CD138+ NP+ IgG1+)  in Wnk1fl/+ AicdaCre or Wnk1fl/- 
AicdaCre mice at day 14 post-immunisation with NP-CGG or CGG in alum (n=4-5). (C) Line graphs 
showing mean ± S.E.M. antibody titres of NP-specific IgM and NP-specific IgG1 as measured in 
arbitrary units (a.u.) in Wnk1fl/+ AicdaCre or Wnk1fl/- AicdaCre mice immunised with NP-CGG or CGG 
in alum (n=4-5). Statistical analysis was carried out using a Mann-Whitney U-test (B) or a  
two-way ANOVA with multiple comparisons (C); * p<0.05, ** p<0.01. Asterisks above points 
indicate significant differences using multiple comparisons from the two-way ANOVA analysis. 
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5.5 Discussion and Outstanding Questions 

In this chapter, I have shown for the first time that WNK1 plays a critical role in 

B cells during a T-dependent immune response. When Wnk1 is knocked out in naïve 

B cells, there are defects in differentiation into germinal centre and plasma cells, 

accompanied by a lack of antigen-specific antibodies in the serum. In a T-dependent 

immune response, when B cells encounter cognate antigen they first migrate to the 

B-T border where they interact with cognate CD4+ T cells. Upon successful 

interaction and receiving help, they migrate back into the follicle and differentiate into 

germinal centre cells, where they undergo further rounds of proliferation, somatic 

hypermutation and class switch recombination. It is possible that WNK1-deficient B 

cells fail to mount a T-dependent antibody response because of defects at many 

stages in this process. For example, they have defects in migration so they may not 

be able to localise to the B-T border correctly upon encounter of cognate antigen. If 

they are able to migrate to the B-T border, then they may not be able to transduce 

signals from T cells sufficiently due to defects in CD40 signalling or defects in signals 

delivered to T cells through defective antigen presentation or upregulation of CD80, 

CD86 and ICOSL. Furthermore, if the cells receive appropriate signals to differentiate 

into germinal centre cells, there could be defects in proliferation in vivo leading to a 

reduced ability to produce adequate numbers of germinal centre cells that can then 

further differentiate. On top of all of these contributing factors, there is the survival 

defect. This could hamper the development of a T-dependent immune response in 

two ways: reduction in precursor frequency (i.e. not enough cells specific for 

immunogen to drive an antibody response) or the B cells may continue to die 

throughout the immune response leading to a reduced antibody titre. 

In the studies described, I have not shown that the kinase function of WNK1 is 

required for its critical role in B cells to mount a T-dependent antibody response. 

However, I would predict that B cells carrying a kinase-dead allele of Wnk1 would 

display a similar defect in B cell immune responses. My studies of B cells in vitro 

showed that the kinase function of WNK1 is required for many of its functions, 

including survival and proliferation, which are potentially the major functions of WNK1 

in B cells during an immune response. To test whether kinase activity of WNK1 is 

required in B cells for them to mount a T-dependent antibody response, mixed bone 

marrow chimeras could be generated using bone marrow from µMT-/- and either 
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Wnk1fl/+ RCE or Wnk1fl/D368A, which would then be immunised with NP-CGG. 

Additionally, Wnk1+/D368A mice could be bred to Wnk1fl/fl AicdaCre/ AicdaCre mice to 

generate progeny that could be immunised with NP-CGG to determine whether the 

kinase function of WNK1 is required following B cell activation. 

One difference between the data generated from in vitro assays and from the 

in vivo immunisations is the ability to upregulate activation markers. WNK1-deficient 

B cells are unable to upregulate CD69 and CD80 three days after immunisation, 

whereas they are able to do so in vitro, indeed to a greater extent than control B 

cells. An explanation for this could be that in the in vivo experiment, the homing 

defect plays a role and the cells may be mis-localised. This mis-localisation could 

mean that they cannot encounter antigen or receive correct signals that drive 

upregulation of these markers, although there is upregulation of MHC class II and 

partial upregulation of CD86. This suggests that the WNK1-deficient B cells in this 

experiment are partially activated. To look at whether the cells are differentially 

localised, the labelled B cells could have been identified by histology and the ability 

of the knockout B cells to migrate to the B-T border of the follicles could have been 

determined. This would provide information about whether these cells are able to 

interact with CD4+ T cells in vivo. Again, another complication of this experiment is 

the defect in survival in B cells lacking WNK1 adding to a further drop in precursor 

frequency. 

It seems that NKCC1 is not required for B cell responses in vivo as NKCC1-

deficient B cells are able to differentiate into germinal centre and plasma cells, as 

well as secrete antigen-specific IgM and IgG1 antibodies. This suggests that WNK1 

regulation of ion homeostasis through NKCC1 is not required for the immune function 

of B cells. It does not rule out that ion homeostasis in general is not required for B 

cell immune responses since other ion channels may be compensating for the loss 

of NKCC1. To investigate this further in vivo a knockout mouse for multiple ion 

channel genes would need to be used. This may not be possible as disruption of ion 

homeostasis is likely to have a negative impact on many cell types and may not be 

viable. Indeed, this could be the mechanism by which WNK1 regulates B cell immune 

responses. It could be that B cells lacking WNK1 are unable to sense stresses in the 

environment efficiently, such as osmotic stress or intracellular chloride, causing the 

B cells to become unresponsive to external stimuli, although this is unsubstantiated 

at the current time. 



Chapter 5. Results 

 

154 

 

When the effect of knocking out WNK1 in naïve B cells is circumvented by 

using a Cre that is expressed in activated B cells (AicdaCre), there is still a loss of 

germinal centre B cells. This suggests that despite maintenance of precursor 

frequency, localisation and normal initial activation, once WNK1 has been deleted 

there is an inability to form germinal centres. This could be due to defects in 

proliferation, survival or receipt of signals from CD4+ T cells to differentiate. Further 

investigation is required to determine whether there are any defects in these B cells 

in activation in vitro such as differentiation in an iGC culture or proliferation. Since 

the mice have the genotypes Wnk1fl/+ AicdaCre and Wnk1fl/- AicdaCre, these mice could 

be used to assess whether Wnk1 heterozygosity has an impact on localisation, 

adhesion and antigen presentation in naïve B cells. 

Of note is the finding that there is no difference in numbers of plasma cells up 

to day 7 post immunisation between µMT-/- + Wnk1fl/+ RCE and µMT-/- + Wnk1fl/- RCE 

mice or at day 14 post immunisation between Wnk1fl/+ AicdaCre and Wnk1fl/- AicdaCre
 

mice. Some plasma cell differentiation occurs in a GC-independent fashion, which 

could be unperturbed by deletion of Wnk1. In the experiment with µMT-/- mixed 

chimeras, at day 7 there was no increase in NP-specific germinal centre cells yet 

suggesting that these NP-specific plasma cells have arisen independently of the 

germinal centre reaction and they are mostly unswitched indicating they may have 

arisen in a GC-independent fashion. In the experiment with Wnk1fl/+ AicdaCre and 

Wnk1fl/- AicdaCre
 mice, the unchanged numbers of plasma cells could also be 

because of a GC-independent response, but another contributing factor could be that 

it takes several days for the Cre to be expressed, recombine the floxed allele, mRNA 

decay to occur, and eventually loss of WNK1 protein. During this time, the cells may 

have already committed to plasma cell differentiation. It appears that WNK1 is not 

required for the survival of plasma cells in the steady state, so it could be that after 

commitment to this fate, loss of WNK1 no longer has an effect on survival of the cells 

and they are able to persist and secrete antibody. My current work does not make it 

clear if there are defects in antibody secretion; immunisation of µMT-/- + Wnk1fl/- RCE 

mice indicated that there was no secretion of antigen-specific IgM antibodies in the 

serum, no difference in number of antigen-specific IgM+ plasma cells up to day 7 post 

immunisation. Whereas immunisation of Wnk1fl/- AicdaCre
 mice suggest that antigen-

specific antibodies can be secreted. Further work is required to unravel the function 

of WNK1 in plasma cells and whether it plays a role in antibody secretion or not. 
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Chapter 6. Discussion 

The role of WNK1 has been previously defined most extensively in the kidney 

and in neurons where it regulates ion homeostasis via activation of NKCC1 and 

NCC1, and inhibition of KCC1, KCC2, KCC3 and KCC4 through OXSR1 and STK39 

(Anselmo et al., 2006, De Los Heros et al., 2014, Friedel et al., 2015, Inoue et al., 

2012, Moriguchi et al., 2005, Vitari et al., 2005). Other work has shown that WNK1 

has a role in controlling cell cycle and mitosis in a variety of cell types, including 

neural progenitor cells, HeLa cells and rat vascular smooth muscle cells (Sun et al., 

2006, Tu et al., 2011, Zhang et al., 2018b). The migration of glioma and neural 

progenitor cells is also regulated by WNK1 (Sun et al., 2006, Zhu et al., 2014). 

However, WNK1 has not been rigorously studied in the immune system. Work 

from our laboratory has revealed that WNK1 is a negative regulator of T cell adhesion 

through LFA-1 and a positive regulator of T cell migration. Phosphorylation of OXSR1 

and expression of NKCC1 is required for T cell migration but not regulation of  

LFA-1 (Köchl et al., 2016). Further unpublished work from our laboratory has shown 

that WNK1 is critical for T cell development, as WNK1-deficient thymocytes are 

blocked at the b-selection checkpoint in the thymus.  

To further understand the role of WNK1 in the immune system, the work 

presented in this thesis set out to investigate the role of WNK1 in B cell biology. To 

briefly summarise the findings, I have shown that WNK1 regulates B cell adhesion, 

migration, survival, development, proliferation, antigen presentation to CD4+ T cells 

and antibody responses to T-dependent antigens. Thus, WNK1 is a critical kinase 

that regulates many aspects of B cell biology and its expression is required in B cells 

to mount an adequate antibody response. 
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6.1 Key Findings 

The role of WNK1 had not been previously studied in B cells. Thus, I have been 

able to show for the first time that it is a crucial kinase in a variety of processes in B 

cells. WNK1 is activated downstream of the BCR, CXCR5, BAFFR and CD40 leading 

to the phosphorylation of OXSR1. In the case of BCR, CXCR5 and BAFFR signalling, 

the activation of WNK1 is dependent on PI3K and AKT activity. However, signalling 

downstream of CD40 leading to activation of WNK1 is not dependent on PI3K, but 

has a partial dependency on AKT (Figure 6.1A). 

I have also shown that WNK1 is required for the development of B cells, since 

the deletion of Wnk1 resulted in a drastic decrease in the numbers of pre-B and 

immature B cells in the bone marrow. I have shown that WNK1 is a negative regulator 

of B cell adhesion through both LFA-1 and VLA-4, and this function is not dependent 

on NKCC1, similar to the pathway described in CD4+ T cells (Köchl et al., 2016). B 

cells that lacked the expression of Wnk1 displayed a defect in migration both in vitro 

and in vivo, highlighting its role as a positive regulator of B cell migration. I have 

revealed that WNK1 plays a crucial role in B cell survival, as a week after inducing 

deletion of Wnk1 the number of mature B cells plummeted to around a third the 

number observed in control mice, and the numbers continued to drop over time. I 

showed that WNK1 is required for B cell differentiation to germinal centre B cells, 

and to generate antibodies against T-dependent antigens. Similar to the previously 

described function of WNK1 in the regulation of cell cycle and mitosis (Sun et al., 

2006, Tu et al., 2011, Zhang et al., 2018b), WNK1 was observed to positively 

regulate proliferation of B cells after activation, which was independent of its role in 

regulation of survival. WNK1 is not critical for activation of B cells after stimulation 

through BCR or CD40 as activation markers were upregulated post-stimulation in 

WNK1-deficent B cells, albeit some markers are altered in the degree of 

upregulation. Additionally, I showed that WNK1 regulates the ability of B cells to 

communicate with CD4+ T cells, WNK is required for normal presentation of peptides 

on MHC class II, for full responses to CD40 stimulation and for upregulation of 

ICOSL. All of these processes are important for the generation and maintenance of 

the germinal centre reaction, suggesting that failure of WNK1-deficient B cells to 

differentiate into germinal centre B cells and to generate a T-dependent antibody 

response may be the result of cellular defects at multiple levels (Figure 6.1B). 
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Figure 6.1 Summary of Key Findings 
(A) Schematic of activation of WNK1 by BCR, CXCR5, BAFFR and CD40L. PI3K is activated 
downstream of BCR, CXCR5 and BAFFR stimulation, which leads to the activation of WNK1 via 
AKT and results in phosphorylation of OXSR1. CD40 stimulation leads to activation of WNK1 and 
phosphorylation of OXSR1 in a manner that is partially dependent on AKT but not on PI3K. (B) 
Schematic showing the processes in B cells that are regulated by WNK1. WNK1 is a negative 
regulator of adhesion through the integrins LFA-1 and VLA-4. WNK1 is a positive regulator of B 
cell survival, migration, development, proliferation, antigen presentation and differentiation to 
germinal centre B cells, and is required in B cells in order to mount an antibody response to  
T-dependent antigens. 
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6.2 Outstanding Questions 

The outstanding questions for each part of this project have been discussed in 

the relevant chapters. The main unanswered question from this project is: what is 

the mechanism by which WNK1 regulates all of these processes in B cells? One 

explanation is that WNK1 could be required for maintenance of ion homeostasis in 

B cells. Furthermore, through regulation of ion fluxes in and out of cells, WNK1 may 

control the volume of B cells. In this scenario, the absence of WNK1 would lead to 

inactivation of NKCC1 and activation of KCC1, KCC3 and KCC4 (NKCC2, NCC and 

KCC2 are not expressed in B cells), resulting in a net efflux of K+ and Cl- ions out of 

the B cell. This would lead to cell shrinkage as intracellular tonicity is reduced causing 

water to move out of the cell across the plasma membrane via osmosis. It is 

conceivable that the inability of WNK1-deficient B cells to regulate their volume may 

cause the majority of phenotypes that I have observed in WNK1-deficient B cells.  

When I measured FSC of B cells after stimulation with either anti-IgM or CD40L, 

WNK1-deficient B cells displayed increased FSC after stimulation with CD40L but 

not with anti-IgM compared to control B cells. Indeed, over time the WNK1-deficient 

B cells displayed increased in FSC signal. However, FSC is not a reliable measure 

of cell volume as it can also be affected by the refractive index of the cell, cell shape, 

cell size and membrane ruffling (personal communication with Flow Cytometry STP, 

Crick). Furthermore, work has shown that, although FSC does correlate with 

cell/particle size, it may not represent an accurate measure of cell size since smaller 

cells/particles can display similar or slightly higher FSC than larger cells (Salzman, 

2001, Tzur et al., 2011). Thus, to more accurately measure cell size, a Coulter 

Counter or microscopy should be used to measure cell volume. Indeed, when cell 

area of control and WNK1-deficient CD4+ T cells was measured using microscopy, 

WNK1-deficient CD4+ T cells displayed lower cell area compared to control CD4+ T 

cells (Leon de Boer, unpublished data). This supports the notion that WNK1 

regulates cell volume in lymphocytes possibly through NKCC1 and KCC-family 

proteins. 

Regulation of cell volume and ion homeostasis are important for regulation of 

several cellular processes, such as migration, apoptosis and proliferation. In order 

for cells to migrate, they need to change volume in a regulated manner such that 

there are local increases in volume at the leading edge of migrating cells and 
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decreases in volume at the rear. The osmotic engine model suggests that 3D 

migration through the extracellular matrix is regulated by localised ion and water 

movements across the plasma membrane (Stroka et al., 2014). For WNK1 to 

regulate B cell migration in this manner, WNK1 or WNK1 activity would have to be 

localised at the leading edge of the migrating cell resulting in activation of NKCC1 

and inactivation of KCC-family proteins to drive localised increases in volume. At the 

rear of the cell, WNK1 or WNK1 activity would have to be decreased leading to 

activation of KCC-family proteins and inactivation of NKCC1, thus causing a localised 

reduction in volume.  

Apoptosis is associated with a decrease in cell volume termed apoptotic volume 

decrease (AVD). Several studies show how regulation of cell size, and tonicity of 

both extracellular and intracellular areas are important for survival of cells. They 

indicate that decreases in cell volume are an early event in apoptosis, and in some 

cases a reduction in cell volume induces cell death (Bortner and Cidlowski, 1996, 

Hoffmann et al., 2009, Hughes et al., 1997, Maeno et al., 2000, Nielsen et al., 2008). 

AVD has been shown to proceed cytochrome c release and caspase activation, and 

that preventing AVD can rescue a cell from apoptosis (Maeno et al., 2000). 

Hypertonic media, which induce cell shrinkage, have been shown to induce 

programmed cell death, and decreasing potassium concentration in cell extracts and 

cell nuclei leads to caspase 3 activation and DNA fragmentation (Bortner and 

Cidlowski, 1996, Hughes et al., 1997). Furthermore, hypertonic medium has been 

shown to reduce the signalling downstream of platelet-derived growth factor receptor 

b, as measured by its delayed phosphorylation and a lack of phosphorylation of AKT 

upon stimulation in hypertonic medium compared to isotonic medium (Nielsen et al., 

2008). Thus, if loss of WNK1 causes a reduction in cell volume, which cannot be 

rescued by increasing cell volume through activation of ion channels, then apoptosis 

could be activated leading to the loss of B cells after deletion of Wnk1. Additionally, 

the shrinkage could lead to decreased BAFFR signalling and decreased 

phosphorylation of AKT similar to that observed in platelet-derived growth factor 

receptor. Both of these mechanisms could be responsible for the lower survival I 

observed in WNK1-deficient B cells, but further work is required to determine this. 

In order for cells to divide, they must increase in volume so that the daughter cells 

are of appropriate volume and cells do not diminish in size over progressive rounds 

of division. Treatment of cells with hypertonic media has been shown to promote 
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longer S and G2/M phases of the cell cycle, suggesting that shrunken cells progress 

through the cell cycle at a slower rate (Michea et al., 2000). Additionally, voltage-

gated potassium channels have been implicated in proliferation as quinidine, an 

inhibitor of voltage-gated potassium channels, causes inhibition of division due to an 

arrest in G1, indicating that potassium transport is important for cell cycle progression 

(Wang et al., 1998). B cells and T cells express the voltage-gated potassium channel 

KV1.3, which when inhibited in T cells leads to reduced IL-2 secretion and 

proliferation (Chandy et al., 1984, DeCoursey et al., 1984, Koo et al., 1999, Wulff et 

al., 2004). Modelling and experimental data have shown that water movement affects 

cytokinesis (Li et al., 2017). In this model, there is localised water movement out of 

the cell at the cleavage furrow and localised water movement into the cell at the 

poles. This water movement could be regulated by localised activation of ion 

transporters. Thus if WNK1 regulates ion transport and cell volume in B cells, the 

proliferation defect observed in WNK1-deficient B cells could be caused by a delays 

in cell cycle progression due to shrinkage or delays in cytokinesis due to 

dysregulated ion fluxes and subsequent water movement. 

Control of ion homeostasis and cell volume by WNK1 may not contribute to the 

increased adhesion or decreased antigen presentation phenotypes observed in 

WNK1-deficient B cells. Work in CD4+ T cells has shown that OXSR1 and NKCC1 

do not regulate adhesion through LFA-1, instead WNK1 negatively regulates  

GTP-loading of RAP1 (Köchl et al., 2016). This suggests that WNK1 activates 

signalling cascades other than OXSR1/NKCC1 that lead to the regulation of LFA-1. 

I have shown that NKCC1 was not required for the hyperadhesion phenotype 

observed in WNK1-deficient B cells. Thus, it is possible that GTP-loading of RAP1 is 

negatively regulated by WNK1 in B cells as well, but this has not been shown. Since 

WNK1 is a large protein with many SH3-binding motifs (PxxP), it is possible that it 

can act as a scaffolding protein for many different SH3 domain-containing proteins. 

Therefore, WNK1 may regulate the localisation and activation of different signalling 

proteins leading to regulation of different signalling cascades. It is possible that one 

of these signalling cascades is important for the regulation of peptide presentation in 

B cells, however, this has not been shown. Further investigation is required to 

determine the molecular mechanisms behind WNK1-regulated control of B cell 

adhesion and antigen presentation, as well as whether WNK1 controls cell volume 

in B cells.  
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6.3 Concluding Remarks 

The analysis of WNK1-deficient B cells has shown for the first time that WNK1 

is a critical kinase in B cells that regulates several aspects of B cell biology. I have 

shown that WNK1 is activated and phosphorylates OXSR1 downstream of 

stimulation of the BCR, CXCR5, BAFFR and CD40L. I have shown that WNK1 is a 

negative regulator of B cell adhesion and a positive regulator of migration, survival, 

development, proliferation and antigen presentation in B cells. Additionally, I have 

shown that B cells require Wnk1 expression in order to mount a T-dependent 

antibody response. It is possible that WNK1 is required for control of cell volume by 

regulation of ion fluxes in B cells, and this may be responsible for several aspects of 

the phenotypes I observed in WNK1-deficient B cells. However, further investigation 

is required to determine the molecular mechanisms behind the regulation of these 

processes by WNK1.  
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