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Abstract…….
Members of the TNF superfamily play critical regulatory functions in hematopoietic
cell lineage and function. Tnfsf9 is expressed in various hematopoietic cells,
including B cells. Its receptor CD137, also known as 4-1BB, has been
characterised and studied in the context of T cell activation and cancer
immunotherapy. Loss of Tnfsf9 is recurrently found in human germinal centre (GC)
B cell derived lymphomas and animals lacking Tnfsf9 develop B cell lymphomas.
The use of genetically engineered mouse models may help to understand better
the biology and function of Tnfsf9 in physiology and cancer.
Here, we discover that animals completely deficient for Tnfsf9 display early in life
enlarged lymph nodes and spleen, accompanied by spontaneous formation of large
GCs. In addition, we investigate in a B cell specific manner the effects of Tnfsf9
loss and report a similar phenotype of spontaneous GCs. Protein microarray
analysis of the sera of these mice shows the presence of both IgM and IgG
autoantibodies, accompanied by immunoglobulin deposits in kidneys later in life.
However, Tnfsf9 deficient animals do not show signs of overt autoimmune
mediated pathology; they develop GC B-cell derived lymphomas with 100%
penetrance as they age. We show that B cells deficient for Tnfsf9 display increased
survival in vitro, and that this phenotype is accompanied by elevated Bcl-2 and
Bcl-xL expression. Mechanistically loss of Tnfsf9 increases the activity of the
alternative NF-kB signalling pathway upon BCR activation, by allowing increased
nuclear translocation of p52.
Our findings have implications for the understanding of B cell survival through the
modulation of signals emanating from the BCR, and we report here a potential
novel role of Tnfsf9 in linking BCR signalling and the alternative NF-kB pathway.
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Impact statement
The findings hereby presented have important implications in the field of B cell
biology. We are describing a newly observed phenotype in Tnfsf9 knock-out mice
whereby lymphoma formation is preceded by mild autoimmunity. This mouse
model could therefore be used to understand the link between autoimmune
diseases and lymphoma formation, especially with regards to the potential risk of
having autoimmune cells developing into cancer cells. The fact that these
phenomena are B cell specific implies a major role for Tnfsf9 in B cell biology. As it
is, not much is known about this molecule and its role in physiology has mainly
been described and studied in macrophages and dendritic cells.
Moreover, we are proposing a novel potential mechanism of how Tnfsf9 could
function in B cell biology. The fact that Tnfsf9 can regulate cell survival and hence
impact the germinal centre response is important in understanding autoimmunity
and cancer patients who deregulated Tnfsf9 expression. Interestingly Tnfsf9 can be
either highly expressed or deleted in cancer patients and so far, the reason behind
this phenomenon is not properly understood. We also are introducing a new
concept of signalling in B cell biology; our results show a possible link between B
cell receptor activation and NF-kB2 signalling pathway that is regulated by Tnfsf9.
These findings are relevant for the understanding of the complexity of BCR
signalling and B cell survival.
The current studies and future ones to be performed may allow a better
understanding of interconnections between self-tolerance breakdown cancer
formation. These findings may pave the way for new therapeutics as well. The
identification of the signalling pathways activated upon Tnfsf9 gene expression
deregulation may aid the development of new therapies in both autoimmune
conditions and lymphoma. In addition, several therapies have aimed to harness the
expression of 4-1BB, the receptor for Tnfsf9, on T cells. The work presented in this
thesis may also aid in the improvement of those therapies.
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Chapter 1.

Introduction

1.1 Immune system
Human health strongly depends on the intrinsic ability of the body to fight external
pathogens. The body relies on its complex system of molecular and cellular
components to bring about defence against pathogens. This defence system is
known as the immune system and its high ability to recognise and mount
responses against the vast variety of pathogens, ranging from small defective
proteins (prions) to multicellular organisms like worms, has been the product of
evolution for millions of years(Litman and Cooper, 2007a). Simpler organisms
depend mainly on the innate immune system: a still nevertheless complex
mechanism characterised by its broad specificity and various soluble molecules
and receptors, capable of detecting ‘danger’ signals (such as bacterial
lipopolysaccharide) and mounting an appropriate response. The innate immune
system is encoded in the germline and rarely undergoes mutational changes.
However, the fact that it is largely conserved across the animal kingdom
demonstrates its effectiveness and versatility(Fugmann et al., 2006).
The innate immune system, although highly effective, is at times not sufficient.
Whilst able to mount a quick response, innate immune systems have “short-term
memory”. Toll-like receptors (TLRs) are a good example: their conservation from
Drosophila to vertebrates is well documented and they are effective at broadly
distinguishing between self and non-self. However, due to the lack of molecular
specificity TLRs may still recognise similar self and non-self, and that a response
can be mounted to both “friend” and “foe” molecules or cells. Also tissue
homeostasis depends largely on the immune system and whilst there are
regulatory mechanisms in place to regulate the innate immune system, damage
can ensue if there is an inappropriate response against self-antigens(Hoffmann,
1999; Litman and Cooper, 2007b).
A more advanced and sophisticated system developed later in evolution, one that
could mount relatively fast responses but more importantly that could generate and
maintain memory. In fact, the adaptive immune system is defined by its ability to
17
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mount memory responses. The adaptive immune system consists mainly of T cells
and B cells, each with its own importance to make the defence mechanism highly
specific and efficient. T cells develop in the thymus and B cells in the bone marrow
and they both encode surface receptors of high specificity, known as TCR in T cells
and BCR in B cells. The repertoire of TCRs and BCRs is immense, following
mutational arrangements during T cell and B cell development, such that antigens
with few amino acid differences can be distinguished by specific T cells and B cells.
Upon encountering antigens, T and B cells proliferate to increase in number. B
cells differentiate into antibody-secreting cells known as plasma cells and memory
B cells important upon re-infection. T cells can be of two types mainly: cytotoxic T
cells which are able to mount effector killer responses to intracellular antigens and
helper T cells that orchestrate the immune response of B cells. Typically, these
events occur in concert with each other so that there is tight regulation of the
immune response and effective immunity over time, characterised by a memory
response(Pancer and Cooper, 2006).

1.2 Development of B cells
The development of B cells happens in mainly two distinct locations in mouse: B
cells originate from haematopoietic stem cells (HSC) in the fetal liver and soon after
birth, the bone marrow is the major site of HSC derived B cell development. The
process of B cell development is a highly regulated process with the generation of
an immense repertoire of BCRs, a critical step in B cell development(Li et al.,
1993).
The HSC is the cell of origin of all haematopoietic cells, with a theoretically infinite
self-renewing ability. The early cell giving rise to lymphocytes is known as the
common lymphoid progenitor (CLP), which can give rise to NK, T and B cells,
depending on its immediate microenvironment. As shown by Kondo et al in 1997,
the CLP lacks any B cell identity molecules such as B220 and CD19 but is defined
by its expression of c-kit and IL-7 receptor a chain(Kondo et al., 1997).
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The first B cell identity lineage marker arises with the expression of B220/CD45R.
Definitive B cell lineage commitment comes with the expression of CD19, which is
expressed thereon on all B cells. Immature B cells are delineated by the expression
of AA4.1, which is then followed by BCR rearrangement(Li et al., 1993; Ogawa et
al., 2000). The latter is the process of generation of a plethora of BCR that can bind
to an immense number of antigens. One important transcriptional regulator of B cell
lineage commitment is Pax5. The latter encodes for the protein BSAP, B cell
specific activator protein. Its importance was demonstrated by Stephen Nutt et al in
1999, when they reported that inactivation of Pax5 in pro-B cells abrogated the
development of B cells in vitro(Nera et al., 2006). Pax5-deficient pro-B cells could
be differentiated along different lineages including granulocytes in the presence of
IL-3, IL-6 and stem-cell factor (SCF), NK cells when cultured with IL-12 for 10 days.
Restoration of Pax5 through retroviral transduction allowed Pax5-deficient pro-B
cells to commit exclusively to B cell lineage. In a series of gain or loss of function
experiments, the same group further identified the role of Pax5 as being a
transcriptional activator for CD19, N-myc, Mb-1 and Lef-1 and a repressor for PD-1
expression(Nutt et al., 1999).
The pre-BCR plays an important role in further advancing the development of pro-B
cells along the pre-B cell stages. As early as the pro-B cells, recombinationactivating genes (RAG1 and RAG2) mediate the rearrangement of the heavy chain
at the D- and J- loci. This is followed closely by rearrangement at the V
region(Fugmann et al., 2006; Oettinger et al., 1990). The resulting heavy chain can
pair with l5 and VpreB, together with the µ chain (a surrogate light chain) to form
the pre-BCR. Signalling through the pre-BCR allows the B cell to undergo a shortlived proliferation. Any functional defect along the production of the RAG1/2 genes
or the l5 and VpreB or µ chain results in block of differentiation along the pre-B cell
stage. The pre-BCR signals to shut down the RAG genes and prevent expression
of heavy chain product from the second allele, so-called allelic exclusion(Gong and
Nussenzweig, 1996; Kitamura et al., 1992). This is important to make sure there is
one BCR specificity for each cell. Moreover, there is initiation of the rearrangement
at the light chain locus, producing either a k or l chain. This can replace the l5 and
VpreB proteins to form the BCR. The resulting BCR can thus be expressed at the
cell surface for selection.
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1.3 Germinal centres
Germinal centres (GCs) are the hallmark of humoral immunity and as such
represent important structures in the immune system. They have long been studied
to understand the ability of the human body to respond to infection challenges. GCs
form in secondary lymphoid organs such as the spleen and lymph nodes when
naïve B cells encounter antigens. The microcosm of the GCs is apt to allow cell
proliferation, antibody diversification and affinity maturation. The end result is the
production of plasma cells that can secrete high-affinity antibodies to fight infection
and memory cells that can mount rapid responses upon challenge with similar
antigens(MacLennan, 1994; Victora and Nussenzweig, 2012).
The formation of GCs begins when naïve B cells encounter their antigen. This is
followed by migration of B cells to the T-B cell border where B cells receive
additional stimuli from CD4+ helper T cells to enable the full activation of B cells
and allow them to proliferate. This process is highly important to determine the
initiation of GC reactions. Two independent groups studied the T and B cell
interaction during initial challenge with an antigen and found that in the early
stages, the T-B cell interactions started at the outer perimeter of the follicle, where
T cells upregulated factors such as B cell lymphoma 6 (Bcl-6), CXCR5 and PD-1 in
their course of differentiating into follicular helper T cells, Tfh. Antigen-specific B
cells also modify their GC transcriptional programme, which includes expression of
Bcl-6 and failure to do so commits at least a fraction of these B cells to become
plasmablasts(Gitlin et al., 2014). The formation of GCs begins when naïve B cells
encounter their antigen. This is followed by migration of B cells to the T-B cell
border where B cells receive additional stimuli from CD4+ helper T cells to enable
the full activation of B cells and allow them to proliferate. This process is highly
important to determine the initiation of GC reactions. Two independent groups
studied the T and B cell interaction during initial challenge with an antigen and
found that in the early stages, the T-B cell interactions started at the outer
perimeter of the follicle, where T cells upregulated factors such as B cell lymphoma
6 (Bcl-6), CXCR5 and PD-1 in their course of differentiating into follicular helper T
cells, Tfh. Antigen-specific B cells also modify their GC transcriptional programme,
which includes expression of Bcl-6 and failure to do so commits at least a fraction
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of these B cells to become plasmablasts(Gitlin et al., 2014). Whilst not all antigenstimulated B cells will go on to form GCs, a few B cells that have received a signal
from the B cell receptor and additional co-stimulatory signals from T cells will
coalesce together to initiate the GC reaction(Baumjohann et al., 2011; Choi et al.,
2011; Kerfoot et al., 2011). The GC B cells are held together with the help of
follicular dendritic cells (FDCs), which are antigen presenting cells that will allow
GC B cells to be selected for further proliferation. The close interaction of GC B
cells together is maintained by several molecules, amongst which are the G-protein
coupled receptors (GPCR). For instance, Ebi2, also known as Epstein-Barr virusinduced gene 2, is a receptor for 7a,25-dihydroxycholesterol and is responsible in
attracting naïve B cells to the outer B cell follicle. However, its downregulation
mediates the migration of B cells towards the centre of B cell follicles during the GC
reaction. Gatto et al showed that Ebi2-deficient B cells tend to aggregate in FDC
network when initiating the GC response. Moreover, they showed that the reduced
expression of Ebi2 prevented plasmablasts to form when B cells are antigen
stimulated(Gatto et al., 2009). Similarly, the Ebi2 ligand 7a,25-dihydroxycholesterol
was shown to be important in the positioning of B cells in the spleen and lymph
node follicles during an immune challenge. Lack of 7a,25-dihydroxycholesterol
decreased the plasma cell response and blocked the migration of B cells to the
outer part of the GC reaction(Hannedouche et al., 2011).
Early GC can be discriminated by histology as from day 4 of immunisation.
Proliferation of antigen stimulated B cells takes place at an incredible rate and
allows naïve B cells to be pushed towards the outer part of the GC reaction. This
confines the GC reaction to specific follicles, although instances of merged GC
follicles are defined histologically. The defining characteristic of the GC is the
presence of two areas: the light zone (LZ) and the dark zone (DZ)(MacLennan,
1994; Victora and Nussenzweig, 2012). The DZ has been historically defined in
histology owing to the rapid B cell proliferation and close packing in the reticular
network, giving it a darker appearance under DNA staining. It is also the site which
is closer to the T cell zone and where FDCs are not present. The LZ is more
loosely packed with cells and have GC B cells interspersed with FDCs. The LZ is
found closer to the marginal zone in spleen and sinus capsule in lymph nodes(Allen
et al., 2007b, 2007a; Haynes et al., 2007).
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The DZ is considered mainly as a site of cell proliferation. In fact, the B cells in the
DZ are referred to as centroblasts and express high levels of CXCR4, the receptor
which binds to CXCL-12. CXCL-12 is secreted by reticular cells found in the DZ
region and is thought to be important to cluster the proliferating B cells into the DZ
area(Allen et al., 2007b). In the DZ, mutational processes occur; DZ B cells
express activation-induced deaminase (AID) and the DNA polymerase Polh. AID
carry out DNA breaks in order to introduce new mutational sequences whilst Polh
introduce point mutations during DNA repair. The function of this process is to allow
immunoglobulin (Ig) mutation in a process termed somatic hypermutation (SHM).
This results in the evolution of Ig into higher affinity immunoglobulins(MeyerHermann et al., 2012; Victora and Nussenzweig, 2012).
The LZ provides the microenvironment necessary for B cell selection. The process
depends on the interaction between FDCs, Tfh, GC B cells. LZ GC B cells are
characterised by the low expression of CXCR4 and high expression of CD83 and
CD86. With the help of Tfh and FDCs, LZ B cells undergo affinity maturation, a
process whereby B cells are selected based on the binding affinity to antigen of
their B cell receptor(Victora et al., 2012). Tfh play a major role in the selection of B
cells in the LZ. Using intravital microscopy, Victora et al showed that LZ B cells
capture antigen onto their surface via the BCR. The affinity of the BCR will
determine the strength of antigen capture and the antigen is processed and
presented to Tfh via MHCII molecules. Higher affinity BCR can load more antigen
for presentation via the MHCII. As a result, the interaction between high affinity B
cells and Tfh is facilitated as longer lasting Tfh-B cell contacts can be made. Hence
Tfh drives the selection of B cells in the LZ. The limiting factor for antigen selection
is thus suggested to be T cell help rather than FDC-B cell interaction, a previously
held consensus(Victora et al., 2010). Despite the high affinity of BCR being
selected, the BCR is used mainly for internalisation of antigen, rather than for B cell
signalling. This was first demonstrated convincingly in 2012 where GC B cells were
found to have quiescent BCR signalling due to the high level of SHP-1 and SH2
domain-containing inositol 5 phosphatase activity. The responsiveness of the BCR
signalling was restored only during the G2-M cell cycle stage during
proliferation(Khalil et al., 2012).
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GC B cell migration between the LZ and DZ is a must phenomenon to allow affinity
maturation and selection to occur efficiently. Cyclic re-entry, as it is known, requires
that a few high affinity LZ B cells are allowed to re-enter the DZ for further
proliferation and SHM. This iterative process of migration would allow for efficient
GC SHM and affinity maturation(Kepler and Perelson, 1993). Oprea proposed a
mathematical model that would suggest efficient SHM and affinity maturation
happened during the constant circulation of B cells from LZ to DZ zones and the
output of the GC in terms of memory B cells is proficient(Oprea and Perelson,
1997). Using two-photon laser microscopy, Schwickert et al demonstrated that in
mice, almost all antigen-specific B cells were involved in the bi-directional
movement between LZ and DZ. Notably follicular B cells were found to be able to
scan trapped antigen present in the GC and high-affinity B cells could enter the
GC. This ‘open structure’ allows for more competition to occur and select highaffinity B cells(Schwickert et al., 2007). Further work by independent groups
confirmed the in vivo cyclic re-entry mechanism during affinity maturation and
selection(Allen et al., 2007a; Victora et al., 2010). Interestingly the abrogation of the
LZ/DZ compartment does not seem to impact affinity maturation; Nie et al showed
in 2004 that deletion of CXCR4 had little consequence upon affinity maturation,
although CXCR4-deficient B cells accumulated fewer mutations with more output in
the memory B cell compartment(Bannard et al., 2013; Nie et al., 2004). More
recent sophisticated models suggest that 10-30% of LZ B cells are selected to reenter the DZ for further proliferation. The rest is thought to die through apoptosis or
exit the GC(Meyer-Hermann et al., 2012).
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Figure 1.1 Functionality of germinal centres (Adapted from Victora et al 2010)
Germinal centres are sources of high-affinity antibody. The GC is divided into the
dark zone and light zone. (1) B cells compete for T cell help to enter the GC reaction.
(II) GC B cells proliferate and undergo SHM in the DZ. BCR formed that are nonproductive causes B cell to die. Cells can migrate to the LZ. (III) FDCs help in the
selection of BCR. (IV) B cells interact with T cell by presenting antigen peptides in
MHCII molecules to receive T cell help. This will allow for selection to re-enter the
DZ or differentiate to effector B cells.

1.3.1 Selection in GC
Selection in the LZ can be divided into main categories: (1) positive selection,
which allows B cells to survive and chosen for further SHM or exit of the GC and
(2) negative selection, which is to eliminate harmful GC B cells. BCR signalling and
additional co-stimulatory signals are important in this process. The BCR functions
in two main roles: firstly it can induce signalling inside the B cells, resulting from the
antigen binding; and secondly the BCR can be endocytosed for processing of
antigen and presentation into the MHC complex. Interestingly BCR signalling is not
activated significantly in the GC as shown by several groups. The most important
response seems to happen at the G2-M phase of cell cycle when there is an
increase in Syk phosphorylation in the DZ. Using a Nur77-GFP mouse (Nur77 is an
indicator of B cell and T cell activation), Mueller et al found that upon immunisation
with NP-KLH, there was low GFP expression in the GC and that a fraction of LZ B
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cells expressed high GFP. These cells have high BCR signalling and showed an
enrichment for LZ gene signatures. These cells expressed genes related to positive
selection including Myc, Irf4 and Ccnd2(Mueller et al., 2015). In vitro this has been
shown through immobilised plasma membrane sheet antigens which trigger BCR
signalling.
Additional co-stimulatory signals through CD40 can trigger NF-kB signalling as
observed through the nuclear translocation of p50(Nowosad et al., 2016). Hence
Tfh can provide additional signalling in vivo for selection. Several studies have
demonstrated the ability of BCR to endocytose the antigen to be presented as a
peptide-MHC complex to T cells. The ‘T cell-centric’ model states that GC B cells
are selected based on the strength and number of B-T cell interactions occurring at
any given time. Higher affinity B cells can process more antigens for display and
hence can compete for Tfh co-signals. When DEC-205 positive GC B cells are
loaded with the peptide-MHC complex, they strongly interact with Tfh and
proliferate several times before differentiating into plasma cells. The cyclic re-entry
from LZ to DZ is also stimulated with the number of cell divisions and rate of cell
cycle entry being dependent onto the B-Tfh interaction(Gitlin et al., 2014).
Moreover the T-B cell interaction engage into a positive feedback cycle whereby
the co-stimulatory signals between T and B cells. Tfh are also major source of
BAFF which promotes GC B cell survival, especially after acquiring high affinity
mutations(Goenka et al., 2014).
Positive selection depends on the expression of Myc: although it is briefly
expressed in LZ B cells, its strong expression helps in selection of B cells. In vivo
this seems to be induced during the interaction between Tfh and B cells and its
expression is mainly restricted to a few LZ B cells that can undergo further cyclic
re-entry. Although Myc is associated with cell proliferation in general, its expression
in DZ B cells is significantly reduced(Calado et al., 2012; Dominguez-Sola et al.,
2012). Another mechanism by which positive selection can happen is through
antibody-mediated feedback: in this scenario, soluble antibodies can ‘mask’ the
antigen present on FDCs, preventing its uptake by B cells. As a result, the
competition between soluble antibody and B cells can gradually reduce the GC
reaction and its affinity maturation(Zhang et al., 2013).
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The GC reaction can also produce autoreactive B cells during SHM. Due to the
random insertion of nucleotide mutation in the immunoglobulin locus, the resulting
BCR or immunoglobulins can potentially recognise self-antigens and hence lead to
autoimmune diseases(Shlomchik et al., 1987). The process of negative selection
offers a checkpoint in this process to prevent generation of autoantibodies. In mice
with an unrestricted BCR repertoire, the FcgRIIB was found to reduce the frequency
of autoreactive B cells. Mice deficient for FcgRIIB developed a small fraction of selfpolyreactive IgG GC B cells and kidney-reactive autoantibodies, including
autoantibody directed against DNA(Tiller et al., 2010). The use of hen egg
lysozyme (SWHEL) system has given more details about how negative selection
can help control GC. Chan et al. used adoptively transferred monoclonal B cells
specific for SWHEL and this allowed GCs to be elicited by immunization with an
HEL mutant (HEL3X). Affinity maturation selects for SHM variants with increased
affinity for HEL3X which can bind the mutant HEL4X. In mice where HEL4X is
expressed as a pseudo-self-antigen in tissues, appearance of these highest-affinity
variants can be precisely monitored(Healy and Goodnow, 1998). Interestingly selfantigens can ablate the GC output only when expressed within the GC, but not
when expressed as tissue-specific antigens in the liver or kidneys.
Fas, also known as APO-1 or CD95, is expressed on the surface of GC B cells and
binds FasL, which is expressed in the GC by FDCs and CD4+ helper T cells. Its
main function is to trigger apoptosis and regulate the survival of GC B cells. Upon
binding its ligand, Fas receptor assembles the ‘death inducing signalling complex’
(DISC) through its intracellular signalling tail. The DISC is an aggregate of different
adaptor molecules: the adaptor molecule FADD is known to associate with Fas via
the interaction of their death domains. Caspase 8 is also recruited to the DISC
complex via interaction with death effector domains in FADD, which is important to
initiate the proteolytic activity of caspase 8 as a result of conformational changes.
c-FLIP has also been shown to be associated with the DISC complex but its role is
dual: high concentration of c-FLIP inhibits apoptosis as c-FLIP can compete with
caspase 8 in the binding to FADD and low concentrations of c-FLIP promotes
apoptosis. Caspase 8 undergo self-proteolytic activation and leaves the DISC
complex to interact with its intracellular substrates. The latter include caspase 3
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and caspase 7, which mediate the proteolysis of vital cellular proteins. Caspase 8
also truncates BID, a pro-apoptotic factor of the Bcl-2 family, which can translocate
to the outer mitochondrial membrane to release of pro-apoptotic factors such as
cytochrome c(Arkwright et al., 2010). In experiments using the SWHEL model, Fas
is shown to prevent the generation of GC B cells that escapes antigen-driven
selection. This protects against the formation of plasma cells that secrete high
amounts of HEL4x binding autoantibodies(Smith et al., 1995).
Sabouri et al further demonstrates that SHM in itself can be used to limit selfreactive GC B cells. The antibody repertoire was found to contain low anergic B
cells which express low levels of autoreactive IgM and IgD. Using cell transfer of
Hy10 antibody transgenic mouse B cells, the IgMlowIgD+ B cells were found to form
more GCs than naïve IgMhighIgD+ B cells in the recipient mice and they underwent
SHM mutation that promoted the CDR2 mutants. The latter were responsible for
blocking about 70% antigen-binding sites to N-linked glycans. This clonal selection
also resulted in antibodies of lower affinity, and as the authors suggest, provides a
mechanism of self/non-self-discrimination to prevent autoimmunity(Sabouri et al.,
2014). This was further demonstrated by Tan et al in 2016 in human antibodies
with autoreactive antibodies with the ability to recognise collagen protein LAIR1
being 100-fold lower affinity for collagen altogether(Tan et al., 2016). Still, SHM can
generate polyreactive B cells that have been shown to recognise both self and nonself-antigens to be common in the memory switched B cell pool. Tiller et al found
that healthy human blood contained IgG+ memory B cells expressing low affinity
self-antibodies including anti-nuclear antibodies. These were developed during the
GC reaction by de novo SHM. As a result, these IgG+ memory B cells can
contribute to autoimmunity. However, it is thought that these low affinity memory B
cells are regulated at the post-GC stage through other mechanisms. For instance,
self-reactive memory B cells are short-lived compared to memory B cells
developed against non-self antigens(Gitlin et al., 2016; Tiller et al., 2007).
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1.3.2 Effector B cells

The main function of the GC is to form effector B cells, plasma cells (PCs) and
memory B cells (Bmem), which will produce antibodies in the short term and longterm protection against external antigens. There are two potential sites for the
formation of PC and Bmem: (1) at the T-B cell border, and (2) within the GC itself.
At the T-B cell border, recently activated B cells will choose to either go into the GC
or differentiate into PC or Bmem. Differentiation at an early stage is usually a
means of rapid response against the antigen and the result is low affinity antibody
being produced. This is known as the extra-follicular response(Lin et al., 2002). At
this stage, the strength of the BCR signal determines the differentiation stage: a
strong BCR signal induces PC formation whilst lower BCR response allows B cells
to enter the GC. Within the GC, B cells can interrupt the cyclic re-entry to undergo
differentiation and exact of mechanism of cell fate decision and timing is not
completely clear. Due to SHM and CSR, the GC produces long-lived PC which
secrete high-affinity antibodies. The Bmem pool is also formed during the and it
has been shown that low-affinity BCR tends to favour the Bmem differentiation over
PC differentiation. The process depends on interaction of GC B cells with T cells
and is determined at the molecular level, by interactions such as CD40 ligation, IL4, IL-5 or IL-21 secretion and stimulation, although T-independent PCs can be
stimulated by LPS or unmethylated CpG DNA.
The post-GC B cell fate requires a change in B cell lineage and hence depends on
several interlinked transcriptional and chromatin-related changes. The result is a
switch to a different cellular programme involving changes in multiple genes.
Failure to undergo the complete cellular transition due to gain or loss of function of
important regulatory genes can lead to B cell lymphomas.
Pax5, transcription factor paired box protein 5, is important in the identity of B cells.
It is expressed early in B cell development to allow commitment to the B cell
lineage and maintains the B cell identity throughout. Its importance in B cell lineage
stems from several studies that show deletion of Pax5 either ablates B cell
development early on or promotes plasma cell differentiation. It controls the
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expression of several genes involved in PC and Bmem differentiation, including but
not limited to IgH, CD79, CD19, IRF4, IRF8 and Bach2(Lin et al., 2002; Nera et al.,
2006; Usui et al., 1997).
IRF4, Blimp1 and XBP1 are important drivers of PC differentiation. They enable the
switch to a transcriptional programme that promotes immunoglobulin secretion and
migration to bone-marrow niches for survival. Although IRF4 is important in the GC
reaction for CSR, its function as a PC differentiating factor depends on its binding
partner and its expression levels. High levels of IRF4 promotes expression of
Blimp1 and represses Bcl-6, whilst low levels of IRF4 maintain a GC profile. One
main study that promotes the dose-dependent relationship of B cells and IRF4 was
performed in 2013: Irf4-deficient mice failed to induce a GC response in CD19-Cre
mediated excision of floxed Irf4(Li et al., 2012; Ochiai et al., 2013a). Irf4 regulated
the levels of Bcl-6 as Irf4-deficient B cells did not upregulate Bcl-6 compared to WT
B cells. Using a tet-inducible system, Ociai showed that re-expression of Irf4
enabled GC B cells to be formed in vivo. Further evidence demonstrated that highaffinity PCs have higher levels of Irf4, with ChipSeq revealing the promotion of
Blimp1 expression by Irf4(Ochiai et al., 2013b).
Blimp1 is a transcriptional repressor and functions in the terminal differentiation of
B cells into PCs. Whilst its regulatory mechanism are not completely understood,
Blimp1 functions to repress Myc, Pax5, SpiB, and Bcl-6. Evidence points to the
regulation of antigen presentation though the expression of cytokine interferong.
Moreover, Blimp1 is thought to control PC response to cellular stress as it was
found to be involved in the unfolded protein response. Its role in plasma cell
malignancies is well documented with almost all PC malignancies expressing
Blimp1. However, the initial differentiation of B cells into pre-plasmablast seems to
occur independently of Blimp1 and suggests that other factors such as
downregulation of Bcl-6 and Pax5 might occur initially without needing
Blimp1(Angelin-Duclos et al., 2000; Lin et al., 2002).
XBP1 is a mediator in the unfolded protein response. PCs are inherently sensitive
to endoplasmic reticulum (ER) stress owing to their high rate of immunoglobulin
synthesis and secretion. B cell specific deletion of Xbp1 showed that PCs can form
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independently of XBP1 but the latter is necessary for the functional aspect of
PCs(Lin et al., 2002): XBP1 regulates the mRNA processing of immunoglobulin
genes and their secretion and determines ER remodelling in PCs to allow efficient
immunoglobulin secretion.
Memory B cells play a major role in the recall response in infection. Their formation
can be GC-independent or GC-dependent. However, the exact mechanism of their
lineage commitment and development is not known. Extensive gene analysis has
not been able to elucidate the main transcriptional or molecular regulators of Bmem
formation. Stochastic differentiation into Bmem during the GC reaction is thought to
happen with the survival of the B cell being deterministic in the lineage
switch(Kurosaki et al., 2015). The family of Bcl-2 pro-apoptotic proteins seem to
favour the survival hypothesis of Bmem formation; deletion of PUMA and BIM was
found to increase the IgG1+ memory B cell pool. This was consistent with the
observation that BIM, a pro-apoptotic factor, and Bcl-2, an anti-apoptotic factor, are
respectively decreased and elevated in IgG1+ memory B cells compared to GC B
cells. Bach2, a transcriptional repressor, is reduced in IgG1 memory B cells at the
transcriptional and protein levels. Interestingly Blimp1, XBP1 and IRF4 were found
to be expressed to similar levels in both the PC and Bmem pools. The reduced
Bach2 expression seems to predispose Bmem to PC differentiation. Whilst the
regulation of Bach2 is not fully clear, mTOR seems to regulate the expression of
Bach2(Kometani et al., 2013).

1.4 Autoimmunity
Paul Ehrlich first introduced the concept of autoimmunity and described it with the
term ‘horror autotoxicus’. The immune system is efficient in its function to develop
immune responses to foreign antigens. However, when the process is flawed and
goes wrong, the immune system can attack self-antigens and cause damage to the
host tissues. Extensive research has focused on the ability of the immune system
to recognise self and non-self-antigens and how to regulate an aberrant immune
response. The study of autoimmune disease has led to the development of a
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multitude of therapies that can efficaciously target specific signalling molecules and
pathways to treat autoimmune patients(Shlomchik et al., 1987).
The mammalian genome encodes a huge repertoire of T cell receptor (TCR) and B
cell receptor (BCR). The advantage of the immensity of the repertoire is for the
immune system to recognise an ‘infinitely’ diverse range of antigens. The
development of the repertoire happens in the central lymphoid organs, which are
the bone marrow for B cells and the thymus for T cells. VDJ recombination during B
and T cell development allows for the assembly of different BCRs and TCRs. BCRs
further depend on SHM in peripheral lymphoid organs such as the spleen and
lymph nodes to add new mutations, up to the single nucleotide level, to enhance
their specificity for the antigen. Several receptors thereby generated by these two
processes will bind self-antigens and must be moderated to prevent autoimmune
responses. In fact the process is very efficient as VDJ rearrangement on average
generates 20-50% self-reactive TCR and BCR, with only a 3-8% prevalence of
autoimmune diseases in the population(Shlomchik et al., 1987).
Regulation of self-reactive BCRs and TCRs depends on four different mechanisms:
(1) T or B cells expressing autoreactive receptors undergo apoptosis, (2)
autoreactive TCRs or BCRs can undergo further VDJ rearrangement and SHM to
eliminate the self-reactivity, (3) T and B cells with self-reactive receptors can enter
clonal anergy with a reduced ability to respond to self-antigens and, (4) finally
autoreactive T or B cells can be regulated by other cell types such as regulatory T
cells or B cells and cytokines(Healy and Goodnow, 1998). These checkpoints are
important to control any autoreactive TCR or BCR and failure of one or more
checkpoints can trigger autoimmune diseases.
1.4.1 Mechanisms of B cell tolerance
In the bone marrow, if a developing B cell forms a self-reactive BCR that crosslinks
and initiates too strong an intracellular signal, the B cell is halted in its development
and internalises the BCR. This enables the B cell to keep on expressing RAG1/2 to
promote further VDJ rearrangement in an attempt to alter the BCR. Simultaneously
the B cell fails to express homing molecules such as CD62L and the pro-survival
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receptor BAFF. If the B cell cannot edit the BCR to a less-self or non-self reactive
one, the B cell will undergo cell death within 1-2 days in the bone marrow. This
process of clonal deletion arises partly due to a lack of BAFF receptor expression;
also contributing is the expression of pro-apoptotic BIM molecules following BCR
activation, leading to repression of survival proteins of the Bcl-2 family. The
importance of BIM in central tolerance was showed by the development of antiDNA autoantibodies in mice deficient for BIM, although the phenotype appeared
after several months(Lesley et al., 2004).
Biochemical tuning in self-reactive B cells in the primary and secondary lymphoid
tissues has well been documented. This process involves cellular and molecular
changes within the B cells to allow for a less responsive BCR. Endocytosis of the
BCR can limit its expression on the cell surface, with reports of up to 99% reduction
in BCR expression being documented. This massive reduction in expression of
BCR is also aided through a reduced processing and transport of the BCR to the
cell surface(Bell and Goodnow, 1994). Moreover, self-reactive BCRs do not
activate tyrosine kinase signalling efficiently, leading to a weak activation of the
NFkB1 pathway and downregulation of pro-survival genes. At the same time BIM is
further expressed to promote apoptosis(Lesley et al., 2004). Should the B cell
undergo further editing through SHM and develop non self-reactive BCR, the B cell
would be able to signal normally through the BCR and other receptors to increase
its survival.
BCR signalling can be regulated intrinsically by elevating the threshold of
activation. This occurs through the tyrosine phosphatase SHIP1 and lipid
phosphatase SHIP. Both work by limiting phosphorylation at the BCR of adaptor
and signalling molecules essential in activating downstream pathways. Defects in
these two molecules have been shown to increase the production of antibodies,
targeting both self and non-self antigens(Healy and Goodnow, 1998; Ravetch and
Lanier, 2000). Further changes in the expression of certain genes can regulate the
responsiveness of B cells. CD5 can be selectively expressed on the surface of selfreactive B cells and help to regulate the BCR activation. Using the hen egg
lysozyme (HEL) transgenic model with a CD5-null background, Hippen et al found
that there was a loss of B cell tolerance in vivo, evidenced by elevated anti-HEL
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autoantibodies in the sera of the CD5-deficient mice. CD5-deficient B cells also
showed enhanced proliferation and calcium signalling in vitro, suggesting the
negative regulation of BCR signalling in anergic B cells(Hippen et al., 2000).
Survival of B cells depends on BAFF, a cytokine secreted by lymphoid stroma.
BAFF engages its receptor on B cells and activates the NFkB2 signalling
pathway(Rauch et al., 2009; Schneider et al., 1999). This increases the expression
of Bcl-2 and PIM2. PIM2 phosphorylates and inactivates the pro-apoptotic protein
Bad. Self-reactive B cells in the bone marrow express low amounts of BAFF
receptors and are thus competitively deleted when they enter the circulation. Hence
in B cell lymphopenia where there are fewer B cells and reduced competition for
BAFF, self-reactive B cells can survive better. This is also observed in in
pathological or infective situations of high BAFF secretion. Anti-BAFF antagonism
in clinical settings allow for elimination of autoimmune B cells through increased
sensitivity of B cells to peripheral tolerance(Rauch et al., 2009).
In order to be fully activated, B cells need to receive two signals in short
succession. Signal one arises from the antigen binding to the BCR and triggering
various downstream biochemical pathways. Signal two arises from T cell help
through either direct ligation with cell surface receptors or ligands or secreted
cytokines. CD40 receptor ligation on B cells together with IL-4 and IL-21 stimulate
proliferation and differentiation into PCs. Due to central tolerance of T cells within
the thymus, T cell help for circulating self-reactive B cells is restricted. However,
during an infection, T cell help for the GC reaction can be misdirected to selfreactive B cells to trigger autoimmune responses(Kolhatkar et al., 2015). This is
observed in Guillain–Barré syndrome where the infection with Campylobacter jejuni
can trigger an autoimmune-mediated attack on the peripheral nervous system and
formation of neuropathic autoantibodies. This is thought to arise partially through
molecular mimicry, where there is cross-reaction between the infective reagent and
self-antigens expressed by nerves. The T cell help signal can be substituted in
some cases by stimulation through TLRs on B cells. In fact, TLR9 signalling,
triggered by CpG DNA, can substitute to some extent for T cell help in B cells and
dysregulation of the pathway has been found to increase IgG autoantibody
production against DNA. A fraction of patients using drugs such as procainamide
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can develop anti-DNA autoantibodies as procainamide interferes with DNA
methyltransferases to unmask DNA sequences. Still not much is known about the
role of TLR signalling in B cell tolerance(Kuraoka et al., 2017).
The GC can be a source of autoreactive B cells(Victora and Nussenzweig, 2012),
arising as a result of SHM. SHM produces DNA breaks and insertion of small
nucleotide sequences in the immunoglobulin loci. This can cause creation of B cells
with high-affinity receptors for self-antigens. GC produce long term PCs and
memory B cells and production of copious amounts of autoantibodies from PCs can
increase severity of autoimmunity for a long time. Mice models of lupus (SLE) show
that despite no immunisation, there are spontaneous GCs formed in the spleen and
lymph nodes and increased circulating levels of anti-ssDNA and anti-dsDNA.
Mouse deficient in Fas receptor develop lupus-like disease, suggesting the role of
Fas/FasL interaction in the regulation of anti-nuclear and anti-DNA autoantibody
formation(Stranges et al., 2007). In the GCs, there are numerous cells undergoing
apoptosis with the GC also supporting cellular structures such as macrophages to
clear up the residual apoptotic cells. DNA, together with organ specific selfpeptides, can thus be presented to GC B cells through FDCs. This could lead to
autoantibody production specific for DNA and self-peptides. In human autoimmune
diseases, somatically hypermutated BCRs and autoantibodies are formed in GCs
that develop close to the target tissue or in lymph nodes that drain the tissue. Little
is known about the mechanism of tolerance arising in GCs with theories pointing to
the ability of the GC reaction to limit the exposure of developing autoreactive B
cells to the extra-follicular compartment as a result of BCR responsiveness.
Autoreactive B cells may compete for BAFF and other cytokines with other GC B
cells, resulting in a self-limiting process of proliferation. Competition for Tfh help in
the GCs could be important to self-limit the development of autoreactive B cells
Deletion of autoreactive B cells may happen through the Fas receptor and
upregulation of BIM. T cells that can also recognise self-antigens may be unable to
differentiate into Tfh and prevent delivery of T cell help to developing autoreactive
B cells. Roquin, a ubiquitin ligase, has been found to be important in regulating Tfh
development in GC formation. Roquin deficient mice develop high levels of selfantigen directed Tfh which generates large numbers of GCs, capable of producing
autoantibodies(Vinuesa et al., 2005). In a recent publication by Chan et al,
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autoreactive B cells formed during SHM would be deleted when the self-antigen is
present in the GC. Fas deletion does not have an impact on the efficient removal of
self-reactive B cells and instead allow the GCs to persist longer, leading to the
presence of ‘rogue B cells’ which are somatically mutated and show selfreactivity(Butt et al., 2015; Chan et al., 2012).
Despite the multiple levels of regulation in B cell tolerance, autoantibodies can still
be found in healthy patients, although no symptoms are detected. In patients with
rheumatoid arthritis or pemphigus, disease is often localised to specific regions,
despite having a widespread distribution of the collagen or skin self-antigen. This
suggests that other mechanisms of tolerogenic control are in place to control local
inflammation(Keir et al., 2008).

1.4.2 B cell signalling in autoimmunity
The BCR complex has been shown to determine immature and mature B cell
survival through tonic signalling, activating thereby phosphatidylinositol 3-kinase
(PI3K)-dependent and NF-κB-dependent survival signalling. The fate of
autoreactive B cells is however determined by a multitude of factors including
location of BCR activation, co-stimulatory signals and the type and form of selfantigen.
BCR signalling depends on several adaptors and signalling proteins. It is no
surprise that genetic mutation associated with one or more of these proteins can
positively or negatively affect the BCR signalling and in autoimmune diseases, this
can predispose to lower BCR threshold activation, increased responsiveness
through co-stimulatory signals and increased survival during selection. The protein
tyrosine phosphatase non-receptor 22 (PTPN22) is a negative regulator of BCR
signalling. PTPN22 carrying the single nucleotide mutation, R620W (where arginine
at codon position 620 is changed to tryptophan), has been linked with increased
predisposition to autoimmunity, including SLE and type I Diabetes. The frequency
of this allele single nucleotide polymorphism (SNP) is highest in Finland and
Ukraine (15%) and decreases to 2-3% in Italian and Sardinian populations(Burn et
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al., 2011). Individuals with this polymorphism at one of the PTPN22 alleles have
increased autoreactivity amongst the naïve B cell repertoire. Knock-in mouse
model for the polymorphism showed that the BCR is more active and the naïve
BCR repertoire is different. In humans, there is also an increase in the
IgD+IgM−CD27− anergic B cell subsets and although the exact role of PTPN22 is
not yet known, it is thought that regulation of BCR signalling, together with PTPN22
activity, can shape the naïve BCR repertoire through cell survival and positive
selection.
Interestingly patients with the R620W variant of the PTPN22 allele have more
expression of CD40 on the surface of naïve B cells, in addition to the altered B cell
selection process. The mutation is therefore thought to promote CD40 signalling,
leading to increased B cell survival. In fact IPEX patients have increased CD40L
levels in their sera and the autoimmunity is thought to result from increased survival
of autoreactive B cells, in addition to the well-documented lack of regulation of B
cell tolerance through regulatory T cells(Lesley et al., 2006).
BAFF on the one hand helps to sustain B cells in development. Its importance is
highlighted in BAFF-deficient mice, which have no mature B cells. Spleens and
lymph nodes have reduced marginal zone and follicular B cells and there is an
attenuation of T-dependent and T-independent immune responses. On the other
hand, overexpression of BAFF can lead to increased B cell numbers, increased
splenic and lymph node cellularity with increased circulating Immunoglobulin levels.
The mice develop spontaneous GCs which persist throughout life and exhibit
autoimmune-like features including circulation of anti-DNA and anti-nuclear
autoantibodies. Glomerulonephritis settles in the kidneys of BAFF-deficient mice,
with the latter having a reduced lifespan(Mackay et al., 1999; Rauch et al., 2009).
High levels of BAFF have been reported in a group of SLE patients, who benefit
from the administration of the BAFF-antagonising antibody, belimumab. The exact
nature of how BAFF triggers or promotes autoimmunity is not yet known but it is
thought that low-affinity autoreactive B cells are rescued into the repertoire during
development and can enter GC reactions.
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TLR signalling can act together with BCR signalling to promote positive selection in
B cells. TLR signalling in most cases depends on Myd88, an adaptor protein, which
mediates the association of the TLR signalosome to initiate signalling. B cells
express Toll-like receptors and can be activated by their stimulation. LPS is a
known activator of TLR4 and promotes intense proliferation and PC differentiation.
Mice deficient in Myd88 exhibit defect in central tolerance. Similar defects in central
and peripheral tolerance is seen in autoimmune patients carrying mutation with
inactivation of Myd88 and Irak4(Isnardi et al., 2008). Positive selection of
autoreactive B cells is made easier in the absence of TLR9, resulting in break in
peripheral tolerance. Mutations in Wiskott–Aldrich syndrome protein, WASp, can
lead to a modest increase in BCR signalling, resulting in enhanced B cell
proliferation and positive selection of self-reactive BCR species into the naïve B cell
repertoire. Although the central tolerance in these Wasp-deficient mice is
unaffected, the main effect seems to impinge on peripheral tolerance, likely during
the germinal centre reaction(Li et al., 1996).
Groom et al showed in 2007 that BAFF-mediated autoimmunity depends on
Myd88. However the interdependence of BAFF and Myd88 was not well
characterised until Taci, a receptor and member of the TNF superfamily, was found
to signal through Myd88 and stimulate T-independent B cell responses. Taci is
upregulated in a group of Baff-transgenic B cells and allow for an enhanced
activation and proliferation. These B cells also expressed autoreactive BCRs and
activation-induced cytidine deaminase (AID) which results in class-switched
autoantibodies(Goenka et al., 2014). Baff-transgenic mice exhibit increased levels
of plasmablasts, which are thought to secrete high levels of pathogenic IgG
autoantibodies.
Spontaneous GC formation can result in the formation of autoantibodies and have
been reported in various mouse models, such as Baff-transgenic and A20-deficient
mice and mouse lupus models. These spontaneous GCs are thought to be the site
of autoreactive B cell activation. SHM occurring in GCs is thought to contribute to
the formation of high-affinity autoantibody secreting cells. Autoreactive B cells are
thought to be able to direct the formation of spontaneous GCs. The intrinsic BCR
signalling acts as the main driver in pushing expansion of T cells and differentiation
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into Tfh to facilitate GC formation. This has been observed in Was-deficient mice
where the deregulated BCR signalling leads to spontaneous GC formation,
secretion of anti-nuclear autoantibodies, Tfh expansion and immune-mediated
kidney damage. Was is regulator of BCR and TLR signalling and its deficiency lead
to hyper responsive BCR and TLR signalling(Rivers and Thrasher, 2017). This was
demonstrated by Recher et al to be a B cell intrinsic defect when B cell specific
deletion of Was in mice resulted in spontaneous GCs. Lyn, a member of the Src
family of tyrosine kinases, associates with BCR and regulate calcium mobilisation
through phosphorylation of the BCR-negative regulator CD22. Lyn-deficient B cells
show elevated calcium influx and in vivo Lyn deficiency promotes spontaneous GC
formation. The PTPN22 variant R620W caused aged mice to develop spontaneous
GCs and high titre of autoantibodies. This was shown also to be a B cell intrinsic
phenomenon and the variant is per se sufficient to cause a break in B cell
tolerance(Burn et al., 2011).
B cells express MHCII and are efficient in presenting peptide in the MHC complex
to bind and activate CD4+ T cells. The role of antigen presentation in triggering
autoimmunity is less well characterised due to limited mouse model. However in
the non-obese diabetic mouse (NOD mouse), if B cells fails to present peptide in
the MHCII complex due to MHCII deletion, no diabetes is found. Hence it is thought
that autoimmunity is mediated by CD4+ T cell activation. In experimental
autoimmune encephalitis (EAE), a mouse model for multiple sclerosis, abrogation
of MHCII presentation by B cells prevent induction and progression of EAE.
Similarly, in MRL.Faslpr mice where there is B cell specific deletion of MHCII, there
was no activation of effector CD4+ T cells and no development of
autoimmunity(Shlomchik et al., 1994). Hence B cells can act as antigen presenting
cells in the initiation and progression of autoimmunity.
Cytokines play important roles in GC biology. They are important for B cell survival,
class switching and cell proliferation. IL-21 activates Tfh and B cells for
differentiation. IL-21 induces plasma cell formation. IL-6 is a pro-inflammatory
cytokine which promotes GC formation. Its role in Tfh regulation is less understood
but is thought to be important in early Tfh differentiation. Both IL-21 and IL-6 have
been found elevated in sera of SLE autoimmune patients and in mouse lupus
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models. In fact, deletion of IL-21 receptor blocks autoimmunity in MRL.Faslpr mice.
IL-6 blockade in clinical trials with tocilizumab reduces the load of anti-dsDNA
autoantibodies and circulating plasmablasts in patients. Type I interferon (IFN)
includes IFNα, IFNβ, IFNɛ and IFNω and has been implicated in systemic
autoimmunity. Blood mononuclear cells in a subset of SLE patients have increased
expression of type I IFN and genetic variants of signalling components of type I IFN
have been associated with an increased susceptibility to autoimmune diseases.
Deletion of type I IFN receptor in lupus mice reduces the burden of autoimmunity.
Furthermore, type II IFN, IFNg, is needed for the development of glomerulonephritis
in MRL.Faslpr mice(Cohen and Eisenberg, 1991). Both B and T cells express the
receptor for IFNg. Mechanistically, IFNg is thought to promote GC B cells and Tfh
formation through the upregulation of transcriptional factors such as Bcl-6 and Tbet respectively. IFNg signalling cooperates with additional co-stimulatory signals
such as CD40/CD40L ligation to allow a GC transcriptional programme to be
upregulated. Whilst IFNg excess could lead to spontaneous GC formation and a
breakdown in T cell tolerance, type I IFNs are responsible for maintenance of the
autoimmune phenotype and do not seem to initiate spontaneous
autoimmunity(Balomenos et al., 1998; Jackson et al., 2016; Welcher et al., 2015).

1.5 Autoimmune mouse models
Human autoimmune diseases have been studied for a long time and animal
models have been used to understand the pathophysiological role of different
immune components. In fact animal models have elucidated the role of various
receptors and ligands in the immune system. In addition to human data, mice
models provide a useful tool to explore the multifactorial relationship between
different immune cells and their molecular expressions. Animal models can be
divided into two types of autoimmune development: (1) spontaneous, and (2)
induced. In spontaneous animal models, animals may carry genetic alterations and
the autoimmunity develop spontaneously. In the second group, autoimmunity is
triggered artificially.
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1.5.1 Spontaneous induction of autoimmunity in animals
1.5.1.1 Targeting specific gene
Autoimmune mouse models have been developed through overexpression or
knocking out genes, either as whole-body or B or T cell specific manner. Baff is a
pro-survival factor involved in B cell survival. Its importance in selection of B cells
during development can be evidenced through studies that show that Baff deletion
leads to reduced numbers of mature B cells in the peripheral lymphoid organs. The
T cell response in terms of antigen is also significantly reduced and serum
immunoglobulins titres are decreased. Overexpression of Baff in Baff-transgenic
mice produces enlarged spleens and lymph nodes. These mice have high levels of
activated B and effector T cells. The titre of serum immunoglobulin is elevated with
the presence of high levels of autoantibodies directed at rheumatoid factor and
DNA. The architecture of splenic tissues is also disrupted with enlarged B cell
follicles and increased spontaneous GC. The spleens also carry increased plasma
cell numbers and could explain the high titres of circulating antibodies(Mackay et
al., 1999). However the exact role of how Baff mediates this phenotype was not
well understood until Taci, the TNF receptor for Baff, was found to be upregulated
in a subset of B cells in the Baff-transgenic mice. Interestingly this was found to
cause enhanced proliferation and activation of autoreactive B cells in the BCR
repertoire. The autoimmune phenotype can also be explained by the increased
propensity for survival of autoreactive B cells during negative selection and GC
reaction. How the BCR repertoire is affected is not known and determination of
SHM during GC reaction has not yet been determined in order to find out if
autoantibodies in Baff-transgenic mice evolves into high-affinity antibodies.
Act-1 is an adaptor molecule involved in negative regulation of signalling
downstream of Baff and CD40. The latter signal through the recruitment of TRAF
(TNF receptor-associated factor) molecules to activate downstream signalling
through the NFkB1 and NFkB2 pathways. Act-1 have TRAF binding sites and is
recruited to CD40 upon CD40L stimulation of B cells. Knockout of Act-1 results in
lymph node enlargement and splenomegaly. There is a general increase in B cell
numbers in the lymphoid organs, accompanied by spontaneous GCs and
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inflammation in airway tracks. Act-1 deficient mice have 10-fold increase in IgG and
IgE immunoglobulins and this contributed by the increase in PCs in the spleen and
lynph nodes. Anti-histone, anti-ssDNA and anti-dsDNA IgG are detected in Act-1
deficiency. T cell numbers are not altered, probably because Act-1 does not
contribute T cell function or survival. The authors also demonstrate that a B cell
specific deletion of Act-1 using CD19-Cre mediated excision recapitulates the same
phenotype as the whole-body knockout. Immunisation with both T-dependent and
T-independent antigens results in increased serum titres of IgG antibodies against
the administered antigens. Act-1 deficient B cells show increased Bcl-xL
expression upon CD40 stimulation which confers the increased survival of B cells.
This was also accompanied by increased signalling down the NFkB1 and NFkB2
pathways in CD40 and Baff mediated stimulation(Qian et al., 2004). Act-1 deficient
mice eventually develop systemic autoimmunity resembling Sjogren Syndrome and
SLE-nephritis. However what remains to be understood is how Act-1 deficiency
modulates the BCR repertoire and if there is any effect on increased survival of
autoreactive B cells(Qian et al., 2004).
A20, also known as Tnfaip3, is a ubiquitin-modifying enzyme and is expressed in
macrophages, fibroblasts, T and B cells. It modulates the innate immune cells
(macrophages and fibroblasts) by regulating TLR, TNF and NOD signalling through
the NFkB1 pathway and deficiency of A20 in mice leads to severe inflammation in
different organs, cachexia and death soon after birth(Boone et al., 2004; Lee et al.,
2000; Wertz et al., 2004). CD19-Cre mediated excision of A20 in B cells results in
a moderate increase in B and T cell numbers in lymphoid organs as early as 7
weeks. This is accompanied by spontaneous GC formation, as evidenced by the
presence of GC B cells. A20 knockout B cells exhibit increased proliferation and
activation (CD69, CD80 are highly expressed). Increased IL-6 is observed upon
LPS stimulation. A2-deficient B cells also has increased activity of the NFkB1 and
NFkB2 pathway with more phosphorylated IkBa and increased basal
phosphorylation of p100 respectively. 46 autoantibody formation is observed with
DNA, proteogylcan, aggrecan, small ribonuclear proteins A and C, Ku protein being
targeted. The mice also develop glomerulonephritis with deposition of immune
complexes in the kidneys. B cell survival in vitro show that CD40 stimulation leads
to increased Bcl-xL production. This could explain the increased survival of A2041
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deficient B cells in GC reaction and negative selection. Antibody responses to Tdependent and T independent immunisation are conserved in the knockout. As the
mice age, there is an accumulation of CD138+ plasma cells in the spleens and
lymph nodes(Chu et al., 2011; Tavares et al., 2010).
1.5.1.2 Genetic predisposition
Autoimmune mice can arise from genetic predisposition in addition to deletion of
specific components of the immune system. The nonobese diabetic (NOD) mouse
is a widely used polygenic autoimmune model for type I diabetes (TID) and Sjogren
Syndrome. NOD mice are generated by the deletion of allelic segments Edward H
Leiter 1, 2 and 3, spontaneous mutation in IL-2 and Mttr gene loci. These genetic
loci, in a group called the Idd, are known to be involved in increasing susceptibility
to TID and in mice TID is characterised by hyperglycaemia, pancreatic
inflammation and infiltration and insulitis. Decrease in insulin is detected as early as
12 weeks of age in females and by 30 weeks, both males and females express low
levels of insulin. NOD mice also develop infiltrates in the salivary and lacrimal
glands. Factors such as IL-10, IFNg, IL-17, IL-18 are dysregulated and contribute to
salivary and glandular inflammatory processes. Moreover, despite the ongoing
inflammation, NOD mice have defective NK cell and macrophage function, antigen
presentation and C5 complement function. This leads to an immunodeficient mice
model in additional to being autoimmune(Pearson et al., 2016).
The New Zealand mice, NZB/NZW, were first described as a lupus model by
Helyer and Howie in 1961(Salomon and Benveniste, 1969). The authors found a
positive lupus erythematosus test in these mice and the mice subsequently
developed haemolytic anaemia with renal damage. This was the first model that
closely resembled SLE in human patients. The spontaneous development of
autoimmunity in these mice occur as a result of genetic alterations, likely being
involved in increasing SLE susceptibility, although they are not well characterised.
The mice have high levels of anti-nuclear antibodies, proteinuria and hepatitis.
Dubois et al also reported splenic fibrosis and jaundice at 3 months of age. The
severity of the lupus-like disease across different mice is variable and glomerular
and membrane nephritis subsequent to immune-complex deposition lead to renal
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damage. The lifespan of these mice is about 8 months with mice dying of renal
failure, resembling lupus-mediated kidney damage(Dubois et al., 1966; Salomon
and Benveniste, 1969). The NZB/NZW mice is another example of genetic
predisposition to autoimmune diseases and the model is widely used to study SLE.
The model is limited as it is a multifactorial strain model that shows mainly the
interdependence of genes in the development of autoimmunity.
1.5.2 Artificial induction of autoimmunity in animals
Artificial induction of autoimmunity in animals can be divided into three main types:
(1) Immunisation with an autoantigen
(2) Transfer of autoimmunity
(3) Environmental factors leading to autoimmunity
Immunisation with brain tissue in suspension of common Freud’s Adjuvant (CFA) in
monkeys was first described by Kabat et al in 1947, resulting in the induction of
experimental autoimmune encephalomyelitis, EAE. Various other autoimmune
diseases were then induced using this strategy, including autoimmune hepatitis,
myocarditis and glomerulonephritis. EAE is a common model of multiple sclerosis
(MS) and in mice, this is induced by the administration of murine myelin basic
protein (MBP), after the discovery of the exact protein causing immune tolerance
breakdown. In autoimmune thrombocytopenia, platelets are destroyed due to
circulating autoantibodies. The exact source of the antibodies is not known but
administration of rat platelets in the peritoneum of mice elicited a reduction of
platelets and formation of platelet-specific antibodies(Kabat et al., 1947; Kodama
and Izumi, 1991). This was shown to mimic autoimmune thrombocytopenia and
subsequent use of cells such as human umbilical vein endothelial cells results in
autoimmune emphysema. Chemical synthesis of peptides for immunisation can be
used for injection and this can result in the development of autoimmunity via T cell
dependent mechanisms. Administration of MBP in EAE mice induces CD4+ and
CD8+ T cell responses that mediate autoimmune damage(LAATSCH et al., 1962;
Low et al., 2011). In 2000, immunisation with genetic components established a
model for Grave’s disease. The study involved the immunisation of Balb/c mice
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with cDNA encoding the human thyrotropin receptor. 5/29 female and 1/30 male
mice develop hyperthyroidism with elevated T4 and Thyroid Stimulating hormones.
The small percentage of induction however show the inefficiency of the method,
although possible, as external DNA vectors are likely to be cleared by the immune
system. Viral immunisation has also been successful in triggering autoimmune
hepatitis, as shown by Holdener et al in 2008(Holdener et al., 2008). The liver is
very resistant to autoimmune attack owing to several immunosuppressive
mechanisms. Holdener infected mice with adenovirus carrying the
autoantigen cytochrome P450 2D6. The mice developed chronic liver disease,
mediated by autoimmune damage. One of the most commonly used mouse model
for autoantigen administration is the SWHEL mouse. These mice can be injected
with the antigen HEL3x an dHEL4x to induce autoimmune responses.
Passive transfer of immune cells can elicit autoimmunity. Dendritic cells are antigen
presenting cells and when loaded with autoantigens and transferred into mice, they
are able to induce autoimmunity. This has been shown to be effective in eliciting
EAE, autoimmune diabetes and several other autoimmune conditions. Furthermore
if autoantibodies are transferred in sera, the recipient animal may develop the
same autoimmune disease as the donor. Mice have been injected with thyroid
extract and they develop autoimmune thyroiditis. Their sera were collected for
intravenous injection into recipient mice and half of recipient group developed
thyroiditis 2 weeks later. Using this method however limits induction of brain-related
autoimmune diseases(Carayanniotis et al., 1995). The blood brain barrier acts as a
protection from invasion from autoimmune cells or autoantibodies in the peripheral
blood. Intracerebral injection may be used to deliver the cells or autoantibodies
directly to the brain.
Autoimmunity arises from a combination of genetic and environmental factors. The
environment is a source of infections and chemicals that can trigger breakdown of
tolerance. The first demonstration of viral infection triggering autoimmunity was in
1937 when spontaneous encephalomyelitis was induced in mice when they were
infected with Theiler's murine encephalomyelitis virus(Lipton, 1975; Theiler, 1937).
This was then shown in later years to trigger multiple sclerosis and further infective
reagents were used in mice, such as CMV and herpesviruses, to trigger Sjogren
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Syndrome and autoimmune thrombocytopenia(Freeman et al., 2013). The
mechanism behind this is thought to be molecular mimicry whereby the virus
carries antigens that resemble to some extent self-antigens. As a result of the
immune response, the antibodies directed against the external antigen can crossreact with self-antigen, causing an inappropriate immune response and tissue
damage. Drugs involved in DNA methylation have been shown to trigger lupus-like
symptoms with circulation of anti-DNA and anti-nuclear antibodies. These were first
observed clinically and were used in mice models to develop autoimmunity through
the administration of bleomycin to stimulate systemic sclerosis. Adjuvants can be
important components of vaccination as they increase the lifespan of the antigen,
promote the immune response and delivery of antigen to antigen presenting
cells(Sunder and Shah, 1975). Pristane when administered to mice can trigger
autoimmune arthritis and lupus. Mice develop antibodies against the synovial joints
and anti-DNA autoantibodies(Satoh and Reeves, 1994).
The advent of new genetics tools and increasing insight into immunological set-up
are constantly pushing the boundaries of autoimmune disease understanding.
More mice models are being reported and their use in elucidating mechanism of
diseases will provide a good tool for study. The different mice models described are
used to dissect the role of genetic and molecular functions. Although accurate,
there is also a need to develop better models that can distinguish between B and T
cell mediated autoimmunity.

1.6 Tumour Necrosis Factor (TNF) Superfamily
Immune cells are known to communicate with each other and their local
surroundings. The interaction depends on cytokines which are very diverse in
function and helps either to promote or attenuate immune cell function. The
Tumour Necrosis Factor superfamily of ligands (TNFSF) and receptors (TNFRSF)
are involved in the communication network between different cells and their biology
can be quite complex. There are to-date 19 TNFSF ligands and 29 TNFSF
receptors. The importance of these ligand-receptor interaction has been highlighted
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in the discovery that TNF superfamily is implicated in tumorigenesis, sepsis,
transplant rejection and autoimmune diseases(Ward-Kavanagh et al., 2016).
TNFRSF proteins are type I transmembrane proteins with an intracellular domain
capable of recruiting adaptor molecules to form signalling complexes. TNFRSF can
be divided according to their intracellular domain: (1) death receptors if their
cytoplasmic portion contain a death domain (DD) that can activate cell death via
Fas-associated death domain (FADD) and other DD-containing proteins, (2) TRAF
interacting receptors which can interact with members of the TRAF family, and (3)
decoy receptors (DcR) which do not interact with any partner and instead inhibit
ligand function. TNFSF ligands are type II transmembrane proteins and can be
expressed on the cell surface or cleaved into soluble form. The table below lists the
different TNFRSF and TNFSF ligands along with details of their signalling
complexes(Vanamee and Faustman, 2018).

TNFRSF receptor

Intracellular
partner

binding

TNFR1/TNFRSF1&2

TRADD, FADD, RIP

TNF, LTα , LTβ/TNFSF1

Fas/TNFRSF6

FADD

FasL/TNFSF6

TRAILR1/TNFRSF10A

FADD, TRADD, RIP

TRAIL/TNFSF10

TRAILR2/TNFRSF10B

FADD, TRADD, RIP

TRAIL/TNFSF10

NGFR/Gp80-LTNFRSF16

NADE

NGF/TNFSF16

DR3/TNFRSF25

TRADD, FADD

TWEAK/TNFSF12

DR6/TNFRSF21

TRADD, RIP

N-APP

EDAR/TNFRSF27

EDARADD

EDA-A1/TNFSF27

TNFSF ligand

Table 1. Death receptors of the TNFR Superfamily and their ligand
TRADD: Tumour necrosis factor receptor type 1-associated Death Domain protein
FADD: Fas- associated protein with death domain
RIP: Receptor interacting serine/threonine protein
NADE: Nerve growth factor associated cell death executor
EDARADD: Edar-associated Death domain
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TNFRSF receptor

Intracellular
partner

binding

TNFR2/TNFRSF2

TRAF1–3

TNF, LTα , LTβ/TNFSF1

LTβR/TNFRSF3

TRAF2, TRAF3, TRAF5

LTβ , LTαβ2

OX40/TNFRSF4

TRAF1–3, TRAF5, TRAF6

OX40L/TNFSF4

CD40/TNFRSF5

TRAF1–3, TRAF5, TRAF6

CD40L/TNFSF5

CD27/TNFRSF7

TRAF2, TRAF3, TRAF5

CD27L/TNFSF7

CD30/TNFRSF8

TRAF1–3, TRAF5

CD30L/TNFSF8

4-1BB/TNFRSF9

TRAF1–3

4-1BBL/TNFSF9

RANK/TNFRSF11A

TRAF1–3, TRAF5, TRAF6

RANKL/TNFSF11

Fn14/TNFRSF12A

TRAF2, TRAF6

TWEAK/TNFSF12

TACI/TNFRSF13B

TRAF2–3, TRAF5, TRAF6

APRIL/TNFSF13

BAFFR/TNFRSF13C

TRAF2, TRAF3, TRAF6

BAFF/TNFSF13B

HVEM/TNFRSF14

TRAF1–3, TRAF5

BCMA/TNFRSF17

TRAF1–3, TRAF5, TRAF6

LIGHT/TNFSF14
APRIL/TNFSF13,
BAFF/TNFSF13B

GITR/TNFRSF18

TRAF1–5

GITRL/TNFSF18

TROY/TNFRSF19

TRAF2, TRAF5, TRAF6

?

RELT/TNFRSF19L

TRAF1

?

TNFSF ligand

Table 2. TNFRSF members that signal via TRAF proteins and their binding ligand
TRAF1-6: TNF-receptor Associated Factor 1-6

TNFRSF receptor

Intracellular
partner

binding
TNFSF ligand

TRAILR3/TNFRSF10C

TRAIL/TNFSF10

TRAILR4/TNFRSF10D

TRAIL/TNFSF10
TRAIL/TNFSF10,
RANKL/TNFSF11
FasL/TNFSF6,TL1A/TNFSF15,
LIGHT/TNFSF14

OPG/TNFRSF11B
DcR3/TNFRSF12

Table 3. TNFRSF Decoy receptors
TNFSF members can activate apoptosis (Fas, TNF, TRAIL), promote survival (Baff,
Rankl), induce cell proliferation and differentiation (4-1BBL, CD40L, CD27L, TNF).
Different signalling pathways are activated by the TNFR and include MAPK
pathway, canonical and non-canonical NFkB pathways and JNK pathways.
Members of the TNFSF family are important in the regulation of the immune
system.
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Fas-FasL interaction regulate the immune system at several levels through
apoptosis. Activated T cells express both Fas and FasL and can kill each other in
the attenuation of T cell response. During selection of thymocytes in the thymus,
Fas-FasL signalling may be important to delete self-reactive T cell clones. GC B
cells express high levels of Fas and initially it was thought that Fas is not required
for the GC response to antigen. In fact Smith et al found that immunisation of lpr
mice, where GC B cells express a mutant defective Fas, did not result in
differences in GC persistence, memory B cell formation and secretion of highaffinity IgG1 in the sera(Smith et al., 1995). The lpr mice however provide an
already different background as lpr mice have lymphoproliferation and increased
PCs(Nagata, 1999; Nagata and Golstein, 1995). The response may actually have
been reduced but the extensive B cell reaction may have compensated for the any
reduction in antigen-specific immunoglobulins. However Butt et al showed more
recently that Fas is needed in later stages of GC reaction to prevent formation of
‘rogue’ B cells, carrying detrimental BCR mutations which can lead to autoreactivity
or misguide the GC reaction into producing B cells with no affinity for the
antigen(Butt et al., 2015). The lpr mice are used as a model of spontaneous
autoimmunity with enlargement of lymph nodes and aberrant T cell
proliferation(Cohen and Eisenberg, 1991; Shlomchik et al., 1994). Autoimmunity is
characterised by kidney and joint damage. Specific deletion of Fas in B cells results
in increased T cell number, splenomegaly and autoreactive B cells secreting IgM
and IgG2a. The elevated immunoglobulin levels lead to vasculitis,
glomerulonephritis and hyperimmunoglobulinemia. The increased T cells is thought
to result from increased antigen presentation by B cells that drive T cell
proliferation. Systemic autoimmunity follows later on in aged mice as liver and lung
destruction produce a limited lifespan of 6-18 months(Stranges et al., 2007).
Clinically elevated serum FasL is detected in SLE, rheumatoid arthritis and several
other autoimmune conditions(Nagata et al., 1999).
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1.6.1 4-1BB/TNFRSF9
4-1BB, also known as CD137, TNFRSF9, is widely known to be expressed on T
cells during TCR activation. It functions to allow expansion, proliferation,
differentiation and survival of T cells. Of note, Foxp3+ CD4+ regulatory T cells
express 4-1BB constitutively(Eun et al., 2015) . 4-1BB is also expressed on the
surface of other haematopoietic cells and endothelial cells, although the exact
functions are not well described. The expression is inducible in most cases, with
upregulation occurring upon stimulation of NK, NKT cells and granulocytes
including eosinophils, mast cells and macrophages(Barao, 2013; Seko et al.,
2001). Neutrophils are thought to express 4-1BB at low levels but the exact
function is not known. In 4-1BB- deficient mice, neutrophils exhibit defective
phagocytosis, impaired reactive oxygen species production, increased
susceptibility to Listeria monocytogenes bacteria and poor localisation to the
kidneys after ischaemia-mediated inflammation(Bitra et al., 2018; Lee et al., 2008).
Moreover 4-1BB-deficient mast cells fail to degranulate effectively, resulting in
reduced IgE mediated response and hypersensitivity(Nishimoto et al., 2005). These
results therefore propose a pro-inflammatory role of 4-1BB/4-1BBL interaction in
mice. In humans however, 4-1BB on neutrophils and eosinophils is linked to antiinflammatory activity. Stimulation of 4-1BB promoted apoptosis of neutrophils and
eosinophils by abrogating granulocyte-macrophage colony stimulating factor (GMCSF)-mediated survival(Heinisch et al., 2000). Interestingly in human disease such
as asthma and eosinophilia, there is an increased prevalence of 4-1BB nonexpressing eosinophils, which led to the authors to suggest that 4-1BB in asthmarelated inflammation and eosinophilia could potentially function as an antiinflammatory signalling molecule(Heinisch et al., 2001). In graft-versus-host
disease, endothelial cells express 4-1BB under the influence of inflammatory
cytokines and cross-linking leads to expression and upregulation of adhesion
molecules, necessary for recruiting granulocytes. Monocytes and NK cells
expressing 4-1BBL are thought to be recruited to inflammatory sites to mediate
local damage to tissues(Kim et al., 2012; Saiki et al., 2008). Whether this happens
in other immune cells is not clear and remains a field to explore. These findings
also offer the prospect of using 4-1BB targeted antibodies in the treatment of
inflammatory processes.
49

Chapter 1 Introduction

Whilst the function of 4-1BB is not completely understood, the signalling pathway in
T cells have been studied for a long time. Upon binding to its ligand, 4-1BBL,4-1BB
signals through TNF-receptor associated factor 1 and 2 (TRAF1 and 2), together
with leukocyte specific protein LSP-1 to amplify signalling through the AKT, c-Jun
N-terminal kinase (JNK), extracellular signal-regulated kinase (ERK/MAPK)
pathways(Kim et al., 2000; Lee et al., 2013; Sabbagh et al., 2008). Furthermore,
the activation of the NFkB1 and NFkB2 pathways converge downstream to
increased expression of survival genes such as Bcl-xl and Bcl-2 and reduced
expression of the pro-apoptotic molecule Bim(Wang et al., 2007). However, results
from 4-1BB deficient mice have shown that 4-1BB T cells have increased
proliferation whilst exhibiting a reduced effector function. This is further
accompanied by reduced B cell responses leading to deficiency in IgG2a and IgG3
production(Wu et al., 2003). Hence it could be that the enhanced proliferation is a
compensatory mechanism exhibited by T cells to promote B cell responses and
hence might implicate secondary cytokines or signalling events in the process. 41BB deficient mice have increased accumulation of CD8+ T cells and decreased
memory T cells upon viral immunisation(Humphreys et al., 2010; Zhao et al., 2012).
4-1BB function seems to happen mainly in chronic situations of inflammation or
infection, as shown by unaltered immune response in 4-1BB deficiency when mice
are immunised with antigens with limited inflammatory capacity and that are
cleared rapidly. Under chronic infections, the role of 4-1BB is to provide for memory
development and clearance of infection(Bartkowiak and Curran, 2015). Several
studies performed in infectious mouse and human diseases showed the antibacterial and anti-viral immunity mediated by 4-1BB against Listeria
monocytogenes, Streptococcus pneumoniae, influenza, hepatitis C,
cytomegalovirus and HIV(Arribillaga et al., 2005; Bertram et al., 2002; Lin et al.,
2009; Wu et al., 2003; Zhao and Croft, 2012; Zhao et al., 2012). It is therefore likely
that other pathways and signalling molecules may be involved in the overall effect
of 4-1BB stimulation in different cells and these are yet to be elucidated.
In studies of autoimmune and inflammatory diseases, antibody mediated blockade
of 4-1BB signalling results in lower disease severity(De Paepe et al., 2012). This is
also observed when 4-1BB gene is knocked out(Wu et al., 2003). Clinical studies
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have demonstrated increased circulation of soluble 4-1BB in multiple sclerosis and
rheumatoid arthritis. The level of soluble 4-1BB correlates with disease severity and
can be used as a clinical marker. Stimulation of the 4-1BB receptor using agonist
antibodies is thought to reduce or limit the T cell response to produce less
autoimmunity. The agonist activity has been shown to induce cell death of overstimulated CD8+ T cells and increasing the indoleamine 2,3-dioxygenaseexpressing dendritic cells which increase the differentiation of regulatory T cells to
control immune responses(Bartkowiak and Curran, 2015).
In cancer immunotherapy, several studies have shown benefit in using 4-1BB
agonists. They allow tolerised T cells to be rescued such that the T cells become
activated again to help clear the tumour. However, this carries the risk of creating
autoimmune reactions and it was observed in clinical trials where 4-1BB agonist
was administered, toxicity ensued through autoimmune hepatitis(Arribillaga et al.,
2005). The first study to demonstrate the anti-tumour activity of agonist 4-1BB
antibodies was performed a murine models of mastocytoma and sarcoma; the
authors observed a significant reduction in disease burden and regression of
tumours in up to 40% of the treated mice(Melero et al., 1997). Systemic
administration of anti-4-1BB antibodies also led to regression of intracranial
MCA205 sarcoma and GL261glioblastoma tumours but showed no effect against
melanoma, MCA205 and GL261 tumours implanted subcutaneously. Hence the
anti-tumour activity could be dependent on the microenvironment of the
tumours(Wilcox et al., 2002). Interestingly, as shown by May et al, CD8+ T cells
stimulated by 4-1BB agonists must survive activation induced cell death to mediate
anti-tumour activity(May et al., 2002). Trafficking of T cells to tumours also depend
on the presence of other cytokines, namely interferon (IFN) g as IFNg-deficient mice
fail to clear tumours despite receiving 4-1BB agonist treatment(Balomenos et al.,
1998; Ward-Kavanagh et al., 2016).
One study performed by Martinez-Forero et al showed that agonist antibody
against 4-1BB leads to internalisation of 4-1BB receptors into
endosomes(Martinez-Forero et al., 2013). The receptors are polyubiquitinated for
subsequent TRAF2 signalosome recruitment, initiating downstream the 4-1BB
signalling cascade. Galectin-9, a cell surface glycoprotein, is also involved in
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facilitating 4-1BB signalling through stabilisation of multimer formation and ligand
binding(Bitra et al., 2018). Whether other cell surface molecules are involved
remains to be elucidated.
Researchers are now looking to using 4-1BB agonist antibodies in combinational
therapy, where both PD-1 or CTLA-4 monoclonal antibody is administered with 41BB agonist antibody. Moreover, the signalling domain of 4-1BB is employed in the
development of CAR-T cells (chimeric antigen receptor T cells. This combines the
antigen-specific TCR, CD3 and 4-1BB signalling domains to promote CD8+ T cell
cytotoxicity. 4-1BB increases the survival of CAR-T cells in vitro and the use of only
the signalling domain does not have associated toxicity(Azpilikueta et al., 2016;
Bartkowiak and Curran, 2015; Keir et al., 2008).

1.6.2 TNFSF9
Tnfsf9, also known as 4-1BBL or CD137L, is a type II transmembrane glycoprotein
and is expressed on antigen presenting cells. The molecule is short in length
representing only 309 amino acids in the murine variant and 254 amino acids in the
human variant. Its role in the immune system is less well characterised than its
receptor(Bitra et al., 2018).
Goodwin et al first cloned the Tnfsf9 gene through EC1 cDNA expression, after
confirming binding to the 4-1BB-Fc recombinant protein in EL4 cell lines. The
molecule has since been mapped to chromosome 17 in mice, with most amino
acids 83-103 being hydrophobic and constituting the membranous portion of
Tnfsf9. Similarly, Anderson et al cloned human Tnfsf9 from activated CD4+ T cells
using direct expression cloning methods. Human Tnfsf9 was found to have 36%
homology to its murine counterpart and was mapped to chromosome 19p13.3
using fluorescence in situ hybridisation. In fact, it has been argued that the lack of
conservation of cysteine residues between the murine and human Tnfsf9 may
suggest that they might actually be separate ligands for 4-1BB(Alderson et al.,
1994; Goodwin et al., 1993)
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Tnfsf9 is expressed by antigen presenting cells, namely macrophages, dendritic
cells and B cells. Under steady conditions, these cells express low levels of Tnfsf9
and upregulate its expression when stimulated by antigens. It is thought to act as a
co-stimulator for T and NK cells through the binding of its receptor 4-1BB. Since
dendritic cells (DCs) can also express 4-1BB, it is thought that Tnfsf9/4-1BB
interaction can lead to enhanced activation of DCs for better antigen presentation
and potentially more effective immune responses(De Keersmaecker et al., 2011;
Lee et al., 2008). In the germinal centre, the expression of Tnfsf9 has not been
conclusively demonstrated, with most histological staining showing vague signal
enhancement and poorly localised signals. Nevertheless, follicular dendritic cells
(FDCs) are thought to express 4-1BB and Tnfsf9, although the interaction and
purpose of these molecules have not been determined(Lindstedt et al., 2003; Sun
et al., 2005).
Moreover, Tnfsf9 mRNA was found to be upregulated within 30 minutes of
stimulation of T cells by immobilised CD3 antibodies. The expression was
maximum at an hour and declined quite rapidly afterwards. This resembles the B7
molecules of the CD28/B7 co-stimulatory signalling: B7-1 and B7-2 are expressed
at low levels on APCs such B cells but are rapidly upregulated upon BCR
crosslinking. Their expressions were maximum between 24-96 hours and declined
afterwards. Hence Tnfsf9 could have similar effects as B7 family members in terms
of co-stimulation of T cells(Lenschow et al., 1995).
Several ligands within the immune system have the special ability to engage into
bi-directional signaling whereby upon ligation of a receptor by its ligand, there is not
only a signal downstream of the receptor but also a signal is elicited within the
ligand bearing cells. This has been described in several cases such as FasL and
PD-L1, which are thought to limit T cell activation and induce regulatory
phenotypes(Arkwright et al., 2010; Desbarats et al., 1998; Keir et al., 2008). Tnfsf9
has been explored as a potential member of the reverse signalling group of
molecules, with various weak evidence being put forward.
.
In a study performed by Dharmadhikari et al, stimulation of Tnfsf9 on human
monocytes in vitro by recombinant 4-1BB-Fc has been shown to cause
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differentiation into Tnfsf9+ dendritic cells (Tnfsf9-DCs) with potent inflammatory,
hence antigen presenting, capacity. These specific DCs are more potent than
conventional DCs and further studies demonstrated that Tnfsf9-DCs induced
efficient CD8+ T cell responses against Epstein-Barr virus and hepatitis B virus.
CD8+ T cell thus primed expressed lower levels of exhaustion markers and are
more metabolically active. However, the exact mechanism of Tnfsf9 stimulation is
not explained(Dharmadhikari et al., 2018). Moreover, whilst the authors attributed
the effect to Tnfsf9-mediated signalling, other potential factors such as 4-1BB (also
expressed by activated monocytes) crosslinking by recombinant 4-1BB-Fc, due to
non-specific binding, can account for the effect observed.
Perhaps the most convincing results that may point to reverse signaling in Tnfsf9
was done by Ma et al in 2013. They show that in macrophages Tnfsf9 is
upregulated upon Toll-like receptor (TLR) activation. This is measured at the
protein level mainly and show increased presence of Tnfsf9 protein in macrophage
cell extracts. Whether this involves acute messenger RNA transcription is not
known. The exact pathways involved have not been investigated yet. Tnfsf9 is then
transported to the cell surface whereby it participates into prolonging the secretion
of inflammatory cytokines as Tnfsf9 deficient cells cannot sustain TNF-alpha
production. Tnfsf9 is further shown to interact with TLR4 to form a membrane
complex that signal via MAPK pathways to prolong macrophage activation(Ma et
al., 2013). Furthermore Shin et al showed that Tnfsf9 activation through agonistic
antibodies on bone marrow derived macrophages prevented osteoclastogenesis
through increased secretion of interferon-beta(Shin et al., 2006).
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Figure 1.2 Bidirectional signalling occurs in TNF family members such as
Tnfsf9.
The ligation of the ligand to its receptor produces a forward signal down the receptorexpressing cell. Depending on the type of receptor, this can lead to survival,
proliferation or death. The ligand-expressing cell also receives a reverse signal along
the ligand and the effect can further stimulation or arrest (Figure adapted from Sun
et al 2007)
Kim et al reported in 2009 that stimulation of Tnfsf9 expressed on the surface of
murine macrophages promoted cell adherence, proliferation with upregulation of
inflammatory markers such as Il-1, IL-6 and a decrease of IL-12. They found that
stimulation of Tnfsf9 signalled through the PI3K-AKT pathway as there was
increased AKT and p70S6 phosphorylation. This effect was abrogated by PI3K
inhibitors. Tnfsf9 has a very short cytoplasmic tail and would not normally be able
to recruit adaptor proteins to begin signalling, unless tnfsf9 can dimerise or
trimerise upon crosslinking. It is known that TNFSF members trimerise when they
trigger signalling. Another possible mechanism is the potential association of Tnfs9
with other molecules such as TLR on the surface of macrophages to begin
signalling(Vanamee and Faustman, 2018), where Tnfsf9 associated with TLR4 to
trigger the activation of MAPK pathway. Whilst reverse signalling by Tnfsf9 seems
to enhance proliferation in macrophages, apoptosis is induced in multiple myeloma
cell lines expressing high levels of Tnfsf9(Gullo et al., 2010). This was also
accompanied by an inhibition of proliferation when cell lines SGH-MM5, SGH-MM6
and RPMI 8226 were treated with recombinant CD137. B cell lymphomas were
shown to express Tnfsf9 but the crosslinking with agonistic antibodies did not have
any effect on the lymphoid cells(Kim et al., 2009).
NK cells express 4-1BB and are activated by its ligation with its ligand. Epithelial
cells in the kidneys upregulate Tnfsf9 upon acute kidney injury and Tnfsf9
promotes the release of CXCL1 and CXCL2. This leads to recruitment of
neutrophils that mediate further inflammatory processes and contribute to renal
injury. In the same process, NK cells are activated by the ligand and mediate cell
damage in the kidneys. This process has been dubbed sterile inflammation as no
foreign infections are involved(Kim et al., 2012).
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When Tnfsf9 is overexpressed in the haematopoietic lineage, specifically by MHC II
APCs under a CAG promoter, it was found that there was a gradual depletion of B
cells in vivo. These mice showed no change in T cell compartment, although there
was an expansion of the macrophage compartment at 12 months. This led the
authors to suggest that prolonged Tnfsf9 expression and possibly stimulation
causes a pro-apoptotic effect in B cells but has the reverse role in
macrophages(Zhu et al., 2001).
Tnfsf9 deficient mice, as studied by Middendorp et al, was found to be predisposed
to B cell lymphomas. By the age of 10 months, 60% of the cohort of mice
developed lymphomas resembling follicular lymphomas. Moreover, immunisation
with the flu virus produced no differences in GC response and immunoglobulin
secretion. However, analysis of the transcriptome in Tnfsf9-deficient GC B cells
suggested increased expression of Bcl-6, AID and SpiB(Middendorp et al., 2009).
Tnfsf9 is expressed in GCs and its precise role is undetermined. This study
suggests that Tnfsf9 might act as a tumour suppressor in B cells. One question that
remain unanswered is why B cells are more predisposed to malignant change in
Tnfsf9 deficiency and this could be related to the very specific role of Tnfsf9 in B
cell function. More evidence was suggested in hepatocellular carcinoma, where
transplantation of Tnfsf9-overexpressing Huh cells, a liver tumour cell line, in mice
resulted in slower tumour growth and less metastasis. Furthermore, stimulation of
Tnfsf9 on Huh cell in vitro inhibited cell proliferation, suggesting a negative
regulation of growth in liver cells(Shen et al., 2017).
More evidence of the possible role of Tnfsf9 in malignancy has been obtained from
human cancer patients. Using array comparative genomic hybridization and copy
number analysis, Scholtysik et al showed that Burkitt lymphomas (BL) and Diffuse
Large B cell Lymphomas (DLBCL) have the genomic locus 19p13.3 deleted either
in a homozygous or hemizygous pattern(Scholtysik et al., 2012). Whilst it is not
known whether deletion of Tnfsf9 at 19p13.3 is the direct cause of the lymphomas,
it certainly can be attributed as a contributing factor. Another study performed by
Salih et al showed the presence of secretory/soluble Tnfsf9 in sera of patients with
haematological malignancies(Salih et al., 2001). Soluble Tnfsf9 was found to be
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active by binding to 4-1BB on T cells and activating CD8+ T cells, leading to
activation-induced cell death. Hence, lymphomas may secrete Tnfsf9 as a
resistance mechanism to evade the immune system. Taken together with the
mouse data from Middendorp and Zhu et al, these results could suggest the
potential role of Tnfsf9 as a tumour suppressor.
It would seem that the function of Tnfsf9 is multivariate and depends on the cell
type. Whilst several studies have tried to characterise the expression and function
of Tnfsf9 in APCs, including B cells, the approach has not been without flaws.
Using whole-body knockout models can predispose to fallacious interpretations and
lead to incongruous results. All the studies so far therefore indicate a potential role
of Tnfsf9 as a tumour suppressor, with a yet undetermined mechanistic
explanation.
We therefore aimed to tackle the questions posed by Tnfsf9 and its potential role in
tumour suppression. Our project aimed to answer the following three questions:
1. Is B-cell lymphoma formation in Tnfsf9 deletion a B-cell intrinsic process?
2. How does Tnfsf9 function as a tumour suppressor?
3. What is the mechanism by which Tnfsf9 acts in normal physiology?

1.7 Conclusions
Humoral immunity plays a major role in fighting infection. B cells, essential cellular
component of humoral immunity, develop in the bone marrow and undergo BCR
rearrangement to generate a BCR repertoire of infinite affinity. B cells enter the GC
reaction to differentiate into effector cells such as plasma cells and secrete large
amounts of antibodies. The GC allows for somatic mutation of the BCR to generate
high-affinity BCR. Several molecules are important in the regulation of GC function
and dysregulation of GCs can lead to breakdown in tolerance and autoimmunity
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results. The naïve B cell repertoire also contains autoreactive B cells but these are
kept anergic by various mechanisms of cellular tuning.
Autoimmune diseases can result from a breakdown in T cell or B cell tolerance and
understanding the evolution of autoimmunity requires accurate mice models.
Various models are available which help to elucidate the immune cell components
and their function. However not all mice models are perfect and use in the studies
require proper experimentation.
The TNF superfamily play an important role in immune system. They are widely
expressed by T and B cells of the adaptive immune system and as such
understanding their physiology can help elucidate mechanism of survival and
selection of B cells. Tnfsf9 is expressed in B cells upon activation but its function is
not known. It is known to mediate reverse signalling and is thought to act as a
tumour suppressor in B cells. Tnfsf9 functions vary from cell types and possibly
context: hence understanding the role of Tnfsf9 has been challenging. Although its
receptor, 4-1BB, is widely known and used in clinical therapies, Tnfsf9 can prove to
be important in future therapeutic interventions of cancer and autoimmunity.
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Chapter 2.

Materials & Methods

2.1 Mouse Strains and Animal Care (See Figure 3.1 for allele
details)
C57BL/6 embryonic stem cells (ES) carrying Tnfsf9 (MGI:4949354) and CD137
(MGI:4433557) knock-out first alleles were purchased from EUCOMM(Skarnes et
al., 2011). The ES were expanded and injected into C57BL/6 albino blastocyst and
F1 germline transmission was analysed by PCR and gel electrophoresis. At each
successive crossing, germline transmission of knockout first allele was determined
by PCR and gel electrophoresis. After several generations, mice carried the tm1a
knock-out allele for Tnfsf9 or CD137. To generate homozygous mice, heterozygous
mice were crossed together and genotyping by Transnetyx was performed to
determine homozygosity. Flpo-expressing mice (MGI:4453967) (obtained from the
Institute mouse facility) were crossed with tm1a homozygous mice (Tnfsf9 or
CD137) to generate the conditional allele (tm1c). Confirmation of Flpo-mediated
deletion was determined by Transnetyx genotyping and litters were crossed until
tm1c homozygous mice were obtained. Cg1Cre-transgenic (MGI:3652526) and
hCD2-reporter transgenic (MGI:5444669) mouse strains were generated as
described before(Calado et al., 2012; Casola et al., 2006). In order to generate
germinal centre-specific B cell deletion of Tnfsf9 or CD137, homozygous mice to
tm1c alleles were crossed with Cg1Cre and hCD2 homozygous mice. Litters were
tested for transmission of allele by genotyping and mice were bred until
homozygosity for Cg1Cre and Tnfsf9/CD137 tm1c or Tnfsf9/CD137tm1c and hCD2
was achieved. Further crosses were made between Cg1Cre Tnfsf9 or CD137 tm1c
and Tnfsf9 or CD137 tm1c hCD2 to allow the generation of Cg1Cre Tnfsf9 tm1c
hCD2 mice or Cg1Cre CD137 tm1c hCD2 mice.
In order to generate tm1b allele mice, tm1a mice were crossed with Pgk1Creexpressing C57BL/6 mice (MGI:2178050) to produce heterozygous mice. Their
genotypes were determined by Transnetyx and positive heterozygotes were
crossed with each other until homozygous tm1b mice were produced. All mice were
on a C57BL/6 genetic background.
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Mouse strains were bred in a specific pathogen–free animal facility at the London
Research Institute and at The Francis Crick Institute and the. 8-20 weeks old mice
were used for all experiments except for tumour cohorts, in which mice were aged
for a maximum of 120 weeks. Animal breeding and procedures were performed in
accordance with the UK Home Office regulations.

2.2 Immune responses
2.2.1 Sheep Red Blood Cells
In order to study immune responses in vivo, mice were injected with sheep red
blood cells (SRBC, TCS Biosciences). Briefly, under sterile conditions 5mL of
SRBC were washed in cold PBS and spun at 4000rpm for 5minutes. The washing
step was repeated until the liquid phase was clear, normally 3 washes. At that
point, SRBCs were resuspended in 1mL PBS and counted using the
haemocytometer. Cell count in the final SRBCs aliquot was adjusted to 5x10^9/mL.
200ul of the SRBC were injected per mouse intravenously. Immune responses in
vivo were studied at day 10 after immunisation.
2.2.2 NP-CGG
NP(15)-CGG (4-Hydroxy-3-nitrophenylacetyl-Chicken Gamma Globulin) was
purchased from Biosearch Technology. NP(15)-CGG was resuspended in PBS1x
and 500ul were aliquoted and stored at -20C. Alum was prepared by dissolving in
PBS1x. Before injection, a NP(15)-CGG aliquot was thawed to room temperature
and mixed with 500ul of fresh alum preparation. The pH of the resulting solution
was determined using pH strips and adjusted using 1M NaOH until a pH of 6.5-7.0
was reached. The solution was then washed with ice cold PBS twice and
resuspended in 1mL PBS. 200ul of the NP(15)-CGG was injected intraperitoneally
per mouse. Immune responses are analysed at day 14.

2.3 BM chimeras
BM cells of donor mice were harvested from femora and tibiae kept on ice. The
bones were cleaned of residue skin and muscle tissues and crushed using pistil
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and mortar. The resulting suspension was washed once with ice-cold FACS buffer
(PBS+2% FCS) and resuspended in ACK lysis buffer (155 mM NH4Cl, 10 mM
KHCO3, and 100 µM EDTA) to lyse red blood cells. The lysis reaction was
terminated after 5minutes at room temperature by adding ice-cold FACS buffer and
then washed once in ice-cold FACS Buffer. Cells were counted using the Beckman
Coulter Counter and adjusted to the appropriate concentration. To generate 20:80
chimeras, Tnfsf9 BM cells and JHT BM cells were mixed obtain the final cell
mixture suspension before injection. In total, 5x10^4-1x10^5 BM cells were
transferred by intravenous injection into sub-lethally irradiated Rag2IL2R −/− mice
(Purchased from Taconic or generated in house). Rag2IL2R −/− mice were
irradiated on the day before BM injection and kept on acid water for the remaining
period of the experiment. Reconstitution was measured in the blood after 8weeks
and by assessing B-, T- and NK cells using antibody staining and flow-cytometry.
Chimeras were analysed 2weeks after confirmed reconstitution.

2.4 Sera Collection
All cohorts of mice were culled using schedule 1. Blood was collected by
puncturing the heart and collected into EDTA-coated tubes. The blood was allowed
to clot overnight to ensure full blood clotting and spun the next day in a bench
centrifuge at 14000rpm for 5minutes. The sera were collected into Eppendorf tubes
and placed on dry ice for at least an hour. The sera were then stored at -80C until
further use.

2.5 Cell sorting
Mice were immunised either with SRBC or NPCGG as previously described (2.2).
Unimmunised and immunised spleens were collected and processed for cell
sorting. Briefly spleens were crushed through a 70uM nylon mesh and lysed in
ACK lysis buffer for 5 minutes. Cells were labelled with anti-CD43 magnetic
microbeads and cells passed through LS columns (Miltenyi). This resulted in
negative depletion and the flow-thought cell fraction was collected for further
staining: CD19, B220, CD138, CD38, CD95, hCD2, and live/dead NIR. Cells were
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sorted using an Aria II or III (BD) and samples were collected at 4C. Sorted cells
were lysed in RLT buffer and processed on the same day for RNA and DNA
extraction using an RNA/DNA Mini kit. The resulting RNA and DNA samples were
quantified by spectrophotometry.

2.6 Flow cytometry
Mice were culled by schedule 1 and organs harvested into ice-cold B cell media
(DMEM, 10% Fetal Bovine Serum, 1% non-essential amino acids, 1% sodium
pyruvate, 1% HEPES, 1% Penicillin/Streptomycin and beta-mercaptoethanol
(Sigma)) and kept on ice until further processing. Spleens and peripheral LN (pools
of single cervical, axillary, and inguinal nodes) were gently homogenized through
nylon mesh filters (70 µM; BD). Erythrocytes in spleens were lysed using the ACK
lysis buffer, and cell concentrations determined using the Beckman Coulter
Counter. Cell surface staining was performed in 96-well plates using the required
antibody cocktails on ice for 20minutes. Cells were then washed twice in FACS
Buffer and resuspended in 200ul FACS Buffer. Live/Dead NIR dye (NIR Zombie,
Biolegend) was added at 1ul per 10million cells and cells were kept ice cold until
analysis. Stained cells were analysed by flow cytometry on a Fortessa (BD). Data
analyses were performed with FlowJo v10 software.

2.7 Tfh staining
For Tfh staining, cells were incubated first with purified anti-CXCR5 (BD
Biosciences) for 1 hour on ice, followed by biotinylated anti-rat IgG (Jackson
Immunoresearch) for 30minutes on ice. Cells were then labelled with PeCy7labelled streptavidin (eBioscience) together with the required cocktail of antibodies.
Primary and secondary stains were done in PBS + 0.5% BSA + 2% FCS + 2%
Normal Mouse Serum and the tertiary stain was performed in FACS buffer.
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2.8 EdU labelling
In order to study in vivo cell proliferation, mice were given a pulse of 10uM EdU by
intraperitoneal injection. Mice were culled by schedule 1 three hours after Edu
injection and organs were harvested in ice-cold B cell media. Single cell
suspensions were stained for surface antigens. Cells were further labelled using
Live/Dear Dye (Zombie NIR Biolegend) and fixed in 100ul Click-iT Fixative reagent
for 15 minutes at room temperature in the dark. The cell pellets were washed in
FACS buffer twice before resuspending in 100ul of the saponin-based
permeabilisation buffer. The cells were incubated for 15minutes in the dark before
being resuspended in the Click-iT reaction Buffer, prepared immediately prior to
staining. The Click reaction was incubated for 30 minutes at room temperature in
the dark and cells were washed in the saponin-based permeabilisation and wash
buffer. Further staining involving PE or PeCy7-labelled antibodies was performed
after the Click reaction. Cells were washed twice in FACS buffer before analysis by
flow cytometry.

2.9 Activated Caspase 3 staining
Single cell suspensions were prepared and stained for cell surface antigens. Cells
were in addition labelled with Zombie NIR before fixing in BD
Fixation/Permeabilisation Buffer for 15 minutes at room temperature. FITC- or PElabelled activated caspase 3+ (BD Biosciences 550480) antibodies were used at a
dilution of 1:20 in BD Permeabilisation/Wash Buffer. Cells were labelled for 30
minutes at room temperature before washing twice in FACS Buffer and analysis
thereafter by flow cytometry.

2.10 In vitro cell culture
2.10.1 B cell purification
B cells were purified from whole spleens by CD43 plus CD95 negative depletion
using MACS LS columns at 4C. Briefly, single cell suspensions were labelled with
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biotinylated CD95 antibody (BD) for 10 minutes followed by CD43 microbeads and
anti-biotin microbeads (Miltenyi). Cells were incubated for a further 10minutes
before being washed and resuspended in 1mL of FACS Buffer. Cells were passed
through MACS LS columns and the resulting filter-through was collected. The
columns were washed three times with 3mL of FACS Buffer. The resulting cell
fraction was centrifuged and cells were resuspended in 500ul FACS Buffer.
Viability and cell count were determined using the Beckman Coulter Counter and
cells were rested for 30 minutes at 37C in 5-10mL FACS free DMEM before
starting any experiments. Purity of the samples was determined by flow cytometry
using CD43PerCPCy5.5, CD95BV421, CD38APC and NIR live/dead staining.
2.10.2 Cell Trace Violet (CTV) labelling
Cells were labelled with Cell Trace Violet according to manufacturer’s protocol (Life
Technology). 50-80x10^6 cells were washed and resuspended in cold PBS. CTV
was added at a dilution of 1:1000 and cells were mixed and incubated for
20minutes at 37C in the dark. The labelling reaction was terminated by topping the
solution with B cell media or FACS Buffer and cells were centrifuged. The pellet
was washed once with FACS Buffer and resuspended in 500ul FACS buffer. Cells
were counted using the haemocytometer. After labelling cells were plated at a
concentration of 1x10^6/ml per well in 96-well plates and incubated at 37C for 6
days. B cells were cultured in B cell media consisting of DMEM, 10% Fetal Bovine
Serum, 1% non-essential amino acids, 1% sodium pyruvate, 1% HEPES, 1%
Penicillin/Streptomycin and beta-mercaptoethanol (Sigma). Anti-IgM (Jackson
Immunoresearch) was used at 10ug/ml, aCD40 (eBioscience)1ug/ml and LPS
(Sigma)10ug/ml.
2.10.3 In vitro cell survival and cell death
Cells were collected from the cell cultures at specific time points and washed at 4C
in FACS buffer (PBS/2%FBS). 10ul of the samples were pipetted into 200ul FACS
buffer each, together with Beckman Coulter Counter Beads and near-infrared
live/dead staining. Cell count was achieved by running the samples on Fortessa
cytometer. Cell death was performed by staining for caspase 3 as previously
described.
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2.11 B cell stimulation
B cells were purified from whole spleens by CD43 CD95 negative depletion using
MACS LS columns at 4C. Purity of samples was assessed by flow cytometry at
more than 85%. Cells were washed once in cold PBS to remove all FBS and
allowed to rest for 1 hour in FBS-free DMEM or RPMI.
For stimulation purposes, cells were aliquoted into Eppendorf tubes at 10million per
mL and stimulated with anti-IgM (10 µg/ml; Jackson ImmunoResearch
Laboratories), LPS (10ug/ml; Sigma) and CD40 (2ug/ml; BD). The cells were kept
in a heat block at 37C and allowed to be stimulated over specific time points (0min,
10min, 20min, 30min and 60min). Cells were collected at each time and reaction
terminated by washing the cells in cold PBS in a bench centrifuge. Protein
extraction was performed as detailed below.

2.12 Western Blotting
Total cell lysates were retrieved using RIPA buffer (Sigma) complemented with
protease and phosphatase inhibitors (Calbiochem). Lysates were left on ice for 20
min before clearing at 12 000 rpm on a bench-top centrifuge at 4 °C. Protein
concentrations in supernatants were estimated using a Bradford assay (Bio-Rad).
Samples were boiled in SDS loading buffer for 5 minutes before loading onto SDS
polyacrylamide gels (Biorad). Generally, 10-20 µg of protein was loaded per lane.
Gels were run at 200V for 45minutes and transferred to polyvinylidene (PVDF)
membrane using the TransTurbo kit (Biorad). The membrane was washed twice
with PBST (PBS+0.1%Tween) for 5 minutes each and blocked in 5% non-fat milk
PBST. If phosphorylated antibodies were detected, blocking was done in PBST
containing 5% Bovine Serum Albumin (BSA). Blocking was performed at room
temperature for 1 hour followed by overnight incubation with antibodies.
Membranes were washed the next day with PBST three times for 5 minutes each
and incubated with horseradish peroxidase (HRP) IgG for 1 hour at room
temperature. Membranes were washed thrice with PBST and incubated for 1
minute with ECL detection reagent (GE Healthcare). Membranes were detected in
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the dark room using X-ray films (GE Healthcare) and X-rays were developed in the
developing machine.

2.13 ELISA
2.13.1 Autoantibodies measurement
Pre-coated plates of cardiolipin, ssDNA and dsDNA were purchased from Alpha
Diagnostics. Sera were diluted at 1:100 in the provided sample buffer (PBS with
0.05% Tween) and loaded onto the plate (100ul per well). The plate was incubated
for 30 minutes at 30C. After 30 minutes the plate was washed 3 times in the
provided wash buffer (PBS+0.05% Tween 20). The plates were blocked by adding
100ul of PBS/5%BSA for 2 hours at 370C. The plates were then washed three
times with wash buffer. 100ul of enzyme conjugate (anti-mouse IgG conjugated to
HRP at a dilution of 1:400) were added to each well and incubated for 15 minutes
at room temperature. Wells were washed three times, before 100ul of TMB
substrate were added for 15 minutes at room temperature. The reaction was
stopped by adding the STOP solution (0.16M sulphuric acid) and plate was read
using at 450nm within 15 minutes of stopping the reaction using a plate reader.
2.13.2 Circulating (IgM, IgG, IgG1, IgG2a, IgG2b, IgG3) antibodies
measurement
ELISA kits for IgM, IgG, IgG1, IgG2a, IgG2b and IgG3 were bought from Life
Technologies. ELISA was performed according to manufacturer’s protocol. Briefly,
ELISA plates were coated with mouse IgM, IgG, IgG1, IgG2a, IgG2b and IgG3
overnight under sealed conditions at 4C by dissolving 5ug/mL of either IgM, IgG,
IgG1, IgG2a, IgG2b and IgG3 in coating buffer (bicarbonate buffer pH 9.6). Plates
were washed the next day for three times using PBS+ Tween 20 (wash buffer) and
incubated with 100ul sera (1/200) dissolved in PBS for 2 hours at room
temperature on a shaker. The plates were washed three times with wash buffer
and blocked for 2 hours in 100ul/well blocking buffer (PBS/5%BSA) at 37C. The
plates were them washed three times in wash buffer and incubated with the
recommended HRP-conjugated secondary antibody (anti-mouse IgG conjugated to
HRP) (diluted in PBS1x at 1/1000). The plates were incubated for 1 hour at room
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temperature with shaking before they were washed carefully. TMB substrate was
added at 100ul/well and incubated in the dark and at room temperature for 15
minutes. The reaction was stopped using the STOP solution (0.16M sulphuric acid)
and plate was read at 560nm using a plate reader. The absolute quantification was
not possible to determine due to technical difficulties. I therefore measured optical
density.
2.13.3 Activity of the NFkB pathway
The ELISA kit was purchased from Active Motif. Cell pellets were prepared as in
2.11 and washed in ice cold PBS, after which the pellets were lysed in the
complete lysis buffer provided. This allowed to collect the cytoplasmic fraction. The
pellets were then incubated with the nuclear buffer to extract the nuclear proteins.
ELISA plates were prepared as follows: 30ul complete binding Buffer was added to
each well followed by 20ul of the samples per well (nuclear or cytoplasmic extract).
The plate was sealed and incubated for 1 hour at room temperature with mild
agitation (100rpm on a rocking platform). The wells were washed three times with
the provided wash buffer (PBS/0.05% Tween 20). The plates were then blocked for
2 hours at room temperature in blocking buffer (PBS+10%Fetal Calf Serum). The
plates were then washed three times in wash buffer and 100ul of the diluted NF-kB
antibodies (1:1000 dilution) were added to each well, including blank wells. The
plate was covered and incubated for 1 hour at room temperature without agitation.
Washing was then performed three times before 100ul HRP-conjugated anti-goat
antibody (1:1000 dilution) were added to the wells. A further 1 hour room
temperature incubation was performed. After washing, the plate was incubated in
the dark with the developing solution for 15minutes. 100ul STOP solution (0.16M
sulphuric acid) was added and the plate was read within 5 minutes at 450nm using
a spectrophotometer (SpectraMax Series Absorbance Microplate Readers).

2.14 Real-time quantitative PCR
RNA from stimulated and unstimulated CD43 CD95 depleted splenic B cells (10 ×
106/ml) was isolated using the Qiagen RNeasy kit. Contaminating DNA was
removed using RNase-free DNase set (QIAGEN) according to manufacturer’s
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instructions and by DNase treatment (Roche). cDNA was produced using the
SuperScript III First-Strand Synthesis SuperMix for qRT-PCR (Life Technologies)
and standard protocols. Expression of target genes were determined by real-time
PCR using ABI Prism 7000 Sequence Detection System, and SYBR Green
Mastermix (Applied Biosystems). Target gene mRNA levels were normalized
against Gapdh mRNA levels.
Tnfsf9 1-2 primers:

Forward 5’- AACCTGGGTACCCGAGAGAA-3’
Reverse 5’- CAGGAGAGCCCTGTTGTGTA-3’

Tnfsf9 2-3 primers:

Forward 5’- CAACACTACACAACAGGGCTC-3’
Reverse 5’- TCTTGGCTGTGCCAGTTCAG-3’

Tnfsf9 Exon 3 primers: Forward 5’- GGGTCTGAGGGCTTATCTGC-3’
Reverse 5’- TGGGTTGTCGGGTTTCACAA-3’
Gapdh primers:

Forward 5’- AAGAGGGATGCTGCCCTTAC-3’
Reverse 5’- TACGGCCAAATCCGTTCACA-3’

2.15 Histopathology
2.15.1 Immunohistochemistry
Tissue was prepared for histology by fixation in 10% NBF for 24 h followed by
transfer into 70% ethanol for a further 24 h before paraffin embedding. For Bcl-6
staining, sections were boiled in sodium citrate buffer (pH6) for 15 min and
incubated for 1 h in anti-Bcl-6 antibody followed by HRP/DAB detection. PNA
staining was performed using clone AS-2074 from Vector Labs, followed by
HRP/DAB detection. Haematoxylin and eosin staining was performed using
standard methods. Immunohistochemistry for IgG1(Bioscience clone RMG1-1 at a
dilution of 1:200), Bcl-6 (Santa Cruz clone H-12 at a dilution of 1:100), PNA (Vector
Lab clone AS-2074-1 at a dilution of 1:200) was done by the Immunohistochemistry
laboratory at the Crick Institute.
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2.15.2 Immunofluorescence
Tissues were embedded in OCT (Optimum Cutting Temperature; Tissue-Tek) and
snapped frozen liquid nitrogen. Samples were stored at -80C until needed.
Specimens were cut at a thickness of 6-10um using a microtome. The cut samples
were placed on glass slides and allowed to dry for 3minutes at room temperature.
Slides were stored at -80C until needed.
Before staining, slides were removed from the freezer and thawed. The area of the
tissue was marked using a DAKO pen and tissue was fixed in 4%
paraformaldehyde. The samples were washed in PBS and blocked for 1hour at
room temperature in 5% Bovine Serum Albumin (BSA) dissolved in PBS. The
tissues were stained with antibodies at the required dilution in blocking solution for
1 hour at room temperature. For Tnfsf9 staining, staining was performed first using
an unconjugated Tnfsf9 rat antibody, followed by an anti-rat secondary antibody.
The tissues were washed thrice in PBS and stained with a cocktail of the required
antibody. Samples were washed twice for 5minutes with PBS. DAPI was used for
nuclear staining at a concentration of 0.5ug/ml. After washing with PBS, the
samples were covered in anti-fade Prolong Gold whilst minimising formation of air
bubbles. Cover slips were placed on top of the samples. Slides were allowed to
dry overnight in the dark at room temperature and analysed on the next day.
Pictures were acquired using the confocal microscope Zeiss Upright 780 or
Inverted 880.

2.16 RNA Sequencing and Bioinformatics
Samples were submitted to the Francis Crick Institute Sequencing facility and
samples were sequenced using paired-end sequencing platforms.
RNA sequencing was carried out on the Illumina HiSeq 4000 platform and typically
generated ~30 million 101bp unstranded paired-end reads per sample. Adapter
trimming was performed with cutadapt (version 1.9.1) (Martin M, 2011) with
parameters “--minimum-length=25 --quality-cutoff=20 -a AGATCGGAAGAGC –A
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AGATCGGAAGAGC”. The RSEM package (version 1.3.0) (Li and Dewey, 2011) in
conjunction with the STAR alignment algorithm (version 2.5.2a) (Dobin et al., 2013)
was used for the mapping and subsequent gene-level counting of the sequenced
reads with respect to mm10 Ensembl genes downloaded from the UCSC Table
Browser (Karolchik et al., 2004) on 19th February 2016. The parameters used were
“--star-output-genome-bam --paired-end”. Differential expression analysis was
performed with the DESeq2 package (version 1.12.3) (Love et al., 2014) within the
R programming environment (version 3.3.1). An adjusted p-value of <= 0.01 was
used as the significance threshold for the identification of differentially expressed
genes.

2.17 Affinity Maturation
SHM was measured in B cells according to a previously described protocol(Heise
and Klein, 2017). Germinal centre and follicular B cells were sorted from NP(15)CGG immunised mice. RNA and DNA were prepared from the sorted cells (Qiagen
Mini Prep). Firstly, RNA was used to produce cDNA using the Reverse
Transcriptase SuperScriptIII kit. The Cg1 primer or Cm primer was used in this
process. This was followed by a semi-nested PCR: the cDNA was used in a first
PCR reaction to together with Cg1-PCR primer or Cm-PCR primer and V186.2
leader primer. The PCR was conducted by Taq Polymerase with a small amount of
Pfx Polymerase. The conditions used were: 1x Cycle 95C at 2minutes, 20 cycles
with 95C for 20 seconds, 70C for 30s, 72C for 92 seconds, 1 cycle with 72C for
5minutes and 4C for unlimited time. The second PCR was performed with 3ul of
product from the first PCR with Cg1-PCR primer or Cm-PCR primer and V186.2
nested primer. The same PCR conditions as above were used. The resulting PCR
products were isolated and purified by gel electrophoresis (Qiagen). The product
was cloned into pGEM-TEasy vector (Promega Corporation) and bacteria were
transformed and incubated overnight. 100 colonies of each plate were used for
sequencing and the resulting sequences were analysed on the VBASE2 database
website.
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Cg1-cDNA

:

5’-CATGGAGTTAGTTTGGGCAG-3’

Cm-cDNA

:

5’-CCACCAGATTCTTATCAGAC-3’

V186.2 nested:

5’-AGCTGTATCATGCTCTTCTTGGCA-3’

V186.2 Leader:

5’-CATGCTCTTCTTGGCAGCAACAG-3’

Cg1-PCR

: 5’-ATCCAGGGGCCAGTGGATAGAC-3’

Cm-PCR

: 5’-CGCAGGAGACGAGGGGGAAGAC-3’

2.18 Cell culture
Cells were grown in a humidified, 37 °C incubator with a controlled atmosphere of
5 % CO2 and 95 % air.

2.19 Statistics
Data were analyzed using unpaired Student t-test unless stated otherwise. A p
value ≤0.05 was considered significant. A single asterisk (∗) in the figures
corresponds to a p value ≤0.05, double asterisks (∗∗) to a p value ≤0.01, and triple
asterisks (∗∗∗) to a p value ≤0.001, and “ns” stands for not statistically significant.
Survival curves were compared using the log rank test. At least 3 replicates were
done unless specified otherwise.
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Table 4. Antibodies for Flow Cytometry, Immunofluorescence and
Immunohistochemistry
Antibody epitope

DIlution

Company

Application

Clone

CD19

1/200

Biolegend

Flow cytometry

6D5

B220

1/200

Biolegend

Flow cytometry

RA3-6B2

CD4

1/200

eBioscience

Flow cytometry

GK1.5

CD8

1/200

eBioscience

Flow cytometry

53-6.7

CXCR5

1/100

eBioscience

Flow cytometry

MU5UBEE

PD-1

1/100

eBioscience

Flow cytometry

EH12.2H7

CD3e

1/200

Biolegend

Flow cytometry

145-2C11

CD21

1/200

Biolegend

Flow cytometry

7 E9

CD23

1/200

Biolegend

Flow cytometry

B3B4

CD38

1/200

Biolegend

Flow cytometry

90

CD95

1/200

Biolegend

Flow cytometry

DX2

CD86

1/200

Biolegend

Flow cytometry

GL-1

CXCR4

1/200

Biolegend

Flow cytometry

12G5

CD138

1/200

Biolegend

Flow cytometry

281-2

IgM

1/200

Biolegend

Flow cytometry

RMM-1

IgD

1/200

Biolegend

Flow cytometry/IF

11-26c.2a

IgG1

1/200

eBioscience

Flow cytometry/IHC

RMG1-1

Tnfsf9

1/100

Biolegend

Flow cytometry/IF

TKS-1
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Table 5. WB Antibodies
Antibody epitope

Dilution

Company

Application

Clone

pAktser473

1/1000

CST

WB

#9271

pERK1/2

1/1000

CST

WB

#4370

Akt

1/1000

CST

WB

#4691

ERK1/2

1/1000

CST

WB

#4695

PLCgamma2

1/1000

CST

WB

#3872

p100/52

1/1000

CST

WB

#4882

p105/50

1/1000

CST

WB

#3035

RelB

1/1000

Santa Cruz

WB

sc-226

NIK

1/1000

Abcam

WB

ab7204

NIK

1/1000

CST

WB

#4994

Bcl-2

1/1000

CST

WB

#3498

Bcl-xL

1/1000

CST

WB

#2764

Beta-actin

1/10000

Sigma

WB

AC-74
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Chapter 3.

Results 1 Autoimmunity and lymphoma

development in Tnfsf9 knockout mice
3.1 Introduction
The use of whole body knockout mouse models in the study of autoimmunity and
cancer formation is well documented and has proven to be effective in elucidating
physiological and pathological functions of genes. In a study published by
Middendorp et al in 2009, deletion of Tnfsf9 in mice results in increased incidence
(60%) of B cell lymphomas by 12 months of age. Most of the lymphomas
resembled follicular lymphomas with a GC-derived phenotype(Middendorp et al.,
2009). Furthermore, Tnfsf9 was found to be recurrently deleted at its locus in
human B cell lymphomas, including DLBCL, Burkitt’s and follicular lymphomas.
Interestingly deletion of Tnfsf9 produced a strong phenotype in the immune B cell
compartment, which led us to speculate the role and importance of Tnfsf9 in B cell
function(Scholtysik et al., 2012).
Here, we investigate the phenotype of a conditional knockout mouse for Tnfsf9 and
of its receptor CD137 (also known as 4-1BB), generated by the European
Conditional Mouse Mutagenesis Program (EUCOMM). The strategy relies on the
use of a promoter-driven targeting to generate knockout-first alleles; one or more
critical exons are targeted and modified using a LacZ-Neo cassette, introducing
frameshift mutations. We present evidence for (1) the presence of spontaneous
germinal centres and increased T cell activation in Tnfsf9 knockout mice, (2)
reduced ability to mount immune responses in our mice, and (3) increased
lymphoma incidence.
In this chapter, I present images generated from histopathological samples
prepared and analysed by Bradley Spencer-Dene, Emma Nye and Joana Carvalho
on my behalf.
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3.2 Results

3.2.1 Generation of whole body knockout and conditional knockout for Tnfsf9
Skarnes et al predicts a model for their gene targeting resulting in knockout first
allele (tm1a) and how crossing the mice with (1) Cre recombinase generates a full
knockout with removal of the critical exon (tm1b), (2) Flp recombinase produces a
conditional allele (tm1c) with further treatment with a Cre recombinase generating a
reporter-less knockout (tm1d) (Figure 3.1).
Mouse embryonic stem (ES) cells carrying the Tnfsf9 tm1a allele was purchased
from EUCOMM and injected into blastocysts. These were transferred to
pseudopregnant female recipient mice and chimeras were generated. The litters
were genotyped for the presence of the tm1a allele and the chimera mice were
crossed until homozygosity was achieved.
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Figure 3.1 Schematics showing the generation of different alleles from the
EUCOMM model (Skarnes et al 2011)
tm1a= knockout first allele, tm1b= LacZ reporter knockout allele
tm1c=conditional allele, tm1d=full knockout allele
The tm1a allele has the IRES:LacZ trapping cassette together with a neomycin (neo)
cassette, inserted into the intron of the Tnfsf9 gene. This can disrupt gene function.
The gene cassette contains the mouse En2 splice acceptor and SV40
polyadenylation sequences. This allows gene splicing to occur between the exons
and the splice cassette. Dotted lines represent how splicing will typically occur in the
different alleles to generate a combination of messenger RNA. The critical exon in
the targeted gene is floxed by two LoxP sites together with LacZ-Neo cassette and
Frt sites(tm1a). Upon treatment with Cre recombinase, there is excision of the LoxP
sites, removing the critical exon producing a LacZ reporter knockout (tm1b).
Treatment of the tm1a allele with Flp recombinase removes the Frt sites to produce
a conditional allele with the critical exon flanked by LoxP sites (tm1c). A further round
of treatment with Cre removes the critical exon from tm1c allele to produce a
knockout (tm1d).
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We first checked if the tm1a and tm1b alleles produced a knockout mouse. The
tm1a allele is not expected to produce knockout mice. However there has been
possibilities of having knockout directly from the tm1a allele. We designed primers
that would target the Tnfsf9 mRNA: one set of primers was directed at amplifying
exon 1 and exon 2 together, another set was directed at the end of exon 2 and
beginning of exon 3 and a final set was directed at exon 3 alone (Figure 3.2). This
would allow us to determine the presence of each exon at cellular level. We also
hypothesized that the tm1a allele could produce two main products: mRNA
following the frameshift mutation of the cassette: (1) the Tnfsf9 gene with only the
first two exons and, (2) the neomycin gene product, and the WT mRNA. Similarly,
the tm1b allele would produce only one possible product, namely the Tnfsf9 gene
with the first two exons only (Figure 3.3 A&B).

1

Primer
targeting exon 1-2

2

3

Primer targeting Primer targeting exon 3
exon 2-3

Figure 3.2 qPCR primer targeting in WT Tnfsf9 mRNA product
The mRNA product for WT Tnfsf9 is relatively short. Primer pairs (represented by
forward and reverse pair of arrows) were targeted so as to determine the mRNA
expression in B cells: one set of primers (black arrows) amplify the end of exon 1
and beginning of exon 2 (Exon 1-2), a second set (purple arrows) amplify end of
exon 2 and start of exon 3, and a final set (red arrows) amplify exon 3 alone (Exon
3).
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Tnfsf9 tm1a allele construct

1

2

3

1

2
LacZ

OR

+
neo

Tnfsf9 tm1b allele construct

1

2
IRESLacZ

Figure 3.3 Schematics to show predictedTnfsf9 tm1a and tm1b allele mRNA
derivative
The tm1a allele can produce two potential set of mRNA products: the WT Tnfsf9
mRNA or a variant lacking exon 3 following frameshift mutation. The latter will
produce a knockout mouse for Tnfsf9. The LacZ has an IRES cassette linked to it.
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The tm1b allele is produced by crossing the tm1a mouse allele with Cre- expressing
mice. The tm1b allele would produce one mRNA of Tnfsf9, lacking exon 3 but having
a LacZ reporter. The mRNA if stable may allow translation of LacZ for monitoring
gene transcription or may alternatively be deleted through nonsense mediated RNA
decay.

To this end we performed qPCR on purified B cells extracted from spleens of tm1a
and tm1b mice (3 mice in each group), comparing to WT mice, and tested for the
expression Tnfsf9 mRNA.
Specifically, we analysed for mRNA products encoding exon 1 and 2, exon 2 and 3
and exon 3 only by qPCR.
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Figure 3.4 There is no Tnfsf9 mRNA in tm1a and tm1b mice
Splenic B cells were purified by CD43 depletion to obtain 90-96% purity samples, as
evaluated by flow cytometry. RNA was extracted from B cells of tm1a, tm1b and WT
mice and used in qPCR reaction in equal amounts to determine the expression of
Tnfsf9 gene products. This was compared to housekeeping gene HPRT. DDCt
represents the relative fold increase of the corresponding gene products relative WT.
A Exon1-2, 2-3 and 3 alone were amplified by qPCR to determine the level of Tnfsf9
mRNA in purified B cells from WT and Tnfsf9tm1a mice.
B Exon1-2, 2-3 and 3 alone were amplified by qPCR to determine the level of Tnfsf9
mRNA in purified B cells from WT and Tnfsf9tm1b mice.
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Results are indicative of 3 mice in each of WT, Tnfsf9tm1a and Tnfsf9tm1b g and
have been normalized to Hprt control gene. * p<0.05 ,** p<0.01, ***p<0.005

There was a 10-20 fold reduction in Tnfsf9 Exon 1-2, 2-3 and 3 alone in the B cells
isolated from Tnfsf9tm1a mice relative to WT B cells. This confirmed that the
Tnfsf9tm1a mouse is a knockout mouse, probably resulting from nonsense
mediated RNA decay. Similarly, the Tnfsf9tm1b mouse showed that there was
minimal expression of Tnfsf9 mRNA with a significant decrease in Exon1-2, 2-3
and 3 alone (Figure 3.4 A&B). Hence as predicted the Tnfsf9tm1b is a whole-body
knockout.

3.2.2 Tnfsf9 deletion predisposes to the formation of spontaneous
germinal centres and development of asymptomatic circulating
autoantibodies.
Previously, Middendorp et al found in 2009 that Tnfsf9KO mice showed increased
incidence of GC-derived B cell lymphoma at old age. The formation of B cell
lymphomas however could be a slow process, starting at an early age. We decided
to analyse young cohorts of mice to determine if there was any pre-lymphomatic
transformation in B cells.
Our cohort included 6 WT mice and 7 Tnfsf9KO mice of 12-20 weeks old mice.
Tnfsf9KO mice showed enlarged spleens and peripheral lymph nodes (inguinal,
axillary and cervical) (Figure 3.5A). This was accompanied by an increase in the
weight of Tnfsf9KO spleens (median of 0.140g) and lymph nodes (median of 0.07g
for 4 LNs). The mesenteric lymph nodes, although not enlarged, also displayed an
overall increase in their weight at 12-20 weeks old (median of 0.04g for 3 mLNs).
The Peyer’s Patches were not significantly different in the Tnfsf9KO and WT
groups (Figure 3.5B)

81

Chapter 3 Results 1. Autoimmunity and lymphoma development in Tnfsf9 knockout
mice

A

B
*

0.04
0.03
0.02
0.01
0.00

0.020
0.015
0.010
0.005

O
K
f9
Tn
fs

O
K
f9
Tn
fs

W
T

0.000
W
T

mLN x3/g

ns

0.025

Peyers Patches x4/g

0.05

Figure 3.5 Tnfsf9KO mice have enlarged spleen and lymph nodes
Spleens, four lymph nodes (inguinal, axillary and cervical), three mesenteric lymph
nodes and four Peyers Patches were collected from 6 WT mice and 7 Tnfsf9KO
(combination of 4tm1a and 3tm1b). Mice were aged between 12-20 weeks. The
organs were weighed.
A. Representative picture of enlarged spleen and inguinal lymph nodes of Tnfsf9KO
mice (12wks old)
B. Weight analysis of spleen, lymph nodes, mesenteric lymph nodes and Peyers
Patches of 12-20wks old mice
*p<0.05 ,** p<0.01, ***p<0.005

Previous mouse studies found that disruption of specific TNF Superfamily members
such as Fas (CD95) or overexpression of BAFF leads to organomegaly and
autoimmune-like disorders. BAFF transgenic mice have an increased number of B
and T cells with increased circulating levels of autoantibodies. This was
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accompanied by kidney failure and reduced lifespan of the BAFF-transgenic mice
relative to the controls. Fas-deficient mice were shown to have an increased
number of germinal centres (GCs) with lymphoproliferation that affects both the B
and T cell compartments. This is also accompanied by an increase in IgG1+
memory B cells in Fas-deficient mice (Mackay et al 1999, Hao et al 2008).
Hence given that Tnfsf9 has so far been considered a tumour suppressor
(Middendorp et al., 2009), it can be hypothesized that Tnfsf9 deletion might lead to
the generation of tumours/organomegaly through and increase in GCs and
circulating autoantibodies, as observed in BAFF transgenic and CD95 deficient
mice. We analysed young cohorts of unimmunised mice of age 12-20 weeks old
and stained for CD38 and Fas to determine the presence of GCs in the spleen by
flow cytometry. There was a significant increase of GCs in the spleen and lymph
nodes as denoted by the presence of the CD38lowFashigh B cells (mean of 2.6% in
Tnfsf9KO mice vs mean of 0.2% in WT mice), going as high as 4.73% (Figure
3.6A). This was accompanied by increased percentage and number of GC B cells,
reaching roughly 4.73% and 4.3x10^6 cells respectively, relative to WT mice which
had 0.2x10^6 cells (Figure 3.6B). GCs can be demonstrated by PNA staining in
histology and we performed PNA staining on paraffin-embedded spleen sections to
analyse the extent of GC formation. There were definite PNA positive follicles,
demonstrating the presence of GCs in Tnfsf9KO spleens with only sparse PNA
positive follicles detected in WT spleens. Quantification of the number of PNA
positive GCs showed a mean of 12 GC follicles per spleen sections compared to a
mean of 2 per WT spleen sections (Figure 3.6C&D).
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Figure 3.6 Tnfsf9KO mice has spontaneous GCs in spleens
Unimmunised WT and Tnfsf9KO mice were culled at 12-20 weeks of age and their
spleens were collected, processed and analysed by flow cytometry and histology.
Germinal Centre (GC) B cells were identified in the B cell compartment (B220+
CD19+) by staining for CD38 and Fas. This was quantified and plotted as percentage
and absolute cell number. In histology, GCs were identified by staining for PNA and
were quantified by counting the number of GC centres per spleen section.
A. Representative FACS plot of GC analysis in unimmunised Tnfsf9KO and WT mice
12-20wks old. B cells were identified by staining for B220 and CD19 in the live singlet
population of lymphocytes and GC B cells were labelled as CD38lowFashigh.
B. Percentage of GC B cells and total number of GC B cells in spleens of
unimmunised mice 12-20wks old
C. PNA staining of Tnfsf9KO mice spleen versus unimmunised WT spleen: Brown
patches represent GC B cell foci.
D. Quantitation of #GC per spleen sections in Tnfsf9KO mice and WT mice. Data
represents ten spleen sections viewed and analysed for each phenotype.
* p<0.05 ,** p<0.01, ***p<0.005

B cells in the spleen can be identified as follicular (FO) B cells and marginal zone
(MZ) B cells. FO B cells are mainly responsible for formation of T-cell dependent
antigen GCs and MZ B cells normally respond to T-cell independent antigens. Due
to the presence of spontaneous GCs in the spleen, we looked at the FO and MZ B
cell distribution in young unimmunised Tnfsf9KO and WT mice.
FO and MZ B cells were analysed by flow cytometry by looking at the mature B cell
compartment with FO B cells staining as CD21lowCD23high and MZ B cells staining
as CD21highCD23low. Tnfsf9KO mice displayed slightly higher B cell percentage in
FO and MZ B cell compartments as shown by the FACS plot in Figure 3.7A,
although not significant. Similarly, there was no significant difference in B cells
numbers in either compartment in Tnfsf9KO and WT mice (FO: WT 82% vs KO
83%; WT 40x10^6 vs KO 50x10^6) (MZ: WT 5.5% vs KO 7.9%; WT 3x10^6 vs KO
4.2x10^6) (Figure 3.7B). However there seemed to be a trend of higher numbers of
B cells in the Tnfsf9KO mice, in both the follicular and marginal zone compartment.
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Figure 3.7 There is no difference in FO and MZ B cells
Unimmunised WT and Tnfsf9KO mice were culled at 12-20 weeks of age and their
spleens were collected, processed and analysed by flow cytometry. B cells were
identified in the B cell compartment (B220+ CD19+) and follicular and marginal zone
B cells were identified by CD21 and CD23 staining. This was quantified and plotted
as percentage and absolute cell number.
A. Young cohort of 6 WT and 6-8 Tnfsf9KO mice were analyzed for FO and MZ B
cells in the spleen. Mature B cells were gated by CD19+ B220+ CD93- in the live
single cell population. FO and MZ B cells were distinguished by CD21 and CD23
expression. Representative FACS plot of FO/MZ analysis in unimmunized Tnfsf9KO
and WT mice 12-20wks old.
B. Quantification of percentage of FO and MZ B cells and their respective cell
numbers in unimmunized Tnfsf9KO and WT mice 12-20wks old.
* p<0.05 ,** p<0.01, ***p<0.005

In normal physiology, the formation of GCs depends on interaction between B cells
and CD4+ T cells in an antigen dependent manner(Choi et al., 2011). Therefore,
we proceeded to investigate whether the deletion of Tnfsf9 in the whole body of the
mouse affects the T cell compartment. By flow cytometry, the T cell population can
be distinguished into CD4+ and CD8+ compartments. The state of T cells can
further be identified by staining for CD62L and CD44, which identifies T cells as
either being naïve (CD62LhighCD44low), activated (CD62LlowCD44high) or memory
cells (CD62LhighCD44low) (Figure 3.8A).
There was an increase in absolute number of CD4+ T cell number and CD8+ T cell
number in Tnfsf9KO mice (15.5x10^6; 12x10^6) compared to WT mice (10x10^6;
8x10^6), although the percentage of CD4+ and CD8+ T cells were similar (CD4+:
WT 55% vs KO 51%; CD8+: WT 48% vs KO 44%). Upon looking at the CD62L and
CD44 staining, we found that the absolute number of CD4+ T cells in the effector
and memory compartment were elevated in the KO compared to WT. The naïve
compartment of T cells were also higher in KO mice (Figure 3.8B) The CD8+ T cell
compartment was also distinguished by CD62L and CD44 staining and we found
an increase in absolute T cell number in the activated compartment (Figure 3.8C).
This was a new finding in understanding the role of Tnfsf9 in immune cells and
previously, it was found that Tnfsf9 expression on T cells is reciprocally regulated
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by its receptor CD137 and that ablation of Tnfsf9 allows T cells to sustain longer
activation.
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Figure 3.8 Tnfsf9KO mice have spontaneously higher levels of naïve and
effector CD4 and CD8 T cells in spleens.
Unimmunised 5 WT and 6 Tnfsf9KO mice were culled at 12-20 weeks of age and
their spleens were collected, processed and analysed by flow cytometry. T cells were
identified by CD3 staining and CD4 staining. The cells were then gated for CD62L
and CD44 expression to identify the three main populations of naïve, effector and
memory T cells. This was quantified and plotted as percentage and absolute cell
number.
A Representative FACS plot of T cell analysis in unimmunised Tnfsf9KO and WT
mice 12-20wks old. T cells were stained in the live singlet lymphocyte compartment
by CD3 and further identified by CD4 and CD8 staining. CD44 and CD62L staining
allowed recognition of naïve T cells, activated T cells and memory T cells.
B and C. Quantification of percentage of T cells and their respective cell numbers in
unimmunised Tnfsf9KO and WT mice 12-20wks old.
* p<0.05 ,** p<0.01, ***p<0.005
We hypothesised that the spontaneous GCs could be accompanied by increased
circulating antibodies. To test this hypothesis, we characterised by ELISA the levels
of IgG1, IgG2a, IgG2b, IgG3 and IgM in the sera of a cohort of 12-20 weeks old
mice. The total IgM level was reduced in young Tnfsf9KO mice (Figure 3.9A).
There was no significant difference in total IgG in the sera between the WT and
Tnfsf9KO groups, although the average levels of total IgG were slightly higher in
the Tnfsf9KO group (Figure 3.9B). The levels of IgG2a, IgG2b and IgG3 were
similar in both WT and Tnfsf9KO mice (Figure 3.9D, E&F). However, the average
level of circulating IgG1 in Tnfsf9KO mice was higher as shown in Figure 3.9C
(although not statistically significant) with KO mice having a mean optical density of
0.004 compared to 0.0018 in WT mice. However exact tires will need to be
evaluated in the future through serial dilution.
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Figure 3.9 Tnfsf9KO mice have normal circulating levels of immunoglobulins
A-F ELISA was performed on sera of 6 Tnfsf9KO and 3 WT mice of 12-20wks of age
to determine the level of immunoglobulin. Blood (10-15mL) were collected in sera
tubes and extracted as per protocol. The different allotypes were tested based on
specificity using standard semi-quantitative approach and the absorption wavelength
was measured at 560nm by an ELISA plate reader. The absorption values were then
used to calculate the corrected optical density by subtracting the background
absorption intensity.
Most autoimmune patients display increased levels of circulating antibodies and
auto-antibodies. SLE patients have increased levels of antibodies directed against
genomic DNA (ssDNA and dsDNA). Rheumatoid arthritis patients have higher
levels of rheumatoid factor and in antiphospholipid syndrome, there is an increased
level of IgG against phospholipases without an increase in total immunoglobulin
levels. We therefore determined if the circulating antibodies in our Tnfsf9-deficient
mice display specific reactivities to self-antigens(Butt et al., 2015; Ippolito et al.,
2011).
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We first performed and auto-antibody protein array on sera extracted from
unimmunised 12-20 weeks old Tnfsf9KO and WT cohort mice. The array uses a
platform with coated immobilised antigens. The array is then exposed to sera
containing immunoglobulins. Detection is carried out using fluorophore-labelled
secondary antibodies. The output signal from the platform can be recorded by a
reader and the data is normalised before analysis. The protein array employed 123
antigens, ranging from aggregan to vitronectin and tests for the presence of IgM
and IgG auto-antibodies. There was no difference in levels of total IgG and IgM in
both WT and KO groups. IgM autoantibodies were similar in both WT and
Tnfsf9KO mice. However, Tnfsf9KO mice sera showed higher levels of antibodies
against self-antigens, on average, in the IgG compartment. This was observed for
anti-cardiolipin, anti-ssDNA and anti-dsDNA IgG (Figure 3.10).
The average signal observed for cardiolipin (a phospholipase) and genomic DNA
were higher in the Tnfsf9KO relative to WT controls, although it was not significant
on analysis. In order to validate the observations of the array, we performed ELISA
of sera from the cohort of Tnfsf9KO and WT mice to quantitate IgG autoantibodies
directed against cardiolipin, ssDNA and dsDNA. Tnfsf9KO mice showed increased
circulating levels of anti-cardiolipin (WT 0.3U/mL vs KO 0.9U/mL), anti-ssDNA (WT
0.1u/mL vs KO 1.4U/mL) and anti-dsDNA (WT 0.03U/mL vs KO 0.9U/mL) in sera
as shown by the quantification in Figure 3.11.
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Figure 3.10 Tnfsf9KO mice have elevated levels of circulating IgG
autoantibodies.
A-B The sera of 13 Tnfsf9KO and 11 WT mice were run on a protein microarray to
determine the presence of autoantibodies. The array uses a platform with coated
immobilised antigens. The array is then exposed to sera containing
immunoglobulins. Detection is carried out using fluorophore-labelled secondary
antibodies. The output signal from the platform can be recorded by a reader and the
data is normalised before analysis. Both IgM and IgG allotypes were tested and
cardiolipin, genomic DNA and dsDNA were of main interest. Samples that fail to
produce a reading during the plate read-out were not included in the analysis.
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Figure 3.11 Tnfsf9KO mice have elevated levels of IgG autoantibodies against
cardiolipin, and DNA.
Sera from unimmunised 6 WT and 7 Tnfsf9KO mice were collected at 12-20 weeks
of age. The sera (1/200 dilution) were incubated into wells with pre-coated antibodies
against cardiolipin, ssDNA and dsDNA. The samples were then incubated with IgG
antibodies and HRP antibodies, before TMB solution was added and the plates were
read. A concentration curve was also determined in each plate and the samples were
quantified as per the absorption read by a plate reader. U/mL refers to an arbitrary
unit set by the ELISA manufacturer.
A-C ELISA on sera from unimmunized Tnfsf9KO and WT mice (12-20 weeks old) to
determine the presence of autoantibodies against cardiolipin, ssDNA and dsDNA.

In autoimmunity, circulating autoantibodies can deposit in different organs and one
of the first organs to be affected are the kidneys. The glomeruli in the kidneys are
tiny structures along which autoantibodies can be deposited. These are observed
in various autoimmune conditions such as SLE and Sjogren syndrome(Lessard et
al., 2013; Satoh and Reeves, 1994). Moreover, the kidney function can be affected
by the immunoglobulin deposition, leading to increased filtration of proteins in the
urine. We therefore examined 10 kidney sections of 12-20 weeks old KO and WT
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mice for antibody deposition in the kidneys by staining for IgG. Out of 10KO mice,
there was one case of IgG deposition in the glomeruli (up to 45% of the kidney) and
9 cases did not show any staining for IgG (Figure 3.12B).
Consequently, we tested the urine of young mice for proteinuria and quantitation
did not show significant enrichment of proteins in Tnfsf9KO mice relative to WT
mice as shown in Figure 3.12A: there was 1 case of moderate (++) proteinuria, 3
cases of mild (+) proteinuria and 6 cases of no proteinuria in KO group. In the WT
group, there were 8 cases of no proteinuria and 2 cases of mild (+) proteinuria.
Based on our results, we concluded that Tnfsf9KO mice had a mild form of
autoimmunity at young age. This was a new finding in young Tnfsf9KO mice as this
was never reported before.
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Figure 3.12 Tnfsf9KO mice exhibit mild autoimmune pathology at 12-20wks old
Urine from unimmunised 10 WT and 12 Tnfsf9KO mice were collected at 12-20
weeks of age before the mice were culled. The Uristix dipstick was used to determine
the proteinuria level by dipping the stick into the urine and incubating for 30 seconds
before reading. The level of proteinuria was determined as being none, tiny, small
and heavy. Kidneys were collected and placed into 10% NBF. They were then
sectioned (6uM) before being stained for deposits of IgG.
A. Measurement of protein in the urine using Uristix: none=no protein detected, +=
tiny amount of protein detected, ++= small amount of protein detected, +++= heavy
amount of protein detected
B. Histopathology of Kidney sections from Tnfsf9KO and WT mice to determine IgG
deposits. Brown feature defines IgG deposits in the kidney apparatus.
Figure is representative of at least 10 sections viewed.

3.2.3 CD137 knockout mice do not have autoimmunity
Tnfsf9 is a known ligand for CD137, also known as 4-1BB receptor, a member of
the TNF receptor superfamily (Goodwin et al 1993). The latter is expressed on
activated T cells and follicular dendritic cells (FDCs), where it is thought to increase
the cytotoxicity of CD8+ T cells, activation of CD4+ T cells and antigen presenting
capacity of FDCs. The role of CD137 in cancer immunology has gained much
ground in recent years through the advent of CAR-T cells. In fact, clinical trials with
CAR-T cells expressing the cytoplasmic domain of CD137 showed increased
tumour regression in prostate cancer patients. Whilst it has been ground breaking
in understanding the physiological role of CD137, the role of its ligand interaction is
less understood and the role of CD137 in B cell lymphoma development is not
documented.
Given that Tnfsf9-deficient mice develop spontaneous GCs, circulating
autoantibodies and mild autoimmunity, we became interested in investigating
whether the whole-body knockout of CD137 in mice would lead to a similar
phenotype. We analysed a cohort of young unimmunised mice, 7 WT and 8
CD137KO mice of 12-20 weeks of age. There was no enlarged spleens or lymph
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nodes in either group, with the weight of CD137KO spleens being on average
0.11g compared to 0.10g for WT mice. LN weights were 0.038g and 0.034g for KO
and WT respectively (Figure 3.13A). The cellularity of the spleens were also
compared: CD137KO mice had an average cellularity of 8.2x10^4 and WT mice
had an average cellularity of 8.0x10^4 (Figure 3.13B). As shown by the FACS plot
in Figure 3.13C, the GC population of CD38lowFashigh was small and similar in both
WT and CD137KO mice spleens. This was quantified and plotted in Figure 3.13D.
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Figure 3.13 CD137KO mice do not exhibit any organomegaly.
Unimmunised 7 WT and 8 CD137KO mice were culled at 12-20 weeks of age and
their spleens were collected, processed and analysed by flow cytometry. The
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spleens and lymph nodes were weighed. The cellularity was determined by counting
cell numbers using the Coulter Counter.
Germinal Centre (GC) B cells were identified in the B cell compartment (B220+
CD19+) by staining for CD38 and Fas. This was quantified and plotted as percentage
A. Weight of the spleen and LNs form CD137KO and WT mice 12-20wks of age.
B. The cell number in the spleen was also measured to determine the cellularity of
the spleens.
C. FACS plot for the analysis of spontaneous GC in CD137KO mice. B cells were
identified by staining for B220 and CD19 in the live singlet population of lymphocytes
and GC B cells were labelled as CD38lowFashigh.
D. Percentage of GC B cells in the spleen of CD137KO versus WT mice.
We next looked at the CD4+ and CD8+ T cell compartment by flow cytometry: we
found no significant increase in CD4+ and CD8+ T cell percentages and absolute
cell numbers (Figure 3.14A). In the CD4+ and CD8+ T cell compartment, naïve,
effector and memory fractions were determined by staining for CD62L and CD44. In
the CD4+, the absolute cell number for naïve CD4+ T cells CD137KO had a mean
of 6.1x10^6 compared to 6.0x10^6 for WT mice. The effector CD4+ was roughly
4.5x10^6 in CD137KO and 4.6x10^6 in WT mice. In the CD8+ T cell population, the
naïve cells averaged at 6x10^6 in WT and 6.1x10^6 in CD137KO mice and the
effector populations had a mean of 2.8x01^6 for CD137KO and 2x10^6 for WT mice
(Figure 3.14B)
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Figure 3.14 CD137KO mice do not have an altered T cell compartment.
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Unimmunised 6 WT and 7 CD137KO mice were culled at 12-20 weeks of age and
their spleens were collected, processed and analysed by flow cytometry. T cells were
identified by CD3 staining and CD4 staining. The cells were then gated for CD62L
and CD44 expression to identify the three main populations of naïve, effector and
memory T cells. This was quantified and plotted as absolute cell number.
A. Gating of the T cells into various compartments to determine naïve, effector and
memory T cells. T cells were stained in the live singlet lymphocyte compartment by
CD3 and further identified by CD4 and CD8 staining. CD44 and CD62L staining
allowed recognition of naïve T cells (Q1), activated T cells (Q4) and memory T cells
(Q2).
B. Total T cell number in the CD4+ and CD8+ compartment as determined by cell
count.
C. T cell number in the CD4+ and CD8+ naïve compartment as determined by cell
count.
D. T cell number in the CD4+ and CD8+ effector compartment as determined by cell
count.
* p<0.05 ,** p<0.01, ***p<0.005

We also analysed the sera of young 12-20 weeks old CD137KO and WT mice for
total antibody levels and auto-antibodies. The IgG1, IgG2a, IgG2b, IgG2c and IgM
levels were comparable to WT controls; there was no significant raised titres of anticardiolipin IgG, anti-ssDNA IgG and anti-dsDNA IgG in CD137KO mice (Figure 3.15).
This was compared to Tnfsf9KO mice sera of the same age group for
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Figure 3.15 There are no circulating autoantibodies in CD137KO mice relative
to the Tnfsf9KO mice
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Sera from unimmunised 6 WT, 3 Tnfsf9KO and 6 CD137KO mice were collected at
12-20 weeks of age. The sera (1/200 dilution) were incubated into wells with precoated antibodies against cardiolipin, ssDNA and dsDNA. The samples were then
incubated with IgG antibodies and HRP antibodies, before TMB solution was added
and the plates were read. A concentration curve was also determined in each plate
and the samples were quantified as per the absorption read by a plate reader.
A-C ELISA of sera extracted form 12-20wks old mice for cardiolipin (A), ssDNA(B)
and dsDNA (C). * p<0.05 ,** p<0.01, ***p<0.005

Next we tested the young unimmunised cohort of CD137KO and WT mice for
antibody deposition in the kidneys and stained by histology for IgG deposits. In order
to assess kidney function, proteinuria was determined in 10 mice of each group:
there was mild (+) protein un the urine in 2 cases of CD137KO mice and 8 mice did
not show proteins in the urine at all. WT mice had 3 cases of mild (+) proteinuria and
7 cases of no proteinuria (Figure 3.16)
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Figure 3.16 No proteinuria was detected in CD137KO mice
Urine from unimmunised 10 WT and 12 Tnfsf9KO mice were collected at 12-20
weeks of age before the mice were culled. The Uristix dipstick was used to determine
the proteinuria level by dipping the stick into the urine and incubating for 30 seconds
before reading. The level of proteinuria was determined as being none, tiny, small
and heavy.
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Measurement of protein in the urine using Uristix: none=no protein detected, += tiny
amount of protein detected, ++= small amount of protein detected, +++= heavy
amount of protein detected

This difference in phenotype was quite striking, given that Tnfsf9 is the only known
ligand for CD137. These unexpected results could suggest that Tnfsf9 and CD137
may have a more complex physiology than anticipated: there could be alternative
ligands for CD137 and Tnfsf9 could have other receptors besides CD137. The role
of Tnfsf9 and CD137 in B cells could be different and exclusive from each other and
Tnfsf9 may have a more important function in B cells than CD137. In order to
determine the mutual exclusivity of the functional relationship between Tnfsf9 and
CD137, the Tnfsf9KO mice and CD137KO mice could be crossed together. By so
doing, we aimed to investigate the possible inter-dependency of the phenotypes of
the Tnfsf9KO and CD137KO. We analysed a cohort of 12-20 weeks old 7
Tnfsf9KO/CD137KO double homozygous mice and 6 WT controls.
In the unimmunised cohorts of mice, the double KO mice showed increased spleen
weights with a mean of 0.13g compared to 0.09g for WT mice (Figure 3.17A). Flow
cytometry analysis revealed the presence of the GC CD38lowFashigh population in
CD137KO/Tnfsf9KO mice as shown in the FACS plot (Figure 3.17B). Quantitation of
the percentage of GC B cells and their absolute cell numbers showed a higher
percentage (mean 5.3% and 4x10^6) in CD137KO/Tnfsf9KO mice whilst WT mice
had a mean of 0.6% and 0.5x10^6 (Figure 3.17C). This was confirmed histologically
by PNA staining on paraffin embedded spleen sections (Figure 3.17D) and GCs foci
quantification (Figure 3.17E).
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Figure 3.17 CD137KO/Tnfsf9KO mice recapitulate the phenotype of Tnfsf9deficient mice
Unimmunised 5 WT and 7 Tnfsf9KO/CD137KO mice were culled at 12-20 weeks of
age and their spleens were collected, processed and analysed by flow cytometry.
The spleens and lymph nodes were weighed and plotted.
Germinal Centre (GC) B cells were identified in the B cell compartment (B220+
CD19+) by staining for CD38 and Fas. This was quantified and plotted as
percentage. Histology analysis of PNA stained GC were counted and plotted per
spleen sections.
A. Spleens weight of animals 12-20wks old
B Percentage of GC B cells in the spleen of unimmunised mice
C Representative FACS plot for CD137KO/Tnfsf9KO mice spontaneous GCs in the
spleen. B cells were identified by staining for B220 and CD19 in the live singlet
population of lymphocytes and GC B cells were labelled as CD38lowFashigh.
D. Quantification of the number of GCs present in 7 samples of PNA stained spleens
for each genotype.
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* p<0.05 ,** p<0.01, ***p<0.005

Moreover, we looked at the CD4+ and CD8+ T cell compartment. We found an
increase in the total CD4+ and CD8+ T cell numbers (Figure 3.18A). We looked at
the naïve, effector and memory T cell compartments by flow cytometric staining of
CD62L and CD44. There was an increase in naïve T cells in both CD4+ and CD8+
populations in CD137KO/Tnfsf9KO mice. The CD4+ effector fraction was also
increased in CD137KO/Tnfsf9KO mice with a mean of 7x10^6 compared to 3x10^6
in WT mice. Similarly, the CD4+ memory population in CD137KO/Tnfsf9KO mice
averaged at 3x10^6 compared to 0.5x10^6 in WT mice. These were comparable to
the mean in Tnfs9KO mice. The CD8+ effector and memory T cells in
CD137KO/Tnfsf9KO mice had an average of 4x10^6 and 1x10^6 respectively. This
was similar in the Tnfsf9KO mice with an average of 3.5x10^6 and 1.2x10^6 in
effector and memory CD8+ T cells (Figure 3.18 B&C).
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Figure 3.18 T cells are dysregulated in the double knockout mice
Unimmunised 6 WT and 7 Tnfsf9KO/CD137KO mice were culled at 12-20 weeks of
age and their spleens were collected, processed and analysed by flow cytometry. T
cells were identified by CD3 staining and CD4 staining. The cells were then gated
for CD62L and CD44 expression to identify the three main populations of naïve,
effector and memory T cells. This was quantified and plotted as absolute cell number.
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A Total T cell number in the CD4+ and CD8+ compartment as determined by cell
count.
B T cell number in the CD4+ and CD8+ effector compartment as determined by cell
count.
* p<0.05 ,** p<0.01, ***p<0.005

Previously, we show that Tnfsf9KO mice have circulating autoantibodies against
cardiolipin, ssDNA and dsDNA. We analysed by ELISA the levels of IgM and IgG1,
IgG2a, IgG2b, IgG3 and total IgG in the sera of CD137KO/Tnfsf9KO and WT mice.
There was no significant increase in total IgM and IgG titres in CD137KO/Tnfsf9KO
mice. The IgG1 was increased slightly, although it was not significant. IgG2a, IgG2b
and IgG3 titres were similar in both of CD137KO/Tnfsf9KO and WT mice (Figure
3.19A&B). Serial dilutions need to be performed in the future to determine the actual
titres. Autoantibody levels were also determined by ELISA for young double KO
mice; of CD137KO/Tnfsf9KO mice showed higher circulating anti-cardiolipin (mean
1.3U/mL), anti-ssDNA (1.5U/mL) and anti-dsDNA IgG (mean of 1.0U/mL) as shown
by the graphs in Figure 3.16 C-E.
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Figure 3.19 There are elevated levels of autoantibodies in the double knockout
mice.
Blood (10-15mL) were collected in sera tubes and extracted as per protocol. The
different allotypes were tested based on specificity using standard semi-quantitative
approach and the absorption wavelength was measured at 560nm by an ELISA plate
reader. The absorption values were then used to calculate the corrected optical
density by subtracting the background absorption intensity.
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The sera (1/200 dilution) were incubated into wells with pre-coated antibodies
against cardiolipin, ssDNA and dsDNA. The samples were then incubated with IgG
antibodies and HRP antibodies, before TMB solution was added and the plates were
read. A concentration curve was also determined in each plate and the samples were
quantified as per the absorption read by a plate reader.
A-B ELISA was performed on WT and Tnfsf9KO/CD137KO sera to determine
immunoglobulin levels.
C-E ELISA on sera from Tnfsf9KO/CD137KO and WT mice to determine the
presence of autoantibodies against cardiolipin (C), ssDNA(D) and dsDNA (E).

3.2.4 Immune responses are preserved in Tnfsf9KO mice but the antigenspecific antibody profile is reduced.
Autoimmunity can affect the natural immune response to external antigens. This is
well documented in autoimmune mouse models and patients. This can be attributed
to the aberrant ongoing immunologic response and clinically, due to the use of
immunosuppressive therapies. As a result, autoimmune patients are more prone to
bone, joint and respiratory tract infections. In NZB/NZW mice, a murine model of
SLE, immunisation with NP-KLH showed a reduced immune response. The mild
autoimmunity observed in our Tnfsf9KO mice could affect the immune response to
an externally administered antigen. Historically mice have been immunised with
sheep red blood cells (SRBC) to mount a strong T-cell dependent antigen immune
response in mice, with the strongest response observed at day 10 of immunisation.
The assay allows for measurement of antigen specific antibodies to determine the
strength of the immune response.
We immunised a cohort of Tnfsf9KO and WT mice of 10-12 weeks of age. There
was an increase in the percentage of GCs in Tnfsf9KO mice (5.5%) compared to
WT (3.5%) controls. Next we looked at the T cell response in immunisation and
stained for follicular helper T cells (Tfh). These are CD4+ helper T cells that
cooperate with B cells to allow a GC reaction to be formed. They are crucial in
initiating and maintaining the GC reaction. By gating on CD4+ T cells that are
CXCR5+ and PD-1+, we can identify the Tfh population (Figure 3.20B). The
percentage of Tfh was 5.5% in Tnfsf9KO mice compared to 4.8% in WT mice
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(Figure 3.20C). The plasma cell compartment was stained for by CD138 and
assessed by flow cytometry. Tnfsf9KO mice had a mean of 0.5% CD138+ plasma
cells compared to 0.3% in WT mice. Overall there was a general increase in the
immune response in the Tnfsf9KO mice, which was unexpected.
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Figure 3.20 Immunisation of Tnsf9KO mice allows the mice to mount a
response.
3 WT and 9 Tnfsf9KO mice were immunised with Sheep Red Blood Cells (SRBC)
and were culled at day 10 when the immune response is peaking. Spleens were
collected and processed for flow cytometry where the B cells, T cells and plasma
cells were stained. GC B cells were identified by CD38 and Fas staining whilst
follicular helper T cells (Tfh) were identified by CXCR5 and PD-1 staining. Plasma
cells were identified by CD138 expression. The percentage of GC B cells, Tfh cells
and plasma cells were plotted.
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A.
Percentage of GC B cells in the spleen following immunisation. B cells were
identified by staining for B220 and CD19 in the live singlet population of lymphocytes
and GC B cells were labelled as CD38lowFashigh.
B-C FACS plots representative of Tfh population in immunised mice with
quantitation. T cells were stained in the live singlet lymphocyte compartment by CD3
and further identified by CD4 and CD8 staining. PD-1 and CXCR5 staining allowed
recognition of follicular helper T cells (Tfh).
D Quantification of CD138+PC in immunised mice. PC were identified by staining
for CD138+B220low cells in the lymphocyte compartment of live singlet cells.

In order to look at the output states of the GCs produced in the spleens of each mice,
we analysed the PC and memory B cell compartment. Tnfsf9KO mice could produce
PCs to the same extent as in WT controls. The memory B cells were analysed by
looking at the CD38+ PDL2+ B cell population; there was a reduction in
IgM+CD38+PDL2+ B cells and an increase in IgG1+CD38+PDL2+ B cells (Figure
3.21A-C). This implies that there could be more class-switched memory cells, exiting
the GCs in the knockout relative to the WT but the affinity of these memory B cells
still needs to be determined. It has been documented before that autoimmune B cells
are less able to respond to foreign antigens and hence do not undergo proper affinity
maturation. We therefore tested how good the immune response was by measuring
the titres of the SRBC-specific IgG1 antibodies by flow cytometry. In Tnfsf9KO mice,
the titre of SRBC-specific IgG1 antibodies is reduced and this can be observed by a
reduced IgG1 MFI at various dilutions of the sera (Figure 3.22). This implies that the
extent of the SRBC response is reduced in Tnfsf9KO mice compared to WT mice.
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Figure 3.21 There is an increase in IgG1 memory B cells and a reduction
in IgM
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were collected and processed for staining with IgG1 antibodies that were labelled by
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Sera were diluted form 1/50- 1/800 before analysis by
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flow cytometry. The mean intensity of the fluorescence was then plotted against the
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dilution. Number of replicates = 3, statistical analysis was done to compare the
response between WT and Tnfsf9KO immunisation using the unpaired t-test.
A-C MFI of IgG1 in SRBC immunised sera samples from Tnfsf9KO mice and WT
mice, as determined by flow cytometry. JHT mice (shown as horizontal yellow line)
was used as a control as they do not produce B cells and hence no immunoglobulins.

3.2.5 Aged Tnfsf9KO mice develop B cell lymphomas with overt
autoimmunity
Middendorp et al showed before that Tnfsf9KO mice have a higher incidence of B
cell lymphomas; by 12 months of age, 60% of Tnfsf9KO mice developed B cell
lymphomas, resembling follicular lymphomas. Despite being a whole-body KO, the
animals uniquely developed B cell tumours. This may be a direct result of Tnfsf9
deletion in B cells or it could happen because of T cell activation in Tnfsf9KO
mice(Middendorp et al., 2009). Thus, we studied an ageing cohort of 12
homozygous Tnfsf9KO, 7 heterozygous KO and 3 WT mice to determine the
penetrance and extent of lymphoma formation. Our Tnfsf9KO mice developed
tumour masses in the spleen, mediastinal lymph nodes (mLN) and thymus, with
homozygous KO mice developing a greater extent of the tumour load (Figure
3.23A).
Firstly, we looked at the B cell compartment in the spleen: there was a gradual
accumulation of B cells in the spleen, as shown by the quantification over time
(Figure 3.23B). This was done in 12wks old, 45wks old and 80wks old mice. At
these stages, the mice did not show any tumour formation.
Secondly, we also looked at the immunoglobulin profile of sera of old mice;
Tnfsf9KO mice exhibited relatively higher IgG2a and IgG3 relative to wt controls.
The levels of IgM and IgG1 however was not altered.
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Figure 3.23 Old Tnfsf9KO mice develop tumours in the spleen and mLN mainly.
Unimmunised WT and Tnfsf9KO mice were aged and culled at various age and their
organs, including tumours were collected, processed and analysed by flow
cytometry.B cells were identified as B220+ CD19+. This was quantified and plotted
as pan absolute cell number.
A. Representative picture of tumours arising in old Tnfsf9KOmice (79 weeks of age)
B. Accumulation of B cells in the spleen of old Tnfsf9KO mice as determined by
FACS.
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We also looked at the auto-antibody levels and Tnfsf9KO mice showed higher
levels of anti-cardiolipin, anti-ssDNA and anti-dsDNA as shown by the ELISA plots
(Figure 3.24C). Thirdly in order to determine the extent of autoimmune damage to
the kidneys, we assessed proteinuria and kidney deposits: in old age, there seems
to be a greater accumulation of IgG deposits in the glomeruli of old kidneys of
Tnfsf9KO mice (Figure 3.25A). This was also accompanied by increased
proteinuria as shown by a greater proportion of mice at 3+ levels of urine proteins
(Figure 3.25B).
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Figure 3.24 Persistence of autoantibodies is seen in old age
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Unimmunised young WT and Tnfsf9KO (12 weeks’ old) mice and aged Tnfsf9KO
mice (56-80 weeks’ old) were culled and their sera were collected, processed and
analysed for total immunoglobulins and autoantibodies by ELISA. Total IgM and IgG
was determined as optical density and autoantibody levels were quantified. The sera
of old WT and Tnfsf9KO mice (58-80 weeks’ old) were analysed for autoantibodies.
A-B Total IgM and IgG level in sera of tumour mice relative to younger mice
(Tnfsf9KO and WT) as determined by ELISA
C Measurement of autoantibody in old mice by ELISA
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Figure 3.25 IgG deposits were observed in kidneys and presence of protein in
the urine shows evidence of damage.
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Unimmunised WT and Tnfsf9KO mice were aged and culled at various age and their
kidneys were collected, processed and analysed for histology. IgG deposits was
determined in the kidneys. Urine samples were analysed by dipping Uristix to
quantify the level of protein in the urine.
A. Histopathology of kidney samples from old Tnsf9KO and WT mice.
Representative image of IgG deposits in the kidneys.
B. Measurement of protein in the urine using Uristix: none=no protein detected, +=
tiny amount of protein detected, ++= small amount of protein detected, +++= heavy
amount of protein detected. (WT mice= 7; Tnfsf9KO mice=12)

Our ageing cohort of Tnfsf9KO mice were culled when labelled sick. Tnfsf9KO
homozygous mice had a median life at 80wks. Their heterozygous knockout
counterparts had a median life of 91wks. This is depicted in the survival curve
(Figure 3.26). Interestingly the TNFSF9KO mice develop tumours of various kinds:
8/13 had mediastinal LN and spleen tumours, 2/13 had spleen tumours only and
3/13 developed mediastinal LN tumours only (Figure 3.23A). The heterozygous
Tnfsf9KO mice developed mainly mediastinal LN tumours in 7/7 cases.
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Figure 3.26 Tnfsf9KO mice die of lymphomas in old age
Unimmunised WT and Tnfsf9KO (heterozygous and homozygous) mice were aged
and culled when deemed sick. The death of the mice was determined as being
pathological in the Tnfsf9KO cohort. The number of weeks at death was recorded
and used to plot a survival curve using the Kaplan-Meier method (WT=9;
Tnfsf9KOHet=7, Tnfsf9KO=12).
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3.3 Conclusions
Our results so far indicate a mouse model of B cell lymphoma preceded by mild
autoimmunity. Most importantly our data confirm what has been observed before in
terms of lymphoma formation in Tnfsf9KO mice. However, it adds an interesting
aspect to the link between autoimmunity and lymphoma formation; clinically it is
known that autoimmune patients have a greater incidence of lymphoma formation.
However, whether this is a natural progression of the disease is not known as there
may be confounding factors such as immune modulating drugs. Also, whether
lymphoma patients have had autoimmune predisposition is not well characterised.
Our model could suggest that mild autoimmunity, whether symptomatic or
asymptomatic, may have an implication on the increased risk of lymphoma formation.
We are currently trying to further understand if there is any link between
autoimmunity and lymphoma formation in our mouse model.
Interestingly we also determined to a certain extent the impact and physiological
function of Tnfsf9 in vivo. So far, we can conclude that Tnfs9 may act as a regulator
of B cell survival in the GCs and may affect affinity maturation. The output of GCs
may be dependent on the interaction of Tnfsf9 with its receptor. Our double KO
studies suggest that there might be one or more receptors for Tnfsf9, different of 41BB. Taken together this might imply a complex role of Tnfsf9 in regulating cell
anergy and survival.
However, since T cell compartments are affected in the Tnfs9KO mice, we need to
determine whether the autoimmunity and lymphoma formation is a B cell intrinsic
phenomenon, which I address in the next chapter.
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Chapter 4.

Results 2 Specific deletion of Tnfsf9 in B

cells leads to autoimmunity and lymphoma.
4.1 Introduction
Whole-body knockout mice models have the drawback of having the gene of
interest being deleted throughout the animal. As such, many different cell
populations are affected and hence the exact function of the gene can only be
loosely interpreted.
Hence whilst our previous data showed that Tnfsf9KO mice develop B cell tumours
and have a mild autoimmune phenotype, we wanted to determine if this was a B
cell intrinsic phenomenon. This is important as the deletion would be made
specifically in the B cell compartment and as such any phenotype observed can be
attributed to a defect in B cells. So far studies involving the Tnfsf9 gene have
focused on complete knockouts and hence can be confounding(Middendorp et al.,
2009).
B cell specific deletion in vivo can be achieved through B cell specific Cre
recombination. The EUCOMM allele allows us to perform that as a conditional
allele can be obtained through Flp recombination of the Frt sites in the locus of the
Tnfsf9 tm1a gene target. This will allow the critical exon to be flanked by LoxP
sites, which can be excised by a B cell specific Cre recombinase. Moreover, by
determining the expression of the Cre, we can also specify whether the Cre is
active early in B cell development or at later stages in B cell functions(Casola et al.,
2006).
In this chapter, we try to approach the Tnfsf9 deletion in a B cell specific manner to
elucidate better the role in physiology of Tnfsf9.
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4.2 Results
4.2.1 Mild autoimmunity in Tnfsf9KO mice is a B cell intrinsic defect
In order to determine if the autoimmunity is due to a defect primarily in B cells, we
decided to do bone-marrow (BM) chimeras: this was performed according to the
scheme below (Figure 4.1A). B cells express the immunoglobulin heavy and light
chains. Deletion of the JH genes results in absence of circulating B cells in the bone
marrow and periphery(Chen et al., 1993). Briefly we injected BM from Tnfsf9KO
mice and JHT mice (a mouse model that does not produce B cells) and injected
them together in a ratio of 20:80 Tnfsf9KO:JHT into sublethally irradiated Rag2IL2R
knockout mice. The control littermates included WT:JHT BM injection into
Rag2IL2R knockout mice. After reconstitution, the mice were analysed without any
immunisation (Figure 4.1).
10 weeks after reconstitution, we observed in the spleen spontaneous GCs as
depicted by the presence of 7.59% GC B cells in Tnfsf9KO/JHT chimeras
compared to 0.22% GC B cells in WT/JHT chimeras (FACS plot, Figure 4.1B). The
percentage and absolute number of GC B cells were quantified as shown by
graphs in the Tnfsf9KO/JHT relative to the WT/JHT. (Figure 4.1C) This was also
further established by PNA staining of spleens sections from the two genetic
cohorts: there are increased number of PNA+ foci (brown staining) in the
Tnfsf9KO/JHT spleens (Figure 4.2A). Quantification of PNA+ sites per mm2
revealed a median of 10 PNA+ foci in Tnfsf9KO/JHT spleens compared to 1 in
WT/JHT spleens (Figure 4.2B).
The PC compartment was also analysed by staining for B220low CD138+ in the
lymphocyte compartment. There was a similar proportion of PCs in the
Tnfsf9KO/JHT relative to the control as shown by the CD138+ staining and cell
percentages (Figure 4.3).
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Figure 4.1 GCs are formed spontaneously in a B cell intrinsic manner
WT/JHT and Tnfsf9KO/JHT bone marrow chimeras were made by injection of bone
marrow from WT and JHT or Tnfsf9KO and JHT into sutlethally irradiated Rag2IL2R
knockout mice. The reconstitution was confirmed at week 7 by a test bleed and the
118

Chapter 4 Results 2 Specific deletion of Tnfsf9 in B cells leads to autoimmunity and
lymphoma
mice were culled and analysed at 10 weeks. Spleens were collected and stained for
flow cytometry.
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A. Schematics to show the preparation of BM chimeras: WT/JHT and Tnfsf9KO/JHT
chimera were prepared in a 20/80 ratio and analysed 10 weeks after reconstitution.
B. Representative FACS plot CD38 vs Fas to indicate the presence of spontaneous
GCs. B cells were identified by staining for B220 and CD19 in the live singlet
population of lymphocytes and GC B cells were labelled as CD38lowFashigh.
C. Graph plots showing the number and percentage of GC cells within the spleens
of chimera mice. Each dot represents a mouse. * p<0.05 ,** p<0.01, ***p<0.005

Figure 4.2 BM chimera mice have spontaneous GCs
WT/JHT and Tnfsf9KO/JHT bone marrow chimeras were made by injection of bone
marrow from WT and JHT or Tnfsf9KO and JHT into sutlethally irradiated Rag2IL2R
knockout mice. The reconstitution was confirmed at week 7 by a test bleed and the
mice were culled and analysed at 10 weeks. Spleens were collected and stained for
histology.
A. Histopathology of spleen samples from WT/JHT and Tnfsf9KO/JHT mice with
PNA staining to denote the GCs. Brown staining represents PNA positive B cells.
2
B. Cumulative data of the number of GCs per mm of spleen sections. Each dot
represents spleen section of one chimera mouse.
* p<0.05 ,** p<0.01, ***p<0.005
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Figure 4.3 There is no increase in plasma cells in the Tnfsf9KO/JHT chimeras
WT/JHT and Tnfsf9KO/JHT bone marrow chimeras were made by injection of bone
marrow from WT and JHT or Tnfsf9KO and JHT into sutlethally irradiated Rag2IL2R
knockout mice. The reconstitution was confirmed at week 7 by a test bleed and the
mice were culled and analysed at 10 weeks. Spleens were collected and stained for
flow cytometry.
A. Representative FACS plot of plasma cell staining: gating is done on single cells
and B220 vs CD138 is plotted. PCs are identified as B220low CD138+ cells.
B. Cumulative plot of CD138+ PC population in BM chimeras. Each dot represents
one chimera mouse.
* p<0.05 ,** p<0.01, ***p<0.005

In order to better understand the role of Tnfsf9 in physiology, we crossed our
conditional mice with the Cg1Cre mouse model. The Cre recombinase allows the
specific deletion of Tnfsf9 in B cells at a late stage of development, more precisely
when the B cell is activated by its antigen. Cre expression is controlled through the
induction of Ig gamma1 constant region gene segment (Cgamma1)
transcripts(Casola et al., 2006). A hCD2 reporter in the Rosa26 allele was also
added to the mouse model so as to follow B cells with the deleted Tnfsf9 gene.
This specific knockout will be referred to as F/F allele henceforth (Figure 4.4).
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Cg1Cre

Figure 4.4 Conditional ablation of Tnfsf9 is achieved by Cre recombinase under
the promoter of the Cg1 gene
Scheme to show that Cg1Cre is activated in the GCs after antigen activation to
mediate deletion of target gene in B cells specifically. Cre expression is under the
regulation of the Ig gamma1 constant region gene segment. The latter is only
expressed when B cells are activated and enter the GC reaction. Our tm1c mice
allele is crossed with Cg1Cre mice to allow for the development of Cg1Cre tm1c
allele mice. Cg1CreTnfsf9flox/floxhCD2 (F/F) mice and their control Cg1CrehCD2
are produced to study conditional deletion of Tnfsf9 in GC cells under the control of
Cg1Cre allele.
We first verified if we could observe enlarged organs in unimmunised mice: 1220weeks old mice had slightly enlarged spleens and lymph nodes (inguinal, axillary
and cervical). This was evidenced by an increase in weight of the organs and but
the cellularity remained unchanged (Figure 4.5A), with the F/F spleens weighing on
average 0.10g compared to control spleens 0.07g. The total cell count in the
organs were further determined to assess cellularity: F/F
(Cg1CreTnfsf9flox/floxhCD2) spleens exhibited no major differences compared to
control (Cg1CrehCD2) spleens.
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Figure 4.5 Conditional ablation of Tnfsf9 in B cells does not produce enlarged
spleens or LNs
Unimmunised 7 control (Cg1CrehCD2) and 9 Cg1CreTnfsf9hCD2 (F/F) mice were
culled at 12-20 weeks of age and their spleens and lymph nodes were collected,
processed, weighed and the total number of cells were counted using a Coulter
counter.
A. Weights of spleens taken from 12-20 weeks old F/F mice and control mice. The
total number of splenocytes was measured to denote cellularity.
B. Weights of peripheral LNs in 12-20 weeks old F/F mice and control mice.
Cellularity is measured by cell numbers.

Lymph nodes were weighed and although there was a slight increase in the F/F
LNs, the difference was not significant. The cellularity of the LNs demonstrated a
non-significant increase in cell numbers in F/F spleens compared to control spleens
(Figure 4.5B).
Next we analysed the spleens for spontaneous GC formation by flow cytometry
through the staining of CD38lowFashigh GC B cells. Our FACS plot showed the
presence of CD38lowFashigh B cell population in the spleens as compared to control
mice, with F/F spleen showing 5.70% GC B cells compared to 1.43% GC B cells in
control spleens (Figure 4.6A). This was quantified and plotted as shown in figure
4.6B.
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Figure 4.6 Spontaneous GCs are formed upon conditional deletion of Tnfsf9
Unimmunised 7 control (Cg1CrehCD2) and 9 Cg1CreTnfsf9hCD2 (F/F) mice were
culled at 12-20 weeks of age and their spleens were collected, processed, and
analysed by flow cytometry. Germinal Centre (GC) B cells were identified in the B
cell compartment (B220+ CD19+) by staining for CD38 and Fas. This was quantified
and plotted as percentage and absolute cell number.
A. Representative FACS plot for GC formation in the spleen: CD38 vs Fas is plotted
to denote the GC (CD38lowFashigh population). B cells were identified by staining
for B220 and CD19 in the live singlet population of lymphocytes and GC B cells were
labelled as CD38lowFashigh.
B. Cumulative plots to show the presence of spontaneous GCs in spleens of
conditional mice by percentage and number of GC B cells.
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We also looked at different cellular compartments, notably the PC and T cells.
There was a slight increase in the percentage of PCs in the spleen as shown by
Figure 4.7A. Quantification revealed an average of 0.38% PC in F/F spleens
compared to 0.05% in control spleens (Figure 4.7B). Unlike the whole-body
knockout and the chimeras, F/F mice had an increase in PC pool; we could infer
that Tnfsf9 loss during the initial stages of the GC reaction could push cells towards
the PC pool, although the exact mechanism is unclear. However, the T cells were
not affected: the total percentage of T cells were similar in both F/F and control
groups. The CD4+ and CD8+ T cell percentages were similarly not altered,
although there was a slight increase in T cell numbers. We thought this could be
attributed to the Tfh population being induced in the F/F due to the GC response
(Figure 4.8).
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Figure 4.7 There is a slight increase in plasma cells in F/F mice
Unimmunised 7 control (Cg1CrehCD2) and 9 Cg1CreTnfsf9hCD2 (F/F) mice were
culled at 12-20 weeks of age and their spleens were collected, processed, and
analysed by flow cytometry. Plasma B cells were identified in the B cell compartment
(B220+ CD19+) by staining for CD138. This was quantified and plotted as
percentage
.
A. Representative FACS plot of PCs staining with B220 vs CD138 in cohort of 1220weeks old F/F and control mice. The gate is formed on single cells.
B. Percentage of CD138+ PCs in spleens of 12-20weeks old F/F and control mice.
Each dot represents a mouse. * p<0.05 ,** p<0.01, ***p<0.005
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Figure 4.8 The T cell compartment is not affected by conditional deletion of
Tnfsf9
Unimmunised 7 control (Cg1CrehCD2) and 9 Cg1CreTnfsf9hCD2 (F/F) mice were
culled at 12-20 weeks of age and their spleens were collected, processed, and
126

Chapter 4 Results 2 Specific deletion of Tnfsf9 in B cells leads to autoimmunity and
lymphoma
analysed by flow cytometry. T cells were identified by CD3 staining and CD4 staining.
The cells were then gated for CD62L and CD44 expression to identify the three main
populations of naïve, effector and memory T cells. This was quantified and plotted
as absolute cell number.
A. Representative FACS plot of activation of T cells staining with CD62L vs CD44 in
cohort of 12-20weeks old F/F and control mice. The gate is formed on CD3+CD4+
or CD3+CD8+ single cells.
B. Cumulative data to show cell number of total CD4+, naïve CD4+, effector CD4+
population in the spleens of 12-20weeks old F/F and control mice.
C. Cumulative data to show cell number of total CD8+, naïve CD8+, effector CD8+
population in the spleens of 12-20weeks old F/F and control mice.

Next we analysed the sera of the unimmunised F/F mice and compared them to the
control group. The immunoglobulin profile was comparable in both cases, with only
a slight non-significant increase in the IgG compartment as determined by the
ELISA (Figure 4.9). IgG1 and IgG2a were slightly higher in F/F mice (although not
significant). In the future serial dilutions will be required to determine the exact
titres.
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Figure 4.9 The level of immunoglobulin is unchanged in F/F mice

A-B. ELISA was performed on sera of 7 control (Cg1CrehCD2) and 9
Cg1CreTnfsf9hCD2 (F/F) mice of 12-20wks of age to determine the level of
immunoglobulin. Blood (10-15mL) were collected in sera tubes and extracted as per
protocol. The different allotypes were tested based on specificity using standard
semi-quantitative approach and the absorption wavelength was measured at 560nm
by an ELISA plate reader. The absorption values were then used to calculate the
corrected optical density by subtracting the background absorption intensity.
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Figure 4.10 There are circulating autoantibodies in F/F mice
Sera from unimmunised 7 control (Cg1CrehCD2) and 7 Cg1CreTnfsf9hCD2 (F/F)
mice were collected at 12-20 weeks of age. The sera (1/200 dilution) were incubated
into wells with pre-coated antibodies against cardiolipin, ssDNA and dsDNA. The
samples were then incubated with IgG antibodies and HRP antibodies, before TMB
solution was added and the plates were read. A concentration curve was also
determined in each plate and the samples were quantified as per the absorption read
by a plate reader.
A-C the levels of IgG cardiolipin, ssDNA and dsDNA autoantibodies were measured
by ELISA in the sera of 12-20weeks old F/F and control mice.

Further analysis of F/F sera showed the presence of IgG auto-antibodies directed
against cardiolipin, ssDNA and dsDNA. The IgG cardiolipin was nearly twice as
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high in F/F mice compared to control mice. F/F mice had 1U/ml IgG ssDNA and
0.55U/ml IgG dsDNA on average compared to 0.2U/ml IgG ssDNA and 0.1U/mL
IgG dsDNA in control mice respectively (Figure 4.10A-C). Taken all together, there
is a B cell specific regulatory role of Tnfsf9 in the breakdown of tolerance. This
seemed to be happening during the GC reaction in our F/F mice, with
autoantibodies undergoing class-switching and possibly SHM in the GC. Selfreactive cells exist in the naïve repertoire and hence Tnfsf9 loss would allow these
cells to enter, and drive, GC reactions. This has been observed when Fas is
deleted whereby, low-affinity B cells could accumulate and exit the GC as ‘rogue’ B
cells(Butt et al., 2015; Koff and Flowers, 2016). The nature of the autoantibodies,
including their sequences, have not yet been determined.

Our chimeras were also tested for the presence of autoantibodies. Sera was
collected and used to test against 123 antigens on antigen-coated chips that are
then coated with sera, followed by secondary fluorophore detection. The sera from
three Tnfsf9/JHT chimera mice displayed increased reactivity to several antigens
investigated, amongst which were cardiolipin, dsDNA and ssDNA. This was
observed in both the IgM and IgG compartment. This suggested to us a systemic
autoantibody profile and possibly systemic autoimmune-like phenotype. The wide
range of autoantibody has been observed previously, whereby one self-reactive B
cell clone can drive the formation of spontaneous GCs through naïve T and B cell
recruitment. This results in SHM and class-switching that drives the selection of
self-reactive GC B cells to common self-reactive BCR sequences(Degn et al.,
2017), suggesting that Tnfsf9-deficient GCs could undergo epitope spreading
(Figure 4.11A&B). We validated the results by testing for autoantibodies by ELISA
against IgG cardiolipin, ssDNA and dsDNA. Tnfsf9/JHT chimera mice had
increased IgG anti-cardiolipin (2U/ml in Tnfsf9/JHT compared to 0.5U/ml in
WT/JHT), increased IgG anti-ssDNA (1.8U/ml in Tnfsf9/JHT compared to 0.05U/ml
in WT/JHT) and increased IgG anti-dsDNA (0.9U/ml in Tnfsf9/JHT compared to
0.04U/ml in WT/JHT) (Figure 4.11C).
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Figure 4.11 Chimera mice also develop autoantibodies
A-B. The sera of WT/JHT and Tnfsf9KO/JHT mice were run on a protein microarray
to determine the presence of autoantibodies. The array uses a platform with coated
immobilised antigens. The array is then exposed to sera containing
immunoglobulins. Detection is carried out using fluorophore-labelled secondary
antibodies. The output signal from the platform can be recorded by a reader and the
data is normalised before analysis. Both IgM and IgG allotypes were tested and were
tested against a total of 123 antigens. Samples that fail to produce a reading during
the plate read-out were not included in the analysis. The results were plotted and
clustered as an array.
C. The levels of cardiolipin, ssDNA and dsDNA autoantibodies were measured by
ELISA in the sera of BM chimera mice to validate the results of the protein
microarray.
We tested for proteinuria and Ig deposits in our young F/F mice. There was not
much proteinuria observed in the early stages, except 2 cases of moderate and 1
case of severe proteinuria (Figure 4.12A). There were very little IgG deposits in the
glomeruli at 12-20weeks of age, confirming our observation that Tnfs9KO mice had
a mild autoimmunity (Figure 4.12).

131

Chapter 4 Results 2 Specific deletion of Tnfsf9 in B cells leads to autoimmunity and
lymphoma

A

+++

F/F

++
+
None

Control

0

5

10

15

Number of cases

B

Control
Kidney

F/F
Kidney

Figure 4.12 There is no kidney damage in young F/F mice
Urine from unimmunised 10 control and 12 F/F mice were collected at 12-20 weeks
of age before the mice were culled. The Uristix dipstick was used to determine the
proteinuria level by dipping the stick into the urine and incubating for 30 seconds
before reading. The level of proteinuria was determined as being none, tiny, small
and heavy. Kidneys were collected and placed into 10% NBF. They were then
sectioned (6uM) before being stained for deposits of IgG
A. Measurement of protein in the urine using Uristix: none=no protein detected, +=
tiny amount of protein detected, ++= small amount of protein detected, +++= heavy
amount of protein detected. Urine was used from 12-20 weeks old mice.
B. Histopathology of kidney samples from F/F mice for IgG deposits
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4.2.2 Tnfsf9 plays a role in affinity maturation and B cell survival in vivo
Previously it was thought that Tnfsf9 may have a role in the LZ of the germinal
centre. In fact follicular dendritic cells (FDC) seem to express the receptor for
Tnfsf9(Bartkowiak and Curran, 2015). Middendorp et al showed the expression of
Tnfsf9 in the GC, although the expression pattern and expressing cells were not
determined(Middendorp et al., 2009). We thus set out to determine whether Tnfsf9
is expressed in the GC. We immunised WT mouse with SRBC to mount a strong Tdependent antibody response and collected the spleen for analysis by
immunofluorescence. GCs were identified by follicles confined by IgD positive
naïve B cells.
We found that Tnfsf9 was expressed on B cells as shown in Figure 4.13A, with colocalisation of Tnfsf9 on B220+ B cells. Furthermore, Tnfsf9 co-localised with
CD35, a marker for FDCs. Moreover, B cells express Tnfsf9 in the LZ of the GC as
shown by the IF (Figure 4.13 A&B).
Also, analysis of previous RNASeq data (GEO 4712) showed that GC B cells
expressed higher levels of Tnfsf9 transcripts than FO B cells. LZ GC B cells
expressed more Tnfsf9 than DZ B cells, with B cells entering the late-stage of the
LZ process and having elevated Myc, expressing more Tnfsf9 transcripts (Figure
4.13C). Taken all together, we inferred that Tnfsf9 could play an important role in B
cell selection in the LZ.
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Figure 4.13 Tnfsf9 is preferentially expressed in the LZ of the GC
WT mice were immunised with SRBC and culled at day 10 when the GC reaction is
peaking. The spleens were removed and a portion of it was frozen in liquid nitrogen
in OCT fluid. The samples were then section at 10uM using a cryotome and stained
with Tnfsf9, IgD, B220 and CD35. LZearly= Ap4- CD83+ CXCR4low B cells, LZlate=
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Ap4+ CD83+ CXCR4low B cells, DZearly= Ap4- CD83- CXCR4high B cells, DZlate=
Ap4+ CD83- CXCR4high B cells (Chou et al., 2016)
A. Immunofluorescence of spleen section stained with Tnfsf9, B220 and IgD to
localise the expression of Tnfsf9 in SRBC immunised WT mice.
B. Immunofluorescence of spleen section of SRBC immunised WT mice to determine
the expression of Tnfsf9 in the GC. CD35 identifies the LZ, IgD demarcates the GC.
C. RNA expression of Tnfsf9 in the LZ/DZ of GCs based on RNASeq data from GEO
4271. RNASeq Data was extracted from this previous study and analysed for the
level of Tnfsf9 expressed in follicular (FO), activated B cells (ABC) and GC B cells.
The Tnfsf9 levels were also determined in light zone (LZ) and dark zone B cells.

NP-CGG can be used to study affinity maturation. When immunised with NP-CGG,
mice mount a response to the NP hapten and undergo SHM during the GC
reaction. The BCR of the GC B cells can be isolated and sequenced in part to
identify the mutation tryptophan to leucine at position 33 in the sequence. These
W33L+ B cells have a greater affinity for NP hapten(Warren and Berton, 1995).
We thus analysed NP-CGG immunised mice for the role of Tnfsf9 in affinity
maturation and somatic hypermutation (SHM). Interestingly F/F mice had similar
percentage of GCs as compared to control mice. However, class switching to IgG1
was reduced by nearly 60% in F/F mice as depicted by a reduced percentage of
GC IgG1+ B cells. This was also accompanied by a reduction in NP+ GC B cells,
which suggested that there were fewer responding B cells to the external antigen.
Moreover, the percentage of NP+ IgG1+ GC B cells was lower by nearly 50% in
F/F mice (Figure 4.14).

B

C

F/
F

F/
F

ol
on
tr
C

F/
F

ol
on
tr
C

10
0

0

135

20

ol

0

0

30

on
tr

10

10

40

C

20

20

****

50

%NP+ IgG1+ GC
B cells

1

30

F/
F

2

40

****

30
%NP+ within GC B cells

%IgG1 GC B cells

3
%GC B cells

****

50

ol

ns

4

C

on
tr

A

Chapter 4 Results 2 Specific deletion of Tnfsf9 in B cells leads to autoimmunity and
lymphoma
Figure 4.14 Tnfsf9 ablation reduces class switching and formation of antigen
specific antibodies
8 control and 8 F/F mice were immunised with NP-CGG and were culled at day 14
when the immune response is peaking. Spleens were collected and processed for
flow cytometry where GC B cells and memory B cells expressing IgG or IgM were
identified. Memory B cells were identified by staining for PDL-2. The results were
quantified and plotted as percentages. The NP specific GC B cells were stained and
identified in the GC reaction and plotted.
A. Plot of percentage of GC B cells in spleens of NP-CGG immunised 8-12wks F/F
and control mice. B cells were identified by staining for B220 and CD19 in the live
singlet population of lymphocytes and GC B cells were labelled as CD38lowFashigh.
Cells were further identified by NP staining and IgG1.
B. Quantification of the percentage of IgG1+ GC B cells in NP-CGG immunised 812wks F/F and control mice.
C Quantification of percentage NP+ B cells in GC and NP IgG1+ B cells cells in NPCGG immunised 8-12wks F/F and control mice.

SHM could be tested by sequencing the B cell receptor specific mRNA. After
sorting cells from NP-CGG immunised mice, we performed SHM on the B cells.
Interestingly we found that there was a reduction in the number of W33L mutation,
with only 30% happening in the F/F mice as compared to near 50% in the control
(Figure 4.15).
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Figure 4.15 SHM is negatively affected by the deletion of Tnfsf9 in B cells
4 control and 4 F/F mice were immunised with NP-CGG and were culled at day 14
when the immune response is peaking. Spleens were collected and processed. Cells
were stained and sorted for GC B cells and FO B cells. The purity of the samples
were determined at a level of near 100% and RNA was extracted from the samples.
This was then used for cloning and sequencing to determine the W33L mutation that
is selected by NP-CGG immunisation.
A. Chart to represent the extent of SHM in F/F and control mice with respect to the
W33L mutation.
B. Quantification of the percentage of W33L mutation in mice immunised with NPCGG.
We proceeded to look at the dynamics of the GC: we analysed SRBC immunised
mice at day 10 to determine proliferation and cell death. The percentage of GC B
cells incorporating EdU was similar in both F/F and control (14.2% vs 13.8%)
(Figure 4.16).
However the percentage of caspase 3+ GC B cells was lower in F/F mice (2.5% vs
6%). The effect was more prominent when looking at the LZ compartment in GCs
(Figure 4.17). LZ/DZ discrimination is based on CXCR4 and CD86 staining. Whilst
there were similar levels of EdU+ B cells in LZ and DZ of both mice, there was a
reduction in active caspase3+ B cells in the LZ of F/F mice. There was a small and
significant decrease of acrive caspase 3+ B cells in the DZ simultaneously (Figure
4.16).
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Figure 4.16 Tnfsf9 does not affect proliferation rate in the LZ or DZ of the GC
6 control and 9 F/F mice were immunised with SRBC. The mice were injected by
intraperitoneally with EdU 3 hours before being culled on day 10 when the immune
response is peaking. Spleens were collected and processed for flow cytometry
analysis. GC B cells were identified by CD38 and Fas staining. LZ/DZ discrimination
was done by CXCR4 and CD86 staining. EdU was stained to determined
proliferation. The results were plotted as percentage.
A. Quantification of the EdU+ GC B cells in SRBC immunised F/F and control mice
8-12 weeks old. B cells were identified by staining for B220 and CD19 in the live
singlet population of lymphocytes and GC B cells were labelled as CD38lowFashigh.
B. Quantification of EdU+ GC B cells in the LZ or DZ of the GC of SRBC immunised
F/F and control mice 8-12 weeks old. B cells were identified by staining for B220 and
CD19 in the live singlet population of lymphocytes and GC B cells were labelled as
CD38lowFashigh. LZ cells were identified in the GC B cell compartment as
CD86highCXCR4low and DZ B cells were stained as CD86lowCXCR4high.
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Figure 4.17 Tnfsf9 ablation reduces the number of activated caspase3+ B cells
in the GC.
6 control and 9 F/F mice were immunised with SRBC. The mice were injected by
intraperitoneally with EdU 3 hours before being culled on day 10 when the immune
response is peaking. Spleens were collected and processed for flow cytometry
analysis. GC B cells were identified by CD38 and Fas staining. LZ/DZ discrimination
was done by CXCR4 and CD86 staining. Activated Caspase 3 was stained to
determine the extent of apoptosis in the GC reaction.
A. Quantification of Activated Caspase 3+ B cells in the spleens of SRBC immunised
F/F and control mice.
B. Quantification of the percentage of Activated Caspase 3+ B cells in the spleens of
SRBC immunised F/F and control mice. The LZ and DZ are separately calculated to
determine the best effect of cell death in the absence of Tnfsf9.

4.2.3 Conditional ablation of Tnfsf9 in B cells results in B cell lymphomas
We allowed a cohort of F/F mice to age and analysed them at later time points in
life. Interestingly, the F/F mice showed increased splenomegaly. This was
accompanied by increased cellularity. Peripheral LNs were also enlarged. This was
observed in all F/F mice analysed (Figure 4.18).
We also determined if there was a greater proportion of B cells over time. We found
that there was an accumulation of B cells in the spleens of F/F mice and this was
accompanied by increased GCs being present as shown by the cumulative plots.
Plasma cells were also increased in spleens of F/F mice as shown by the plots
(Figure 4.19)

139

Chapter 4 Results 2 Specific deletion of Tnfsf9 in B cells leads to autoimmunity and
lymphoma

A

B
400

*

3

Cellularity/10^6

2
1

*

300
200
100
0
ol
C

on
tr

F/
F

C

on
tr

ol

0

F/
F

Spleen weight/g

4

Figure 4.18 Old F/F mice develop enlarged spleens
Unimmunised control and F/Fmice were aged and culled at various age and their
spleens were collected, processed and analysed. The weight was determined and
the cellularity was determine by a Beckman Coulter Counter.
A. Spleens from 60-90weeks F/F mice were weighed to determine the extent of
splenomegaly. Each dot represents a spleen from each mouse.
B. The cellularity of the spleens was determined by measuring the total cell number
in the spleen.
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Figure 4.19 The GC, PC and B cell content of old F/F mice are elevated
Unimmunised control and F/Fmice were aged and culled at various age and their
spleens were collected, processed and analysed. B cells were identified as B220+
CD19+. GC and PC B cells were identified by CD38/Fas staining and CD138
staining respectively. This was quantified and plotted as percentage. The total
number of B cells at different ages were also determined in the spleen.
A. Plots to show the increase in the GC content of spleens from old F/F mice. GC B
cells were identified by CD38low CD95high B cells. B cells were identified by staining
for B220 and CD19 in the live singlet population of lymphocytes and GC B cells were
labelled as CD38lowFashigh.
B. Plots to show the increase in the PC content of spleens from old F/F mice. PC B
cells were identified by CD138high B220low B cells.
C. Total B cell numbers were measured from the spleens of F/F and control mice of
20, 45, and 75 weeks old mice. * p<0.05 ,** p<0.01, ***p<0.005
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We characterised the Ig profile of these old mice to determine circulating levels of
antibodies. Interestingly there was an increase in class-switched antibodies,
notably IgG1. IgM was only slightly increased relative to the controls, as shown by
the ELISA (Figure 4.20). We further determined the presence of auto-antibodies in
our mice: as shown by the ELISA plots there were elevated levels of circulating
auto-antibodies against cardiolipin, ssDNA and dsDNA (Figure 4.20B).

ns

0.15

0.15

IgM OD

IgG1 OD

0.10

0.05

0.00

dsDNA

*

2.0
1.5

C

0.0
F/
F

0.0
F/
F

0.5

ol

U/mL

1.0

0.5

ol

F/
F

on
tr

ol

0.0

1.0

on
tr

0.5

1.5

C

U/mL

1.0

**

2.0

on
tr

**

1.5

F/
F

on
tr
C

ssDNA

2.0
U/mL

0.05

ol

F/
F

ol
on
tr

Cardiolipin

2.5

0.10

0.00
C

B

***

C

A

Figure 4.20 There is an accumulation of autoantibodies in ageing F/F mice
Unimmunised control and F/Fmice were aged and culled at various age and their
sera were collected, processed and analysed by ELISA to determine the total level
of Immunoglobulin (IgG and IgM) and autoantibody levels.
A. ELISA to measure to the levels of circulating IgM and total IgG in ageing F/F and
control mice.
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B. The levels of cardiolipin, ssDNA and dsDNA autoantibodies were measured by
ELISA in the sera of old F/F and control mice.
To determine any functional defects, we looked at proteinuria and Ig deposits in the
kidneys. F/F mice showed increased proteinuria as shown by 3 cases of mild
proteinuria, 3 cases of moderate proteinuria and 2 cases of severe proteinuria. The
presence of IgG deposits was also significant in all the cases of F/F mice (Figure
4.21 A &B).
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Figure 4.21 Kidney damage is evidenced by protenuria and IgG deposits in
kidneys in ageing F/F mice
Unimmunised control and F/Fmice were aged and culled at various age and their
kidneys were collected, processed and analysed for histology. IgG deposits was
determined in the kidneys. The percentage of IgG deposits within kidneys was alos
determined.
Urine samples were analysed by dipping Uristix to quantify the level of protein in the
urine.
A. Measurement of protein in the urine using Uristix: none=no protein detected, +=
tiny amount of protein detected, ++= small amount of protein detected, +++= heavy
amount of protein detected
B. Histopathology of kidney samples from old Tnsf9KO and WT mice. Representative
image of IgG deposits (brown staining) in the kidneys.
C. Quantification of the number of cases of old F/F and control mice with various
levels of IgG deposit in the kidneys

Finally, we analysed a group of 6 F/F mice, 5F/deleted mice and 3 control mice as
they aged. Upon ageing the F/F mice developed organomegaly. Most importantly
6/6 had splenomegaly, 4/6 developed mediastinal LN tumours and 2/6 had liver
infiltration. The median survival of the F/F mice was 78weeks; their heterozygous
counterparts had a median survival of 60 weeks (Figure 4.22), suggesting that
having Tnfsf9 deleted at earlier stages can decrease the lifespan, possibly by
accelerating the tumour or increasing the severity of the autoimmune-phenotype.
This was accompanied by large B cell follicles in the spleen, which are Bcl-6
positive, suggesting an ongoing GC phenomenon in aged F/F mice (Figure 4.22C).
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Figure 4.22 Ageing F/F mice die of B cell tumours
A. Unimmunised WT and Tnfsf9KO (heterozygous and homozygous) mice were
aged and culled at various age when they were deemed sick. The death of the mice
was determined as being pathological in the Tnfsf9KO cohort. The number of weeks
at death was recorded and used to plot a survival curve using the Kaplan-Meier
method.
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B. Quantification of the percentage of mice with different types of abnormality
observed in ageing mice, namely liver infiltration, mLN tumours ans splenomegaly.
C. Spleens sections of tumours were stained for H&E and Bcl-6 to determine the
architecture and GC content of the spleens.
4.3 Conclusions
In this chapter we show that specific Tnfsf9 abrogation in B cells can cause the
mild asymptomatic autoimmunity in mice. This identified, and further confirmed, our
earlier hypothesis that Tnfsf9 in itself can affect B cell physiology. Moreover in vivo
work demonstrated that B cell affinity maturation is reduced when Tnfsf9 is absent.
This is consistent in autoimmune models where it has been shown mice develop
less of an immune response as compared to controls(Cohen and Eisenberg, 1991;
Wang et al., 2013a).
Indeed we found supporting evidence in vivo for increased B cell survival in
absence of Tnfsf9, both under immunised condition and during ageing, thereby
consolidating the potential role of Tnsf9 as a regulator of B cell survival. This is an
interesting phenomenon as Tnfsf9 could affect the signalling downstream of the
BCR and may function in regulating the response of B cells. We were therefore
interested next in understanding how Tnfsf9 may affect B cell survival. So far not
much is known about the role of Tnfsf9 in B cells. Kang et al showed that Tnfs9
could assemble with TLR4 and increase/prolong macrophage inflammatory activity.
In vivo it has been shown that overexpression of Tnfsf9 leads to reduced B cell
numbers and this seems to agree with our Tnfsf9-deficient mouse model(Kang et
al., 2007).
We therefore wanted to dissect more in depth the functionality of Tnfsf9 in B cells
and assessed how B cells responded to various stimulation. In the next chapter we
aimed at elucidating the mechanistic feature of Tnfsf9 in B cells.
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through the NFkB2 signalling pathway.
5.1 Introduction
To-date there is no clear mechanistic explanation of how Tnfsf9 might function in
vivo. Tnfsf9 is part of the TNF Superfamily and is implicated in functional roles in
haematopoietic lineage cells. Previously it was shown that Tnfsf9 could mediate
signalling on its own, a process known as reverse signalling, in sterile inflammation.
This is thought to mediate immune responses at endothelial cells by creating a
tolerogenic environment for T cells (Park SJ et al 2012). Similarly, in macrophages,
Kwon et al showed that Tnfsf9 could associate with TLR4 to increase the activity of
macrophages. We find here complex functions of Tnfsf9 as a molecule, besides the
common perception of it being the ligand for CD137.
We therefore investigated the mechanism of action of Tnfsf9 in B cells. In previous
chapters, we found a potential role as regulator of B cell survival and affinity
maturation. However, the exact pathways activated or repressed by Tnfsf9 remains
unclear.
In this chapter, we investigated how Tnfsf9 might affect B cell survival and studied
the potential pathways that could be involved.
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5.2 Results
5.2.1 Tnfsf9 regulates B cell survival
B cell survival is determined by the balance between cell proliferation and cell
death. BAFF, also known as TNFSF13b, is known to be a promoter of B cell
survival by upregulating survival factors such as Bcl-2. In order to determine how
Tnfsf9KO cells fare relative to wt B cells, we cultured firstly Tnfsf9KO B cells and wt
B cells without the presence of any stimulus. The percentage and number of live
cells were determined at different time points. At day 1-3, the viability of Tnfsf9KO
and WT B cells were similar; however, at day 4, Tnfsf9KO B cells fared better than
WT B cells, displaying a higher viability. This persisted until day 6 where WT B cells
had a viability of 0% compared to 10% for Tnfsf9KO B cells (Figure 5.1A). This was
also accompanied by a concomitant higher level of live B cell numbers as from day
4 onwards (Figure 5.1B).
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Figure 5.1 Tnfsf9KO B cells are less prone to dying in culture without any
stimulus
A-B Purified B cells from spleens were cultured without any stimulus for a period of
6 days. The cell viability and B cell number alive were determined by Coulter beads
on flow cytometry. Graphs represent cumulative data for 6 independent cultures of
WT and Tnfsf9KO B cells. Significant analysis was done using the paired Student ttest. * p<0.05 ,** p<0.01, ***p<0.005
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Tnfsf9KO and wt B cells were then cultured with stimulants, namely anti-IgM
(10ug/mL) and LPS (10ug/mL): stimulating the BCR with anti-IgM produced an
increase in B cell number in both Tnfsf9KO and wt cases. The viability of Tnfsf9KO
B cells was generally higher than WT B cells. The effect was more significant day 4
onwards (Figure 5.2A). The number of live B cells was also determined and
showed that whilst there was expansion of B cells in both WT and Tnfsf9KO B
cells, at day 3 there were more live Tnfsf9KO B cells as compared to WT B cells.
This was maintained subsequently at day 4, 5 and 6 as the number of B cells in the
Tnfsf9KO culture surpassed the WT B cell culture (Figure 5.2B).
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Figure 5.2 Tnfsf9KO B cells outcompete WT B cells under IgM stimulation
A-B Purified B cells from spleens were cultured with anti-IgM (10ug/ml) for a period
of 6 days. The cell viability and B cell number alive were determined by Coulter beads
on flow cytometry. Graphs represent cumulative data for 6 independent cultures of
WT and Tnfsf9KO B cells each.
* p<0.05 ,** p<0.01, ***p<0.005

Similarly LPS generated increased B cell numbers in both cases, with a more
significant increase in Tnfsf9KO B cells as from day 3 onwards. The percentage of
viable cells initially was not significantly different between Tnfsf9KO and WT B
cells. However by day 5 and 6, the difference in viability nearly double (Figure
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5.3A). At day 3, the live cell numbers of Tnfsf9KO B cells were approximately twice
as high as WT B cells. There were higher numbers of B cells in the tnfs9KO culture
on day 4, 5 and 6 (Figure 5.3B). Despite the fact that B cells start to die as from
day 4 in each case under constant stimulation, Tnfsf9KO B cells still outnumbered
wt B cells in culture.
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Figure 5.3 Tnfsf9KO B cells outcompete WT B cells under LPS stimulation
A-B Purified B cells from Tnfsf9KO and WT spleens were cultured with LPS
(10ug/ml) for a period of 6 days. The cell viability and B cell number alive were
determined by Coulter beads on flow cytometry. Graphs represent cumulative data
for 6 independent cultures of WT and Tnfsf9KO B cells each.
* p<0.05 ,** p<0.01, ***p<0.005
BAFF is known to increase B cell survival and mediates this through the activation
of the alternative NFkB pathway. We therefore tested whether Tnfsf9KO B cells
would fare better than B cell treated with BAFF.
Tnfsf9KO and WT B cells were cultured with and without human BAFF (1ng/ml) for
a period of 6 days and the cell viability was determined. Human BAFF increased
the viability of B cells of both genotypes equally. Tnfsf9KO B cells however had
correspondingly lower viability than their BAFF-treated counterparts, but still had
higher viability than WT B cells. This suggested that Tnfsf9-deficient B cells could
not recapitulate BAFF-R activation (Figure 5.4).
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Figure 5.4 Tnfsf9 KO B cells fare better than WT B cells with no stimulus, but
fare less than B cells cultured with human BAFF.
Purified B cells from Tnfsf9KO and WT spleens were cultured with no stimulus or
with human BAFF (1ng/ml) for a period of 6 days. The cell viability was determined
by Coulter beads on flow cytometry. Graphs represent cumulative data for 3
independent cultures of WT and Tnfsf9KO B cells each.

Cell survival depends on the balance between proliferation and death. With the
increase in cell numbers in Tnfsf9KO cultures, we tested the proliferation rate and
cell death levels to determine which process was affected. We measured the
proliferation rates in our stimulated cell cultures through proliferation indices. The
proliferation rate was similar at day 2, 3 and 4 with anti-IgM in both Tnfsf9KO and
WT B cells. Further analysis showed similar proliferation indices at day 2 (1.3 vs
1.2), day 3 (1.5 vs 1.4) and day 4 (2.0 vs 1.8) for Tnfsf9KO B cells against WT B
cells (Figure 5.5).
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Figure 5.5 There are no significant differences in proliferation index between
Tnfsf9KO and WT B cells under IgM stimulation
Purified B cells from Tnfsf9KO and WT spleens were labelled with Cell Trace Violet
and cultured with anti IgM (10ug/ml) for a period of 4 days. Proliferation index was
determined by dilution of CTV on flow cytometry. Cumulative proliferation index for
B cells over day 2,3 and 4 of proliferation for 3 independent experiments.

LPS stimulation provided no evidence in a difference in proliferation rates for
Tnfsf9KO and WT B cells. Quantitation of the proliferation index also showed no
significant differences between Tnfsf9KO and WT B cells (Figure 5.6).
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Figure 5.6 The proliferation indices for Tnfsf9KO and WT B cells are similar
under LPS stimulation
Purified B cells from Tnfsf9KO and WT spleens were labelled with Cell Trace Violet
and cultured with LPS (10ug/ml) for a period of 4 days. Proliferation was analysed
by Flow Cytometry. Cell division was determined by the dilution of Cell Trace Violet
and the proliferation index at each time point was determined as the number of
divisions of responding B cells relative to Day 0. Cumulative proliferation index for
B cells over day 2,3 and 4 of proliferation for 3 independent experiments.
Activated caspase 3 activity is a measure of apoptosis and can be by flow
cytometry. Since there was no change in proliferation rates under both IgM and
LPS stimulation between Tnfsf9KO and WT B cells, we looked at the extent of
apoptosis in the cultures.
There was a reduced percentage of activated caspase 3+ B cells as from day 2 of
stimulation in both anti-IgM cultures. This became more significant as from day 3 of
stimulation with 25% activated caspase 3+ B cells in WT cultures compared to 18%
caspase 3+ B cells in Tnfsf9KO cultures. The difference increased over the
subsequent two days with a mean of 60% activated caspase 3+ B cells in WT cells
compared to 40% in Tnfsf9KO B cell cultures at day 5 (Figure 5.7).
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Figure 5.7 There are fewer activated caspase 3+ B cells in Tnfsf9KO culture
with anti-IgM stimulus
Purified B cells from Tnfsf9KO and WT spleens were labelled cultured with anti-IgM
(10ug/ml) for a period of 5 days. Cells were stained for activated caspase 3 to
determine cellular death on flow cytometry.
Cumulative graph plots for day 2,3, 4 and 5 of proliferation for 2 independent
experiments.
* p<0.05 ,** p<0.01, ***p<0.005
We concluded here that Tnfsf9-deficiency might decrease the propensity of B cells
to undergo apoptosis and increase their lifespan. This would be consistent with our
previous in vivo findings. To further test the ability of Tnfsf9KO B cells to survive,
we induced cell death by treating purified B cells with anti-CD40 for 48hours,
followed by 12hours of Fas stimulation. A titrated dose of Fas antibody was used
and reduced Caspase3+ B cells were observed at the 0ng/ml and 10ng/ml
concentrations in the Tnfsf9KO cultures (Figure 5.8A). This was also accompanied
an increase in cell numbers in the culture (Figure 5.8B).
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Figure 5.8 Tnfsf9KO B cells are more resistant to induced cell death by Fas
stimulation.
A Purified B cells from Tnfsf9KO and WT spleens were labelled cultured with CD40
(2ug/ml) for a period of 2 days. Then the culture was incubated for 12 hours with Fas
antibody to stimulate cell death. Cells were stained for caspase 3 to determine
survival by flow cytometry. Activated Caspase 3 staining quantitation upon using
different doses of Fas antibody (0ng/ml, 2ng/ml, 10ng/ml).
B. Live cell numbers were assessed to determine the viability of the cultures.
Reduced apoptosis can be attributed to the presence of certain cellular proteins of
the Bcl-2 family. These proteins prevent cell death by preventing release of proapoptotic factors in the cytoplasm. We therefore were interested in three main
proteins: Bcl-2, Bcl-xl and Mcl-1. In our anti-IgM cell cultures, there were an
increased proportion of Bcl-2+ and Bcl-xl+ Tnfsf9KO B cells relative to the wt
control. The increase in Bcl-2 was significant at day 3 onwards with a peak of Bcl2+ B cells at day 4 (Figure 5.9B).
Bcl-xl+ B cells were higher in Tnfsf9KO cultures and peaked at day 4 at 55%
compared to 35% for WT B cells (Figure 5.9A). Mcl-1 on the other hand was
generally higher in Tnfsf9KO B cells as early as day 2 but the difference was not
significant (Figure 5.9C).
In LPS cultures, Bcl-xl B cells increased up to 50% at day 4, followed by a
decrease to 30% at day 5 (Figure 5.10A). Bcl-2 levels increased to significant
levels at day 3, with a mean of 30% for Tnfsf9KO B cells compared to 20% for WT
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B cells. By day 4 there was 1.5 times more Bcl-2 positive Tnfsf9KO B cells in
culture than WT B cells (Figure 5.10B).
Interestingly both Tnfsf9KO and WT B cells had similar levels of Mcl-1+ B cells
(Figure 5.13C).
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Figure 5.9 Tnfsf9KO B cells express more pro-survival factors than WT
when stimulated by the BCR
Purified B cells from Tnfsf9KO and WT spleens were labelled cultured with anti-IgM
(10ug/ml) for a period of 5 days. Cells were stained for anti-apoptotic markers to
determine survival by flow cytometry.
A. Bcl-xl was stained intracelluarly; Cumulative graph plots for day 0, 2,3, 4 and 5 of
proliferation for 3 independent experiments.
B. Bcl-2 was stained by intracellular staining and cumulative plots for day 0, 2,3, 4
and 5 were plotted for 3 independent experiments.
C. Mcl-1 was stained by intracellular staining and cumulative plots for day 0, 2,3, 4
and 5 were plotted for 3 independent experiments. * p<0.05 ,** p<0.01, ***p<0.005
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Figure 5.10 Tnfsf9KO express more Bcl-xl and Bcl-2 when cultured with LPS
Purified B cells from Tnfsf9KO and WT spleens were cultured with anti-IgM (10ug/ml)
for a period of 5 days. Cells were stained for anti-apoptotic markers to determine
survival by flow cytometry.
A.Bcl-xl was stained intracelluarly; Cumulative graph plots for day 0, 2,3, 4 and 5 of
proliferation for 3 independent experiments.
B. Bcl-2 was stained by intracellular staining and cumulative plots for day 0, 2,3, 4
and 5 were plotted for 3 independent experiments.
C. Mcl-1 was stained by intracellular staining and cumulative plots for day 0, 2,3, 4
and 5 were plotted for 3 independent experiments.
* p<0.05 ,** p<0.01, ***p<0.005

Next we quantified the mRNA of the survival genes. We looked specifically at day 4
of anti- IgM stimulation and found increased Bcl-2, Bcl-xl and Mcl-1 levels relative
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to the reference gene Gapdh in Tnfsf9KO B cells. Bcl-xl mRNA in Tnfs9fKO B cells
was nearly 3 times as high as in WT B cells with Bcl-2 being nearly 4 times more
prevalent in Tnfsf9K B cells. Mcl-1 mRNA was higher in Tnfsf9KO B cells, although
this was not significant (Figure 5.11).
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Figure 5.11 The mRNA levels of pro-survival factors are elevated in Tnfsf9KO
B cells upon IgM stimulation
A-C Purified B cells from Tnfsf9KO and WT spleens were cultured with anti-IgM
(10ug/ml) and at day 4 the cells were lysed to harvest the RNA.
qPCR plots for Bcl-xL, Bcl-2 and Mcl-1 to determine the expression of pro-survival
factors upon BCR stimulation.
* p<0.05 ,** p<0.01, ***p<0.005

When stimulated by LPS, Tnfsf9KO B cells displayed 4 times as much Bcl-2 mRNA
as WT B cells at day 4 of stimulation. Although Bcl-xl and Mcl-1 mRNA were in
general higher in Tnfsf9KO B cells, this was not significant. Bcl-2 survival protein
therefore is important for Tnfsf9KO B cells in LPS stimulation (Figure 5.12).
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Figure 5.12 Tnfsf9KO B cells have higher Bcl-2 mRNA upon LPS stimulation
A-C Purified B cells from Tnfsf9KO and WT spleens were cultured with LPS
(10ug/ml) and at day 4 the cells were lysed to harvest the RNA.
qPCR plots for Bcl-xL, Bcl-2 and Mcl-1 to determine the expression of pro-survival
factors upon TLR4 stimulation.
* p<0.05 ,** p<0.01, ***p<0.005

5.2.2 The alternative NFkB pathway is activated in Tnfsf9KO B cells upon
BCR stimulation
To further elucidate the mechanism of Tnfsf9 function, we analysed RNA
transcripts from previously generated data by Middendorp (Middendorp et al 2012).
The author immunised Tnfsf9KO and WT mice with influenza virus and sorted GC
B cells from the mice. He then extracted RNA to produce an RNA profiling by
comparing Tnfsf9KO GC B cells with WT GC B cells through a platform microarray.
There was a total of 175 differentially expressed genes. When analysed for
pathway enrichment, several inflammation-related pathways were designated as
significantly enriched in Tnfsf9KO B cells. Inflammation through TREM-1 signalling,
MIF signalling and IgE mediated inflammation were significantly enriched. These
pathways are involved in general activation of macrophages, neutrophils, dendritic
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cells and favour pro-survival and pro-proliferation, suggesting an increased
inflammatory process in the innate and potentially the adaptive immune B cell
response. Moreover, apoptosis regulated by the mitochondria was designated as
being significant (Figure 5.13), which would suggest increased activation of
Tnfsf9KO B cells and consequently cause increased apoptosis if the BCR
activation is too high.
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Figure 5.13 Process enrichment in Tnfsf9KO B cells compared to WT B cells
as determined by microarray analysis
Tnfsf9KO and WT mice were immunised with influenza virus and the GC B cells were
sorted. The RNA was extracted and run on a microarray platform to determine the
expression pattern of genes in the two genotypes. The overall pathway enrichment
was determined by bioinformatics using Gene Set Enrichment Analysis. An adjusted
p- value was calculated to exclude the false positive rate, with adjusted-p values less
than 0.05 being considered significant. Data was compiled by Middendorp et al 2012.
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Figure 5.14 Pathway enrichment in Tnfsf9KO B cells compared to WT B cells
as determined by microarray analysis
Tnfsf9KO and WT mice were immunised with influenza virus and the GC B cells were
sorted. The RNA was extracted and run on a microarray platform to determine the
expression pattern of genes in the two genotypes. The overall pathway enrichment
was determined by bioinformatics. Data was compiled by Middendorp et al 2012.

Pathway analysis showed that signal transduction mediated by BAFF is more
enriched in Tnfsf9KO B cells. Of note were IGF signalling in colorectal cancer and
Apoptosis/Survival mediated by Bad phosphorylation, which were also significantly
enriched in Tnfsf9KO B cells (Figure 5.14).
We sorted GC B cells from SRBC immunised F/F mice and control mice. These
were used to perform RNA Sequencing to determine the RNA profile of the Tnfsf9deficient B cells relative to Tnfsf9-sufficient B cells. We found that there was an
enrichment for inflammatory responses in Tnfsf9KO B cells, with a NES of 1.22 and
p value of 0.08. Tnfsf9KO B cells also showed enrichment in the NFkB signalling
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via TNF as shown in Figure 5.16. These suggest that Tnfsf9KO B cells are prone to
inflammatory reactions and that one major pathway to look is the NFkB (Figure
5.15& Figure5.16).
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Figure 5.15 Enrichment of inflammatory response in Tnfsf9KO B cells
Control and F/F mice were immunised with SRBC and GC B cells were sorted and
RNA extracted. Samples were sequenced using paired-end sequencing platforms.
RNA sequencing was carried out on the Illumina HiSeq 4000 platform and typically
generated ~30 million 101bp unstranded paired-end reads per sample. The RSEM
package (version 1.3.0) (Li and Dewey, 2011) in conjunction with the STAR
alignment algorithm (version 2.5.2a) (Dobin et al., 2013) Differential expression
analysis was performed with the DESeq2 package (version 1.12.3) (Love et al.,
2014) within the R programming environment (version 3.3.1). An adjusted p-value
of <= 0.01 was used as the significance threshold for the identification of
differentially expressed genes. RNA Sequencing data was analysed for enrichment
pathway using the GSEA website where the list of genes was input for 1000
permutation analysis.
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Figure 5.16 Enrichment of NFkB via TNFalpha signaling
Control and F/F mice were immunised with SRBC and GC B cells were sorted and
RNA extracted. Samples were sequenced using paired-end sequencing platforms.
RNA sequencing was carried out on the Illumina HiSeq 4000 platform and typically
generated ~30 million 101bp unstranded paired-end reads per sample. The RSEM
package (version 1.3.0) (Li and Dewey, 2011) in conjunction with the STAR
alignment algorithm (version 2.5.2a) (Dobin et al., 2013) Differential expression
analysis was performed with the DESeq2 package (version 1.12.3) (Love et al.,
2014) within the R programming environment (version 3.3.1). An adjusted p-value
of <= 0.01 was used as the significance threshold for the identification of
differentially expressed genes. RNA Sequencing data was analysed for enrichment
pathway using the GSEA website where the list of genes was input for 1000
permutation analysis. RNA Sequencing data was analysed for enrichment pathway
using the GSEA where the list of genes was input for 1000 permutation analysis.
Due to the enrichment of NFkB signalling in Tnsf9KO relative to control mice, we
decided to analyse the signalling downstream of the B cell receptor. B cells were
stimulated by anti-IgM and various signalling pathways were analysed. Firstly we
looked at the PI3K pathway that is activated upon BCR engagement. We found that
over short periods of time, Tnfsf9KO B cells mount a higher and quicker response
as compared to wt B cells as evidenced by the pAkt MFI (Figure 5.17C). This
response however tails off after ten minutes to reach similar levels in both cases.
Immunoblot blots of pAkt Ser473 showed that the level of activation is similar in
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both Tnfsf9KO and WT B cells upon BCR stimulation. The response was quantified
and plotted as shown in Figure 5.17 A&B.
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Figure 5.19 The PI3K pathway is similarly activated between Tnfsf9KO and WT
B cells upon BCR stimulation
A. Purified B cells from Tnfsf9KO and WT spleens were cultured with anti-IgM
(10ug/ml) over 60 minutes and proteins were extracted at 0, 10, 20, 30, and 60
minutes. Immunoblot for total Akt and pAktSer473 were performed to determine the
activity of the PI3K pathway.
B. Cumulative quantitation of WB for pAktser473 for 4 independent experiments. *
p<0.05 ,** p<0.01, ***p<0.005
C. Phosphoflow for pAktser473 to look at short term phosphorylation events in pAkt
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The NFkB signalling is composed of two separate pathways: the classical NFkB1
pathway, characterised by processing p105 and translocation of p50 to the nucleus
and the alternative NFkB2 pathway, characterised by processing of p100 and
translocation of p52 to the nucleus. We therefore determine the extent of activation
of both pathways upon BCR stimulation. In both the knockout and wt controls, the
activity of the NFkB1 pathway was similar. This is shown by the ELISA plots
whereby in both KO and wt, the nuclear translocation of p50 is conserved. 24hours
LPS treatment showed that there was no difference in NFkB1 signalling in
Tnfsf9KO B cells (Figure 5.18B).
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Figure 5.18 The activity of the canonical NFkB pathway is unchanged in
Tnfsf9KO B cells
A. Purified B cells from Tnfsf9KO and WT spleens were cultured with anti-IgM
(10ug/ml) over 60 minutes and nuclear proteins were extracted at 0, 10, 20, 30, and
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60 minutes. ELISA for nuclear p50 was performed to determine the translocation of
p50 from the cytoplasm. Cumulative plots for 3 independent experiments.
B. Plots for nuclear translocation of p50 in LPS stimulated B cells over a period of
24 hours. * p<0.05 ,** p<0.01, ***p<0.005
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Figure 5.19 There is increased p52 nuclear translocation in Tnfsf9KO B cells
upon BCR stimulation
A. Purified B cells from Tnfsf9KO and WT spleens were cultured with anti-IgM
(10ug/ml) over 60 minutes and uclear proteins were extracted at 0, 10, 20, 30, and
60 minutes. ELISA for nuclear p52 was performed to determine the translocation of
p52 from the cytoplasm. Cumulative plots for 3 independent experiments.
B. Plots for nuclear translocation of p52 in BAFF stimulated B cells over a period of
48 hours. * p<0.05 ,** p<0.01, ***p<0.005
Investigation of the NFkB2 pathway however showed increased activation of the
pathway as shown by increased p52 nuclear translocation in Tnfsf9KO B cells. The
effect was noticeable by ELISA as from 10 minutes of BCR activation: the nuclear
extract had an increasingly higher absorption at 450nm with the maximum being
reached at 60 minutes where the OD is approximately 5 times higher than that of
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WT B cells (Figure 5.19A). Comparatively BAFF stimulation of WT and Tnfsf9KO B
cells produced nuclear translocation of p52 to similar extent (Figure 5.19B).
NFkB2 pathway is initiated namely through the activation of the enzyme Nik. We
found that Nik levels were higher in Tnfsf9KO B cells compared to wt control upon
anti-IgM stimulation. Although the mRNA of Nik is relatively stable with no change
upon 2hours of stimulation, the protein level of Nik increased by 10minutes and
maintained up to 60minutes. Quantification showed significantly increased levels of
Nik protein in Tnfsf9KO B cells upon BCR engagement (Figure 5.20).
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Figure 5.20 Upon BCR stimulation Tnfsf9KO B cells have increased Nik protein
A. Purified B cells from Tnfsf9KO and WT spleens were cultured with anti-IgM
(10ug/ml) over 60 minutes and proteins were extracted at 0, 10, 20, 30, and 60
minutes. Immunoblot for total Nik and actin were performed to determine the activity
of the alternative NFkB pathway.
B. Cumulative quantitation of WB for Nik relative to actin for 4 independent
experiments. * p<0.05 ,** p<0.01, ***p<0.005
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NFkB2 activation involves several downstream molecular regulations. In fact Traf2,
Traf3 are important to relieve Nik of sequestration. P52 translocation to the
nucleus results in in increased transcription of Bcl-xl and Bcl-2. We thus tested for
the levels of Bcl-2 and Bcl-xl in Tnfsf9KO B cells. Bcl-xl were elevated by 10
minutes of stimulation, peaking at 60 minutes with twice as much as in the WT
(Figure 5.21). Similarly Bcl-2 levels were elevated in Tnfsf9KO B cells upon BCR
stimulation: the increase was small at 10 minutes but Bcl-2 rapidly increased by 60
minutes to become twice as abundant in Tnfs9KO B cells (Figure 5.22), as shown
by the quantification of the immunublots.
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Figure 5.21 Tnfsf9 ablation allows B cells to express more Bcl-xl when
stimulated by anti-IgM.
A. Purified B cells from Tnfsf9KO and WT spleens were cultured with anti-IgM
(10ug/ml) over 60 minutes and proteins were extracted at 0, 10, 20, 30, and 60
minutes. Immunoblot for Bcl-xl and actin were performed to determine the survival
of B cells.
B. Cumulative quantitation of WB for Bcl-xl relative to actin for 4 independent
experiments. * p<0.05 ,** p<0.01, ***p<0.005
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Figure 5.22 Tnfsf9 ablation allows B cells to express more Bcl-2 when
stimulated
A. Purified B cells from Tnfsf9KO and WT spleens were cultured with anti-IgM
(10ug/ml) over 60 minutes and proteins were extracted at 0, 10, 20, 30, and 60
minutes. Immunoblot for Bcl-2l and actin were performed to determine the survival
of B cells.
B. Cumulative quantitation of WB for Bcl-2 relative to actin for 4 independent
experiments. * p<0.05 ,** p<0.01, ***p<0.005

One surprising finding was the level of Myd88 in Tnfsf9KO B cells. We
immunoblotted for Myd88 proteins over a time course of 60 minutes upon BCR
stimulation. As shown by figure 5.26, at time 0min, Rested B cells exhibited higher
levels of Myd88. The level further increased by 10 minutes, reaching a maximum of
1.5 relative to 0.4 in WT B cells. Hence this suggested that Myd88 protein was
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either being stabilised or newly formed in the absence of Tnfsf9. This could play a
major role in understanding the signalling downstream of Tnfsf9 (Figure 5.23).
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Figure 5.23 Tnfsf9KO express more Myd88 at rest and upon anti-IgM
stimulation
A.Purified B cells from Tnfsf9KO and WT spleens were cultured with anti-IgM
(10ug/ml) over 60 minutes and proteins were extracted at 0, 10, 20, 30, and 60
minutes. Immunoblot for Myd88 and actin were performed to determine the survival
of B cells.
B. Cumulative quantitation of WB for Bcl-2 relative to actin for 3 independent
experiments. * p<0.05 ,** p<0.01, ***p<0.005
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5.3 Conclusions
We found in this chapter that Tnfsf9 deficiency leads to an activated B cell
phenotype and that Tnfsf9KO B cells tend to survive longer than their WT
counterparts. This was found to be under conditions of BCR and TLR stimulation in
addition to non-stimulated B cells. The levels of Bcl-2 and Bcl-xl are higher in
activated B cells, conferring the increased surviving capacity of Tnfsf9KO B cells.
Based on our results, Tnfsf9 acts as a regulator of B cell survival. In the absence of
Tnfsf9, the NFkB2 pathway is activated through the increased enzymatic action of
Nik. The surprising finding that BCR stimulation can in fact lead to activation of
NFkB2 pathway is quite novel, and it requires a lot more investigation to determine
the exact relevance of Tnfsf9 in the regulation of these two pathways. Currently we
are trying to further elucidate the mechanism of action of Tnfsf9.
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Discussion

6.1 Autoimmune mouse model of Tnfsf9 deficiency
Mouse models of autoimmune diseases and lymphoma formation have increasingly
become of high interest in recent years. Autoimmunity and the process of
lymphoma formation have long been thought to be linked. Chronic inflammation, as
observed in rheumatoid arthritis, Sjogren Syndrome, SLE and celiac disease, has
been linked to increased predisposition to Non-Hodgkin’s lymphomas as
demonstrated by several clinical studies(Chang et al., 2005; Ekstrom Smedby et
al., 2008; Smedby et al., 2006). The link between autoimmunity and lymphoma
development is not well understood and some studies suggest that chronic
inflammation can lead to lymphoma formation(Dave et al., 2004; Küppers, 2005;
Morse et al., 2001). Zangani et al found that B cells stimulated continuously by their
idiotypic T cells can transform into malignant B cells with genetic aberrations. The
self-antigen present on the B cell surface in complex with the MHCII can seek help
from T cell driven stimulation to allow for transformation. Eventually the lymphoma
B cells become independent of T cell help(Zangani et al., 2007).
We report here a mouse model where deletion of Tnfsf9, a member of the TNF
Superfamily, triggers a breakdown in tolerance of the immune system. We
confirmed that (1) B and T cells are activated in the absence of Tnfsf9, (2) immune
responses can be mounted in the mice with reduced titres of antigen-specific
immunoglobulins, (3) presence of circulating autoantibodies directed against
multiple antigens and (4) although asymptomatic or mild at young age, the
autoantibodies play a more damaging role in later life, causing kidney damage.
Other reports of TNFSF members being involved in either autoimmunity or
lymphoma have been reported: Fas deficiency leads too increased anti-nuclear
autoantibodies together with hypergammaglobulinemia and glomerulonephritis. T
cells are hyper activated in Fas-deficient mice. Mice die because of
lymphoproliferation rather than autoimmunity(Nagata, 1999). Lymphoproliferation is
also observed in patients carrying a mutation in Fas receptor in a condition called
autoimmune lymphoproliferative syndrome (ALPS)(Kinjyo et al., 2010). Middendorp
et al found that Tnfsf9KO mice develop normally until old age. The main phenotype
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was an increased predisposition to B cell lymphomas with an incidence of 60% at
10-12 months of age(Middendorp et al., 2009).They also attributed the process of B
cell lymphoma formation to genes that are involved in B cell activation, notably AID,
Bcl-6 and SpiB as the RNA expression levels were higher in GC sorted B cells,
although a re-analysis of the RNA expression data showed no significant increase
in those genes between RNA-deficient and WT GC B cells.
One of the best-known mouse models for autoimmunity has been the BAFF
(TNFSF13B) transgenic mice. These mice have high levels of circulating BAFF, a B
cell pro-survival and cell proliferation factor, and have high levels of total circulating
antibodies alongside auto-antibodies directed against ssDNA and dsDNA. Groom
et al demonstrated that these mice developed inflammation of the salivary glands
followed by immune-mediated destruction, reminiscent of Sjogren Syndrome in
human pathology. However no autoantibodies (anti-Ro or anti-La) were detected in
the mice sera(Groom et al., 2002). The authors proposed that there is a breakdown
in B cell tolerance, originating mainly in the marginal zone B cells, which are the
main cell types infiltrating salivary glands in BAFF-transgenic mice. This was
confirmed by other studies that showed BAFF-transgenic mice with ablated
marginal zone B cells did not develop salivary gland pathology and instead
developed nephritis(Fletcher et al., 2006). The Tnfsf9-deficient mice developed
increased deposition of antibodies in the kidneys, with subsequent proteinuria and
reduced kidney functionality. Nephritis and kidney damage is a common
presentation in autoimmune diseases, particularly SLE(Ippolito et al., 2011). Hence
our results may point towards a systemic manifestation of autoimmune mediated
damage, that may resemble SLE to some extent. Further examinations of other
organs such as the lungs, the salivary glands, heart and brain need to be examined
to determine the extent of pathology in our mouse model. We did not try to identify
the type of B cell infiltration in our mouse model. This would provide us with
important information as to the possible phenotype of autoreactive B cells. Ablating
marginal zone (MZ) B cells in Tnfsf9-deficient mice and observing if autoimmune
antibodies and GC reaction develop could tell us if the origin of autoreactive B cells
is linked to MZ B cells.
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We decided to analyse young Tnfsf9-deficient mice of 12-20 weeks old so as to
better understand B cell development under Tnfsf9 loss. The occurrence of
spontaneous GCs and circulating autoantibodies early on were striking; this
suggested that there is a breakdown in tolerance either centrally or peripherally.
Autoreactive B cells do form part of the naïve B cell repertoire but are kept anergic
through several mechanisms, as reported (Sabouri et al., 2014). Loss of Tnfsf9
could trigger a breakdown in one of these mechanisms, allowing autoreactive B
cells to drive their own GCs. The autoantibodies were targeted at various epitopes
of self- antigens, notably the phospholipases, complement components and ssDNA
and dsDNA. This resembles the human autoimmune condition known as
antiphospholipid syndrome, characterised by autoantibodies targeting cardiolipin
and predisposition to thrombosis and miscarriages(Levine et al., 2002). Moreover,
as in antiphospholipid syndrome, Tnfsf9-deficient mice have autoantibodies
targeting the complement proteins, as shown by our protein array. One laboratory
criteria necessary for diagnosing antiphospholipid syndrome is the presence of the
lupus anticoagulant antibodies, which predispose to clotting. Should we be able to
determine the presence of lupus anticoagulant in our mouse model, and together
with the presence of IgG or IgM anti-cardiolipin antibodies, we could potentially use
the Tnfsf9-deficient mouse as a model for antiphospholipid syndrome. The broad
specificity of autoantibodies is not uncommon in autoimmunity as reported in
clinical reports of patients with SLE or antiphospholipid syndrome(Ippolito et al.,
2011). The phenomenon could be secondary to a breakdown in B cell tolerance
during GC reaction, whereby autoreactive B cells can exit the GC without being
negatively selected. Whether they eventually cause disease is yet another
mysterious feature as autoreactive B cells may still be anergic secondary to lack of
co-stimulation at the site of their antigens(Bertram et al., 2002). Interestingly the
whole-body knockout mice do not develop plasma cell hyperplasia, although a
slight increase in plasma cells can be detected in the B cell specific deletion of
Tnfsf9, at early age. Our phenotype could not be explained simply by an increase
in plasma cells. This was supported that the circulating levels of IgM and IgG were
not remarkably different from the control mice. Whilst in other models of
autoimmunity, there is a general association with plasma cell hyperplasia with a
corresponding high titre of immunoglobulins, our model develops mild
autoimmunity early on with normal levels of antibodies, which suggests that
174

Chapter 6. Discussion

autoimmunity may result from the nature of B cell reactivity to self-antigens per se
rather than total antibody levels. It would be further important to analyse if there are
any tertiary sites of GC formation, such as the kidneys where local GC reaction
produce plasma cells that secrete autoantibodies locally without any widespread
systemic effect. Such local reactions are well documented in rheumatoid arthritis
whereby damage to the joints is caused by local GC reaction foci secreting anticitrullinated peptide antibodies and recruitment of inflammatory T cells. Moreover
the formation of tertiary GC reaction through autoreactive B cells at sites of organ
damage may be all that is needed to develop further local inflammation and
damage(Berek et al., 1999; Noort et al., 2015; Shipman et al., 2017).
Our mice develop autoantibodies but these do not pose a problem to the health of
the mice. It could be that the autoantibodies in Tnfsf9-deficient mice are not
pathological and hence mediate very little damage. It could also be that the levels
are not high enough to cause damage. The affinity of the autoantibodies may be
low for the self-antigen they encode and hence may not trigger any immunemediated damage when bound to the self-antigen. However, at old age (70 weeks
old onwards) there is an increasing level of IgG deposits in the kidneys and mice
exhibit moderate to severe proteinuria. The levels of autoantibodies increase with
age (increase in cardiolipin, ssDNA, dsDNA) and hence can contribute to damage.
Moreover, the circulating immunoglobulin levels, especially IgG1, are elevated in
older mice compared to young mice, which increases the probability of deposits of
immune-complexes in organs. Nevertheless, assessing the nature and binding
affinities of the autoantibodies could provide an answer.
The observation of spontaneous autoimmunity in mice is a fortuitous occurrence.
The hybrid between the New Zealand Black (NZB) and the New Zealand White
(NZW) mouse results in a lupus-like illness in mice; similarly, knockout for the Apcs
gene or Fas.lpr have been used mouse models for SLE(Cohen and Eisenberg,
1991; Dubois et al., 1966). Whilst most of these models accrue renal pathology
reminiscent of lupus, 80-90% of the mice die because of the resulting organ
damage(Cohen and Eisenberg, 1991). They produce increased plasma cells,
spontaneous GCs and circulating autoantibodies that have an impact early on in
life. The Tnfsf9KO model produces a very mild phenotype of autoimmunity. Mice
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live up to 80-90 weeks of age and die of B cell tumours. Our data suggests that
there is infiltration of other organs such as the liver and thymus. Moreover, whilst
other models use a full knockout, which can sometimes prove to be limiting over
the final result interpretation, we have replicated the phenotype in a B cell specific
manner, such that the major impact of the gene deletion affects B cells only. We
reasoned that deleting Tnfsf9 in B cells only could allow us to answer several
unanswered questions relating to Tnfsf9 and its function in B cell physiology.

6.2 Tnfsf9 and the possibility of an alternate receptor or reverse signalling
CD137 is the receptor for Tnfsf9(Bitra et al., 2018) and lack of Tnfsf9 could result in
abnormal signalling in CD137(Bitra et al., 2018). As Tnfsf9 can be involved in
reverse signalling(Sun and Fink, 2007), lack of Tnfsf9 signalling could potentially
account for the phenotype as reverse signalling can mediate cell proliferation and
activation(Kim et al., 2009). We tried to address this by means of using the
CD137KO mice. The surprising results were that there was neither spontaneous
GCs formed nor circulating autoantibodies in CD137KO mice. This clearly showed
that lack of CD137 binding to Tnfsf9 or abnormal CD137 signalling could not be the
answer. Ligands of the TNF family are known to be able to bind to multiple
receptors. This confers the ability to exert multiple effects through different
receptors. TNF1 or TNFa can bind to its inflammatory receptor (TNFR1) to promote
inflammation or can be bound by sister receptor TNFR2 to downregulate the
inflammatory response. Inflammatory remodelling in cardiac muscles is dependent
on TNFa and whilst TNFR1 binding worsens remodelling after an ischaemic event,
TNFR2 is protective and allows the heart to remodel efficiently(Schulz and Heusch,
2009).
BAFF (TNFSF13B) is known to be able to bind at least three different TNF
receptors, namely BAFFR, TACI and BCMA. TACI and BCMA also bind APRIL
(TNFSF13). The ability to bind to different receptors may reside in the great degree
of homology shared by the different members of the TNF superfamily. This allows
receptors to have multiple roles at various stages of B cell maturation(Khan, 2009).
For instance, BAFF binding of BCMA is known to enhance mature B cell
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proliferation whilst APRIL binding of BCMA is important for stabilising plasma cell
formation and survival(Varfolomeev et al., 2004). APRIL can further trigger
apoptosis by binding to TNFRSF6 and TNFRSF14, the latter being receptors for
FAS/TNFSF6 and HVEM/TNFSF14(Roth et al., 2001).
The presence of autoimmunity could still be explained by a lack of reverse
signalling through Tnfsf9 in B cells or T cells such that spontaneous GCs are driven
to form with secretion of autoantibodies. In fact, crosslinking of Tnfsf9 on the
surface T cells by a chimeric receptor leads to inhibition of T cell proliferation and
induction of apoptosis.
Moreover Tnfsf9 binding on monocytes leads to increased apoptosis in activated
monocytes(Choudhury et al., 1997; Schwarz et al., 1996). In absence of Tnfsf9, B
cells and T cells could assume a lower threshold needed for activation and can
display increased survival upon stimulation. Autoreactive clones could eventually
escape negative selection if they become more resistant to cell death. Through a
positive feedback between T and B cells, GC formation could be induced and lead
to production of autoantibodies. So far, our experiments have not addressed these
possibilities and the latter need to be explored further.
We also decided to cross CD137KO and Tnfsf9KO to generate homozygous
double knockout mice. This would allow us to understand whether there is an
interdependence between Tnfsf9 and CD137. The presence of spontaneous GCs
and circulating autoantibodies in the double knockout mice suggested that the
function of Tnfsf9 in controlling tolerance is independent of CD137. Given that
other TNFSF members such as BAFF ligand can have several receptors(WardKavanagh et al., 2016), we considered that Tnfsf9 could have alternative receptors
to CD137. Tnfsf9 could also associate with TLR molecules in order to trigger
signalling. This was shown convincingly when macrophages expressed Tnfsf9 on
their cell surface during activation and led to a coupling of Tnfsf9 with TLR4 to
initiate signalling through MAPK signalling pathway(Ma et al., 2013). TLRs on B
cells are known to regulate B cell tolerance, although not much is known about the
mechanism. Tnfsf9 could function as a negative regulation to prevent unnecessary
activation of B cells mediated by TLRs. Given that TLRs can recognise antigens
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like DNA, RNA or lipids, the role of a regulatory mechanism preventing B cell
activation independent of the BCR must be in place to avoid breakdown in B cell
tolerance. In macrophages and DCs, TLR function is regulated by A20, PTPN22
and PI3K signalling to prevent autoimmunity. Breakdown of tolerance has been
associated with mutations or deficiency in A20, PTPN22 or p85a (a component of
PI3K signalling)(Guha and Mackman, 2002; Ma and Malynn, 2012; Monick et al.,
2002; Tavares et al., 2010; Wang et al., 2013b).

6.3 Autoimmunity and lymphoma formation
In 2001 Zhu et al produced a transgenic mouse capable of overexpressing Tnfsf9
in antigen presenting cells using an MHCII-driven expression of Tnfsf9. At old age,
the mice displayed a loss in B cell numbers in the circulation and in secondary
lymphoid organs (spleens and lymph nodes). The antigen presenting capacity of
Tnfsf9-overexpressing splenocytes was abrogated and could not stimulate T cell
responses. Their results suggested a negative regulation of survival and function
by Tnfsf9(Zhu et al., 2001). Consistent with these findings was the increased B cell
numbers in both young and old mice. This would confirm the role of Tnfsf9 in
regulating B cell survival and in fact Tnfsf9-deficient mice go on to develop B cell
tumours. However, more in-depth assessment of the tumours needs to be done to
determine the somatic mutation of the tumour B cells, the type of B cell lymphomas
and the mutational status of the tumours. These are ongoing studies in the
laboratory.
Our in vitro data show that Tnfsf9-deficient B cells are able to upregulate prosurvival factors BCL2, BCLXL and possibly MCL-1. In vivo this could correlate with
impaired apoptosis in GCs, whereby defective B cells are resistant to cell death,
resulting in reduced negative selection. BCL2, BCLXL have been implicated in
autoimmune development in mice and their ability to enhance B cell survival may
play a role in B cell selection within the GC(Strasser et al., 1991). This would
ultimately result in autoreactive B cells being formed. Zheng et al further shows
how enforced BCLXL in B cells prolongs inflammation and worsens arthritis(Zheng
et al., 2007). Having a reporter mouse for Tnfsf9 expression within GC
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development might actually tell us at what stage Tnfsf9 is being expressed and the
temporal relationship with the aforementioned pro-survival proteins. If Tnfsf9 is
indeed a tumour suppressor, there will be reduced expression of BCL2, BCLXL and
MCL-1 in GC B cells. These changes in pro-survival factors is mediated by the
increased activity of the NFkB2 signaling pathway, as evidenced by an increased
levels of NIK protein and p52 levels. The latter have been found to upregulated in
autoimmunity. Kucharzewska et al found that inflammatory reactions in endothelial
cells induced by synovium fluid from rheumatoid patients were dampened when
NIK protein was knocked down, suggesting a pro-inflammatory contribution of NIK
to the maintenance and/or development of aberrant immune
reactions(Kucharzewska et al., 2019). Li et al further showed in 2016 that NIK
played a role in mediating autoimmune encephalomyelitis (EAE) in mice. This was
shown to be a T cell intrinsic phenomenon, whereby T cell specific ablation of NIK
resulted in infiltration of the brain by inflammatory cells and reduced frequency of
EAE in the knock-out mice(Li et al., 2016). Further studies have shown the
contribution of NIK to the ultimate upregulation of BCL2/BCLXL that led to an
increased incidence of autoimmune phenotype(Yamada et al., 2000).
GCs are sites for B cell expansion and affinity maturation, driving the selection for
high affinity antibody producing plasma cells. They are nevertheless capable of
driving autoimmune reactions such as SLE when there is breakdown in tolerance.
In 2017 Degn et al studied the evolution of spontaneous autoreactive GCs(Degn et
al., 2017): using the 564Igi mouse model of SLE where B cells express a BCR
targeting ribonuclear proteins, the authors produced bone-marrow chimeras with
564Igi and WT mice to assess if autoreactive B cells from 564Igi mouse could drive
a lupus-mediated phenotype(Berland et al., 2006). They found that there were
spontaneous GCs comprising WT B cells, with the GC selecting for autoreactive
BCR sequences that converge to other self-antigens (nucleolar proteins and DNA).
The GCs were dependent on TLR7 signalling and Tfh help to drive spontaneous
GC formation. Taken altogether, the authors concluded that the presence of a
single autoreactive B cell clone is capable of driving an autoimmune response
capable of targeting several self-antigens, leading to broad epitope spreading
through SHM, and in the long term organ damage(Degn et al., 2017). We report
here in Tnfsf9-deficient mice increased B cell survival. It is possible that a few
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autoreactive B cell clones escape deletion during development. Their ability to
adopt an anergic state could be compromised if Tnfsf9 regulates also the activation
status of B cells. Hence despite being in small numbers initially, the autoreactive B
cell clones can drive formation of GCs in secondary lymphoid organs, together with
help from T cells. This can eventually lead to epitope spreading and development
of autoantibodies against a wide range of self-antigens. Hence looking into the
mutational status of BCRs by assessing the V sequences could help determine the
how BCRs evolve in Tnfsf9-deficient mice. Also, the naïve repertoire in WT mice
and humans is known to contain autoreactive B cell clones, although their role is
checked by several regulatory mechanisms(Kolhatkar et al., 2015; Mietzner et al.,
2008). Assessing the B cell repertoire to determine the propensity of autoreactive
BCRs in the B cell pool could help better understand how Tnfsf9 may play a role in
tolerance.
Autoimmunity has been associated with lymphomagenesis through several clinical
studies(Goldin and Landgren, 2009). The risk of diffuse large B cell lymphoma
(DLBCL) is linked to several autoimmune diseases such as Sjogren’s Syndrome,
SLE, rheumatoid arthritis, myasthenia gravis, with an odds ratio of 2.45(Smedby et
al., 2006). In autoimmunity, B cells secrete antibodies directed against selfantigens whilst in lymphomas, B cells acquire oncogenic mutations capable of
driving transformation and uncontrolled proliferation. The exact pathophysiology of
the mechanisms is not known and some common risk factors have been proposed:
increased serum BAFF in autoimmunity leads to increased survival and classswitching in B cells, increased Irf8 expression in B cells causes Bcl-6 induction and
rearrangement of light chain genes in B cells, sustained stimulation of the BCR
through self-antigens promotes increased survival and can drive GC formation and
SHM, a site where lymphomagenesis is possible(Gregersen et al., 2009; He et al.,
2004; Younes et al., 2014). Hence the occurrence of lymphomagenesis in Tnsf9deficient mice could be a result of long-standing autoimmune reactivity.
Autoimmune GCs could potentially in the long term, leads to an accumulation of
oncogenic mutations in B cells, which eventually undergo malignant transformation.
Increased B cell survival, through the activation of the NFkB pathway, could
promote increased probability of oncogenic hits during the lifespan of B cells.
Moreover, chronic stimulation of the BCR by self-antigens can lead to sustained
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survival and ability of B cells to enter the GC reaction. One study performed by
Young et al in 2015 suggest that a fraction of ABC-DLBCL expressing the VH4-34
BCR can recognise self-antigens. This has been also reported in BCR-dependent
malignancies such as CLL and MCL. Self-antigens therefore can sustain malignant
B cell survival through their BCR(Young et al., 2015). More investigations are to be
carried out on elucidating the nature of BCRs expressed by tumours in Tnfsf9deficient mice and possibly link them to autoreactive BCR species found in younger
mice.

Figure 6.1. GC progression in Tnfsf9 deficiency produces self-reactive rogue
B cells.
As the normal GC reaction proceeds, there is ongoing selection for high-affinity GC
B cells and elimination of non-reactive or self-reactive B cells. In Tnfsf9 deficiency,
the process of negative selection might be impaired, secondary to increased
resistance of B cells to deletion, leading to persistence of self-reactive B cells.
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6.4 Tnfsf9 as a regulator of NFkB signalling in B cells
B cells are stimulated when the BCR binds to its specific antigen. BCR stimulation
is known to activate the PI3K, ERK1/2 and classical NFkB signalling
components(Myers et al., 2017; Rickert, 2013). However, the regulation of these
molecular pathways downstream of the BCR are not yet fully understood. In
addition, effective B cell stimulation to enter the GC reaction depends on costimulatory signals provided by T cell help. Members of the TNF superfamily play a
major role in B cell co-stimulation. CD40, also known as Tnfrsf5, is expressed on B
cells and binds the ligand Tnfsf5, expressed on activated T cells to promote
proliferation and class-switching through the activation of the canonical and
alternative NFkB signalling pathways(Haxhinasto and Bishop, 2004; Néron et al.,
2006). Baff, also known as Tnfrsf13b, is a crucial factor required for the survival of
B cells. Baff-BaffR ligation mostly activate the alternative NFkB signalling pathway
and has been shown to induce the expression of pro-survival proteins, Bcl-2 and
Bcl-xl(Khan, 2009; Rauch et al., 2009; Schneider et al., 1999).
Our results suggest that Tnfsf9 functions as a regulator of B cell survival. Whilst the
complete mechanism is not fully described, we found that there is an increased
signalling through the alternative NFkB pathway. NFkB signalling is divided into two
main pathways: (1) canonical pathway where there is processing of the NFkB
subunit p105 to p50, supported by the activity of the Ikk complex; (2) alternative
pathway where p100 is processed to p52 as a result of phosphorylation by
Nik(Israël, 2010). The alternative NFkB pathway is activated by several Tnf
receptors and confers increased survival to the cells, including T and B cells. We
report here that the loss of Tnfsf9 in B cells confers an increased propensity of
activation of the alternative NFkB pathway. How this is performed is yet to be
determined, but Tnfsf9 could act through Myd88 to regulate NFkB activity. TLRs
are known to recruit the adaptor molecule Myd88 when stimulated to form the
signalling complex (Myddosome) that ultimately activates the canonical NFkB
pathway(Kawasaki and Kawai, 2014).
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We found an increase in Tnfsf9KO B cell survival was due to an increased in levels
of pro-survival factors Bcl-2 and Bcl-xl. This was accompanied by an increase in
alternative NFkB pathway activation as the Nik protein level was increased in early
time points of after BCR activation. The increase in nuclear p52 suggests that there
might have been increased processing of the inactive NFkB subunit p100. These
findings were not expected, given that BCR stimulation alone has not been
previously shown to activate the alternative NFkB pathway. Thus, our data suggest
that Tnfsf9 acts as a regulator between BCR stimulation and the alternative NFkB
pathway. Previously it has been shown that BCR signalling, whether tonic or
activated, maintains the level of p100 in B cells and unless the B cells further
receives a second signal through Baff or CD40, the p100 is degraded(Stadanlick et
al., 2008). The absence of Tnfsf9 could allow B cells to use p100 being generated
by activated BCR signalling in order to ensure better survival. The underlying
mechanisms of Tnfsf9 regulation of the activation of the alternative NF-kB pathway
downstream of the BCR are currently unknown.
The Myddosome is a complex of proteins built around the molecule Myd88. The
latter recruits a family of IRAK proteins (Irak4, Irak2, Irak1). Irak4 activates Irak1 by
phosphorylation. Phosphorylated Irak1 is released from the Myddosome and binds
to Traf6, which can lead to ubiquitylation of Tak1 protein kinase. Tak1 thus
activated can initiate signalling downstream of NFkB and MAPK pathways. In the
NFkB activation, Tak1 binds to the Ikk complex through ubiquitination links and
lead to activation of Ikk complex. Previous work on macrophages showed the
physical interaction between Tnfsf9 and Tlr4 on the surface of these cells. Tnfsf9
also co-precipitated with the adaptor molecules Tirap and Irak2(Kang et al., 2007).
The formation of signalosomes, also called Myddosome, involving Myd88, Traf6,
Traf2, Tak1 and Tab1 mediate downstream activation of inflammatory pathways
including NF-kB (Kwon et al 2013).
One other open question respects the link between BCR signalling and Tnfsf9.
Tirap is an adaptor molecule required by TLRs to help recruit Myd88. This then
allows the formation of the Myddosome for signalling. Lack of Tirap abrogates
signalling downstream of TLR4 and TLR2. Previous work has shown that Tirap can
be tyrosine phosphorylated by Btk after LPS stimulation(Horng et al., 2001; Ma et
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al., 2013; Yamamoto et al., 2002). The authors suggested that Tirap
phosphorylation by Btk may induce conformational changes allowing Tirap to
associate with MyD88 (Gray et al 2006). Activation of Btk downstream of BCR
activation has been previously described and Btk activation is required for
activation of PI3K pathway in B cells(Craxton et al., 1999; Desiderio, 1997; Pal
Singh et al., 2018). Tnfsf9 has a very short cytoplasmic tail and is unlikely to signal
on its own. It is thought that recruitment or association with adaptor molecules
might enable its signalling function or prevent signalling by captivating molecular
components such as Myd88 from other pathways.
Whether or not Tnfsf9 interacts with Tirap and/or Irak2 in B cells is currently under
investigation. However, in a first approximation it is tempting to speculate that
Tnfsf9 interferes with the formation of the Myddosome by “sequestering” Tirap
and/or Irak2. We found that Tnfsf9KO B cells display increased protein levels of
Myd88, and previous work has shown that Myd88 is stabilised upon Myddosome
formation(Deguine and Barton, 2014; Motshwene et al., 2009). If deficiency of
Tnfsf9 allows for the stabilisation of the Myddosome, then the NFkB signalling
could be triggered downstream. In WT B cells, Tnfsf9 would sequester Tirap and
prevent the formation of the Myddosome spontaneously, even upon BCR
stimulation. Tnfsf9 would block the phosphorylation site on Tirap and prevent it
from associating with Myd88 to form the Myddosome. However, in Tnfsf9
deficiency, Tirap could be phosphorylated by Btk upon BCR activation to enable
phosphorylated Tirap to recruit Myd88 and form the Myddosome for activation of
the NFkB signalling. Hence Tnfsf9 would be acting as a regulator of the NFkB
signalling through Tirap.
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Figure 6.2. Antigen stimulation in WT B cells results in activation of PI3K,
MAPK and NFkB1 signalling.
In WT B cells, Tnfsf9 sequesters Tirap/Irak2.When the BCR encounters its antigen,
the BCR recruits Syk,Btk and Blnk through a series of phosphorylation events. This
leads to the activation of PI3K, MAPK and NFkB1 signalling pathway for cell survival,
proliferation and activation. NIK protein is degraded at its basal rate through
ubiquitination and the NFkB2 subunits remain unprocessed and inactive. Tirap/Irak2
cannot be phosphorylated as Tnfsf9 blocks the phosphorylation site and prevent the
formation of the Myddosome.
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Figure 6.3. CD40/BAFFR activation by their ligands in WT B cells results in
activation of NFkB2 signalling and increased cell survival and differentiation.
In WT B cells, when the BCR encounters its antigen, the BCR recruits Syk,Btk and
Blnk through a series of phosphorylation events. This leads to the activation of PI3K,
MAPK and NFkB1 signalling pathway for cell survival, proliferation and activation. In
addition, binding of TNF receptors such as CD40 and BAFFR to their respective
ligands activates the NFkB2 signaling pathway through the stabilization of NIK
protein, which ultimately leads to degradation of p100/RelB to p52/RelB. The latter
is translocated to the nucleus and mediate further transcription of target genes that
will increase cell survival, enable differentiation and enhance antibody production.
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Figure 6.4. Tnfsf9 deficiency allows the formation of the Myddosome for
activation of the alternative NFkB pathway.
In Tnfsf9 deficiency, when the BCR is stimulated by its antigen, the assembly of the
Syk, Btk and Blnk complex activates the PI3K, MAPK and NFkB1 signaling
pathways. Active Btk can also phosphorylate Tirap to activate it, which leads to
recruitment of Myd88 and other adaptor proteins and kinases to form the
Myddosome complex. The Myddosome prevents the degradation of Nik and allows
the activation of the alternative NFkB pathway. The phosphorylation of Tirap by Btk
and the prevention of degradation of NIK by the Myddosome are still not clear. The
activation of NIK leads to processing of p100/RelB to its active dimer p52/RelB, which
is translocated to the nucleus to mediate transcription of survival genes, leading to
increased levels of BCL2 and BCLXL.
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6.5 Concluding remarks
The humoral immune system is a major mechanism of defence against external
antigens. The formation of antibodies and memory B cells provide long-term
immunity against pathogens and determine the quality of life of patients. Still the B
cell response can lead to aberrant mutations and predispose individuals to
lymphoma formation. Whilst GCs are tightly regulated processes, there is always a
potential risk for B cells to go rogue.
Hence understanding better how B cells survive and proliferate in GCs is important
to determine the relevant factors that can lead to autoimmunity or lymphoma. TNF
superfamily members play an important role in the regulation of B cell activation
and survival. Current therapies in autoimmune patients rely on the administration of
anti-TNF antibodies to limit the inflammatory process of B cells. The anti-TNF
treatment however do not always work and can lead to tolerance in later life.
Similarly, B cell lymphomas are treated mainly through the R-CHOP regimen
which, although can reduce tumour burden, has multiple side-effects that reduce
quality of life. Understanding better how the different tumours may survive allows
for alternative targeting. Moreover, chronic inflammation and autoimmunity
predispose to lymphomas and it is becoming increasingly important to understand
the link between autoimmunity and lymphoma risk. Inevitably understanding if the
lymphomas are a result of autoreactive B cells with the same clonal BCR will
enable us to further understand how rogue B cells can transform into cancer.
In this thesis, we show that Tnfsf9 play a major role in regulating B cell survival,
involving the modulation of the alternative NFkB pathway. The absence of this
regulatory mechanism can predispose to autoimmunity, although asymptomatic,
and lymphomas. We hope that the mechanism hereby described can help better
understand the role of Tnfsf9 in B cell regulation, and eventually aid in advances in
therapeutics for both autoimmune diseases and B cell lymphomas.
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