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Abstract

CD248 is a pericyte-associated, mesenchymal stem cell (MSC) marker that is highly expressed during
embryological life. This expression is down regulated during development, becoming restricted on
lymphoid stroma to the capsule, but reappearing during inflammation, as well as in a number of
disease states (Lax et al., 2007). CD248 has been shown to play a role in controlling the differentiation
of MSC to osteoblasts, both in vitro and in vivo, achieving this effect by modulating PDGFRP signalling,
as treatment with the PDGFR inhibitor imatinib mesylate phenocopies the effects seen in the CD248"

” mouse (Naylor et al., 2012).

Here we present evidence that CD248 is involved in the differentiation of MSC, via PDGFRP signalling,
into lymphoid stroma progenitors both in vitro and in vivo. In adult mice expression of CD248 is
detected on FDCs following immunisation. Using CD2487 mice, we observe that FDC networks in
CD2487 mice do not form normally and lack the reticular, dendrite-like structure typical of FDCs. This

defect associates with a reduction in the functionality of the germinal centres.

Embryonic development of lymph node stroma occurs in a stepwise manner with progressive
upregulation of VCAM and ICAM on resident mesenchyme. In the adult stroma, recent work has
established links between different stromal cell subtypes; Jarjour et al. (2014) used a fate mapping
technique to discover that marginal reticular cells are able to differentiate to follicular dendritic cells
in response to immune challenge. Contrasting evidence shows that FDC in the spleen derive from

ubiquitous perivascular precursors, likely to be pericytes (Krautler et al., 2012).
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Chapter 1. Introduction

1.1. Structure and function of Secondary lymphoid organs

1.1.1 Secondary lymphoid organs

Secondary lymphoid organs (SLOs) represent the hub of the adaptive immune response. SLOs include
the spleen, lymph nodes (LN), Peyer’s patches in the gut, tonsils and other mucosa-associated
lymphoid tissue (MALT) (Goodnow, 1997, Butcher et al., 1999, Butcher and Picker, 1996). SLOs are
distributed throughout the body, but a large number are found concentrated in areas where antigen
is likely to be encountered, for example at mucosal sites. SLOs hold a network of fibroblasts, vessels
and nerves that embeds the large mobile leukocyte component and support the functions of immune
surveillance and response to noxious agents (Mebius, 2003, Roozendaal and Mebius, 2011). This
elegant organization shapes SLOs in a highly conserved and regulated process that largely occurs, in
mice and humans, in the embryonic and early postnatal life (Randall et al., 2008, van de Pavert and
Mebius, 2010). SLOs evolved simultaneously with the development of an adaptive immune system in
vertebrates, with hundreds of LN being distributed at strategic sites, thereby providing a platform for
immune cell clustering at well-defined areas. This enables rapid and more efficient adaptive immune

responses that outpace pathogen replication, spread and therefore, pathology (Eberl, 2007).

Within the organs a high number of highly specialised cell types cooperate to achieve a specific
function, permitting specific interactions between leukocytes, resulting in a mature adaptive immune
response. In order to achieve this, the organs have a very specific anatomy with segregation between
the different leukocyte zones maintained by a number of different resident stromal cell populations
(Malhotra et al., 2013) . The chemokine gradients established by these stromal cells allow for efficient

trafficking of lymphocytes through the lymph nodes, allowing for the successful completion of the



immune surveillance role played by these organs. The importance of secondary lymphoid organs has
been extensively demonstrated in initiating and maintaining an antigen specific response to immune

challenges (Mueller and Germain, 2009, Roozendaal et al., 2009).

1.1.2 Immunological function of SLOs

The specific function of the particular SLO appears to be dependent on the anatomical location of the
organ. For example, the spleen is understood to mount an immune response against blood born
infections (Singer, 1973, Diamond, 1969, Evans, 1985), whereas antigens found in lymph nodes are
drained from the local environment. It is understood that the presence of lymph nodes is essential for
the induction of an adaptive immune response, as mice lacking these organs are known to be unable
to mount hypersensitivity reactions (Rennert et al., 2001) or fight LCMV infections (Ochsenbein et al.,
2001). More recent understanding of the genetics involved in the development of the organs and of
the lymphocytes lead to the appreciation of the fact that T cell responses are maintained in the
periphery in mice without lymph nodes. Similarly, mice which lack the T cell lymph node homing
chemokines CCL19 and CCL21 (Paucity of lymph node T cell mutation (plt) mice) have been shown to
be able to produce robust CD4+ T cell responses, as indicated by the production of IL-2. These
responses are slightly delayed in response to contact sensitisation with picryl chloride and also in
response to subcutaneous chicken OVA immunisations, although these responses are maintained for
a prolonged period, resulting in a decrease in resolution (Mori et al., 2001, Yasuda et al., 2007).
Accordingly, in plt mice, CD8+ cytotoxic T cells are able to be primed to respond to infection outside

of SLOs (Junt et al., 2002, Hofmann et al., 2010).

Unlike T cell responses, the humoral immune response is entirely dependent on the presence and full
functionality of SLOs. Mice with a genetic defect resulting in defective SLOs formation, despite normal

bone marrow development and normal naive B cell production, are unable to produce antigen-specific
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class-switched antibody responses to various challenges, including herpes simplex virus (HSV) and KLH
antigen (Miyawaki et al., 1994, Banks et al., 1995). Antigen specific humoral responses to NP-CGG
immunisation with alum adjuvant has also been shown to be dependent on the presence of SLOs, as
indicated by studies investigating the LTBR-/- mice, that lack functional lymph nodes but maintain a

disorganised spleen (Futterer et al., 1998).

The presence and function of SLOs is essential for the establishment of antibody response as adoptive
transfer of WT leukocytes into mice completely lacking all SLOs (the LTa-/- mouse) is unable to
recapitulate the B cell responses and form germinal centres (Fu et al., 1997, Fu et al., 2000). This
defective B cell response has been shown to be due to the lack of the SLOs as there are circulating
immature B cells in the LTa-/- mice, indicating that these B cells are still able to produce antibodies.
Expression of an IgM+ BCR is a prerequisite for the egress of immature B cells into the periphery,
therefore if B cells can be detected in the circulation, the cells must have the intrinsic ability to produce

antibody (Greter et al., 2009).

A number of studies have indicated that in mice unable to develop lymph nodes (LTa-/- mice, which
will be discussed in detail) due to a defect in the inducer cells, the ability to clear viral infections is not
completely compromised. This is due to these mice maintaining the ability to develop inducible
lymphoid structures (or tertiary lymphoid structures; TLS) which can support germinal centre
reactions. This data indicates that a different mechanism governs the development of TLS and SLO

(Lund et al., 2002, Lee et al., 2000, Moyron-Quiroz et al., 2004).



1.1.3 Segregation of lymphocyte zones

Lymph nodes have a defined structure which allows for their efficient function. The kidney-shaped
organs consist of an outer cortex and an inner medulla, for a diagram of the lymph node structure,

see figure 1.1.
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Figure 1.1 Schematic representation of the structure of a lymph node, depicting the cardinal
features of the organ. Adapted from (Aloisi and Pujol-Borrell, 2006, Butcher and Picker, 1996)

LNs are connected to the cardiovascular system via afferent and efferent blood vessels which enter
and leave the organ in the medullary region, leading into the medullary sinus. As well as being
connected to the blood circulation through these large vessels, smaller capillaries also pass through

the paracortical zone; these are referred to as high endothelial venules (HEVs). HEVs have specialised

4



endothelium that promote leukocyte trafficking by upregulation of adhesion molecules, especially
VCAM-1 and ICAM-1 and expression of chemokines, such as CCL19, CCL21, CXCL12 and CXCL13 that
attract naive lymphocytes into the lymph node (Mueller and Germain, 2009, Girard and Springer,
1995). LNs are also connected to the lymphatic vasculature via afferent and efferent lymphatic vessels.
The afferent lymphatic vessel opens into the subcapsular sinus, located in the cortex; just below the
capsule of the organ; and the efferent lymphatic exits the organ from the medulla (von Andrian and
Mempel, 2003). The cortex of lymph nodes is the location of maintenance of naive lymphocytes,
allowing for lymphocyte maturation in the presence of an immune stimulus. In the paracortical area
of medullary follicles, the dominant leukocyte cell type is the T cell. The outer cortex of the LN is
arranged into follicles containing B cells. These follicles can be primary follicles containing mainly naive

B cells, or secondary follicles which contain germinal centres.

1.1.4 Germinal centre structure and function

B cells develop in the bone marrow from hematopoietic stem cells (Kondo, 2010). These cells first
undergo positive selection assessing the binding of the B cell receptor (BCR) to the ligand, and BCRs
that are not able to bind undergo “death by neglect” (Martensson et al., 2010, LeBien and Tedder,
2008). A negative selection step then eliminates self-reactive BCRs by triggering apoptosis in cells that
bind self-antigens with high affinity (Sabouri et al., 2014). Immature B cells generated by these
processes enter the circulation and travel to SLOs where they undergo the reprogramming that is the
main function of the germinal centre. This reaction results in the generation of cells capable of

producing high-affinity class-switched antibodies (Nossal, 1994).

Germinal centres form in follicles rich in IgM*lgD* naive B cells. The germinal centre is segregated into

two major structures based on their different histology. These are described as the light zone (LZ) that



includes FDCs and T follicular helper cells (Tex cells) and the dark zone (DZ) that consists of proliferating
B cells. Cells in the light zone and the dark zone are referred to as centrocytes and centroblasts,

respectively.

The initiation of the germinal centre reaction begins with mature B cells encountering antigen within
the B cell follicle (Batista and Harwood, 2009). These activated B cells then travel to the border of the
B cell follicle via CCR7 upregulation in order to seek a cognate antigen-specific T cell (Okada et al.,
2005, Qi et al., 2008, Garside et al., 1998, Reif et al., 2002). The interactions between these cell types
via CD40 on the B cells and CD40L on the Tgy cells results in B cell proliferation, driving the formation
of the GC (Foy et al., 1994, Han et al., 1995). The cells with the highest antibody specificities move to
medullary chords and do not enter the germinal centre reaction, but differentiate into plasmablasts,
a short-lived cell type capable of secreting low affinity antibodies which have not undergone somatic
hypermutation (Jacob and Kelsoe, 1992). It appears that the B cells with the highest affinity antibodies
preferentially differentiate into these plasmablasts, which upregulate CXCR4, and downregulate
CXCRS5, allowing the cells to traffic towards CXCL12 expression, moving to the interfollicular space, or
the splenic marginal zone (Paus et al., 2006, O'Connor et al., 2006, Chan et al., 2009, Hargreaves et al.,
2001). A subset of the remaining B cells which have received the T cell help then enter into the GC
reaction. It appears that of this subset, only those B cells with the highest relative antibody affinity are
able to access the GC, thanks to interclonal competition for the signals provided by the T cells (Dal
Porto et al., 2002, Shih et al., 2002, Schwickert et al., 2011). Therefore, the multiple different B cell
clones that are generated by the GC reaction is established in advance of the formation of the
structure itself (De Silva and Klein, 2015). Upregulation of EBI2 (Epstein-Barr virus induced molecule-
2, or GPR183), leads to movement of naive B cells to the extrafollicular space, where they encounter
their cognate Tgy cells. This molecule is then downregulated, allowing for the B cells to transport into

the germinal centre (Gatto et al., 2009, Pereira et al., 2009).



Two-photon intravital microscopy has revealed that upregulation of the master regulator of the
germinal centre for both the T and B cells; B cell ymphoma 6 (Bcl-6), occurs within one day following
immunisation on the Ty cells, although this marker can only be observed on the antigen-engaged B
cells at 2 days post-immunisation (p.i.) (Kitano et al., 2011, Kerfoot et al., 2011, Baumjohann et al.,
2011). Expression of Bcl-6 occurs after the upregulation of the lymphocyte activation factors GL-7 and
Fas (Kitano et al., 2011). Upregulation of this factor has been shown to essential to allow migration of
the B cells into the developing GC, this migration appears to be controlled by controlling the
upregulation of EBI2 (Kitano et al., 2011). The earliest point at which developing GCs can be visualised
by standard microscopy techniques is at 4 days after immunisation, when rapidly dividing B cell blasts
are observed in the B cell rich areas of the SLOs (MacLennan, 1994). The structure grows as the
number of B cell blasts increases, from 5 — 7 days post immunisation, when the germinal centre
establishes its final organisation with two major microenvironments (Victora and Nussenzweig, 2012).
These two structures were identified based on their different histological appearances, the light zone
(LZ) and dark zone (DZ). The dark zone consists of rapidly proliferating B cells known as centroblasts
with densely packed nuclei resulting in the dark appearance when examined under the microscope.
These centroblasts downregulate their surface expression of immunoglobulins (Nieuwenhuis and
Opstelten, 1984). The light zone is so called as the cells are less densely collected, and the B cells found
in this region are known as centrocytes. Centrocytes tend to be smaller than centroblasts, with a more
irregular nuclear morphology. Functionally, light zone centrocytes are characterised by the expression
of the activation markers CD80 and CD86, upregulated cell surface immunoglobulin expression, low
levels of CXCR4, but high CXCR5 expression (Allen et al., 2004, Caron et al., 2009). Upregulation of
CXCR4 on centrocytes enables the movement of the centrocytes into the CXCL12+ dark zone to
become centroblasts (Bannard et al., 2013). Stromal cell which express CXCL12 (CXCL12-expressing
reticular cells, CRCs) have been recently identified in the dark zone. These cells are fate mapped by
both CCI19 and CD21-cre mice (Rodda et al., 2015). The light zone is defined by the presence of FDCs,

as well as containing Ty and macrophages (Victora and Nussenzweig, 2012).
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The main functions of the germinal centre reaction are somatic hypermutation (SHM) and class switch
recombination (CSR). Circulating naive B cells express mainly IgM and some IgD, as these are the first
segments in the heavy chain locus (Stavnezer et al., 2008). The heavy chain exons of the
immunoglobulin domains are organised in order, from the IgM cluster (Cu) to the IgA cluster (Ca). In
mice, these clusters are organised in a specific order; Cuy, C5, Cy, Ce and Ca, corresponding to
immunoglobulins which are therefore expressed in the order IgM, IgD, IgG, IgE and IgA (Xu et al.,
2012). In order for the other immunoglobulin subtypes to be expressed, the Cu and C6 subunits must
be excised from the immunoglobulin heavy chain (Stavnezer et al., 2008). This recombination occurs
via the action of activation induced cytidine deaminase (AID). This enzyme acts on the S regions found
between each exon of the heavy chain locus, converting the cytosines to uracils (Muramatsu et al.,
2000, Revy et al., 2000, Chaudhuri et al., 2003). The repair of this uracil residue results in the
generation of single strand breaks (SSBs) by the base excision repair (BER) pathway. These SSBs are
converted to double strand breaks (DSBs) by the mismatch repair pathway (MMR) in the S regions,
which are then recombined, resulting in intrachromosomal DNA recombination (Dickerson et al.,
2003, Pham et al., 2003, Stavnezer et al., 2008). AID is also involved in the process of SHM, whereby
the antibodies undergo mutations in order to develop higher antigen affinity and specificity. The
hypermutations are generated in the hypervariable region of the immunoglobulin genes, whereby AID
deaminates the deoxycytidine bases in both the heavy and light chains. These bases are then excised
by the action of uracil DNA glycosylase (UNG), and the “gaps” generated by this reaction are replaced
by an error-prone DNA polymerase, resulting in random insertions and therefore high mutation rates
in the variable regions changing the BCR affinity and specificity (Gearhart and Wood, 2001). Both of
these reactions occur during the rapid proliferative phase of the dark zone of the germinal centre. The
mutated cells then traffic to the light zone and encounter the immune complexes displayed on the
surfaces of the FDCs, where the BCR is tested for antigen affinity and specificity, as the random
mutations are not guaranteed to increase the specificity of the antibodies (Gatto and Brink, 2010). The

centrocytes also receive co-stimulatory signals via the MHC complex from cognate Tgy cells (Victora
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and Nussenzweig, 2012). If these processes are not separated by the polarisation of the dynamic
structure of the GC, it is understood that the accuracy of the selection is compromised (De Silva and

Klein, 2015, Victora et al., 2012).

Selected high affinity B cells display the highest density of BCR on their surface, thus allowing strongest
and longest-lasting functional contacts with the Ty (Victora et al., 2010, Shulman et al., 2014). The B
cells that receive the greatest T cell help in the light zone undergo higher number of replication rounds
as compared than their competitors when returned to the dark zone (Gitlin et al.,, 2014). This
proliferation results in higher levels of mutation, favouring the generation of a large pool of polyclonal
BCRs, all with high affinities for the antigen very rapidly following GC initiation (Di Noia and Neuberger,
2007, De Silva and Klein, 2015). The selection pressure created by the assistance of Tey is
complemented by antigen masking of the antigen displayed on FDCs, where the early antibodies
produced by plasma cells bind to the antigen on the FDCs, preventing all but the highest affinity, newly
generated BCRs to be able to bind. This allows the GC to maintain a selection pressure on the BCRs,

leading to antibody affinity increasing over time (Zhang et al., 2013).

Once the B cells have undergone the GC reaction and are able to express high levels of high-affinity,
class-switched antibodies, the cells differentiate into either plasma cells or memory B cells (Gatto and
Brink, 2010). Memory B cells generated by the GC reaction persist in the lymphoid tissues for
prolonged periods of time. Upon secondary encounter of the antigen, these memory cells are able to
proliferate rapidly and secrete high levels of antigen-specific antibodies (McHeyzer-Williams et al.,
1991). The class-switched memory B cells have been shown to be capable of differentiating to plasma
cells during a secondary immune response (Dogan et al., 2009). The plasma cells generated by the GC
reaction are distinct from the plasma cells that are generated before the formation of the GC reaction,
as these cells have undergone high affinity maturation. Differentiation of GC B cells into the plasma

cell lineages is completely dependent on the actions of B lymphocyte-induced maturation protein-1



(Blimp-1) (Piskurich et al., 2000, Schliephake and Schimpl, 1996). This marker is suppressed by Bcl-6
during the GC reaction, and the differential expression of these two markers contributes to the
generation of the two distinct mature B cell subsets (Angelin-Duclos et al., 2000, Shaffer et al., 2000).
The long-lived plasma cells reside in the bone marrow and can be persist for up to 90 days after
immunisation and are capable of secreting high titres of the high affinity antibodies (Manz et al., 1997).
The factors governing whether the B cells continue to express Bcl-6 and become memory B cells, or
whether they upregulate Blimp-1 and become plasma cells are currently unclear (Zhang et al., 2016).
There is some evidence that the GC B cells with the highest affinity BCR preferentially differentiate
into plasma cells, rather than the memory B cells (Phan et al., 2006, Smith et al., 1997). There are also
indications that costimulatory signals via the complement receptor 2 (CR2) are able to stimulate
plasma cell differentiation, although CR2-/- mice are still able to produce high affinity antigen-specific
antibody responses (Gatto et al., 2005). Memory B cells can also be generated independently of the
GC reaction (Takemori et al., 2014). CD40L+ memory T cells can promote the differentiation of B cells
into a memory phenotype, by upregulating CD80 and CD273 (PDL2) (Zuccarino-Catania et al., 2014,
Casamayor-Palleja et al., 1996). However, the exact mechanisms governing whether dark zone
centroblasts exit the GC as plasma cells of memory B cells, or whether the cell recirculate through the

GC to undergo further affinity maturation have yet to be resolved.
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1.2 Embryonic development of secondary lymphoid organs

The location and organisation governing the development of SLOs is closely regulated during
embryological development. This development has been investigated closely at various stages of the
development of the embryo, and the stages at which various genes are essential for this development
have been established using a number of knockout mice (Mebius, 2003). These studies have shown
that the cross-talk between two cell types, the hematopoietic lymphoid tissue organiser cells (Lti cells)
and the mesenchymal stromal organiser cells (Lto cells), via LTalB2 and LTBR is critically important for

SLOs development. These interactions are further discussed in the next section.

1.2.1 Lymphoid tissue inducer cells and lymphoid tissue organiser cells

In order to develop a number of secondary lymphoid organs (LNs), such as lymph nodes, Peyer’s
patches (PPs)and inducible lymphoid follicles (ILFs), the actions of two cell types have been shown to
be very important: CD45"CD4*CD3" hematopoietic lymphoid tissue inducer (LTi) cells (Eberl et al.,
2004) and stromal organiser (LTo) cells (Cupedo et al., 2009). These cells are the earliest cell type
found within the developing anlage (Mebius, 2003). The interactions of the LTi and LTo cells governed
by the cross-talk between the LTalB2-expressing hematopoietic cells and the LTBR+ stromal organiser
cells has been shown to be essential in the formation of all secondary lymphoid tissues, including the

lymph nodes (van de Pavert and Mebius, 2010).

Common lymphoid precursors (CLPs) CD45+KIT™ |L.-7Ra+CD3-CD4- expressing a4B7 integrin in the
foetal liver have been shown to give rise to LTi, which appear to be more closely related to NK cells
than to T cells, although the progenitor can differentiate to any of these cell types (Yoshida et al.,
2001, Mebius et al., 2001, Spits and Di Santo, 2011, Cherrier et al., 2012, Mebius et al., 1996). The
transcription factors that have been shown to be important in the generation of these cells, including
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Runx1 (Tachibana et al., 2011), 1d2 (Yokota et al., 1999), Tox (Aliahmad et al., 2010) and TRANCE,
although to a lesser extent (Kong et al., 1999). Expression of other transcription factors have been
shown to be important at other stages of the Lti development, for example, in Id2-deficient mice, the
numbers of a4f7 CLPs is significantly reduced, indicating that this signalling is essential for the
upstream generation of the LTi precursors, by encouraging suppression of the expression of E2A-
encoded proteins to allow for the development of these precursors (Boos et al., 2007). However, the
most important transcription factor associated with the development of Lti is RORyt. During
embryological development, this transcription factor has been shown to be exclusively expressed in

these LTi cells, and essential for the production of this cell type (Eberl et al., 2004, Sun et al., 2000).

These cells are understood to persist into adulthood, where they have been identified as part of the
novel an innate lymphoid cell subtype, the RORyt+ innate lymphoid cells (ILC3s) (Sonnenberg and
Artis, 2015). Notch ligand engagement is also required to generate a4p7+ CLPs, the RORyt- 1d2+ LTi
precursors. However, if this Notch signalling is prolonged, half of the cells which derive from these
precursors become T cells. If Notch signalling is inhibited, the majority of a4B7+ precursors become
the RORyt+ LTi cells (Cherrier et al., 2012). The expression of the transcription factor RORyt has been
conclusively demonstrated to be essential for the maturation of the LTi cells from their circulating

precursor and, in absence of RORyt, lymph nodes do not form (Eberl et al., 2004).

The lymphoid tissue organisers (LTo) are stromal cells, descended from a tissue-resident mesenchymal
precursor. LTo expand in response to the influx of LTi cells, due to the engagement of VCAM-1
expressed on the LTo cells, and in turn contribute to further infiltration of the LTi cells. The incoming
LTi cells provide the LT signal required to maintain these cells (White et al., 2007). Utilizing a CCL19
Cre dependent LTBR ablation (Ccl19-cre x Ltbrfl/fl mice), Ludewig and colleagues have recently shown
that CCL19+ myofibroblastic stromal cell precursor cells can develop basic LN infrastructure even in

absence of LTBR triggering (Chai et al., 2013). Nonetheless, fibroblastic LTo cells require LTBR signalling
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to reach full maturation and immunological competence that includes strong expression of ICAM-1,
VCAM-1, CCL19, CCL21, IL-7 and RANKL (Benezech et al., 2010, Chai et al., 2013, Vondenhoff et al.,
2009). Embryonic LTo cells in PP, mesenteric and peripheral LN show transcriptional differences as
well as differential cellular and molecular requirements suggesting that LTo responsible for the

aggregation of different lymphoid tissues are not uniform (Yoshida et al., 2002, Cupedo et al., 2004).

1.2.2 Embryological development of lymph nodes

Development of lymph node begins during embryogenesis at around mouse embryonic day 9.5
(Mebius, 2003). Importantly, the initiation of lymph node development has been shown to happen in
a sequential manner, progressing from the anterior to the posterior side of the developing embryo
(Yoshida et al., 2002). The mesenteric lymph node developing earliest, with the initial structures
observed at E11, whereas the popliteal lymph node has been shown to begin to develop last, at E16

(Rennert et al., 1996).

The initial step in the development of the stromal lymph node compartment is the initial attraction
of circulating IL-7Ra+ LTi cells out of the early vessels to develop the early clusters of cells. This initial
attraction has been shown to occur in the absence of LTalB2 or the LTalP2, as the surrounding
mesenchyme is able to upregulate ICAM-1 and VCAM-1, CXCL13 and IL-7, regardless of the presence
of the LT stimulation (Yoshida et al., 2001, Vondenhoff et al., 2009, Eberl et al., 2004, Coles et al., 2006,
Benezech et al., 2010). Nonetheless, LTalB2 is required for the further up-regulation of adhesion
molecules and the production of lymphoid chemokines in a process that is dependent on the

activation of the alternative pathway of the NF-kB cascade (Mebius, 2003, Randall et al., 2008).

The origin and identity of the signals that induce specification of the mesenchymal progenitor cells

prior to LTi arrival remain largely unknown. The current evidence appears to indicate that the signals

13



which initiate the development of the anlage are produced by cells resident in the location in which
the LN anlage will begin to develop. It is clear that a close anatomical and functional connection
between immune cells, mesenchyme and vascular structures is critical for the establishment of the
anlage. For example, these organs have been shown to preferentially develop at the sites of large
blood vessel branching where nerves are also developing (Yoshida et al., 2001). There is evidence that
the retinoic acid (RA) derived from developing nerves, or possibly from the Lti cells, is able to induce
the expression of CXCL13 in the local mesenchymal stem cells (van de Pavert et al., 2009). The
production of retinoic acid from vitamin A is dependent on the action of the irreversible enzymes
retinal dehydrogenases (RALDHs). Accordingly, RALDH2 has been shown to be essential in embryonic
lymph node development, with RALDH2-/- mice unable to form the initial clusters of Lti cells which go

on to develop into the LN anlage (van de Pavert et al., 2009).

This expression of CXCL13 by mesenchymal stem cells (MSCs) at the site of the developing lymph node
anlage (Ohl et al., 2003) has then been shown to be able to attract CD45*CD4*CD3" IL-7Ra’ LTi out of
peripheral blood vessels. These CXCL13 expressing MSCs are the proposed precursor of stromal
organiser cells (LTo) (Luther et al., 2003). There is also evidence that these precursors express IL-7Ra,
and that engagement of this receptor contributes to the induction of the expression of the LTa1f32 on
the LTis (Yoshida et al., 2001, Yoshida et al., 2002, Honda et al., 2001). The local endothelium has also
been shown to express other markers involved in attracting the LTi cells to the developing lymph node
anlage, such as CCL21 (Ohl et al., 2003). These endothelial cells are also able to express LTBR, which
has been shown to be important in controlling the location of peripheral lymph node development
(Onder et al., 2013). There is evidence that the expression of VCAM-1 is essential for retaining the LTi
cells in the developing anlage allowing the increase in cell number. The interaction with VCAM-1 is
dependent on the expression of active B1 integrin, which appears to be dependent on CXCL13 binding
to CXCR5 on the CD3-CD4+CD45+ LTi cells, as CXCR5-/- embryos reveal significant reductions in the

VCAM-1+ clusters associated with LN development (Finke et al., 2002). This binding of CXCR5 to
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CXCL13 has been shown to initiate a conformational change in B1 integrin on the stromal cells, which
appears to be essential to promoting the binding of VCAM-1 with LTBR also expressed on the stromal
cells (Finke et al.,, 2002). The importance of this interaction has been further demonstrated in
transgenic mice overexpressing CXCL13, which can induce development of lymphoid tissues in extra-
lymphoid locations. This development is still dependant on LTBR signalling, indicating that the action
of CXCL13 is able to induce sufficient LTalP2 expression (Luther et al., 2000). Other lymphoid
chemokines such as CXCL12, CCL19 and CCL21 are also able to induce formation of lymphoid
aggregates, with CCL21 producing the most highly organised aggregates (Chen et al., 2002, Fan et al.,
2000, Luther et al., 2002). However, mice deficient for the receptor of these chemokines, CCR7,
develop lymph nodes normally, indicating that neither CCL19 nor CCL21 are essential for the formation
of lymphoid tissue (Nakano et al., 1997, Gunn et al., 1999, Vassileva et al., 1999, Luther et al., 2002,

Forster et al., 1999).

LTa132 has been shown to binds specifically to LTBR, while TNFa. and LTa3 bind to the TNF receptors
TNFR1 and TNFR2 (Mebius, 2003, Randall et al., 2008). The importance of activation of LTBR signalling
cascade in lymphoid formation has been shown by the complete absence of LN in knockout mice
lacking components of this pathway (Futterer et al., 1998, De Togni et al., 1994, Banks et al., 1995,
Alcamo et al., 2002). LTBR can be also bind to LIGHT (Blum and Pabst, 2006). This ligand is less
important in controlling lymph node development, as LIGHT-/- mice have been shown to develop the
majority of secondary lymphoid organs normally, although there is evidence that the mesenteric
lymph node development is disrupted (Scheu et al., 2002) The combined activation of TNF receptors
and LTPBR signaling pathways leads to the activation of both the canonical and non-canonical NF-kB
pathways. LTBR signalling via the NIK-dependent non-canonical pathway is known to regulate the
expression of various chemokines, such as CCL19/21, CXCL13, survival factors (BAFF), whilst activation
of the degredation of IkB proteins in the canonical NF-kB pathway is required for the production of

adhesion molecules such as VCAM-1, MadCAM and ICAM-1 (Dejardin et al., 2002, Drayton et al., 2006,
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Katakai et al., 2004, Katakai et al., 2008, Yoshida et al., 2002, Ruddle and Akirav, 2009). The activation
of the non-canonical pathway, as indicated by expression of NIK and the transcription factor RelB, is a
specific requirement for the activated mesenchyme to mature in a lymphoid tissue organiser cell (LTo)

(Mebius, 2003, Randall et al., 2008, Roozendaal and Mebius, 2011).

Maturation of the LTos facilitates, in turn, further attraction and retention of more LTi cells through
the binding of CXCR5, CCR7, a4f1, a4P7 and LTa1P2 to their respective ligands (Randall et al., 2008,
Roozendaal and Mebius, 2011). These steps coincide with the invasion of the endothelial bud by the
surrounding mesenchyme (Benezech et al., 2010, Cupedo and Mebius, 2005, White et al., 2007,
Peduto et al.,, 2009). The physical interaction between hematopoietic LTi and stromal LTo cells
establishes a positive feedback loop that reinforces the formation of the cluster and leads to the
stabilization of the anlagen with vascular differentiation, development of HEVs and eventually
attraction and compartmentalization of mature lymphoid and myeloid cells (Randall et al., 2008, van

de Pavert and Mebius, 2010, Roozendaal and Mebius, 2011).

Other members of the TNF superfamily are also involved in the full development of lymph nodes. The
hierarchy of requirement of these family members in physiological lymphoneogenesis is clear with
LTo—/- mice, which lack both LTa3 and LTalB2 expression, and which gives the most severely affected
phenotype, characterized by lack of all LNs and PPs, and disorganized splenic white pulp (Banks et al.,
1995, De Togni et al., 1994). In contrast, LTB—/- mice which specifically lack LTa1B2 function alone,
retain mLNs and cervical LNs, and their splenic defects are less pronounced than those of LTa—/- mice
(Alimzhanov et al., 1997, Koni et al., 1997). A similar phenotype is observed in pregnant mice treated
with LTBR-Ig fusion protein, whose progeny lack most peripheral LNs, but retain mLNs (Rennert et al.,
1997, Rennert et al., 1996, Rennert et al., 1998). Receptor activator of NF-kB ligand (RANKL, otherwise
known as TRANCE), which is known to signal via TRANCER, is also understood to play a role in the

development of lymph nodes. Knockout mice lacking either the receptor or ligand completely lack all
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lymph nodes, although the development of other mucosa-associated lymphoid tissue continues as
normal (Kong et al., 1999, Dougall et al., 1999, Kim et al., 2000, Harmsen et al., 2002). TRAF6 is an
essential component of this signalling pathway, and Traf6-/- mice are also unable to develop lymph
nodes (Naito et al., 1999). Engagement of TRANCER has been shown to cause upregulation of LTal12,
although it is understood to have another role in lymph node organogenesis as addition of LTBR

agonist in utero is unable to recapitulate the development (Kim et al., 2000).

In SLOs, the resident mesenchyme is unable to maintain the durable production of survival factors and
chemokines if TNFR or LTBR engagement is missing and only a few disorganised LN form in LTa-/- or
LTBR-/- mice (Futterer et al., 1998, Chai et al., 2013). Accordingly, the prolonged treatment of adult
wild type mice with LTBR-Fc leads to de-differentiation of FDC and HEV and reduced lymphocyte

compartmentalization (Browning et al., 2005).

1.2.3 Development of the lymphatic system

The formation of the lymphatic endothelium early lymph sacs budding from the pre-existing vessels
was originally described over 100 years ago (Sabin, 1902, Sabin, 1904). These observations were then
not able to be further proved until relatively recently. The established model for the formation of
lymph sacs is that the endothelial cells which make up the wall of the surrounding blood vessels begin
to form a bud. The location of this developing bud can be identified by expression of Prox1 on the
vessel endothelial cells which is first observable at about embryonic day 9.5. this expression becomes
increasingly polarised as the bud forms and eventually the lymph sac separates completely from the
blood vessel (Wigle and Oliver, 1999). The lymphatic vasculature then develops from these buds by
sprouting of the lymphatic vessels (Bailey and Weiss, 1975, Eikelenboom et al., 1978). The lymph sac

then wraps around the developing lymph node anlage at around E18.5, inverting the mesenchymal LN
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anlage and endothelial lymphatics (Benezech et al., 2010). These two separate cell types can be
identified by their differential expression of gp38 on the endothelium and PDGFRa, fibronectin and
ER-TR7 on the mesenchyme (Benezech et al., 2010). The anlage is separated from the outer layers of
fibroblastic cells by a thin Perlecan+ basement membrane (Peduto et al., 2009, Benezech et al., 2010)
Interestingly, LN development is associated with but not fully dependent on a functional lymphatic
vasculature network. Prox-1""" and Prox1 conditional mutant embryos fail to form mature LN but
develop a hypoplastic anlagen and small LTi clusters in areas of activated mesenchyme (Vondenhoff
et al.,, 2008b). Similarly, Clec-2 knockout mice, that exhibit a defect in lymphatic endothelial cell
proliferation late in embryogenesis, form hypoplastic LNs with a mixture of blood and lymphatic flow

and reduced LTi and LTo numbers (Benezech et al., 2014).

1.2.4 Final stages of lymph node development

After birth, the lymph node is a completely encapsulated organ, the structure of which has been
described in detail previously in this chapter. Expansion and development of the lymph node
continues post-partum and naive lymphocytes begin to infiltrate the organ, attracted by their
respective chemokine gradients. Naive T cells expressing CCR7 are attracted through the HEVs to the
T cell zone by expression of CCL21. As the HEVs develop further in adult life, the embryological LN-
specific phenotype develops due to the downregulation of mucosal addressing cell-adhesion molecule
1 (MADCAM-1) and the upregulation of peripheral node addressin (PNAD) (Mebius et al., 1996). B cell
traffic into the node is mostly dependent on CXCL12:CXCR4 interactions, with CXCL13 interactions

playing a more minor role (Ansel et al., 2000, Muller et al., 2003).

The T cells chemokines are produced in part by the T cell zone fibroblastic cells described later in this
introduction. Interdigitating dendritic cells within the lymph node are also able to produce CCL19 and

CCL21 to attract the T cells out of the circulation, as well as causing the influx of more DC from the
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circulation into the organ (Aloisi and Pujol-Borrell, 2006, Acton and Reis e Sousa, 2016). These DCs are
also involved in the dynamic maintenance of the lymphatic vasculature, and interactions between the
DCs and the HEVs are essential to support the phenotype of these cells. In the absence of DCs and the
LTPBR signals they provide, the endothelium has been shown to lose the HEV phenotype and is unable
to support leukocyte migration (Moussion and Girard, 2011). Importantly, this expression of LTBR has
been shown to be able to induce endothelial transformation to HEVs in ectopic sites, indicating an
intimate link between the cell types (Kratz et al., 1996, Fan et al., 2000, Luther et al., 2002, Chen et al.,
2012). Dendritic cells may also be found within the germinal centre (GCDC), and these cells are able
to produce the CXCL13 required for B cell homing to the follicles and subsequent GC formation (Vissers

et al., 2001).

The influx of these leukocytes is able to support the further development and maturation of the lymph
node stromal cells. The leukocytes produce LTalp2, which acts on the LTBR previously established as
being an essential interaction involved in the maintenance of the lymphoid tissue (Ware, 2005). The
positive feedback loop developed by this interaction ensures that high expression of the chemokine
and its receptor results in high expression of the downstream products of this signalling cascade,
including adhesion molecules and lymphoid chemokines, ensuring dynamic maintenance of the

structures (Ansel et al., 2000, Vondenhoff et al., 2009, Oeckinghaus et al., 2011)

Another important feature of the lymph node which develops postnatally is the sub capsular sinus
(SCS). This channel surrounds the periphery of the lymph node, and the afferent lymphatics empty
into this channel. Macrophages line the floor of this channel and function to capture and transport
the small antigens which travel in the lymph fluid towards the lymph node into the B cell follicles,
allowing antigen-specific immune responses (Junt et al., 2007, Kuka and lannacone, 2014, Gray and

Cyster, 2012).
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1.2.5 Peyer’s patch development

The molecules involved in the development of these organs are similar to those of the development
of lymph nodes but with a few notable differences. Peyer’s patch development is a three step process
that was examined extensively by whole mount immunohistochemistry by (Adachi et al., 1997). This
group identified spots of VCAM-1 expression, which could be observed in co-localisation with ICAM-
1 expression at embryonic day 15.5 within the intestine at site of PP development (Mebius, 2003). The
development of PP can be tracked progressing along the intestine, from the proximal end of the tissue
to the distal end (Adachi et al., 1997). Administration of either LTaR Ig-fusion protein or a blocking
antibody against IL-7R has been shown to be able to inhibit the formation of these “spots”, resulting
in a lack of Peyer’s patches in the adult mouse (Rennert et al., 1996, Yoshida et al., 1999). IL-7 receptor
signalling pathway components have been shown to be essential for the full development of Peyer’s
patches (Cao et al., 1995, Park et al., 1995, Ansel et al., 2000, Adachi et al., 1998). When IL-7-/- mice
are engineered to overexpress IL-7 in the gut alone, new Peyer’s patches can develop in the adult
mouse (Laky et al., 2000). The second stage of Peyer’s patch development begins at E16.5, and consists
of the initial spots of adhesion molecules being colonised by hematopoietic cells which can express
CD4 and IL-7R. These cells exhibit a random pattern of migration before their aggregation into the
Peyer’s patch primordia, with a receptor tyrosine kinase (RET) ligand being shown to be a strong gut
hematopoietic cell attractant (Veiga-Fernandes et al., 2007). Once these initial cells invade the early

regions, this step is followed by lymphocyte infiltration (Adachi et al., 1997).

1.2.6 Spleen development

More ancient evolutionarily than LNs is the spleen that, together with GALT (gut-associated lymphoid
tissue), represents the oldest SLO. The spleen is present in bony fish, amphibians and reptiles,

although the organisation of these organs is less complex than that observed in mammals (Boehm et
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al., 2012, Brendolan et al., 2007). Due to the different structure of the organ with different zones, the
development of the organ is more complicated than lymph node development. The murine spleen can
initially be observed as an anlage at embryonic day 10.5 as clusters of progenitors collecting within
the dorsal mesogastrium, closely associated with the dorsal pancreatic mesenchyme (Thiel and
Downey, 1921). This close association can make the two structures difficult to separate, with the
separate morphologies observable from E12.5. Recent investigations have revealed that various
transcription factors can be used to separate the cells of the two developing organs, with the splenic
primordia expressing TIx1 (otherwise known as HOX11), Bapx1 and Nkx2-5, among others (Roberts et
al., 1994, Dear et al., 1995, Tribioli et al., 1997, Tribioli and Lufkin, 1999, Kanzler and Dear, 2001).
Bapx1 has been shown to be essential for separating the developing spleen from the pancreatic cells,
and in the absence of this gene, the spleen remains in direct contact with the pancreas and the
structure is disorganised (Asayesh et al., 2006, Hecksher-Sorensen et al., 2004). Mice lacking TIx1 are
completely unable to develop spleens, although the animals are viable and do not appear to present
with any other developmental defects (Roberts et al., 1994, Dear et al., 1995, Kanzler and Dear, 2001).
The asplenia observed in these mice appears to be due to a deficiency in the mesenchymal cells to
proliferate once the initial clusters have formed (Dear et al., 1995, Brendolan et al., 2005).
Interestingly, recent work has established a potential link between splenic development and lymph
node development, as TIx1 has been shown to be able to control retinoic acid metabolism, a factor
hypothesised to be involved in lymph node development. This data indicates that inhibition of RA is

essential to allow splenic development (Lenti et al., 2016).

The development of the splenic white pulp cords, that starts at birth in mice (Endres et al., 1999, Fu
et al., 1998, Ngo et al., 2001, Vondenhoff et al., 2008a) and after 15 weeks of gestation in humans
(Timens et al., 1987) does not require LTi cells or LTa12 (Boehm et al., 2012, Brendolan et al., 2007,
Futterer et al., 1998, Sun et al., 2000). However, as observed in the LN, stromal cell maturation,

chemokine expression and lymphocyte compartmentalization still require LTa1B2 and, possibly TNFa
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(Coles et al., 2010, Coles and Veiga-Fernandes, 2013, Cook et al., 1998, Cyster et al., 2000, Mebius,
2003, Ngo et al., 1999, Randall et al., 2008). Those ligands are likely to be provided by B cells and, as a
consequence, B cell deficient mice display smaller spleens, with poorly developed T zones (Ngo et al.,
2001). In conclusion, spleen and LN development depend on different types of inducer cells, but show
a similar hematopoietic-mesenchymal cell interaction, which eventually leads to a similar pathway of

fibroblast maturation.
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1.3 Stromal cells in secondary lymphoid organs

Fibroblasts are ubiquitous cells found within many tissues. At a steady state, all organs of the body
contain fibroblasts that provide structure and mechanical strength, as well as contributing to the
production and maintenance of the extracellular matrix. Fibroblast phenotype and function greatly
differ between various anatomical sites, as shown by the extensive transcriptional differences
detected in fibroblasts isolated from different compartments or tissues in diverse locations of the body
(Chang et al., 2002). This specialisation is further enhanced by the specific ability of fibroblasts to
respond to a series of cytokines and inflammatory stimuli which increase fibroblast proliferative
capacity and induce functional adaptations to the environment (Buckley, 2011, Rinn et al., 2007,
Malhotra et al., 2012, Fletcher et al., 2010, Yang et al., 2014). The identification of different fibroblastic
cell types is based on their distinctive morphology and lack of markers specific to other cell types, such

as epithelial cells, and they also display plastic adhesive characteristics.

Mature SLOs are characterized by the complex anatomical organization of lymphocytes in segregated
areas. This is regulated by the specialization of resident stroma or fibroblastic reticular cells (FRC) in
functional subsets. FRCs are highly specialised and provide gradients of chemoattractants as well as
survival factors for specific leucocyte populations. FRC exist in distinct subsets, of which the ones to
be discussed in detail in this thesis include T cell reticular cells (TRCs), B cell reticular cells (BRCs),
follicular dendritic cells (FDCs) and marginal reticular cells (MRCs). These subtypes can be defined by
phenotype, anatomical location and function (Brown and Turley, 2015, Chang and Turley, 2015,
Mueller and Germain, 2009, Roozendaal and Mebius, 2011, Usui et al., 2012, Munoz-Fernandez et al.,

2006) (Figure 1.2).

There is some confusion in the literature about the terminology regarding these different stromal cell
populations, namely as to whether the term FRC refers to the total myofibroblastic lymphoid stromal

cells, or whether the FRCs are specifically the T cell zone reticular cells. In this thesis, the term TRC will
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be used to refer to the T cell zone fibroblasts, to differentiate between these cells and the BRCs, the
FDC and the MRC. However, these cell types appear to be intimately associated, with evidence of a
shared origin and the potential for these cells to mature from one subtype to another (Jarjour et al.,
2014). Fibroblastic reticular cells are the largest stromal cell population in the lymph node, and make
up between 20-50% of the non-hematopoietic component of the organ (Link et al., 2007, Fletcher et
al.,, 2011). The three-dimensional structure of the organ is dependent on the cell-cell contact
established by these FRCs, forming a network on which the leukocytes are able to migrate (Bajenoff
et al., 2006, Katakai et al., 2008). As well as these fibroblastic stromal cells, there are also a number of
endothelial cell types that contribute to the stromal cell population within the lymph node, including
blood endothelial cells (BEC), lymphatic endothelial cells (LEC) and high endothelial venules (HEV). The

distribution of these different stromal cell types is illustrated in figure 1.2.
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Figure 1.2 Diagrammatic representations of the stromal cell compartments in the lymph node. A)
An overview of the structure of the whole organ with more detailed areas colour-coded and depicted
in (B-D). Diagram taken from (Malhotra et al., 2013)
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The development of the fibroblastic components of the lymph node has been extensively studied,
both during early formation of the organ and during the extensive remodelling that occurs following
inflammation. To that end, a dual model of fibroblastic stromal cell development has been proposed,
whereby these cells can develop in utero, and can also be supplemented by cells developing in
response to inflammation (Fletcher et al., 2015). The total stromal component of the nodes is believed
to develop from the LTo precursor cells discussed previously. These cells are understood to be the
direct precursors of the MRC population (Katakai, 2012), and evidence is collecting that these MRCs
are the precursors of other stromal cell compartments, with links having been established between
the MRCs and FDCs (Jarjour et al., 2014). The development of other reticular cells, the BRC and TRC is
less well established, although they are hypothesised to develop from the LTo cells via a FRC precursor
(Fletcher et al., 2015). This two-step development of the FRCs has been demonstrated in mice with
abnormal NF-kB non-canonical signalling pathway, for example NF-kB2-/- and Ikka, as these mice are
able to initiate lymph node development, but these organs are hypoplastic and unable to attract and

retain B cells (Carragher et al., 2004, Drayton et al., 2004).

Novel evidence has indicated that the expansion of lymphoid stromal cells observed following immune
challenge is thanks also to de novo differentiation of mesenchymal precursors in the adult. Lymph
nodes have long been known to inhabit white adipose tissue (WAT), and the development of these
two organs have been shown to be intimately linked during embryogenesis. The localisation of these
fat pads is highly evolutionarily conserved (Benezech and Caamano, 2013, Pond and Mattacks, 2002,
Pond, 2003). Adipocyte differentiation has been extensively studied, and it is well-established that
mesenchymal stem cells differentiate to adipocytes via a pre-adipocyte intermediate. The pre-
adipocyte is a cell which is morphologically indistinct from its mesenchymal precursor, but have been
determined to differentiate to the adipocyte lineage (Rosen and MacDougald, 2006). This
differentiation is dependent on expression of CCAAT-enhancer-binding protein a (C/EBPa) and

proliferator-activated receptor y (PPARy) (Rosen and MacDougald, 2006, Suh et al., 2006). Expression
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of these factors has been shown to inhibit the action of osteoblast differentiation pathways such as
the action of PPARy in downregulating the RUNX2 expression required for osteogenesis (Akune et al.,
2004, Ali et al., 2005, Kawaguchi et al., 2005). Organs formed from mesenchymal cells have been
shown to maintain a population of multipotent stem cells which persist into adulthood — notably pre-
adipocytes in the adipose tissue and PDGFRa+Sca-1+ (PasS) cells in long bones (Houlihan et al., 2012).
Interestingly, although the division between adipose stroma and osteoblasts seems to be binary, the
adipose tissue and lymphoid stroma seem to be much more intimately linked. Recent publications
have indicated that the pre-adipocytes in the adult fat pad can be reprogrammed into a stromal cell
phenotype. The stimulation of the LtBR by a receptor agonist, alongside concurrent activation of the
canonical NF-kB pathway by TNF-a has been shown to be able to stimulate the cells to upregulate the
adhesion molecules VCAM-1 and ICAM-1 (Benezech et al., 2012). This upregulation occurs in a
stepwise manner, so the cells differentiate from a VCAM-ICAM- population through a VCAM™|CAM™
population and to a VCAM"ICAM" population. In the adult immune response, the fibroblastic cells of
the lymph node have been shown to consist of a number of cells derived from this pre-adipocyte
origin, with up to 60% of the total lymphoid stromal populations deriving from this pre-adipocyte
source (Benezech et al., 2012, Benezech and Caamano, 2013). This source of mesenchymal stem cells
in the adult gives a mechanism by which the lymphoid stroma is able to respond quickly to infection
and the nodes are able to expand, allowing for increased leukocyte influx and maturation. Signalling
via the LTPR has been shown to be essential for the development of FRCs, and the commitment of

these cells to the multiple lineages essential for lymph node function (Onder et al., 2013)
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1.3.1 Fibroblastic Reticular Cells (TRCs and BRCs)

T zone fibroblastic reticular cells (TRCs) classically inhabit the T cell cortex in lymph nodes and are
characterized by the expression of gp38/podoplanin, extracellular matrix proteins ERT-7 and collagen-
| and the lack of the vascular marker CD31 (Chai et al., 2013, Malhotra et al., 2012). TRCs are
responsible for the recruitment, retention and movement of naive T lymphocytes and DCs via their
expression of CCL19 and CCL21. This is a dynamic environment, with the T cells and DCs constantly
migrating around the zone, crawling over the TRC (Malhotra et al., 2012, Malhotra et al., 2013,
Bajenoff et al., 2006) The expansion and subsequent contraction that the lymph node in response to
immune challenge is also due to the contractile nature of the FRCs (Link et al., 2007, Katakai et al.,
2004, Malhotra et al., 2013). These cells are also responsible for the production of a number of
extracellular matrix components, which form the conduit network of the organ which allows for
transport of soluble antigens and other molecules throughout the lymph node parenchyma

(Roozendaal et al., 2009, Gretz et al., 2000, Malhotra et al., 2013).

Recruitment and maintenance of naive T cells from the circulation, into the T cell zone is dependent
on cytokines and chemokines produced by the TRCs. These cells produce CCL19 which binds to CCR7
expressed by naive T cells, to attract the lymphocytes out of circulation into the lymph node and retain
these cells within the T cell zone. These cells also produce IL-7 to promote survival of naive T cells
within the organ (Link et al., 2007). TRCs are intimately associated with a conduit system that supports
the structure of the lymph node. These conduits are essential for allowing the trafficking and
mobilization of soluble molecules within the lymph node. The penetration of the conduits deep into
the lymph parenchyma, ensures that migratory DC are able to access the entire T cell region of the
lymph node (Sixt et al., 2005, Gretz et al., 2000). Following immune challenge, the number of antigen-
loaded DCs infiltrating the lymph node increases via engagement of the CCR7 receptor on the DC by

the FRC-secreted CCL19 and CCL21 (ltano et al., 2003, Schumann et al., 2010, Marsland et al., 2005).
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Small antigens can also be carried within the lymph fluid, and these Ag are able to penetrate the organ

(Sixt et al., 2005, Itano et al., 2003).

FRCs that inhabit the outer B zone, also termed B cell zone FRCs (BRC), are characterised by high levels
of BP-3 and podoplanin expression but lack FDC markers like CD21/35. BRC represent an important
source of oxysterol chemoattractants, BAFF, CXCL13, and the Notch ligand DL4 (Cremasco et al., 2014,
Fasnacht et al., 2014, Yi et al., 2012). Induction of these cells in response to inflammation has been
shown to be dependent on LTBR stimulation provided by B cells, to trigger the upregulation of CXCL13
(Mionnet et al., 2013). These cells have been observed both in the lymph node and the spleen,
indicating that they play an important role in supporting all B cell responses (Cremasco et al., 2014,
Fasnacht et al., 2014). It appears that these cells alone are important for supporting the organisation
of the lymphoid follicles and B cell viability, independently of the FDC (Cremasco et al., 2014, Wang et
al., 2011). The presence of these cells has been shown to be important in supporting the ability of an
organism to mount an influenza infection (Denton et al., 2014). These cells are a relatively newly

described subtype, and so have not been examined in detail as yet.

Pericytic FRCs have also identified surrounding and supporting the HEVs. These FRCs have been shown
to interact with the platelets as they leave the vessels. This interaction occurs via the FRC-expressed
gp38 and CLEC-2 expressed on the platelets and functions to maintain the integrity of the HEVs
(Benezech et al., 2014). The release of sphigosine-1-phosphate by these platelets is also responsible
for maintaining the junctions between the endothelial cells (Girard and Springer, 1995). In the absence
of either of these markers, the lymphatic vasculature does not develop properly, and gp38-/- lymph
nodes exhibit severe infiltration with erythrocytes resulting in an embryonic lethal phenotype (Schacht

et al., 2003).
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1.3.2 Follicular Dendritic Cells

The structure of FDCs has been established using both light and electron microscopy techniques and
the cells have been shown to have a structure that uniquely define their role as professional antigen
presenting cells (APCs). These cells are identified as having many fine dendritic processes that can
extend and form intimate interactions with neighbouring cells. These processes can take two different
major forms; one being smooth, finger-like dendrites and the other appearing like “beads on a string”,
the “beads” are called iccosomes — due to their composition of high numbers of immune complex
bodies. Smoother processes are able to transform into iccosome rich networks after delivery of
antigen (El Shikh and Pitzalis, 2012). FDC dendrites can be highly variable in both length and thickness
of the processes, ranging from non-uniform, short dendrites with folds and thickenings, to narrow,
elaborate arrangements. The ICs are displayed on these dendritic processes. Due to their high surface
area, FDC display very little cytoplasm, and have a distinctive irregular nuclei, which can be bilobed
and contain distinct nucleoli (Sukumar et al., 2008, Sukumar et al., 2006). The evidence that these cells
may be binucleate has lead to the hypothesis that FDCs are formed by the fusing of CD35+B220+ cells
with CD45- CD35- stromal cells (Murakami et al., 2007), however, there is currently no conclusive

evidence for this.

The expression of CD21/35, otherwise known as complement receptor 1 (CR1) and complement
receptor 2 (CR2), on FDCs is essential for their function in presenting immune complexes for B cell
recognition (Barrington et al., 2002, Roozendaal and Carroll, 2007). FDCs are able to retain these ICs
on their surfaces long-term, but are unable to phagocytose and process antigen themselves. The ICs
are conserved on the surface of the FDCs mainly via CD21/35, although expression of low affinity Fc
receptors FcyRIIB (CD32) and FceRIl (CD23) and factors such as iC3b, C3d and C3dg from complement
3 are also important to allow this function to occur (El Shikh and Pitzalis, 2012). FDCs are able to

present proteins in their native form across multimerised ICs. This allows the cross-linking of the B cell
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receptors (BCRs) resulting in more efficient B cell activation and initiation of the germinal centre

response (Sukumar et al., 2008).

Due to their anatomical localisation, FDCs are not in close contact with any circulatory systems and so
the mechanisms by which antigen is delivered to these stationary cells for presentation to B cells are
widely debated (Imazeki et al., 1992). Antigen can be identified within the follicle as soon as 1 minute
after administration (El Shikh and Pitzalis, 2012). Recent work has shown that immunisation with
proteins can activate circulating complement factors, so that complement factor C3 binds to the
antigen. This complex can then be transported through the circulation into lymphoid organs within
SCS macrophages (SCSM). The formation of this complex is essential for the trafficking of large
antigens into the lymph nodes (Zhang et al., 2016). Once inside the LN, the SCSMs can transfer the
C3:antigen complex onto naive B cells, where they bind via CR1/2-CD32; B cells can then migrate
along their chemokine gradient to the developing FDC networks within B cell follicles (Phan et al.,

2007).

In the spleen, a similar process occurs where antigen is trafficked by marginal zone B cells which traffic
between the centre of the follicle and the marginal zone macrophages (Arnon et al., 2013). Once inside
the B cell follicle, the C3:Ag complex can be recognised by pre-existing specific antibodies (during a
secondary immune response), or by innate recognition molecules including I1gM, C-type lectins and
pentraxins. These factors can then opsonise this complex, further activating complement, which
allows binding of the C3 coated immune complexes to the CR1/2 receptors expressed on FDCs (Cyster,
2010, Gonzalez et al., 2011). The transfer of immune complexes onto the FDCs occurs via CR1/CR2
engagement, and the immune complex is then rapidly internalised by actin polymerisation (Heesters
et al., 2013). Both the macrophages and the B cells are able to bind the C3:antigen complex
simultaneously via different complement receptors (Heesters et al., 2014). FDC maturation results in

the cells upregulating various molecules important for anchoring ICs to the cell and ensuring that B
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cells are able to receive a sufficient stimulation, including adhesion molecules such as VCAM-1, ICAM-
1 and MAdCAM-1, and low affinity Fc receptors that anchor the B cell and provide the costimulatory
signals required for full B cell activation. FDCs are also responsible for marking apototic B cells with
milk fat globule-8 (MFGE-8, recognised by the antibody clone FDC-M1) for uptake and clearance by
the tingible body macrophages that patrol the germinal centre clearing lower affinity B cells (Kranich

et al., 2008, Aguzzi et al., 2014).

The identification of progenitor cells for FDCs and the mechanism governing the development of this
stromal cell subtype has previously proved difficult (Kasajima-Akatsuka and Maeda, 2006). Induction
of FDC maturation is strictly dependent on the expression of TNF and lymphotoxin (LT), as mice that
are deficient in the expression of these molecules or in their downstream signalling pathways are
unable to develop FDCs and GCs within their SLOs (Allen and Cyster, 2008). The cells responsible for
providing this stimulus are the B cells, and it has been shown that soluble TNF produced by these cells
is more important for FDC maturation than membrane-bound TNF (Tumanov et al., 2004). As naive B
cells are responsible for providing the TNF required for FDCs to mature; and FDCs are essential to
provide the maintenance and differentiation factors required for maturation of the naive B cells, these
two cell types therefore function in a positive feedback loop (El Shikh and Pitzalis, 2012). FDCs express
CXCL13, which signals via CXCR5 expressed on naive B cells and attracts them to the nascent follicle.
Accordingly, CXCR5- B cells are able to migrate into the splenic white pulp, but are unable to traffic to
the follicle and so induce FDC in atypical locations. Stimulation of the B cells via CXCR5 causes them
to express LT and TNF, inducing the maturation of FDCs as described previously (Forster et al., 1996,
Voigt et al., 2000, Ngo et al., 1999). Removal of FDCs during the germinal centre reaction completely
disrupts the architecture of the follicles and destroys the germinal centre response by eliminating the

germinal centre B cells and simultaneously increasing the density of T cells and DCs (Wang et al., 2011).
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Recently, a great deal of research has been carried out in order to attempt to resolve the identity of
the FDC precursor. Initially, expression of FDC markers (MFGE-8 and CXCL13 transcripts) was observed
surrounding the splenic vasculature, on PDGFRB+NG2+ perivascular cells (Krautler et al., 2012). The
authors of this paper have indicated that the perivascular precursors upregulate MFGE-8 in response
to LTPBR signalling to become a pre-FDC subtype, which then mature to fully functional FDCs upon
lymphocyte stimulation. (Krautler et al.,, 2012) Another group investigating the splenic stromal
development have indicated the transcription factors Nkx2-5 and Isletl are important for the
development of the splenic mesenchyme (Castagnaro et al., 2013). Lineage tracing experiments have
indicated that many of the adult stromal cell compartments in the spleen are derived from these
Nkx2-5*Islet1* mesenchymal precursors, notably the TRC, MRC and FDC (Castagnaro et al., 2013).
These findings have supported previous evidence indicating that the FDCs appear to differentiate from
a mesenchymal precursor, although the mechanism by which this is able to proceed was unclear
(Aguzzi and Krautler, 2010, Wilke et al., 2010, Mabbott et al., 2011). On the other hand, the Nkx2-
5*lIseltl* lineage have been shown to play no role in the generation of either LN or Peyer’s patch
stroma (Castagnaro et al., 2013). Therefore, a more recent study investigated the origin of FDCs in the
lymph node using elegant multicolour fate mapping experiments (Jarjour et al., 2014). This study was
able to indicate that FDCs which expand in response to inflammation differentiate from a tissue-
resident precursor which the group identified as the marginal reticular cells (MRCs). The cells mature
via an intermediate CD21/35*RANKL™ population which can be observed close to the subcapsular
sinus, which then passage further into the centre of the follicle and upregulate CD21/35, while
downregulating RANKL, developing into mature FDC (Jarjour et al., 2014). These data indicate that the
FDCs in different anatomical locations derived from different precursors. However, as evidence has
indicated that the MRC are derived from the LTo mesenchymal precursor, all FDCs appear to
differentiate from mesenchymal stem cells, although the manner in which this differentiation occurs

appears to vary in different organs., and also depends on the immunological activation.
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1.3.3 Marginal Reticular Cells

MRCs are the most recently identified and the smallest currently described population of lymphoid
stromal cells (Katakai, 2012). These cells are located in the outer margin of the cortex, just below the
subcapsular sinus of the lymph node where they form a thin layer of reticulum between the SCS and
the paracortical region. MRC are identified as being CXCL13+ and MAdCAM-1+, but CCL21-, indicating
that they are distinct from the FRC, and CD21/35'”, indicating that these cells are not FDCs. As
previously discussed, these cells appear to be the direct descendants of the LTo cell that directs the
development of the lymph node anlage (Eberl et al. 2004; Finke et al. 2002; Cupedo et al. 2004; Katakai
et al. 2008). Importantly, these cells express RANKL and TRANCE, both of which are essential for LN
development, meaning that they were a distinct subset and so were defined as MRCs (Katakai et al.
2008). These cells have been observed in the periarteriolar lymphoid sheaths within the spleen, and

similar cells have been found in the subepithelial dome in MALT (Knoop et al. 2009).

Due to the anatomical location of MRC within the secondary lymphoid organs, it is believed that they
play a role in controlling the influx of antigen into the tissue. MRCs have been shown to be capable of
forming a conduit network underneath the subcapsular sinus, allowing soluble antigens to transport
from the exterior of the follicle to the centre of the follicle and the FDCs (Bajenoff and Germain, 2009,
Roozendaal et al., 2009). These MRCs may also have a supportive role towards to CD169+
macrophages which are responsible for the capture and transport of small particles from the afferent
lymphatics into the follicles (Phan et al., 2009). This role of the MRCs may be especially relevant in the
Peyer’s patch, as the development of the M cells which are responsible for the uptake of antigen from
the gut lumen has been shown to be dependent on RANK:RANKL signalling, possibly provided by these
cells (Knoop et al., 2009). Finally, MRC might also play a role in the remodelling of the secondary
lymphoid organs following immune challenge. This process progresses in a similar way to the initial

development of the SLOs. It is known that the MRCs are very closely related to the LTo cells, indicating
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that these cells may be able to communicate with the LTi cells (ILC3s) present in the adult mouse

allowing for this remodelling (Kim et al., 2003, Scandella et al., 2008).

1.3.4 Endothelial stromal cells in lymphoid organs (Blood Endothelial Cells,

Lymphatic Endothelial Cells and High Endothelial Vessels)

Specialised vascular structures known as high endothelial venules (HEVs) permeate the lymph nodes,
these blood vessels are formed by a population of specialised “plump” blood endothelial cells (BECs).
The expanded size of the endothelium results in a reduced vascular lumen to and the BEC also express
high levels of adhesion molecules such as VCAM-1, ICAM-1 and MAdCAM, as well as the chemokine
CCL21. The combination of these two features allow for efficient trafficking of naive lymphocytes out
of the circulation and into the lymph node to generate mature adaptive immune responses. In
contrast, the lymphatic endothelial cells make up the walls of the lymphatic vessels, as well as being
found in the interfollicular regions and the T cell zones (Mueller and Germain, 2009). As these cell
types are both endothelial, they both express CD31, with LECs also expressing gp38, whereas BECs do

not (Link et al., 2007).

Current evidence points to there being three distinct subsets of LECs, which are defined by their
anatomical location and differential expression of markers. LECs can be either subcapsular LECs (S-
LECs), cortical LECs (C-LECs) or medullary LECs (M-LECs) (Kedl and Tamburini, 2015). S-LECs are PD-
L1"ICAM-1"MadCAM-1*LTBR", and line the subcapsular sinus and play a role in controlling the antigen
uptake from the incoming lymphatic fluid (Kedl and Tamburini, 2015). M-LECs are found in the lymph
node medulla, at the efferent lymphatic junction, where they are notable for their high expression of
PD-L1, ICAM-1 and LTPBR (Grigorova et al., 2010, Roozendaal et al., 2008, Sinha et al., 2009). The C-

LECs form conduits which permeate the lymph nodes and come into contact with both other subsets
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of the LECs and express LTPBR and intermediate levels of PD-L1 and ICAM-1 (Tewalt et al., 2012, Cohen
et al., 2014). These cells are all involved in the control of the flow of lymphatic fluid as it enters and
exits the lymph node, and also contribute to the chemokine gradients established within the lymphoid
organ (Schumann et al., 2010, Kabashima et al., 2007, Qu et al., 2004). Importantly, LECs have been
established as the main source of sphingosine-1-phosphate (S1P), the G-protein coupled receptor
essential for the movement of lymphocytes from the SLOs into the lymphatics (Matloubian et al.,
2004, Pham et al., 2010). Proliferation of LECs in response to inflammatory challenge is also essential
to allow for the influx of lymphocytes that occurs following this challenge (Tamburini et al., 2014). A
novel role for these cells has recently been proposed, by which they are able to maintain antigen
within the SLO for prolonged period of time following inflammation. The prolonged presence of
antigen was established as being independent of the presence of FDCs, as the antigens can persist in
B cell -/- mice or CR2-/- mice (Tamburini et al., 2014). Tamburini et al. (2014) were able to establish
that the antigen was being captured and maintained by LECs for a significant amount of time following
immunisation using fluorescence labelled antigen. From this data, the group established that LECs
were responsible for archiving antigen for prolonged periods of time following immune challenge,
assisting in the faster and stronger immune response generated upon secondary exposure to the

antigen (Kedl and Tamburini, 2015).
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1.4 CD248

1.4.1 Structure

CD248 is otherwise known as endosialin or tumour endothelial marker-1 (TEM-1). It has a number of
different names because it was identified via a number of different studies and subsequently found
to be the same molecule (Christian et al., 2001, MacFadyen et al., 2005, MacFadyen et al., 2007,

Christian et al., 2008).

CD248 is a glycoprotein with a 95kDa protein core surrounded by 95kDa of highly sialylated O-linked
oligosaccharides. Because of the high levels of glycosylation, the crystal structure has not been fully
resolved, although a putative domain structure has been published (Christian et al., 2001). According
to this structure, CD248 is hypothesised to be a type 1 C-type lectin membrane receptor that shares
33% sequence identity with human C1gR complement receptor and 39% identity with human
thrombomodulin (CD141), an endothelial cell receptor and CD93 (otherwise known as C1gRp), a
protein involved in cell adhesion and regulating inflammation (Valdez et al., 2012). The human CD248
gene is 2274 base pairs in length and does not have any intron. This gene is located on chromosome
11 in humans, whereas the murine counterpart is found on chromosome 19. The resulting protein
consists of 757 amino acids, with a number of different domains. The N terminal domains between
the different members of the family are very similar with a globular C-type lectin domain (CTLD), which
is 157 amino acids long in CD248. This is attached to a complement control protein or SUSHI domain,
which is then followed by three epidermal growth factor (EGF) repeats, a mucin-like domain and then
a 51 amino acid cytoplasmic tail at the C-terminal (Christian et al., 2001). This C-terminal has also been
proposed to be responsible for clustering of protein complexes and anchoring transmembrane
proteins to the cytoskeleton, however, there is currently no evidence that CD248 has this functional

role, and this has just been hypothesised from the proposed structure. The murine CD248 protein
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shares 77.5% sequence homology with the human protein, with the transmembrane and cytoplasmic

domains being mostly highly conserved (Opavsky et al., 2001).

1.4.2 Known expression and interactions

CD248 is a relatively new molecule that has been identified as having a role in promoting the growth
and invasiveness and metastasis of tumours (Valdez et al., 2012, Maia et al., 2011), as well as having
been identified on a number of stromal cell markers, making this molecule an interesting target in
cancer and in other inflammatory diseases. The expression of CD248 has been shown to be mainly on
fibroblasts and pericytes, and in the lymph node capsule, as previously mentioned (MacFadyen et al.,
2005, Virgintino et al., 2007, Christian et al., 2008, Simonavicius et al., 2008, Tomkowicz et al., 2010,

Simonavicius et al., 2012).

Studies using the CD248 knockout mouse to investigate the role of this molecule in the progression of
cancer have found that these mice exhibit reduced cancer growth following implantation of cancerous
cells, compared to wild type animals (Nanda et al., 2006). Investigation of the expression of CD248
within tumours have found that CD248 is expressed on pericytes that surround the tumour
vasculature, and so may it may potentially play a role in supporting tumour angiogenesis and growth
(Bagley et al., 2009, Tomkowicz et al., 2007, MacFadyen et al., 2005, MacFadyen et al., 2007). An
article published by Nanda et al. (Nanda et al., 2006) has shown that the progression of tumour
development in different tumour models in both immunocompromised and immunocompetent mice
was compromised in the absence of CD248. In this study, CD248” nude mice not only had an increased
survival compared to the WT counterparts, but also increased incidence of metastases. This study
found expression of CD248 on the tumour vasculature in the WT mice, and hypothesised that it is

involved in angiogenesis, as the authors also observed abnormal tumour development, with the
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CD248"" mice developing much longer, flatter and less rounded tumours which had a decreased
invasiveness compared to the WT mice. Importantly, the authors were unable to find any evidence for
a defect in s.c. vascularisation in a wound healing model. This differential response in the normal
angiogenesis and in the development of the tumour vasculature indicates that CD248 plays an
interestingly varied role in these different disease processes. However, the authors were unable to
explain how CD248 is able to produced this nuanced response (Nanda et al., 2006). Interestingly, the
lack of CD248 appears to result in a significant increase in the migratory velocity of cells, this was
observed both in CD248”- MEF, but also when the human osteosarcoma cell line is transfected with
CD248, the migratory velocity of the CD248-expressing cells in significantly increased (Lax et al., 2010).
This is relevant when compared to the decreased invasiveness observed by Nanda et al. (Nanda et al.,

2006).

Expression of CD248 has also been studied in human disease states, and it has been found on
fibroblasts in the synovium from rheumatoid arthritis patients and in chronic kidney disease. Other
diseases that are associated with an increased expression of CD248 include cirrhotic end stage liver
disease, where CD248 mRNA has been identified on the hepatic stellate cells (HSC) (Wilhelm et al.,
2016). In a variety of human tumours, including small intestine, renal cell carcinoma, melanoma and
brain metastasis, CD248 expression has been found to be highly upregulated when compared to the

very low resting expression (MacFadyen et al., 2005).

CD248 is expressed in the developing embryo in a number of different developing tissues at different
stages of development, as early as embryonic day 8.5 (Opavsky et al., 2001). Weak expression can be
observed in the heart at E10 (Huang et al., 2011) and in the developing vessels surrounding the brain
(Rupp et al., 2006). Expression on mesenchymal cells and in the developing lymphoid organs can be
observed from embryonic day 15 onwards, with the expression becoming restricted specifically to

lymphoid structures as development progresses (MacFadyen et al.,, 2007, Lax et al.,, 2007).
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Mesenchymal cells expressing CD248 are able to differentiate into various lineages, including adipose
tissue and bone (Naylor et al., 2012, Bechar, 2012). The importance of the CD248 expression by these
cell types is evidenced by work done by this laboratory, which has shown that the CD248 knockout
mice develop stronger bones than their wild type counterparts at the expense of the development of
adipose tissues, resulting in stronger bones and less fat in the CD248 knockout mice (Naylor et al.,
2012, Bechar, 2012). However, the role of CD248 in maintaining the balance of these three distinct
lineages requires further investigation in order to fully understand the differentiation of these cell
types. In vitro cultured cells are also understood to express CD248, notably mouse embryonic
fibroblasts and other mesenchymal stem cells as well as pericytic cells (Christian et al., 2008, Bagley
et al., 2009). Expression of CD248 cannot be observed on human umbilical vein endothelial cells, even
upon stimulation with a variety of different factors (Rettig et al., 1992, MacFadyen et al., 2005, Carson-
Walter et al., 2009). The stromal cell scaffold of lymphoid organs has been shown to be derived from
mesenchymal stem cells (Castagnaro et al., 2013). Interestingly, during lymph node embryogenesis,
CD248 is highly expressed in the spleen, thymus and lymph node. This expression becomes
progressively restricted to the capsule (Lax et al., 2007). After birth in resting conditions, the capsule
is the only CD248* structure in the organ, excluding the pericytes that surround bloods vessels that
express CD248 in the secondary lymphoid organs (MacFadyen et al., 2005, Lax et al., 2007, Teicher,
2007, Armulik et al., 2011). This would indicate that CD248 plays some role in controlling the
development of the lymphatic tissue, although the mechanism by which this is able to proceed is not

understood.

During the immune response, the expression of CD248, which is restricted to the lymph node capsule
in homeostatic conditions, has been shown to be significantly upregulated throughout the spleen in
response to salmonella infection (Lax et al., 2007). Further investigation into this mechanism,
exploiting the CD248-/- mice has demonstrated that expansion of popliteal lymph nodes (pLN) in

response to paw pad immunisation with NP-CGG is compromised, resulting in a significant reduction
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in the size of these LN at the peak of the immune response. Interestingly, the authors were unable to
identify any defects in the immune response, most notably with normal antibody production in the
CD248-/- mice (Lax et al., 2010). The role of CD248 in other inflammatory processes was investigated
in a model of liver inflammation following carbon tetrachloride (CCls) injury (Wilhelm et al., 2016). The
authors found no difference in the inflammatory response to this stimulus as there was no significant
difference in the expression of hepatic CD45. The CD2487 mice also demonstrated a significant
reduction in the levels of fibrosis compared to WT mice, a key regulator of which is understood to be
the cytokine TGF-B, which was shown to be reduced in the WT mice compared to the CD2487".
However, there is no difference in a number of other pro-fibrotic factors, including matrix
metalloproteinase-2 (MMP-2), MMP-9 and tissue inhibitor of matrix metalloproteinase-1. This
reduction in TGF-B appears to result in a significant reduction in the accumulation of collagen in the
portal area of the liver, as well as a reduction in the mRNA expression of procollagen a-1, which
combine to result in a significant reduction in liver fibrosis in CD2487- mice. However, the resolution
of fibrosis following injury shows no significant difference between the WT and CD248”" mice. This
data is particularly interesting as it appears to show that CD248 plays a very subtle role in the
progression of this disease, as inflammation is unaffected in the CD248-/-, whereas there is a reduction
in the level of fibrosis, which was thought to be a product of the inflammation. This interestingly
nuanced role of CD248 was also reported on in previous work published by this group (Lax et al., 2010),
and also in the context of cancer progression as discussed before in the report by Nanda et al. (Nanda

et al., 2006).

1.4.3 Binding partners and hypothesised signalling pathways

The extracellular domain of CD248 is currently being investigated widely and several potential ligands

have been identified. CD248 is understood to bind to extracellular matrix components such as

40



fibronectin, collagen type | and collagen type IV. The binding of CD248 to these molecules appear to
play an active role in controlling the remodelling of tissues, notably in regulating the invasiveness of
tumour microvasculature by enhancing the activity of matrix metalloproteinase 9 (MMP-9)
(Tomkowicz et al., 2007). CD248 has also been shown to be able to control metastasis of different
tumour cells in vitro via its binding to the C terminal core protein of the galectin 3 binding protein
Mac-2BP/90K (Becker et al., 2008). This binding may initiate a repulsive signal, similar to the Ephrin-
receptor binding which has been thoroughly examined in angiogenesis and neural crest patterning
(Cheng et al., 2002). The repulsive signal observed here may then contribute to distant metastasis of

cancer cells throughout the organism (Valdez et al., 2012).

CLEC14A, another member of the CD93 superfamily that includes CD248 is known to control sprouting
and splitting angiogenesis via binding to the axtracellular matrix component MMRN2 (Noy et al.,
2016). CD243 itself is also known to play a role in sprouting but not splitting angiogenesis in skeletal
muscle, indicating a functional and possible binding partner link between these two members of the

family (Naylor et al., 2014).

The binding of the intracellular domain and the subsequent signalling promoted by this molecule is
proving elusive to establish. The cytoplasmic tail is very short, although it has been shown to play a
role in inflammatory disorders, with mice lacking the cytoplasmic domain of CD248 alone exhibiting
reduced arthritis progression mimicking the full CD248-/- (Maia et al., 2010). The lack of the
cytoplasmic domain also reduced the growth of tumours in a number of murine cancer models (Maia
et al., 2011). A recent study investigating the signalling of CD248 has shown that in CD248-/- cells,
PDGF-BB stimulation of ERK phosphorylation and c-Fos transcription is inhibited (Tomkowicz et al.,
2010). This indicates a role in controlling PDGFRP signalling, however, this effect does not appear to
be directly related to the action of CD248 on PDGFR} itself. Further investigation of this signalling

pathways showed that PDGF-BB stimulation is unable to promote cell proliferation in CD248-/-
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osteoblasts in comparison to their WT counterparts (Naylor et al., 2012). CD248-/- hepatic stellate
cells also exhibit a defective proliferative response to PDGF-BB stimulation, as compared to their WT

counterpart (Wilhelm et al., 2016).

This link between CD248 and PDGFR has also been investigated by using the PDGFR signalling inhibitor
imatinib mesylate. This drug is used widely in the treatment of a number of cancers, including chronic
myeloid leukaemia, and a number of solid state cancers such as gastrointestinal stromal cancers
(Demetri et al., 2002, Wang and Li, 2015). Imatinib mesylate is understood to inhibit the action of
several tyrosine kinase oncogenes, responsible for the transformation into malignant cells. For
example, it has been shown to be able to inhibit the BCR/ABL tyrosine kinase pathway by enhancing
MAP kinase activity in CML CD34+ cells (Chu et al., 2004). Work carried out in this laboratory has
shown that treatment with imatinib mesylate is able to mimic the defect in sprouting but not splitting
angiogenesis observed in the CD248-/- cells (Naylor et al., 2014). However, this investigation has still
not revealed the direct mechanism by which CD248 is able to interact with the PDGFRp signalling

pathway.
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1.5 NP-CGG immunisations

The immune response generated in response to the antigen 4-hydroxy-3-nitrophenyl acetyl (NP)
conjugated to chicken gamma globulin protein (NP-CGG) has been extensively studied (Luther et al.,
1997, Toellner et al., 1998). This antigen has been shown to generate a robust, germinal centre-
dependant immune response. Luther et al. were able to demonstrate that mice immunised s.c. into
the paw pad with NP-CGG were able to generate specific IgG antibodies, which were detectable from
day 5, peaking around day 8, with the titres remaining constant through until day 30, when the
experiment ended. The authors also reported a significant expansion in the total numbers of B220* B
cells in response to the immunisation, and formation of germinal centres by day 5 post-immunisation
(p.i.) (Luther et al., 1997). This observation was confirmed in a later publication by Toellner et al.
(Toellner et al., 1998). Antigen was observed on the surface of FDCs at day 8 p.i., demonstrating that
this immunisation protocol was sufficient and appropriate for studying germinal-centre dependent
responses. Further investigations into the mechanisms of the immune response generated by NP-CGG
immunisation demonstrated that significant immunoglobulin class-switching was observed following
immunisation, with 40% of all NP-specific cells having undergone class-switching (Toellner et al.,
1998). This data indicates that NP-CGG immunisation is able to generate a strong, germinal centre-
driven response, and that this response can be measured by directly investigating antigen-specific B

cells by flow cytometry and by measuring antigen specific antibody responses.

This immunisation protocol has previously been used within this group in order to investigate the
immune response in the CD2487 mice (Lax et al., 2010). This study investigated the response
generated in the popliteal lymph node in response to this immunisation in the CD248-/- mice. The
authors demonstrated that CD248 was essential for the expansion of the LN, but were unable to
describe the CD248-espressing LN stromal cells which contribute to this mechanism. In this thesis, |

have endeavoured to further develop these data in an attempt to understand which lymphoid stromal
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cells express CD248, and also whether there are any differences in the stromal cell compartments in
different lymphoid tissue. This, taken together with the fact that NP-CGG immunisations generate a
robust and well-characterised germinal centre response, encouraged the selection of this
immunisation protocol for this thesis in order to characterise the role of CD248 in controlling the

function of different lymphoid stromal cell compartments during the germinal centre reaction.
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1.6 Project Hypothesis

CD248 has been shown to be a molecule with a wide variety of functions in a number of disease states.
Previous work in this laboratory has explored the role of CD248 in modulating the differentiation of
mesenchymal stem cells (MSCs) into different lineages. The body of work described in this thesis
endeavours to further investigate this role of CD248 in controlling the differentiation of MSCs to the
lymphoid lineage. There is previous evidence that this lineage is linked to the development of the
adipocyte lineage (Benezech et al., 2010) and in this thesis | intend to further investigate the links
between these different lineages, based on the previous work indicating that CD248 is involved in the
differentiation of preadipocytes (Bechar, 2012, Naylor et al., 2012). Additional previous work has
shown that CD248 is highly expressed in lymphoid tissues during the immune response (Lax et al.,
2010). In this thesis | will also attempt to further develop this work and identify the CD248-expressing
stromal cells which expand in response to immunisation and also to discover what role these cells play

in the establishment and maintenance of the immune response.

1.7 Project Aims

. To explore the role played by CD248 in controlling the differentiation of mesenchymal stem
cells and the development of embryological lymph nodes, and the signalling pathways
involved in this differentiation.

. To evaluate the expression of CD248 on adult lymphoid stromal cells in an attempt to
understand the dynamic interactions between the stromal cell subsets and to exploit this
expression to further delineate lymphoid stromal cell subsets.

. To exploit the CD248 deficient mice in order to understand the function of CD248 in the

establishment and maintenance of an adaptive immune response.
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Chapter 2. Materials and methods

2.1 Mice

The generation and genotyping of CD2487 mice has previously been described (Nanda et al., 2006),
these animals were generated on the C57BL/6 background. B cell knockout mice lacking the u chain
of the IgM isotype, preventing the pre-B cells differentiating further and exiting the bone marrow
(Kitamura et al., 1991) were kindly provided by Kai Toellner. All wild type C57BL/6 animals were
purchased from Harlan or Charles River, UK. Mice were bred and maintained by the Biomedical
Services Unit, University of Birmingham, and kept under pathogen-free conditions according to Home
Office Regulations. Mice were housed in individually ventilated cages in groups of 2-7 individuals on a

12-hour light-dark cycle.

Experiments were carried out at the University of Birmingham (project licence number 70/8003)
following guidelines governed in the UK by the Animal (Scientific Procedures) Act 1986, and approved

by the ethics committee (Birmingham Ethical Review Subcommittee).

2.1.1 Preparation of NP-CGG in alum

Nitrophenol conjugated to chicken y-globulin at a ratio of 10-19 (NP-CGG) (2b Scientific) was
reconstituted in sterile PBS (SIGMA) to 5mg/ml. NP-CGG and 9% aluminium potassium sulphate
solution (SIGMA) (diluted in sterile dH,0) were mixed in a 1:1 ratio, the pH was adjusted to 6.5 by
addition of 10M NaOH stock solution, and the solution was incubated in the dark for 30 min at room
temperature. The precipitate was then washed twice in sterile PBS (4 min at 2000 rpm), before

resuspension in sterile PBS at img/ml for administration.
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2.1.2 Immunisation

Mice at 6-12 weeks of age were immunised either via an intraperitoneal route or by subcutaneous
injection into the base of the front paw pads with NP-CGG/alum in sterile PBS prepared as described.

Control mice were immunised with PBS alone following the same routes.

The primary immunisations were carried out on day 0, with secondary and tertiary rechallenges
carried out on day 21 and day 41 respectively. Animals were then sacrificed by exsanguination at 8
days after final immunisation (day 8, day 30 and day 50) (Nishimura et al., 2011). The appropriate

organs were then dissected out and processed for cryosectioning or flow cytometry as outlined below

2.1.3 Treatment with imatinib

Administration of imatinib mesylate at a therapeutic dose in vivo has already been described
(Schultheis et al., 2012). Mice were dosed at 150mg/kg/day imatinib mesylate. This was achieved by
giving imatinib daily for 7 days, beginning one day before final immunisation until the end of the
experiment. Imatinib mesylate was administered at a concentration of 15mg/ml in deionised sterile

H,0 by gavage.

2.1.4 Isolation of embryological lymph nodes

Female mice were timed-mated to be able to date the embryological stages of development. Pregnant
mice were sacrificed by cervical dislocation at E18, and the pups were dissected out of the mother.

These embryos were culled by decapitation. New born mice were culled by decapitation.

Lymph nodes anlage were dissected out of the embryos with the help of a stereo microscope (Leica,

Bucks, UK). The organs were then stored on ice cold RPMI with 2% foetal calf serum.
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2.2 Invitro culture

2.2.1 Isolation of mouse embryonic fibroblasts

Pregnant mice at E15 were culled and the embryos dissected out of WT and CD248-/- female mice.
The embryos were culled by decapitation. The total skin from the embryos was harvested and mashed
in sterile PBS. The resulting tissue was then digested for 15 minutes at 37°c with constant agitation in
2ml Trypsin-(5%) EDTA (2%). The enzyme reaction was stopped with 3.5ml RPMI (10% FCS), and the
resulting samples were centrifuged at 300xg for 5 minutes. The resulting pellet was resuspended in
10mlI DMEM (10% FCS, 1% GPS) and incubated at 37°c in 5% CO; in two T25 cell culture flasks. Non-
adherent cells were washed off with a change of media, and the flasks then grown to confluence

before being passaged and frozen as outlined below.

2.2.2 Isolation of adipose derived stem cells

Subcutaneous inguinal adipose tissues were dissected from adult WT and CD248-/- mice and rinsed in
sterile PBS before being placed into sterile 1.5ml eppendorfs. 700l collagenase solution (collagenase
Il (GIBCO) 1mg/ml solution in sterile PBS) and 70ul CaCl (30mM) was added and the tissue was finely
minced using scissors. Once minced, tissue samples were incubated in digestion buffer at 37°c with
agitation for 45mins — 1hour, with frequent pipetting to ensure disruption of the tissue. The digested
tissue was then forced through a 100um cell sieve with a syringe plunger and washed through with
sterile DMEM. The resulting cells were pelleted by centrifugation for 5 minutes at 300g, and the
supernatant was removed. The cells were resuspended in sterile DMEM and then filtered twice more.
Cell pellets were resuspended in red blood cell lysis buffer (SIGMA) for 5 minutes at room
temperature, before being washed in sterile PBS. Resulting cells were then counted and seeded in T75
cell culture flasks at 10,000cm?, and then incubated overnight at 37°c. Non-adherent cells were
washed out of culture with sterile PBS and fresh media was then added and cells were cultured as

below.

48



2.2.3 Culture of MEFs and ADSCs

Confluent cells were harvested from flasks using trypsin (5%)-EDTA (2%) enzyme solution (SIGMA) for
5 minutes at 37°c at 5% CO,. Cells were then either frozen or reseeded into additional or larger flasks
and incubated at 37°c in 5% CO, until confluent. Cells were frozen at -80°c in foetal calf serum (FCS)

with 10% DMSO before being transferred to liquid nitrogen stores for long term storage.

2.2.4 Invitro stimulation

MEFs and ADSCs harvested and cultured as described were then seeded at 1x10° cells/well in a 6 well
plate and rested overnight before stimulation with LTBR agonist antibody (clone 4H8, Novus
Biologicals) at 2ug/ml concentration (Banks et al., 2005, Dejardin et al., 2002) and murine TNF-a
(Thermo Scientific) at 10ng/ml following a previously established protocol (Benezech et al., 2012).
Cells were kept in stimulation media as long as indicated (1 hour and 72 hours), before being prepared

for analysis as described below.
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2.3 Flow cytometry

2.3.1 Tissue digestion

Harvested tissues were kept in 5ml ice-cold RPMI until ready for processing. The tissues were then
placed in 2ml of digestion buffer (RPMI 2% FCS with 0.8mg/ml Collagenase/Dispase (Roche), 0.2mg/ml
Collagenase P (Roche) and 0.1mg/ml DNasel (SIGMA)) and the organ structure was mechanically
disrupted using scissors. The tubes were then incubated at 37°c with constant agitation for 20 minutes.
The samples were repeatedly pipetted using p1000 during the incubation time to increase separation.
After 20 minutes, the supernatant was removed from the samples and filtered through a 70um cell
strainer into 10ml ice cold MACS buffer (PBS, 1% BSA, 0.2mM EDTA), and then kept on ice. 2ml fresh
digestion buffer was then added to each sample, which were incubated for 10 minutes at 37°c with
constant agitation. Samples were pipetted regularly during the incubation to increase the separation
of the cells. After 10 minutes, the samples were filtered through 70um cell strainer into the 10ml ice
cold MACS buffer and washed through with another 10ml MACS. Further digestion steps can be
undertaken until all fragments are completely digested. The MACS buffer should now contain the
entire cell fraction of the organs. The cells were then pelleted by centrifuging samples at 300xg for 4
minutes at 4°c. The resulting cells were then counted and stained in appropriate amount of antibodies

as below.

Purified collagenase enzymes are used for this digestion in preference to traditional collagenase
preparations taken from different fractions of bacterial supernatants because of the reduction in
composition variability and the increase in stability of the preparation (Cavanagh et al., 1997). The
collagenase fractions also present higher levels of endotoxins, which may cause activation of the
immune cells, affecting the validity of the assay (Vargas et al., 1997, Eckhardt et al., 1999, Vargas et
al., 1998). The selection of digestion method to study the stromal compartment is also based on the

yield of cells required. The different collagenase enzymes can be classified based on their activity.
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Collagenase D has a much higher activity than Collagenase P. Because of this increased activity,
Collagenase D is more successful at disrupting the bonds between the cells, allowing for better
separation of the cell populations. However, use of this method also requires Collagenase Dispase
enzyme to be used separately, adding time to the protocol. The strength of the enzymes might also
compromise the preservation of some of the cell surface markers, thus making difficult in the
assessment of the cells by flow cytometry and limiting the markers that can be used to differentiate

the cells.

Collagenase P requires a slightly longer time to separate the cells, although this enzyme can be used
in conjunction with the Collagenase Dispase enzyme, making this method comparable in duration to
the Collagenase D digestion protocol. This milder digestion presents the advantage of better
preservation of the markers, reducing the loss of cell surface markers necessary for the flow
cytometric analysis. Collagenase P digestion was used throughout this thesis as the retention of cell
surface markers was considered essential. Representative plots are shown in figure 2.1, indicating that

collagenase P is far better at retaining cell surface gp38 expression that collagenase D.

Gated on CD45-EpCAM- cells

A - B

Figure 2.1 Comparison of the lymph node stromal populations generated by different
digestion methods. Comparisons of the classical lymph node stromal cell populations
achieved following different digestion protocols, with the results for Collagenase D
digestion shown in (A) and the results from Collagenase P digestion shown in (B)
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2.3.2 Embryological tissue digestion

Embryological lymph node anlage were isolated as outlined above and then digested for flow
cytometry analysis. These organs were placed into 500ul digestion buffer (RPMI 2% FCS,
Collagenase/Dispase 2.5mg/ml (Roche), DNasel 100ug/ml (SIGMA)) and incubated at 37°c with
constant agitation for 30 minutes. These samples were pipetted several times during incubation to
ensure thorough separation. 50uM EDTA was then added to each sample, which were incubated at
37°c for a further 5 minutes. Cells were centrifuged at 300xg for 4 minutes at 4°c. The resulting pellet
was then resuspended in sterile RPMI (10% FCS, 1% GPS) and the samples were incubated overnight
at 37°cin 5% CO; on a 6 well plate. The following day the cells were scratched off the plate and washed

out of RPMI before staining in antibodies as outlined below.

2.3.3 Lymphocyte separation

Lymphocytes were prepared from the spleen by disruption and filtration through a 70um cell strainer.
The single cell suspensions produced were washed thoroughly in MACS buffer (PBS 1% BSA, 0.2mM
EDTA). Erythrocytes were removed from the suspension by incubation for 5 minutes in 1ml red blood
cell lysis buffer (SIGMA). Cells were then washed in PBS, before being centrifuged at 300xg for 4
minutes at 4°c. The resulting cell pellet was then cell pellet was then resuspended in MACS buffer for

staining in antibodies as outlined below.

2.3.4 Preparation of in vitro cells for flow cytometry

Cells were removed from the incubators and were scratched off the plastic to prevent loss of cell
surface markers. These cells were then washed out of media in sterile PBS at 300xg for 4 minutes at
4°c. The resulting cell pellet was then resuspended in MACS buffer for staining in antibodies as

outlined below.
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2.3.5 Enrichment of stromal cell population using MACS™ beads

Lymphoid stromal cells are understood to make up between 1-5% of the total lymph node cellularity
(Malhotra et al. 2012). In order to enrich this population and allow for better separation of the
resulting stromal populations, the digested cells were incubated with CD45+ MACS (Miltenyi Biotec)
beads at 10ul per 107 cells for 15 minutes at 4°c. LD columns (Miltenyi Biotec) were placed onto a
Quadro MACS separator and then preactivated with buffer. Cells were then run through the columns
the effluent collected. The columns were washed through twice to ensure all negative cells were
washed through. The resulting cells were then centrifuged at 300xg for 4 minutes at 4°c. The resulting
cell pellet was then cell pellet was then resuspended in MACS buffer for staining in antibodies as

outlined below.

2.3.6 Staining

The cells were then stained for 30 minutes at 4°c in the dark in 100ul MACS buffer with antibodies
diluted to the correct concentration as shown in table 2.1. Following washing in MACS buffer as above,
the cells were then incubated in fixation/permeabilisation (1:4 fixation/permeabilisation
concentrate:diluent, both from eBioscience) for 30 minutes at 4°c in the dark. These cells were then
washed out of fixing solution using eBioscience wash buffer and resuspended in MACS buffer for
acquisition. In order to ensure compensation was set correctly, compensation controls were used. For
these controls, BD™ CompBeads were stained with single antibodies. Fluoresence minus one (FMO)

controls were also used in order to eliminate false positives in the two-step staining protocols.

Cells were analysed using a CyAn™ ADP Analyzer (Beckman Coulter) with forward/side scatter gating
to exclude non-viable cells. Data were then analysed using Flowlo v7 software (Tree Star). For cell
sorting, stained ells were sorted using a MoFlo-XDP (Beckman Coulter). The purity of sorted stromal

cell populations routinely exceeded 96%.
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Table 2.1 Antibodies used for flow cytometry

Antibody (clone)

CD45 (30-F11)

CD31 (390)

gp38 (ebin8.1.1)

ICAM-1/CD54 (YN1/1.7.4)

VCAM-1/CD106 (MVCAM.A)

CD3e (145-2C11)

B220 (RA3-6B2)

CD35 (8C12)

CD4 (RM4-5)

CD157 (BP-3)

GL-7 (GL7)

CD95/Fas (15A7)

CD19 (eBio1D3)

Ter119 (ter-119)

CD11b (M1/70)

Streptavidin

Format

APC

FITC

PECy7

PE

PERCPCy5.5

FITC

eFluor 450

biotinylated

eFluor 450

APC

Alexafluor 647

biotinylated

FITC

FITC

FITC

PECy7
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Working Dilution

1:200

1:200

1:200

1:200

1:50

1:100

1:100

1:100

1:50

1:200

1:100

1:100

1:200

1:100

1:100

1:200

Isotype

Rat 1gG2b

Rat IgG2a

Hamster I1gG

Rat 1gG2b

RatlgG2a

Hamster I1gG

Rat IgG2a

Rat IgG2a

Rat IgG2a

Mouse IgG2b

Rat IgM

Mouse 1gG1

Rat IgG2a

Rat IgG2a

Rat IgG2b

Supplier

eBiosciences

eBiosciences

eBiosciences

eBiosciences

Biolegend

BD Biosciences

BD Biosciences

BD Biosciences

eBiosciences

Biolegend

eBiosciences

eBiosciences

eBiosciences

eBiosciences

eBiosciences

eBiosciences



2.4 Histology

2.4.1 Tissue harvesting

After dissection, half of an immunised spleen or a whole lymph node was retained for histological
analysis. Freshly dissected tissue was placed in a cryomold (Sakura Finetek) and embedded in OCT
compound (Sakura Finetek) before being snap frozen in dry ice or liquid nitrogen and stored for

cryosectioning at -80°C.

2.4.2 Cryosectioning

Tissues were mounted for sectioning using OCT compound (Sakura Finetek). 6um sections of tissue
were cut using a Leica cryostat at -20°c (Leica, Bucks, UK) and mounted on 4 spot histology slides.
Slides were dried thoroughly being fixed for 20 minutes in histological grade acetone (SIGMA) at -
20°c. Slides were removed from acetone and dried before being wrapped individually in foil and stored

at -80°c for future use.

When microdissection was planned, sectioning was carried out using the same cryostat. However,
prior to use, the cryostat was cleaned using Cryofect disinfectant (Leica), and then irradiated under
UV light for 40 minutes. PALM membrane PEN slides were activated with UV light and then chilled to
-20°c before 8um sections were cut and mounted onto the slides. Membrane slides were then stored

on dry ice for further use.

mRNA was also isolated from whole sections, also using the same cryostat, cleaned before use as for
microdissection. 5 sections of 20um thickness were collected into an RNase-free eppendorf tube using

sterile needles. These samples were also stored at -80°c for future use.
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2.4.3 Immunofluorescence

When ready for staining, the slides were defrosted thoroughly and then washed in PBS (Phosphate
buffered saline tablets, pH7.0, Oxoid). The slides were blocked for 15 minutes in 10% Horse Serum
(SIGMA, UK) made up in PBS 1%BSA (SIGMA, UK) (PBS BSA). Excess blocking solution was then
aspirated and replaced with primary antibodies. All blocking and staining steps were carried out at
room temperature in dark, humid conditions. Antibodies are listed in appendix table 1, with primary
antibodies being incubated for 1 hour, and secondary, tertiary, quaternary and quinternary antibodies
were incubated for 30 minutes as required. 10 minute washes in PBS were carried out between each
incubation step. Following the final wash, the slides were mounted with Prolong Gold Antifade reagent

(Invitrogen). The slides were then stored at -20°c until visualisation by confocal microscopy.

Confocal images were acquired using a Zeiss LSM 780 Zen confocal microscope using water immersion

objectives as described on each image.

2.4.4 Quantification of immunofluorescence images

Quantification of confocal images was achieved using Zeiss Zen 2010 software to select the
appropriate regions. For B cell/ germinal centre analysis, the area was calculated by the software. For
guantification of the FDC regions the number of red pixels within the regions were counted and

expressed as mean fluorescence intensity per unit of area.

An imagej macro was created to analyse the percentage of area of the germinal centre zone that was
covered by FDC-M1 positive pixels. At least two non-overlapping areas within the germinal centre of
at least 3000 pixels2 were selected and the area of red was quantified as a % of the total area. Full

macro details are described in figure 2.2.
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Vi

vii

title = getTitle;

dir = getDirectory("image");

threshold=50;

radius=20;

size=50;

run("Split Channels");

close();

close();

roiManager("select", 0);

setBackgroundColor(0, 0, 0);

run("Clear Outside");

setThreshold(0, threshold);

run("Convert to Mask");

run("Remove Outliers...", "radius=" + radius + " threshold=" + threshold + “ which=Dark");
run("Invert");

run("Analyze Particles...", "size=" + size + "-Infinity display clear");
roiManager("measure");

roiManager("delete");

saveAs("Results", dir + title+ "-Results.xls");

Figure 2.2 Imagej macro designed to quantify the percentage coverage of germinal centre
with FDC-ML1 positive staining. The macro is designed to quantify this defect by (i)
selecting the image of interest from the file (ii) selecting a region of interest (ROI) within
the germinal centre of at least 300px? (3 ROl were analysed per image) (iii) Splitting the
channels to analyse only the FDC-M1 red channel (iv) selecting the ROl alone (v) enlarging
the ROl and creating a mask (vi) removing outliers with a radius below the detectable
range, and finally (vii) measuring the white (stained) area and the total area and
generating a excel sheet describing the results. The appropriate regions of code are
indicated and the results generated are also described graphically.
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Table 2.2 Primary antibodies used for immunofluorescence

Antibody (clone) Format Working Dilution Isotype Supplier
Anti-CD248 (p13) Purified 1:400 Rabbit Gift from Professor
polyclonal C Isacke, CRUK,
London
Anti-FDC-M1 (FDC-M1)  Purified 1:50 Rat 1gG2c BD Pharmingen
Anti-CD35 (8C12) Biotinylated 1:50 Rat IgG2a BD Pharmingen
Anti-CD3e (145-2C11) FITC 1:200 Hamster IgG  eBioscience
Biotinylated
NG2 (132.38) Purified 1:50 Mouse IgG1 BD Biosciences
a-SMA (1A4) Purified 1:50 Mouse IgG2a SIGMA
Anti-CD4 (RM4-5) Alexa Fluor 1:150 Rat 1gG2a BD Pharmingen
647
Anti-CD19 (eBio 1D3) eFluor 660 1:200 Rat IgG2a eBioscience
Anti-CD45 (30-F11) APC 1:100 Rat 1gG2b eBioscience
Anti-Bcl6 (K112-91) Alexa Fluor 1:25 Mouse IgG1 BD Pharmingen
488
Anti-CXCL13 Purified 1:100 Goat R&D Systems
polyclonal
Anti-CCL21 Purified 1:100 Goat R&D Systems
polyclonal
RANKL (I1k22/5) PE 1:50 Rat 1gG2a BD Pharmingen
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Table 2.3 Secondary antibodies used for immunofluorescence

Antibody (clone)

Anti-rabbit IgG (H+L)

Anti-rat 1IgG2c

Anti-FITC

Anti-Alexa Fluor 488

Anti-rabbit

Anti-FITC

Anti-goat IgG

Streptavidin

Streptavidin

Hoescht

Format

Alexa Fluor
488

Biotinylated

Purified

Purified

FITC

Alexa Fluor
488

FITC

Alexa Fluor
555

Alexa Fluor
488

Working Dilution

1:100

1:100

1:200

1:200

1:100

1:200

1:100

1:500

1:100

1:1000
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Isotype

Goat IgG

Mouse IgG

Rabbit IgG

Rabbit IgG

Goat IgG

Rabbit IgG

Donkey IgG

Supplier

Invitrogen

Southern Biotech

Invitrogen

Invitrogen

Southern Biotech

Life Technologies

Invitrogen

Invitrogen

Invitrogen

Invitrogen



2.5 Relative quantification of gene expression

2.5.1 Microdissection

Snap frozen tissue samples were cut at 8um thick sections using a sterilised Leica (Bucks, UK) cryostat
onto UV activated PALM membrane slides (Leica 1.0 PEN slides). The slides were then stained with
Cresyl Violet acetate (SIGMA) dissolved to 0.1% w/v solution in 100% ACS grade ethanol (SIGMA).
Slides were stored at -80°c until ready for microdissection. 20ul RLT buffer (Qiagen) was added to
adhesive capped tubes (Leica) and kept on dry ice. Areas of interest were selected using PALM
microbeam microscope and dissected onto adhesive capped tubes. These samples were frozen at -
80°c in RLT buffer before RNA was extracted from the samples following the manufacturer’s protocol

outlined below.
2.5.2 RNA extraction

RNA was extracted from tissues using RNeasy mini kits (Qiagen) following the manufacturer’s
instructions for sectioned samples. RNA was extracted from microdissected and whole cell samples
using RNeasy micro kits (Qiagen). Whole tissues sectioned in the cryostat as mentioned above and,
once thawed, lysed in 200ul RLT Buffer (Qiagen) with 10% of B-mercaptoethanol (Sigma Aldrich).
Samples were vortexed and centrifuged for 1 minute at 13000rpm, followed by 200ul of ice-cold 70%
ethanol (ratio 1:1 to RLT Buffer). After mixing by pipetting, samples were transferred to RNeasy mini
spin columns and centrifuged for 2 minutes at 13000rpm. Solution in collection tube was discarded
and 350pl of Buffer RW1 was added and centrifuged once again. 80ul of DNase | (previously prepared
with 10ul of DNase | to 70pl of Buffer RDD) was added directly to the column membrane and incubated
for 15 minutes at room temperature. After DNase | incubation, centrifugation with 350ul of Buffer
RW1 was repeated, followed by 500l of Wash Buffer RPE and a one minute spin, twice. The collection
tube was discarded; pink columns were placed in new 2ml collection tubes and centrifuged for 5
minutes at 13000rpm in order to dry the membrane. Columns were then placed in new 1.5ml
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collection tubes and 12.5ul of RNase-free water was directly added to the membrane, twice, in order

to elute the extracted RNA.

To isolate total RNA from microdissected tissues, the RNeasy Micro Kit (Qiagen) was used according
to manufacturer’s instructions. This protocol was similar to the whole tissue extraction, although

DNase | was not used, and the sample was eluted in 12.5ul RNase free water twice.

To isolate total RNA from sorted cells the RNeasy Micro Kit (Qiagen) was used according to
manufacturer’s instructions. In brief, there were three key differences to the protocol of RNA
extraction from tissues. After adding 200ul of RLT Buffer to each sample, a 19G needle and a 2ml
syringe was used to break up the cells further. Secondly, instead of a second wash with Wash Buffer
RPE, 500ul of ice-cold 80% ethanol was added and centrifuged at 13000rpm for 2 minutes. Lastly, at
first RNA was eluted with 12.5ul of RNase-free water and after centrifugation the eluted 12.5ul of RNA

were put through the membrane again to ensure a higher concentration of RNA.

2.5.3 cDNA amplification

A cDNA library was synthesised from extracted RNA immediately after isolation. This was carried out
using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems), according to the
manufacturer’s instructions. RNA samples were added to a 96-well plate and then mixed in a 1:1 ratio
with a master mix of 10X RT Buffer, 10X Random primers, 100nM dNTP mix, reverse transcriptase
enzyme and RNase-free H,0. The plate was sealed with Clear Adhesive Film (MicroAmp, Applied
Biosystems). The PCR reaction was carried out on a Techne TC-Plus thermal cycler with the cycles as
follows: 25°c for 10 minutes, 37°c for 2 hours and 85°c for 5 minutes. Once the reaction was

completed, the resulting cDNA was diluted 1:1 with RNase-free water and stored at -20°c.
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2.5.4 Quantitative real-time qPCR analysis

The diluted cDNA was then plated out on 384 well plates with Tagman gene expression assays primers
and probes and master mix. The primers and probes were prelabelled with 6-FAM™ and were then
combined at their reported optimal concentration with Tagman Master Mix (Applied Biosystems) in a
ratio of 1:0.1ul and mixed 1:1 with the cDNA, as specified in the manufacturer’s instructions. The
samples were then added to the plates in duplicate at a final volume of 5.1ul. The plates were then
sealed with a MicroAmp™ Clear Adhesive Film (Applied Biosystems) and spun for 2 minutes at
1200rpm.The plates were then run on a 7900 HT Applied Biosystems gPCR machine with standard
thermal cycling conditions (40 cycles of: 2 minutes at 50°c for UNG activation; 10 minutes at 95°c for
Tag polymerase enzyme activation; denaturation for 15 seconds at 95°c; and 1 minute at 60°c for
annealing). The results were then analysed with Applied Biosystems RQ Manager 1.2 software and Ct
values were determined within the logarithmic phase of the PCR reaction, which correspond to the
cycle number at which the amplification plot crosses the defined fluorescence threshold. The two
technical replicates were then used to calculate a mean Ct value for each sample and gene, for both
endogenous controls (B-actin and PDGFRpB) and targets. ACt was determined by subtracting the Ct of
the endogenous control from the Ct of the gene of interest. Relative expression (RQ) of the target

gene as compared to the endogenous control was calculated as 272,

All target genes were normalised to B-actin, except for stromal cell dependent genes that were
normalised to PDGFRB to account for possible differences in the percentages of stromal cells per

lymphoid organ.

A list of primers used for qPCR analysis is shown in table 2.4.
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Table 2.4 Tagman Primer/probes used for RT-qPCR analysis

Gene

B-actin

PDGFRB

APRIL (Tnfsf13)

BAFF (Tnfsf13)

CXCL12

CXCL13

CCL19

CCL21b

VCAM

ICAM

LTa

LTBR

NG2 (Cspg4)

o-SMA (Acta2)

MFGE-8

mMRNA Accession
number

NM_007393.3

NM_001146268.1

NM_003808.3

NM_033622.1

NM_001012477.2

NM_018866

NM_011888

NM_011124.4

NM_011693.3

NM_010493.2

NM_010735.2

NM_010736.3

NM_139001.2

NM_007392.3

NM_001045489.1

Assay ID

MmO01205647_g7

MmO00435546_m1

Mm00840215_g1

MmO00446347_m1

MmO00445553_m1

MmO00444533_m1

MmO00839967_g1

MmO03646971_gH

MmO01320970_m1

Mm00516023_m1

MmO00440228_gH

MmO00440235_m1

MmO00507257_m1

MmO00725412_s1

Mm00500549 m1
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Supplier

Applied Biosystems

Applied Biosystems

Applied Biosystems

Applied Biosystems

Applied Biosystems

Applied Biosystems

Applied Biosystems

Applied Biosystems

Applied Biosystems

Applied Biosystems

Applied Biosystems

Applied Biosystems

Applied Biosystems

Applied Biosystems

Applied Biosystems



2.6 Western Blotting

2.6.1 Harvesting cells

Stimulated cells were removed from the incubator and placed on ice. Media was removed and the
plates were washed in Tris-buffered saline (TBS). The cells were then lysed using RIPA buffer with 10%
phosphatase and 10% protease inhibitors (Thermo Fisher). Cells were then scraped using cell scraper

and then collected into a tube and stored at -20°c for later analysis.

2.6.2 Determining protein concentration

Samples were shredded using QlAshredder columns (QIAGEN) at 4°c for 1 minute at 13000rpm.
Protein concentrations were then determined using a Biorad protein assay (Bradford Assay) with
bovine serum albumin (BSA) standards. The 96 well Nunc Immulon ELISA plate was then read at 595nm

on BioTek plate reader.

2.6.3 Loading and running samples on gel

Biorad Criterion TGX protein gels were prepared according to manufacturers instructions. Volumes of
samples were calculated to give 50ug of each sample and then diluted 1:4 with loading buffer and
then denatured by heating to 95°c for 5 minutes, before being loaded onto the gel, alongside 5ul of

rainbow protein ladder. The samples were run at 100V for 90 minutes.

2.6.4 Transferring gel to membrane

The gels for blotting were transferred onto Trans-Blot Turbo transfer system (Biorad). Trans-Blot Turbo
Midi PVDF Tansfer Packs (Biorad) were prepared by incubating the PVDF membrane with methanol
and then the blotting paper, membrane and gel were layered, with the gel towards the anode and the
membrane towards to cathode. The protein was then transferred on the membrane using Biorad

Transblot protein transfer block was then run for 7 minutes.
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2.6.5 Probing membrane with antibodies and detection

Membrane was removed from the Transblot system and then blocked using 5% BSA/TBSTween20
buffer for 1 hour on with agitation. Blocking buffer was then removed, and the primary antibody was
added diluted in blocking buffer at the dilutions shown in table 2.3. The membrane was then incubated
at 4°c overnight with constant agitation. The primary antibody was then washed off the membrane 3
times, the membrane was then incubated for 1 hours with agitation with secondary antibodies
according to the antibodies in table 2.3. The membrane was then washed three times, and then the
sample was detected using ECL solution (Biorad) for 1 minute. The membrane was then exposed using

a chemidoc to detect the presence of protein.

65



Table 2.5 Antibodies used for western blotting

Antibody (clone)

B-actin (Ac-74)

pa4/42 (ERK 1/2)
(9102)

Phospho-p44/42
(ERK1/2) (4377)

IkBa (9242)

p50/105 (3035)

RelB (10544)

Working Dilution

1:5000

1:1000

1:1000

1:1000

1:1000

1:1000
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Host Species

Mouse I1gG

Rabbit IgG

Rabbit IgG

Rabbit IgG

Rabbit IgG

Rabbit IgG

Manufacturer

SIGMA

Cell Signalling

Cell Signalling

Cell Signalling

Cell Signalling

Cell Signalling



2.7 NP-specificimmunoglobulin ELISA

Nunc immulon 96-well plates were coated overnight at 4°c in NP15-BSA (5ug/ml) and NP2-BSA
(5pg/ml) in 0.1M carbonate-bicarbonate buffer (SIGMA, UK) at 100ul/well. They were then washed 3x
in PBS with 0.05% Tween 20 (Fisher) and blocked in 100ul/well PBST 1% BSA at 37°c for 2 hours. The
blocking solution was then washed off the plate 3x and mouse sera were diluted to 8 serial dilutions
in PBST 1%BSA and added to the plates at 100pul/well before being incubated at 37°c for 1 hour. The
plates were then washed and goat anti-mouse total IgG or IgM alkaline phosphatase conjugated
antibodies (Southern Biotech) 1/1000 dilution was added before being incubated at 37°c for 1 hour.
After another wash, the p-Nitrophenyl phosphate substrate (SIGMAFAST tablets, SIGMA, UK) was
added and the colour left to develop for 20 minutes at 37°c, before the plate was read on a plate

reader at a wavelength of 405nm.

2.8 Statistical analysis

Statistical analysis was performed using GraphPad Prism and difference between groups assessed
using appropriate statistical tests as indicated on the appropriate figure. Significance was accepted at

p < 0.05. All graphs are presented as mean = SEM.

67



Chapter 3. Exploring the role of CD248 in determining the

differentiation fate of mesenchymal stem cells

3.1 Chapter aims

° To explore the role played by CD248 in controlling the differentiation of mesenchymal stem
cells and the development of embryological lymph nodes, and the signalling pathways

involved in this differentiation.

3.2 Introduction

CD248 is c-type lectin that regulates growth and invasiveness of tumours metastasis (Bagley et al.,
2009), During embryogenesis CD248 is broadly expressed on lymphoid associated mesenchyme (Lax
et al., 2007). It is known that mesenchymal stem cells (MSCs) are able to differentiate into various
lineages, including lymphoid stroma, adipose tissue and bone (Dimarino et al., 2013, Caplan, 2008,
Bonfield and Caplan, 2010, Pittenger et al., 1999, Dennis et al., 1992). The importance of the CD248
expression by these cell types is evidenced by work done by our laboratory (Naylor et al. 2012), which
has shown that the CD248 knockout mice develop stronger bones than their wild type counterparts
at the expense of the development of adipose tissues, resulting in stronger bones and less fat in the
CD248 knockout mice. Lax et al. (Lax et al., 2007) also described widespread expression of CD248 on
the early stroma compartment of the embryonic lymph node anlagen, suggesting a potential role for

CD248 in the early determination of MSCs to specialised stroma.

The mechanism by which CD248 functions is currently unknown. Current evidence appears to suggest
that CD248 has some role to play in the regulation of the PDGFRP pathway (fig.3.1). Whilst initial
phosphorylation of PDGFRB appears to be normal in CD2487 cells, the phosphorylation of
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downstream targets such as ERK (extracellular signal-regulated kinase) is markedly reduced in CD248"
/- cells (Tomkowicz et al., 2010, Naylor et al., 2014). This suggests the possibility that the two signals
co-operate intracellularly (figure 3.1). However, identification of the exact subunits in the PDGFR[
signalling pathway with which CD248 is able to interfere with has proved difficult. This is due to the
structure of CD248, which includes a very short intracellular domain of only 49 amino acids, with no
apparent consensus signalling motif in this cytoplasmic tail (Valdez et al., 2012, Maia et al., 2010).
Current evidence has indicated that CD248 is able to modify phosphorylation of ERK in response to
stimulation with the recombinant homodimer PDGF-BB, a potent stimulator of the PDGFR signalling
pathway. ERK is also known to feature in a number of different signalling pathways, apart from the
PDGFR pathway. Evidence that CD248 is not essential for PDGFRP signalling is that the phenotype of
CD248"" mice is non-lethal, unlike the PDGFRB” mice, and they demonstrate mostly normal
development of vascular smooth muscle cells and pericytes, two cells types known to be dependent
on PDGFRPB (Leveen et al., 1994). PDGFRP signalling is known to control the differentiation of the

lymphatic vessels which enervate the lymph nodes (Cao et al., 2004).

Embryonic lymph node development is a tightly regulated and orchestrated procedure that is
extensively discussed in chapter 1. The location at which LN develop is stereotyped and determined,
at least in part, by the endothelial expression of the lymphotoxin B receptor (LTBR) (Onder et al.,
2013). Activation of the LTBR signalling pathway in endothelial cells enables the recruitment,
extravasation and clustering of LTB*TRANCE*RORyt*CD45*CD4*CD3" hematopoietic lymphoid tissue
inducer (LTi) also known as type 3 innate lymphoid cells (ILC3) (Randall et al., 2008, van de Pavert and
Mebius, 2010) . The origin and identity of the signals that induce specification of the mesenchymal
progenitor cells prior to LTi arrival remain largely unknown. This signalling pathway is known to
activate NF-kB signalling pathways, both the NIK-dependant non-canonical pathway, causing
upregulation of CXCL13, and the p50-RelA heterodimer- dependent canonical pathway involved in

upregulation of adhesion molecules. Expression of these chemokines and adhesion molecules allow
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LTo cells to mature, and, in turn, facilitates further attraction and retention of more LTi cells through
the binding of CXCR5, CCR7, a4P1, a4P7 and LTa1B2 with their respective ligands (Randall et al., 2008,
Roozendaal and Mebius, 2011). The physical interaction between hematopoietic LTi and stromal LTo
cells establishes a positive feedback loop that reinforces the formation of the cluster and leads to the
stabilization of the anlagen with vascular differentiation, development of HEVs and eventually
attraction and compartmentalization of mature lymphoid and myeloid cells (Randall et al., 2008, van
de Pavert and Mebius, 2010, Roozendaal and Mebius, 2011). Utilizing a CCL19 Cre dependent LTPR
ablation (Ccl19-cre x Ltbr# mice), Ludewig and colleagues recently shown the ability of CCL19+
myofibroblastic stromal cell precursor cells to generate basic LN infrastructures even in absence of
LTBR triggering (Chai et al., 2013). Nonetheless, fibroblastic LTo cells require LTBR signalling to reach
full maturation that includes strong expression of ICAM-1, VCAM-1, CCL19, CCL21, IL-7 and RANKL, as
well as immunological competence (Benezech et al., 2010, Chai et al., 2013, Vondenhoff et al., 2009).
Embryonic LTo cells in PP, mesenteric and peripheral LN show transcriptional differences as well as
differential cellular and molecular requirements suggesting that LTo responsible for the aggregation
of different lymphoid tissues are not a uniform (Yoshida et al., 2002, Cupedo et al., 2004). Mice with
deficiencies in subunits of the LT-BR signalling pathway demonstrate significantly dysregulated lymph
node development. For example, LTBR”- mice completely lack peripheral lymph nodes and have some
structural abnormalities in both the spleen and the thymus (Futterer et al., 1998, Venanzi et al., 2007,
Boehm et al., 2003). Peripheral lymph nodes are also completely absent in Nik”- mice (Yin et al., 2001),
whereas NfkB17 and NfkB27" mice lack only inguinal lymph nodes (Lo et al., 2006) and Relb”" mice
have normal lymph node distribution, with a slight depletion in the number of lymphocytes (Weih et

al., 1995).

As illustrated by Bénézech et al. (2010), the adult source of mesenchymal stem cells known as adipose
derived stem cells (ADSCs), or preadipocytes, can be stimulated in vitro to differentiate to a population

that resembles a lymphoid stromal phenotype, which express high levels of the adhesion molecules
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VCAM-1 and ICAM-1. This differentiation is dependent on engagement of LTBR, resulting in activation
of the non-canonical NF-kB pathway and concurrent engagement of the canonical NF-kB pathway by

stimulation with TNF-a.

The distribution of CD248 on MSC and its suggested role as element involved in mesenchymal
specification prompted us to address the role of this pathway and its interaction with PDGFRpB and

LTBR in the context of lymphoid stromal cell in vitro and in vivo.
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PDGFRB

CD248

ST

Cytoplasm

Figure 3.1 Schematic representations of the PDGFR and NF-kB signalling pathways discussed in this
chapter. A) Representation of the PDGFRP signalling pathway and the potential interaction of CD248
with the subunits. Adapted from (Demoulin, 2010, Kok et al., 2014) B) Schematic representation of the
canonical and non-canonical NF-kB signalling pathways. Taken from (Oeckinghaus et al., 2011)
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3.3 Results

3.3.1 Impairment of lymphoid stroma differentiation in absence of CD248

Lymphoid stromal cells can be differentiated from MSCs by stimulation with LTBR agonist and TNFa
(Benezech et al., 2012). Successful differentiation involves upregulation of VCAM-1 and ICAM-1 on
stimulated cells in a stepwise manner, with the generation of 3 different populations; a negative

population, an intermediate-expressing population and a high-expressing population (figure 3.2a).

| investigated whether CD248 played any role in this differentiation by investigating the ability of
CD2487 mouse embryonic fibroblasts (MEFs) to differentiate to lymphoid precursors. As shown in
figure 3.2, both WT and CD2487 MEFs were able to upregulate VCAM-1 and ICAM-1 in a stepwise
manner, resulting in the generation of three different populations with different VCAM-1 and ICAM-1
expression (figure 3.2 b - d). CD2487 cells are able to respond to the stimulation and significantly
upregulate their expression of both VCAM-1 and ICAM-1 in the same manner as the WT cells (fig. 3.3
b—d). However, at resting conditions MEFs isolated from CD2487 mice displayed a significantly higher

expression of ICAM and VCAM, (fig. 3.2 b — d), at a level comparable to the intermediate population.
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Figure 3.2 Differentiation of mouse embryonic fibroblasts to lymphoid precursors. A) Flow
cytometry gating strategy employed to analyse the expression of ICAM-1 and VCAM-1 following
stimulation with LTBR agonist and TNF-a. The percentages of cells in three different VCAM-1/ICAM-
1 expressing populations, including VCAM"ICAM" (B), VCAM™ICAM™(C), and VCAM'ICAM" (D) were
analysed following stimulation. Data shown is representative of two independent experiments with
n = 6. Significance was calculated using a Mann-Whitney Unpaired t test with p <0.05 = *, p < 0.005
=** and p < 0.0005 = ***,

74



The upregulation of ICAM and VCAM was calculated as a fold change upon stimulation with LTPR
agonist and TNF-a, because of the higher resting expression in the CD2487". This data is shown in figure
3.3a. As shown, the upregulation of both adhesion markers was found to be defective in the CD2487

cells compared to the WT counterparts.

This analysis was also carried out in ADSCs, as these cells have previously shown to be capable of
reprogramming to lymphoid stromal cells when stimulated in this manner (Benezech et al., 2012). As
shown in fig 3.3b, the fold change increase in the percentage of cells in VCAM™ICAM™ population in
response to stimulation is not significantly affected in the CD2487". However, a significant reduction
in the VCAMMICAM" population was observed. It is important to highlight that upregulation of
adhesion molecules upon stimulation was less significant in the ADSCs than in the MEFs, thus
suggesting that lineage differentiation in already committed cells is a more complex phenomenon that

might require slightly different conditions and, potentially, prolonged stimulation (fig. 3.3a & 3.3b).
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Figure 3.3 Mesenchymal stem cells from different origins were differentiated to lymphoid precursors.
The expansion of the ICAM-1, VCAM-1 populations is expressed as a fold change increase for the ICAM-
1intVCAM-1int and ICAM-1higVCAM-1hig populations and shown for MEFs (A) and stimulated ADSCs
(B). Data shown is representative of two independent experiments with n =3 - 6 and is described as the
mean + SD. Significance was calculated using a one-way ANOVA, with p< 0.05 = *, p< 0.005 = ** and p <
0.0005 = ***,
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3.3.2 Investigating the interaction between CD248 and the PDGFRf signalling

pathway

CD248 has long been understood to signal via the PDGFR signalling pathway, as stimulation with
recombinant PDGF-BB has been shown to be unable to trigger a response in CD2487 cells (Naylor et
al., 2012). However, the mechanism by which this interaction occurs is currently not well understood.
In order to evaluate whether this mechanism was involved in the differentiation in to “lymphoid-
tissue” phenotype cells, stimulation with LTBR agonist and TNFa was repeated in WT MEF, in the
presence of the PDGFR signalling inhibitor imatinib mesylate. As shown in figure 3.4, WT cells treated
with imatinib mesylate were significantly reduced in their ability to respond to this stimulation, with
a reduction in the number of cells expressing intermediate (fig. 3.4a) and high levels of VCAM/ICAM
(fig. 3.4b). When the upregulation of these markers was calculated as a fold change in response to
stimulation as previously investigated, it was found significantly reduced (fig 3.4c). This defect mimics
the effect observed in the CD2487, suggesting the possibility that CD248 signalling via PDGFRB may

play a role in the differentiation of MSCs to lymphoid stromal cells.
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Figure 3.4 Differentiation of MEFs to lymphoid precursors is dependent on signalling via
PDGFRf. Percentages of cells expressing intermediate VCAM/ICAM levels (A), and high
VCAM/ICAM levels (B). The proportions of cells in each population were calculated as a fold
increase following stimulation and are represented in (C). Data shown is representative of
two independent experiments with n = 5 and is described as the mean + SD. Significance
was calculated using a Mann-Whitney Unpaired t test (A & B) and a one-way ANOVA (C),
with p< 0.005 = ** and p < 0.0005 = ***,
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Previous evidence generated within our laboratory (Naylor et al.,, 2012) indicated a significant
difference in the levels of ERK phosphorylation in the CD2487 as compared to WT mice. Western blot
analysis was carried out to investigate whether ERK phosphorylation was relevant in this system. This
data is very preliminary, and as such is based on only a very few replicates and as such, definite
conclusions may not be drawn. As shown in figure 3.5a, the total amount of ERK in the CD248"
unstimulated cells was comparable to the level observed in WT cells. however, at 1 hour post
stimulation, the WT cells appear to have a higher concentration of total ERK compared to the CD248"

/. This defect continues into 72 hours post stimulation (fig 3.5b).

Densitometry analysis was carried out to calculate the ratio of phosphorylated ERK to the total ERK
concentration. There appears to be higher levels of phosphorylated ERK in resting CD2487
unstimulated cells as compared to the WT (fig. 3.5c). Upon stimulation, whilst WT MEFs were able to
respond to stimulation with LTBR and TNF-a and increase the levels of ERK phosphorylation, CD2487
MEF were not (fig. 3.5c). However, as previously mentioned, this is very preliminary data, and requires

much further investigation in order to confirm this observation.
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Figure 3.5 Investigation of the mechanism by which CD248 may function to inhibit
differentiation. A) Amount of ERK present in MEFs both before and after stimulation at
different time points was analysed by western blot, with B-actin as a loading control. B)
Level of ERK phosphorylation in MEFs both before and after stimulation at different time
points was analysed by western blot with B-actin as a loading control. C) Densitometry
analysis of the blots was carried out and the ratio of phosphoERK to total ERK was
calculated. Data shown is representative of mean + SD with n = 2.
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3.3.3 Investigating potential links between CD248/PDGFRf and the canonical and

non-canonical NF-kB pathways

LTBR and TNF-a are known to function via the NF-kB signalling pathways. TNF-a binding to TNFR1
signals via the canonical NF-kB pathway, whereas LTBR is known to activate the non-canonical NF-kB
pathway. These two different pathways have different subunits, but are also able to interact with each
other. These different pathways are outlined in figure 3.1b. Subunits within both of these pathways
were analysed in order to investigate whether a novel role for CD248 can be identified in controlling

NF-kB signalling.

Several subunits were selected to study both pathways, and their interactions, with IkBa selected as
a subunit of the canonical pathway, RelB selected as a subunit of the non-canonical pathway, and
P50/p105 subunits chosen as shared between the two pathways. This data is very preliminary, and as
such, no definitive conclusions can be drawn. WT cells appear to be able to upregulate both p50 and
RelB in response to NF-kB stimulation with 1 hour (fig 3.6b & 3.6c). However, CD2487" cells do not
seem to be able to respond as quickly. After 72h stimulation, an upregulation in the expression of NF-
kB signalling may be observed in the CD2487 cells, although the data is insufficient to comment on
the degree of expression in these cells. IkBa is broken down upon stimulation (figure 3.6a) in WT cells
within an hour from stimulation, once again, the response appears to be delayed in the CD248" cells.
This is also very preliminary data, and has shown that the amount of these subunits can be studied

using this methodology, although other conclusions cannot be drawn.
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Figure 3.6 Investigation of abnormal NFkB signalling pathways in CD248-/- MEFs. Analysis
of selected subunits of the NFkB signalling pathway by Western blotting A) IkBa B)
p50/p105 C) RelB D) B-actin.
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3.3.4 Investigating potential defective lymph node development in CD248-/-

embryos

As previously discussed, development of embryonic lymph nodes is dependent on the interactions of
lymphoid tissue inducer (Lti) cells and lymphoid tissue organiser (Lto) cells. In order to analyse the role
of CD248 in the embryological development of these organs, the proportions of these cells in the WT
and CD248” mice were compared at various stages of development. For this comparison,
embryological inguinal and mesenteric lymph nodes were dissected from pups at different stages of
development, from embryonic day 18 to new born day 1 (figure 3.7a). These organs were then
digested according to the protocol described in chapter 2, allowing for the separation of the two cell
types involved in embryological lymph node development. The separation of these cells is indicated
in figure 3.7b, with Lti cells identified as CD45*CD4" cells, and the Lto cells identified as CD45CD4"

ICAM"MVCAM",

The proportions of the Lti and Lto cells in new born pups mesenteric lymph node and inguinal lymph
node is shown in figures 3.7c — 3.7f, and the proportions of these cells in embryos at embryological
development day 18 are shown in figures 3.8a — 3.8d. A significant reduction of Lto cells at embryonic
day 18 (fig.3.8c) was observed in mesenteric lymph nodes, accompanied by a non significant reduction

of LTi cells at new born stage in the same site (fig. 3.7e).
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Figure 3.7 Analysis of lymph node development in CD248-/- newborn pups. A)
Representative images of the brachial and mesenteric lymph nodes and their location within
the developing pups. B) Flow cytometry plots showing the gating strategy employed in
analysing the Lti and Lto cells. The populations of the Lto cells in the WT and CD248-/- were
analysed in mesenteric (C) and inguinal (D) lymph nodes and the numbers of Lti cells in
mesenteric (E) and inguinal (F). Data shown is representative of three independent
experiments with n =8 — 11 and illustrated with mean % SD. Significance was calculated using
a Mann-Whitney Unpaired t test with p < 0.005 = **,
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Figure 3.8 Analysis of lymph node development in CD248-/- embryological day 18 pups. The
populations of the Lto cells in the WT and CD248-/- were analysed in mesenteric (A) and inguinal (B)

lymph nodes and the numbers of Lti cells in mesenteric (C) and inguinal (D). Data shown is representative
of three independent experiments with n = 8 — 11 and illustrated with mean * SD. Significance was

calculated using a Mann-Whitney Unpaired t test with p < 0.05 = *.
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3.4 Discussion

3.4.1 Main findings

e The absence of CD248 on MEFs and ADSCCs reduces the ability of the cells to differentiate into
lymphoid like stromal cells in vitro.

e In vitro analysis of the signalling pathways affected by the lack of CD248 was unable to
adequately describe the mechanism by which CD248 exerts its influence.

e In vivo analysis of the stromal cells involved in the embryological development of the lymph
node anlage demonstrated a reduction in the populations of both the hematopoietic Lti and the
mesenchymal Lto cells in the CD248”" embryos, although this is overcome as development

progresses by an unknown mechanism.

3.4.2 In vitro differentiation of MSCs to adipocytes and lymphoid stroma is

perturbed in absence of CD248

CD248 is expressed on mesenchymal stem cells (MSCs) during embryonic life, and is then down
regulated as these cells become committed to specific lineages (Lax et al., 2007). Mesenchymal stem
cells are pluripotent stem cells able to differentiate into multiple lineages, including adipose tissue,
osteoid tissue and lymphoid stroma. The differentiation of mature adipose tissue from MSCs has been
shown to occur via a preadipocyte precursor. This precursor has been shown to retain some
pluripotent differentiation abilities, and is known to be able to differentiate to lymphoid stroma
(Benezech et al., 2012). Previous work performed within the group indicated that CD248 plays a role
in controlling the differentiation of MSCs in to the bone lineage, regulating osteoblast differentiation
in vitro (Naylor et al., 2012). CD248”" mice were shown to have stronger, thicker bones in vivo, and in

vitro, osteoblast differentiation from CD2487 MSCs was impaired. CD2487 mice have also been
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shown in our laboratory to have defective fat pad development, when compared to the WT (Bechar,
2012). In order to address the role of CD248 in mesenchymal differentiation, our laboratory has
previously investigated the differentiation of MEFs to adipocytes in vitro. This data indicated that
differentiation of these MSCs to pre-adipocytes was reduced in the CD2487 cells compared to the WT

cells.

The large distribution of CD248 in the lymph node anlagen, its expression on MSCs and its involvement
in adipogenic differentiation prompted us to investigate the potential involvement of CD248 in the
differentiation towards the lymphoid tissue lineage both in vitro and in vivo, the invovement of the
PDGFR] signalling in to this and the potential role of CD248 in mediating adipogenic versus lymphoid
differentiation. Adipose tissue and lymphoid tissue are understood to be two very intimately linked
cell types.Lymph nodes are known to develop concurrently with the fat pads in which they reside into
adulthood. According to Bénézech et al., (2012) ADSCs could be reprogrammed into lymphoid-tissue
mesenchyme precursors by stimulation with a LTBR agonist and TNF-a (for methods see chapter 2).
This re-programming could be analysed by the concurrent upregulation of the adhesion markers
VCAM-1 and ICAM-1 on activated mesenchyme, that represent a pre-requisite for TLO differentiation
in the anlagen (Benezech et al., 2015). We used this assay to evaluate the role of CD248 in this
development. Stimulation with LTBR agonist and TNF-a caused the contemporaneous upregulation of
VCAM-1 and ICAM-1, with both the WT and CD2487 upregulation progressing in a step-wise manner
from a VCAM-ICAM- population to a an intermediate VCAM™CAM™ population and a VCAM"ICAM"
population. CD2487 cells were able to respond to stimulation in this manner, the strength of this
response was significantly reduced when compared to the WT. The unstimualted CD248"" cells seem
to have a higher constitutive expression of VCAM-1 and ICAM-1 than the WT. This altered state could
be supported by abnormal intracellular activation in the CD248”" mice; | therefore investigated this

possibility.
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3.4.3 Investigation of the signalling pathways governing CD248 function in

differentiation of mesenchymal stem cells

CD248 has previously been shown to modulate ERK phosphorylation in response to PDGF stimulation
(Tomkowicz et al., 2010), although the precise way in which it is able to elicit an effect in the PDGFRB
signalling pathway is currently unknown. Our evidence suggested the possibility that CD2487 cells
exist in a “pre-activated” state. We therefore aimed to investigate whether this was assumption could
be supported by a different basal intracellular activity of the PDGFR cascade and so we investigated
the phosphorylative state of ERK. The phosphorylation of ERK has previously shown to be defective in
the CD2487 cells, resulting in a reduction in the expression of the transcription factor c-Fos
(Tomkowicz et al., 2010, Naylor et al., 2012). Under normal circumstances, the amount of ERK

phosphorylation should increase following stimulation.

By calculating the ratio of phosphoERK to total ERK, | intended to demonstrate whether the CD248
cells had a different level of ERK phosphorylation than their WT counterparts. However, the results
are simply too preliminary to draw any definitive conclusions about the expression levels of the

different subunits and require further investigation.

Imatinib mesylate, an inhibitor of the PDGFRP signalling pathway was used to evaluate the relative
importance of the PDGFR signalling in the effects observed. Imatinib is widely used in the treatment
of several cancers (Demetri et al., 2002), thanks to its ability to inhibit the tyrosine kinase enzymes
often described as oncogenes due to their ability to transform many cells into malignant cancers. This
includes the BCR/ABL tyrosine kinase pathway known to be involved in chronic myeloid lymphoma
transformation (Chu et al., 2004). Based on previous results indicating the lack of effect of stimulation
with the recombinant PDGF homodimer PDGF-BB in CD2487 cells (Naylor et al., 2012, Naylor et al.,
2014), we believe that the phenocopying of the effect seen in CD248" cells by imatinib treated cells
is due to abnormal PDGFR signalling, rather than signalling via another pathway.
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Interestingly, the stimulation used in our assay is known to activate the canconical and non-canonical
signalling pathway, but not the PDGFRP pathway. This inability to respond appropriately would
therefore indicate that either CD248 has an as-yet-unknown ability to modulate the NF-kB signalling
pathways, or that the PDGFRp signalling pathway is unexpectedly involved in the response to LTBR
agonist and TNF-a stimulation. Upregulation of PDGFRB expression and translocation of the NF-kB
subunits p65 to the nucleus have been shown to be linked thanks to engagement of receptors by
extracellular matrix components (Chung et al., 2009), this appears to be the main link between these
two signalling pathways. Both of the theories outlined here would provide a new and interesting
avenue to study, and, as NF-kB signalling is known to be essential in a large number of immunological
functions (Oeckinghaus et al., 2011), would give a novel outlook as to why CD248 is upregulated in

during inflammation.

In our hands it appeared that both the canonical and non-canonical NF-kB pathways are differentially
regulated in the CD2487 cells. These results require further investigation preliminary results would
indicate that there is abnormal signalling transduction in the CD2487-. Whilst suggesting that both the
NF-kB and the PDGF-R[ pathway are impaired in absence of CD248, it does not provide indications on
at which point in the intracellular signalling the 2 pathways interact. These results require further
confirmation and validation. Chromatin immunoprecipitation could be used in an attempt to identify
the interactions between the different subunits. Single subunits could also be inhibited in WT
stimulated cells to recreate the results observed in the CD2487 cells, providing key information about

how this molecule is able to exert its effects.
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3.4.4 Investigating the role of CD248 in embryological lymph node development

CD248 is known to be widely expressed in developing lymph nodes, and this expression becomes
increasingly restricted after birth until it is only found on the capsule of adult LN (Lax et al., 2007). As
this work has demonstrated that CD248 plays a role in controlling the differentiation of MSCs to
lymphoid stromal cells in vivo, further work was carried out to identify whether this translated into an
in vivo defect in the development of lymph nodes in CD2487 pups. The development of the lymph
nodes can be analysed by investigating the proportions of the LTi and LTo cells, as demonstrated in
figures 3.8 and 3.9. The Lti cells are known to have a hematopoietic origin, whereas the Lto cells derive
from mesenchymal precursors. Therefore, due to both the published data and the data presented
here, one would assume that any defect would be observable in the Lto cells, but not the Lti cells,
although due to the intimate association between these two cells types, a significant defect in one

would be assumed to result in a defect in the other.

When investigating the role of CD248 at different time points during embryological development, it
appears to be more influential earlier during development. The CD2487" anlage have a greater
reduction in both Lti and Lto cells at E18 than the lymph nodes taken from newborn pups. From
previous observations that adult CD2487 still present with functional lymph nodes, this is
unsurprising. The apparent defect in early development seems to be reversible as the developmental
stages proceed; likely indicating that CD248 is not controlling the development itself, rather affecting
other factors involved in the development at different stages. This hypothesis is supported by the fact
that the signalling pathway associated with CD248 function, the PDGFRB pathway investigated here,
is associated with lymphangiogenesis (Cao et al., 2004). CD248 may function as an intermediary
between the two signalling pathways responsible for lymphatic vasculature and mesenchyme

development in the developing lymph node.
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LTBR” mice unable to activate the non-canonical NIK-dependent pathway of NFKB activation
(Futterer et al., 1998). Analysis of the role of different NF-kB subunits in the development of lymph
nodes has been carried out using knock out mice, and a range of phenotypes in defective lymph node
development have been identified. These can range from complete absence of LN to reduced
lymphoid organisation, as examined in the introduction to this chapter (van Delft et al., 2015, Yin et
al., 2001, Weih et al., 1995). The evidence described here appears to indicate that these pathways in
CD2487 MEFs function abnormally, but not to the extent that these functions are completely
abrogated. This is further supported by the fact that CD2487 mice have a normal complement of
lymph nodes and other lymphoid tissue. The involvement of CD248 is likely to present a high degree
of redundancy, as indicated by the fact that CD2487 mice are healthy and viable, and present an
apparent normal lymphoid system. The data presented here gives further evidence that CD248
modulates the development of lymphoid tissue, indicating that it is able to modulate the function of

both of these essential pathways, or that these pathways interact in a novel manner in vivo.
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Chapter 4. Role of CD248 in controlling the lymphoid stromal

remodelling in response to inflammation

4.1 Chapter aims

° To evaluate the expression of CD248 on adult lymphoid stromal cells in an attempt to
understand the dynamic interactions between the stromal cell subsets and to exploit this

expression to further delineate lymphoid stromal cell subsets.

4.2 Introduction

The structure and organisation of lymph nodes requires a supporting scaffold. This enables trafficking
in the LN, the production of lymphoid chemokines and cytokines required to attract and trap the
lymphocytes in the correct regions and to maintain lymphocyte survival and maturation. These cells
are referred to as stromal cells. Fibroblastic reticular cells (FRCs) compromise most of the lymphoid
stromal cells. FRCs can be divided into B cell zone reticular cells (BRCs), T cell zone reticular cells (TRCs),
marginal reticular cells (MRCs) and follicular dendritic cells (FDCs) (Malhotra et al., 2013), see chapter
1 for a thorough review of the lymph node stromal cells. Follicular dendritic cells (FDCs) are located in
the germinal centre and support the germinal centre reaction. The germinal centre is segregated into
two major structure based on their different histological and functional features. The light zone (LZ) is
the location of FDCs and T follicular helper cells (Ten cells), whereas the dark zone (DZ) consists of
proliferating B cells. Cells in the light zone and the dark zone are referred to as centrocytes and
centroblasts, respectively. Centrocytes and centroblasts shuttle continuously between the two zones.
Somatic hypermutation (SHM), class-switch recombination (CSR), proliferation and differentiation

occurs during the GC reaction that contributes to the process of affinity maturation of the of the B cell
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repertoire (Durandy, 2003, Gatto and Brink, 2010, Zaheen and Martin, 2011, Kracker and Durandy,

2011). The germinal centre reaction is explained in depth in chapter 1.

Mature FDCs display a defined location within lymphoid organs (described in Chapter 1). FDCs are
stationary cells located in defined regions of the lymphoid tissue. Expression of specific markers and
the unique structure of these cells with multiple fine dendrites are the factors used to characterise
FDCs by histology. Initially described as binucleate (Sukumar et al., 2006), it was suggested that FDCs
were formed by the fusing of CD35+B220+ cells with CD45- CD35- stromal cells (Murakami et al.,
2007). No evidence of these cells has been observed outside of lymphoid organs. Thanks to the small
number of these cells and the difficulties associated with separating these cells from their intimate
association with the developing B cells, understanding of the development of these cells and
identification of the progenitor cell of this stromal cell subtype has proved difficult (Kasajima-Akatsuka

and Maeda, 2006).

Recent work has indicated that FDCs are not a dendritic cell population, but are in fact a specialised
population of cells derived from the mesenchymal lineage (Aguzzi and Krautler, 2010, Mabbott et al.,
2011). There is a degree of controversy about the origin of FDCs. Initially, the first group to investigate
the origin of the FDCs observed that the cells could derive from perivascular precursors. This was
evidenced by Mfge-8 expression, as well as CXCL13 transcripts, which could be observed in regions
outside of the B cell follicles, surrounding the vasculature of lymphoid organs, by cells that express
PDGFR-B (Krautler et al., 2012). These cells may be pericytes, a subtype of cells that surround and
support blood vessels function and homeostasis. However, a more recent study has indicated that
FDCs in the lymph node derive from marginal reticular cells (MRCs) in response to inflammation

(Jarjour et al., 2014).

Induction of FDC maturation is strictly dependent on the expression of TNF and lymphotoxin (LT), as
mice that are deficient in the expression of these molecules or in their downstream signalling
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pathways are unable to develop FDCs and GCs within their SLOs (Allen and Cyster, 2008). The cells
responsible for providing this stimulus are the B cells, and it has been shown that soluble TNF
produced by these cells is more important for FDC maturation than membrane-bound TNF (Tumanov
et al., 2004). As naive B cells are responsible for providing the TNF required for FDCs to mature; and
FDCs are essential to provide the maintenance and differentiation factors required for maturation of
the naive B cells, these two cell types function in a positive feedback loop (El Shikh and Pitzalis, 2012).
FDCs express CXCL13, which signals via CXCR5 expressed on naive B cells and attracts them to the
nascent follicle. These B cells provide further lymphotoxin, resulting in further FDC maturation via a
positive feedback loop. Accordingly, CXCR5”* B cells are able to migrate into the splenic white pulp,
but are unable to traffic to the follicle itself. Therefore, these cells contribute to induction of FDC
development in atypical locations (Voigt et al., 2000). Stimulation of the B cells via CXCR5 causes
expression of LT and TNF, inducing the maturation of FDCs as described previously (Forster et al., 1996,
Voigt et al., 2000, Ngo et al., 1999). Removal of FDCs during the germinal centre reaction completely
disrupts the architecture of the follicles and destroys the germinal centre response by eliminating the

germinal centre B cells and simultaneously increasing the density of T cells and DCs (Wang et al., 2011).

Work carried out in this laboratory has shown that CD248 expression in the spleen is highly
upregulated in response to salmonella infection (Lax et al., 2007). This increase in expression was
further investigated, and CD248” lymph nodes have been shown to be unable to expand in response
to inflammatory challenge (Lax et al., 2010). However, currently there is currently no appreciation as
to which cell types might be expressing this CD248. Due to the fact that CD248 is understood to be
expressed on pericytes (Tomkowicz et al., 2010, MacFadyen et al., 2005, MacFadyen et al., 2007,
Naylor et al., 2012, Lax et al., 2010) and that this molecule functions via PDGFR-B (Naylor et al., 2012,
Hardie et al., 2011, Tomkowicz et al., 2010) as well as being involved in early differentiation of the
embryonic mesenchyme in the anlagen (Lax et al., 2007), we hypothesise that CD248 might be

involved in FDC differentiation and function in the adult. Therefore, taking advantage of the CD2487
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mice which present seemingly normal lymphoid organs in the adult, in this chapter | have investigated

the structure and function of FDCs in immunised CD2487" lymphoid organs.
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4.3 Results

4.3.1 CD248 expression has been identified on follicular dendritic cells

In order to investigate the expression of CD248 in activated lymphoid tissues, a well-described
immunisation schedule was followed. The immunisation protocol employed in which NP-CGG is
administered with alum adjuvant is fully discussed in the introduction to this thesis and in the
materials and methods section. In these experiments, 100ug NP-CGG with alum adjuvant was
administered as an intra-peritoneal injection (i.p.) on day 0 in order to induce an immune response in
the spleen. In the rechallenge experiments, the mice were reimmunised on days 21 and 41, where
appropriate. In order to investigate the immune response in the draining lymph nodes, 10ug NP-CGG
in alum was administered as a sub-cutaneous injection (s.c.) into the foot pad of the mice at the same
time points as mentioned for the i.p. immunisations. Using this immunisation schedule in order to
investigate the expression of CD248 in activated lymphoid tissue, | was able to identify a population
of cells with very high levels of CD248 expression within the inner part of the follicle and separated
from the CD248+ capsule. These cells were located within the B cell zones of repeatedly challenged
lymph nodes and further co-staining with follicular dendritic cell markers such as FDC-M1 revealed

that these cells were in fact FDCs (fig. 4.1a).

As shown in figure 4.1b, the FDC network formed in response to immunisation in CD248” lymph nodes
appear histologically normal. The FDCs in WT lymph nodes have been shown to express CD248, as
shown in figure 4.1a. However, in the CD2487" nodes, as shown in figure 4.1b, although there is no
CD248 expression in the CD2487 lymph nodes, as expected, the CD248”* FDC networks have formed

normally, and no abnormal histology is observed.
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In the spleen following primary immune response, the follicular dendritic cell network form normally
within the germinal centres (fig. 4.2a & b). However, as shown in figure 4.2d, following secondary
immunisation, the FDC networks that form in the CD2487 spleens display an abnormal histology, with
aberrant interconnected network. As shown in figure 4.2d, the FDC networks formed in the CD2487
spleens have a punctate histology, lacking the interconnected networks displayed in their WT
counterparts shown in figure 4.2c. Interestingly, there is no abnormal structure in the CD2487
following primary immunisation as shown in figure 4.2a. This is different to the expression seen in the

CD2487 lymph nodes in figure 4.1, demonstrating a differential role in different tissues.
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X40 CD248,
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Figure 4.1 Analysis of FDC networks in immunised WT and CD248-/- draining lymph
nodes. A) Identification of a population of CD248+ FDCs in WT LN as described by staining
with CD248 (green), FDC-M1 (red) and CD245 (blue) at x25 magnification. B) Analysis of the
effect of losing CD248 on the development of FDCs in the LN stained with CD3 (green),
FDC-M1 (red) and CD19 (blue) at x10 magnification.
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Figure 4.2 Analysis of FDC networks in immunised WT and CD248-/- spleens. FDCs in A) WT and B)
CD248-/- primary immunised spleens were stained using DAPI (grey), CD3 (green), FDC-M1 (red). FDCs
in C) WT and D) CD248-/- secondary immunised spleens were stained using CD248 (green), FDC-M1
(red) and CD45 (blue). Images all taken at x40 maghnification.




This histological defect was further investigated throughout the whole spleens, using tile scans at
multiple cutting levels and different staining protocols. Representative images are shown in figure
4.3. FDC morphology was analysed, staining the tissue with both FDC-M1 and CD35 using a number

of different methods (fig. 4.3).

Spleens isolated from CD2487- mice and stained with FDC-M1 showed abnormal FDC development
with a complete absence of the interconnected networks demonstrated in the WT spleen in figure
4.3a, in agreement with the previous data demonstrated in figure 4.2. There also appears to be a
reduction in the number of germinal centres across the whole spleen when compared to the WT.
When the histology of the FDCs is analysed by staining with CD35 (fig. 4.3d), which is a different FDC
marker, known to stain a functional molecule on the surface of the FDCs, the structures of the
networks did not seem to be affected. The CD2487 FDCs demonstrate the same structure as their
WT counterparts, but the total size and number of FDC networks appears to be was reduced in

comparison to the WT spleens shown in figure 4.3c.
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Figure 4.3 Identification of a defect in FDC networks of CD248-/- spleens. Representative
images of WT and CD248-/- spleens stained with different markers as follows: A) WT and B)
CD248-/- spleens stained with CD3 (green), FDC-M1 (red) and CD19 (blue) and C) WT D) CD248-
/- spleens stained with CD3 (green), CD35 (red) and CD19 (blue). Overview images at 10x
maghnification with inserts at 40x magpnification.
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These defects were quantified using a number of methods. Initially, the size of the follicular dendritic
cell networks was measured in um?, this revealed that the area covered by FDC-M1 positive staining
within the germinal centre was reduced in the CD2487" spleens compared to the WT (fig. 4.4a). This
was also true of the area of CD35 positive staining, with a significant reduction in the size of the of
the follicular dendritic cell areas in the CD2487 when compared to the WT (fig. 4.4b). The defect in
the FDCs when investigated using FDC-M1, as previously observed, was not a significant reduction in
the size of the areas, rather a reduction in the development of processes and the interconnectivity
of the cells. In order to further quantify this defective development, the pixel density of the FDC
region was analysed. The FDC-positive stained area was selected using Zen software; this software
then calculated the number of positive pixels within this region. Using this data, | was able to
calculate the mean pixel density per unit area, therefore quantifying the distribution of the FDC-M1
positive staining and giving an indication of the interconnectivity of the dendritic processes and
network formation. No significant difference in the mean number of FDC-M1 positive pixels between
the CD2487 and the WT was observed in mice immunised once (figure 4.4c). Following secondary
rechallenge with the same antigen, however, the CD248" spleens revealed a significant reduction in
the mean FDC positive pixel density per unit of FDC area compared to the WT (figure 4.4d). The
defect in the immunised CD2487 lymph nodes was also analysed in this manner, and as can be seen

in figure 4.4e, there is no significant difference between the WT and CD248” nodes.
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Figure 4.4 Analysis and quantification of the observed defect in FDC networks of CD248-/- spleens and LN.
A) The area of the single largest FDC-M1 positive area was calculated using Zen software in um?2. B) The area of
the single largest CD35 positive area was calculated using Zen software in pm?2. Data shown in A) & B) is
representative of 4 spleens, with 3 independent cutting levels per spleen. Error bars demonstrate the mean +
SD with significance calculated using a Student’s t test. Mean pixel density per unit area of the germinal centre
was calculated from 3 representative images per spleen, with 4 independent spleens used per group. This was
calculated following primary immunisation (C) and secondary immunisation (D). Error bars demonstrate the
mean * SEM, and significance was calculated using a Student’s t test with p < 0.0005 = ***, Mean pixel density
was also calculated for the germinal centres found within immunised bLN (E) (n = 24) and errors bars describe

mean * SEM
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This analysis gave some interesting insights into the defect in the CD248”- germinal centres, although
it did not completely address the abnormal structure of the FDC networks observed in the CD2487
spleens. Therefore, an imagej macro was designed in order to more fully understand the reduction in
connections between the individual follicular dendritic cells. The steps in the macro analysis are
described in figure 2.2, and also shown in fig. 4.5a. However, in brief, the percentage of GC covered
by FDC-M1 positive staining was calculated. The aim of this analysis was to give a better representation
of the defect in network formation by analysing the connections between the FDC-M1 positive
regions. As shown in figure 4.5b, the CD248" spleens display a significantly reduced coverage over the
germinal centre with follicular dendritic cells, again indicating that there is significant reduction in the

interconnectivity of the networks.
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Figure 4.5 Design and use of an imagel) macro to quantify the defect in FDC networks of CD248"
/- spleens. A) Description of the macro designed to analyse this FDC defect, described in detail in
chapter 2. The analysis of the FDC networks in three times challenged spleens is demonstrated in

(B) with error bars describing the mean + SD. Significance was calculated using a Student’s t test
with p < 0.0005 = ***,
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4.3.2 Investigating a developmental origin for follicular dendritic cells

There is some evidence that FDCs in the spleen derive from ubiquitous perivascular precursors
(Krautler et al., 2012). CD248 is also known to be expressed on pericytes, with the evidence outlined
in chapter 1. Naylor and al. (2014) demonstrated co-localization of CD248 with both NG2 and a-
smooth muscle actin (a-SMA), two classical pericyte markers (Bergers and Song, 2005, Tomkowicz et
al., 2007). We used these markers to characterise our immunized tissue, firstly addressing staining
distribution in WT mice (top row of figure 4.6a). NG2 expression was detected in the FDC rich area
that exceeded the CD248 staining (top left panel figure 4.6a) The abnormal FDC networks observed in
the CD2487- showed discrete positive NG2 staining, although this was reduced compared to the WT
(fig.4.6a). The mean pixel density of the NG2 positive pixels within the GC was also calculated using
the Zen software as before. Results are shown for this quantification that show reduced amount of
NG2-positive staining in the CD248" spleens (figure 4.6b). The levels of expression of NG2 were also
analysed by quantitative real time PCR on microdissected GC from WT and CD2487 spleens, and
revealed a reduction in the number of transcripts of NG2 in the CD2487- as compared to the WT (fig.
4.6¢). Similar analysis was performed for CD248 and a-SMA. As can be seen in the top panel of figure
4.7a, CD248-positive FDCs are also positive for a-SMA. A significant reduction in the expression of a-
SMA was observed in the CD248" spleens, as shown in the bottom panel of figure 4.7a. However, PCR

analysis was unable to confirm the observation at the protein level (fig.4.7b).
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Figure 4.6 Analysis of expression of pericytes marker NG2 in immunised WT and CD248-/-
spleens. A) Germinal centres in WT and CD248-/- spleens stained with CD248 (green), NG2
(red), and FDC-M1 (blue). Mean NG2 positive pixel density per unit area of the germinal
centre was calculated from 2 representative images per spleen, with 4 independent
spleens used per group (B). Error bars demonstrate the mean + SEM, and significance was
calculated using a Student’s t test with p < 0.0005 = ***, The number of transcripts of NG2
in the germinal centres of microdissected spleens was analysed by RT-qPCR (C). Data is
represented with error bars demonstrating mean + SD with n = 6. Significance was

analysed using Mann-Whitney Unpaired t test.
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Figure 4.7 Analysis of expression of pericytes marker a-SMA in immunised WT and
CD248-/- spleens. A) Germinal centres in WT and CD248-/- spleens stained with CD248
(green), a-SMA (red), and FDC-M1 (blue). The number of transcripts of a-SMA in the
germinal centres of microdissected spleens was analysed by RT-qPCR (B). Data is
represented with error bars demonstrating mean + SD with n = 6. Significance was
analysed using Mann-Whitney Unpaired t test.
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Jarjour et al. (2014) have recently proposed that FDCs in the lymph node which develop in response
to inflammation do so from a marginal reticular (MRC) precursor. These cells are currently believed to
derive directly from the LTo embryological precursor, giving a direct link between the LTo and the
mature FDCs. The main markers that allow identification of the MRCs are CXCL13 and RANKL. The
expression of these markers was investigated in the WT and CD248" spleens and lymph nodes. As can
be seen in figure 4.8, the sizes of the B cell zones were significantly upregulated in both the WT and
the CD2487" immunised spleens. The expression of CXCL13 is found restricted to within the B cell
zones, rather than outside of these areas. There does not appear to be any difference in the amount
or localisation of the expression of CXCL13 in the CD2487 spleens, indicating that these cells have a
normal ability to recruit and retain B cells in follicles in response to immunisation. The expression of
RANKL in the WT and CD2487" spleens appears to be very limited. The level of staining observed in

both spleens does not seem to be significantly above background (fig. 4.8a & b).
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Figure 4.8 Analysis of MRC structures in immunised WT and CD248-/- spleens. A) WT and
(B) CD248-/- immunised spleens stained with CXCL13 (green), RANKL (red), and CD19
(blue) at x40 magnification.
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MRCs are known to localise to the cortical side of the subcapsular sinus of lymph nodes. Therefore,
the expression of RANKL located around the capsule of lymph nodes was analysed by
immunofluorescence. As can be seen in figure 4.9, expression of RANKL can be observed surrounding
the cortex of both WT and CD2487 lymph nodes. This was further examined by investigating the co-
localisation of RANKL with CXCL13, as can be seen in figure 4.9a & b. As demonstrated in figure 4.9,
expression of RANKL can be observed immediately below the subcapsular sinus. CXCL13 expression
can be detected throughout the B cell follicles of the lymph nodes, but is also notably co-localised with
the RANKL at the edge of the cortex (fig. 4.9). There does not seem to be any significant difference in
the expression of either CXCL13 or RANKL in the CD248”" lymph nodes. These CD248”" lymph nodes

also display the expected localisation of these markers within the organ.

Taken together, the observations made in both the lymph nodes and spleens appear that the CD248"
- lymphoid organs have apparently normal expression and distribution of marginal reticular cells when

examined by histology.
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Figure 4.9 Analysis of MRC structures in immunised WT and CD248-/- draining lymph
nodes. A) WT and B) CD248-/- immunised brachial lymph nodes stained with CXCL13
(green), RANKL (red), and CD45 (blue) at x40 magnification
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4.3.3 Establishing a novel method for digestion and flow cytometry analysis of

follicular dendritic cells

Follicular dendritic cells are an important cell type in the development of the germinal centre
response, but understanding of these cells has previously been limited. Based on the data presented
in this chapter, notably the appearance of CD248 on a discrete population within the FDC network and
the presence of evident FDC defects in the spleen but not in the LNs, we hypothesised the presence
of a certain degree of heterogeneity in this population in different lymphoid organs. In order to
address this complex scenario, we seek to digest FDC networks upon immunization and to use flow
cytometry to investigate FDC phenotype more accurately. The digestion and staining protocol
established is outlined in figure 4.10. The large and irregularly-sized stromal cells were selected based
on their forward scatter and side scatter profiles; doublets were excluded from the analysis by
investigating the pulse width. This is essential, as the stromal cells have long processes which express
high levels of adhesion molecules to allow for the function of these cells, but which can confound the
results. Once these structural elements have been accounted for, the cells were selected based on
their lack of expression of CD45 and CD31, selecting the stromal cells compartment by excluding the
hematopoietic and endothelial components. The expression of gp38, CD35 and BP-3 were then

analysed on these CD45-CD31- cells.

A distinct population of gp38+BP3+ cells was robustly detected in unimmunised LN (figure 4.10b), that
display low expression of CD35. We hypothesise that these gp38+BP3+CD35- cells are the B cell zone
reticular cells that support the homeostatic B cell compartments. Following immune challenge, there
is a significant expansion in the number of CD35+ cells (fig. 4.10c). The majority of CD35+ cells are also
gp38+, as shown in figure 4.10c. The numbers of gp38+BP3+ cells are also expanded in the immunised
lymph nodes, indicating an expansion in the size of the B cell zones. A large proportion of the

gp38+CD35+ cells are also positive for BP-3. We hypothesise that these cells are the FDCs which
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develop in response to inflammation and GC formation. Isotype controls for CD35 and BP3 are shown

in figure 4.10d.

This analysis was then applied to the immunised CD2487- lymph nodes (fig. 4.11). Expansion of the
gp38+CD35+ and the gp38+BP3+ cell populations can also be observed in the CD2487. There is no
significant difference in the proportions of cells in these populations in the CD2487" compared to the
WT lymph nodes (fig.4.11b). The absolute numbers of these cells were also quantified using counting
beads and revealed that again there is no significant difference in the numbers of these cells, as can
be seen in figure 4.11c. When the expression of BP3 on gp38+CD35+ cells is analysed, many of these
cells were identified as being BP3". There appears to be a higher expression of BP3 on the CD35+
population in the CD2487 cells as in the WT cells. This could indicate a difference in the proportions

of the FDC population in the CD2487 as in the WT lymph nodes.

114



CD45CD31

A 30k
20K 3
vy
w
10K
0 - - -
0 10K 20K 30K 0 10K 20K 30K w o' w® o wd
Fs . FS ! . Cp3l
CD45CD31" gp38 CD35
4 4 4
B 10 62.4 1.17 10 111.8 51.7 10 18.33 91.7
10° 10° - 10° -
(7]
o
o
o4
C
G
G
Q
o
2
D 10%
o 10%4 10%4
e
(=
o
o
()
o
>
e
o
]
: 0 9

4

T T T T
10> 10° 10t o102 108 10
Isotype control Isotype control

Figure 4.10 Establishing a novel method for analysing FDCs by flow cytometry. A) Gating
strategy employed for the selection of the CD45- CD31- stromal cell population of brachial
lymph nodes. B) lymph node stromal cells challenged with PBS were analysed for their
expression of gp38, CD35 and BP3. C) lymph node stromal cells challenged with NP-CGG
were analysed for their expression of gp38, CD35 and BP3. D) Isotype controls of the CD35
and BP3 antibodies on the CD45-CD31- stromal cell fraction.

115



CD45 CD31’ gp38'cD35"
10

4
j26 | 3.53 8.00 - 18.2 0155 76.5
10%4
- ©
10*4
100"0 T T AR ‘0
10° 10t 102 10°  10?
BP-3
10*
116.8 83.2
10°% 4
]
Ry 3
00 Q10% 4
g o
o 1]
o 1073
100”0 T T T '0
10 10t 102 10®  10*
CD35 BP-3 BP-3
B - - C - -
CD45 CD31 CD45 CD31
159 ns o ns
-1
. 5 3
2 8 g
[a] 101 +o 8
) w54
% . 8 3| e
3 o 8 < [
TR £ | b
.
8 o,e O%o 2 871 es e toN
[
°° 3o °® 00°
0 T T = T T
WT CD248" WT CD248"

Figure 4.11 Investigating proportions of FDC in immunised WT and CD248-/- draining
brachial lymph nodes. A) Gating strategy employed to analyse the FDCs in rechallenged WT
and CD248-/- brachial lymph nodes. B) Quantification of the percentages of CD45-CD31-
gp38+CD35+ in WT and CD248-/- lymph nodes. C) Quantification of the absolute numbers
of CD45-CD31-gp38+CD35+ in WT and CD248-/- lymph nodes. Absolute numbers were
quantified using counting beads. Data shown is representative of two independent
experiments with n = 9. Error bars indicate mean * SD with significance calculated using a
Mann-Whitney Unpaired t test.
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This analysis was also carried out in the mesenteric lymph node of the WT and CD248" challenged i.p.
with NP-CGG. As can be seen in figure 4.12a, there is a significant expansion in the gp38+BP3+
population in the mesenteric lymph node compared to the brachial lymph node. This would lend yet
more evidence to the hypothesis that the FDCs found in different lymphoid tissues are made up of
multiple different lineages of cells. When the percentages of these cells following reimmunisation is
qguantified, as shown in figure 4.12b, there is a significant reduction in the number of gp38+ CD35+
cells in the CD2487 mesenteric lymph nodes when compared to their WT counterparts. When the
absolute numbers of the cells were quantified using counting beads, they also revealed a reduction in
the numbers of these cells in the CD2487- when compared to the WT organs. However, this reduction
is not statistically significant, potentially because the absolute cell numbers were not normalised to

organ weight.
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Figure 4.12 Investigating proportions of FDC in immunised WT and CD248-/- mesenteric
lymph nodes. A) Gating strategy employed to analyse the FDCs in rechallenged WT and
CD248-/- mesenteric lymph nodes. B) Quantification of the percentages of CD45-CD31-
gp38+CD35+ in WT and CD248-/- lymph nodes. C) Quantification of the absolute numbers
of CD45-CD31-gp38+CD35+ in WT and CD248-/- lymph nodes. Absolute numbers were
quantified using counting beads. Data shown is representative of mean + SD of n = 4, with
significance calculated using a Mann-Whitney Unpaired t test with p < 0.05 = *.
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According to the data outlined above, the defect previously observed in the CD248” appears to be
more significant in the splenic immune response than in the brachial lymph node. This is further
confirmed by the fact that there is no significant reduction in the number of FDCs in the immunised
CD2487 bLN. The defect observed is more significant by histology in the splenic immune response.
Therefore, we attempted to separate the FDCs from the spleen. Due to the structure of the organ,
which, as summarised in the introduction to this thesis, includes an increase in non-stromal cell types,
such as endothelial cells and erythrocytes, and the increased “stickiness” of the organ compared to
LN. Therefore, additional steps are required to separate out the stromal cell population accurately. As
shown in figure 4.13a, the plots generated from single cell suspension from digested spleens appear
significantly different from the plots generated in the LN. In particular, a large percentage of gp38-
CD35- cells and a significant reduction in the percentage of CD45-CD31-CD11b-Ter119- cells that
express gp38 and CD35 is observed. In order to remove some of these confounding factors and obtain
clearer plots for analysis, MACS microbeads were used in different protocols to enrich the stromal cell

population.

The removal of the CD45 fraction (figure 4.13b) already improved the detection of the CD45-CD31-
CD11b-Ter119- stromal cell population, that increased from 2.04% to 18.8%. . We attempted to
deplete erythrocytes using Terl19 beads in combination with CD45 beads and concluded that the
former do not confound the staining panel as strongly as the leukocytes. Therefore, for subsequent
analysis of the FDCs in the spleen, only lymphocytes were excluded using CD45+ beads. However, as
shown in figure 4.13b & c, the number of cells in the gp38+CD35+ population and the separation of
this population from the CD35- population is not as definite as in the lymph node, indicating that

further steps are required to separate this population out of the total spleen for phenotypical analysis.
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Figure 4.13 Establishing a method for analysing these stromal cells in spleen.
Representative flow cytometry gating strategy to investigate the proportions of cells in
digested spleens from the total spleen (A), after depletion of the lymphocytes using CD45+
MACS beads (B) and after exclusion of lymphocytes and erythrocytes using CD45+ and
Ter119+ beads (C)
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In order to fully confirm that the CD35+ cell population under investigation is, indeed, a population of
FDC, the next step was to investigate the number of these cells in a system that is established to be
completely lacking these cells. Therefore, we investigated whether these gp38+CD35+ cells were
absent in the UMT mice. As examined in the introduction (chapter 1), the development of FDCs is
dependent on the production of lymphotoxin by incoming B cells, therefore mice lacking B cells should
also lack functional FDC development. This analysis was carried out in both immunisation procedures
followed previously, in both the skin draining brachial lymph node and the central mesenteric lymph
node. Representative plots can be seen in figure 4.14a & b and diagrams in figure 4.14 c-f that show
how in both the brachial and mesenteric lymph nodes there is a lack of CD35 expression in response
to immunisation. Nonetheless, a significant population of gp38+BP3+ cells is still present in the uMT

mice, most likely the non FDC B cell stroma, BRCs.
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Figure 4.14 Confirming the identity of the potential FDCs using B cell knock out mice. Representative
flow cytometry plots of the stromal cell populations in WT and B cell KO brachial (A) and mesenteric (B)
lymph nodes. Quantification of the percentages of CD45-CD31-gp38+CD35+ in WT and B cell KO brachial
(C) and mesenteric (E) lymph nodes. The absolute numbers of CD45-CD31-gp38+CD35+ cells were
quantified in WT and B cell KO brachial (D) and mesenteric (F) lymph nodes. Absolute numbers were
guantified using counting beads. Data shown is representative of mean * SD of n = 3 - 6, with significance
calculated using a Mann-Whitney Unpaired t test with p < 0.0005 = ***,
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This data indicates that we were indeed able to separate the FDC from the other stromal cells in the
lymphoid tissues. Therefore, we intended to use this opportunity to use fluorescence activated cell
sorting techniques to isolate the populations for analysis by real-time quantitative PCR. The results of
this analysis are shown in figure 4.15. This analysis demonstrated that both the gp38+CD35+ and
gp38+CD35- populations express high level of the MFGE-8 gene, classically associated to FDC (fig.
4.15b). MFGE-8 is the antigen recognised by the FDC-M1 antibody used throughout this chapter to

identify and analyse the FDC network.

FDCs are also known to express the B cell chemoattractants CXCL13, while CD21-/CD35- CRCs cells
that inhabit the dark zone of the GC express CXCL12. As shown in figure 4.15c & d, the expression of
CXCL13 was found to be higher in the CD35+ population as compared to the CD35- population.
Conversely, CXCL12 expression was higher on the gp38+CD35- population, supporting the distribution
of these 2 chemokines in FDC and CRCs (Allen and Cyster, 2008, Rodda et al., 2015). We could not

detect a significant defect in the ability to produce these chemokines in CD248".

The T cell-attracting chemokines CCL19 and CCL21 were also investigated, and these results are shown
in figure 4.15e & f. In accordance with previous reports the expression of both CCL19 and CCL21 was
largely confined to the gp38+ populations. Interestingly, CD2487- lymph nodes showed a slightly

reduced expression of these chemokines, although this does not seem to be significant.

Other important FDC functional markers associated with activating B cell function were also analysed.
APRIL and BAFF are both members of the TNF superfamily of signalling components and are known to
be secreted by stromal cells and to act on B cells by inducing proliferation (APRIL) and activating the
B cells (BAFF) (Hahne et al., 1998, Schneider et al., 1999). As observed in figures 4.15g & h, both of
these factors are upregulated in the CD35+ populations. Interestingly, there appears to be an
upregulation in the expression of APRIL in the CD2487- gp38+CD35- population, which appears to be
mirrored by a reduction in APRIL expression by the gp38+CD35+ population.
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The detection of some T cell chemokines in our CD35 enriched population suggested the possibility
that the sorting strategy used in our setting has to be refined and gating has to be set in more stringent
manner. Given the difficulties posed in setting precise gates in the presence of a rather small
population alternative techniques could be used, including sorting followed by positive beads

selection.
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Figure 4.15 Genotyping of the CD45-CD31- stromal cell populations. Sorted stromal cell
populations from WT and CD248-/- immunised lymph nodes were analysed by quantitative
RT-PCR for their expression of (A) PDGFRB (B) MFGE-8 (C) CXCL12 (D) CXCL13 (E) CCL19 (F)
CCL21 (G) APRIL and (H) BAFF. These transcripts were normalised to either Bactin expression
(A, B, G & H) or PDGFRPB expression (C, D, E, F) and presented as 2%, with mean + SD
represented on the graph.
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4.4 Discussion

4.4.1 Main findings
e (D248 is expressed on a subset of FDCs that dramatically expand in response to immune
challenge.
e Lack of CD248 results in the formation of abnormal FDC networks.
e These CD248-expressing FDCs derive from a pool of pericytes in the lymphoid tissue.
e A novel method for separating FDCs from the other stromal cell compartments of lymphoid

tissues has been established and allows for phenotyping of the subsets.

4.4.2 CD248 expression has been identified on follicular dendritic cells and

indicates a differential developmental origin

In the spleen of immunised animals, this work has shown that CD248 can be detected on a stromal
cell population within the B cell regions of the splenic white pulp. We demonstrated that these CD248+
stromal cells are follicular dendritic cells by counterstaining with an FDC-M1 antibody clone. The FDC-
M1 clone is known to recognise Mfge-8, a factor essential for mediating the clearance of apoptotic B
cells from the germinal centre, which is expressed by FDCs and binds to apoptotic B cells in order to
facilitate their uptake by tingible body macrophages (Tumanov et al., 2004, Kranich et al., 2008). The
CD248"* cells have also been shown to be positive for other FDC markers such as CD21/35. The
expansion of a CD248+ population in the spleen and lymph node following immunisation is a
phenomenon that has previously been described by our group (Lax et al., 2007). However, the identity
of the cells that upregulate this molecule was not established This work would indicate that this
expansion is due to the expression of CD248 on FDCs, a subset of stromal cells known to respond to

inflammation.
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The FDCs in CD248”- animals show a histological defect, preventing the FDCs from forming the classical
reticular networks associated with these cells in WT conditions. Analysis of the formation of these
networks during primary and secondary immune responses showed that both the size and
interconnectedness of the cells is reduced in the CD2487 animals during the secondary response. This

defect is not significant following primary immunisation.

This novel observation of CD248 expression on FDCs is supported by evidence from the literature
demonstrating that FDCs are derived from perivascular precursors. These finding were due to
expression of the Mfge-8 FDC functional marker observed on pericytic cells, as defined by their
expression of PDGFRPB (Krautler et al., 2012). Pericytes are a subtype of ubiquitous perivascular
precursors which are well established as expressing CD248 (MacFadyen et al., 2007, Teicher, 2007,
Tomkowicz et al., 2010, MacFadyen et al., 2005, Simonavicius et al., 2012, Smith et al., 2011).
Therefore, | investigated whether | could identify further evidence for pericytes marker expression on
the follicular dendritic cell networks in the spleens. As presented here, expression of the pericyte
markers NG2 and a-SMA can be observed in the follicular dendritic cell networks in the spleen, with a
reduction in the expression of these proteins in the CD2487" mice. However, when the expression of
these markers was analysed at the RNA level by RT-qPCR, there is no significant reduction in the

number of transcripts of these genes in the CD2487 germinal centres.

There is also evidence that splenic FDCs derive from a mesenchymal precursor of the Nkx2-5+Islet1+
lineages, in common with other splenic stromal cells (Castagnaro et al., 2013). Pericytes are an
interesting cell type, and appear to be the major source of multipotent mesenchymal stem cells in the
adult (Crisan et al., 2008). This evidence would therefore link the mesenchymal origin proposed by

Castagnaro et al. (2013) and the perivascular origin suggested by Krautler et al. (2012).

Although in the spleen, the FDCs appear to develop from pericytes and express CD248, recent
publications have indicated that FDCs in draining peripheral lymph nodes may have a different origin.
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Jarjour et al. (Jarjour et al., 2014) have recently shown that in response to immune challenge, MRCs
differentiate to give rise to FDCs. When the MRC in the CD2487 organs are investigated, as | have
done here, there does not seem to be a defect in the MRCs, despite the evidence presented in the
previous chapter that developing CD2487- lymph nodes have a significant reduction in the number of
LTo cells. This is not as surprising as might be expected, as the evidence presented in the previous
chapter indicates that the reduction in the numbers of these cells is overcome as development
progresses. Influx of leukocytes following birth, especially B cells, is likely to bring with it increased
expression of LTa1B2 which will bind to LTBR expressed on the stromal cells and may stimulate further
maturation and differentiation of the stroma (Luther et al., 2002, Lorenz et al., 2003). Marginal
reticular cells are known to play a functional role in the trafficking of antigen into the secondary
lymphoid organs. Their localisation to the basal side of the subcapsular sinus, the location where
afferent lymph vessels connect to the node indicates that these cells are involved in filtering the
incoming lymph fluid and delivering the antigens appropriately throughout the lymph node (Katakai
et al., 2008). RANKL+ cells in the spleen are also located to the blood endothelium surrounding the
specialised sinuses that separate the blood circulating the spleen from the lymphoid tissue (Carrasco
and Batista, 2007, Phan et al., 2009). There is no indication that the CD2487" MRCs are functionally
defective in any way from the evidence presented here. This would link to the fact that, as described
here, the FDCs in the CD2487" lymph nodes appear to be completely normal. This would indicate that
the FDCs known to derive from MRCs in response to immunisation are completely normal in the

CD248" lymph nodes.

Although all of this information points to FDCs deriving from a mesenchymal lineage, the exact steps
in the differentiation of these cells have not been established. Taken together with the data presented
here, it would appear that the FDCs which develop in response to immune challenge are a
heterogeneous population derived from a number of different sources. The networks formed in

CD2487 draining brachial lymph nodes following multiple immune challenges are normal in
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appearance, lending more evidence to the heterogeneity of these populations. Also, current
knowledge of FDCs is based on their expression of various functional markers, such as FDC-M1 (Mfge-
8) and CD21/35 (CR1/CR2). As there are no known origin or lineage markers associated with this
population, unlike the MRCs which express many LTo-specific markers (Katakai, 2012), it is entirely
possible that these cells are able to derive from any stromal precursors available in response to the
production of LT by the incoming B cells. The evidence presented here would indicate that there are
indeed different subtypes of FDCs, and that CD248 is able to mark these different lineages, opening
up the opportunity for using CD248 as a marker to investigate the differences between the different

subtypes.

Taken together, these data support the hypothesis that a subset of FDCs in the spleen differentiate
from pericyte precursors as previously asserted in the literature (Krautler et al., 2012). The data
presented here also supports the mesenchymal origin of FDCs proposed by Castagnaro et al. (2013).
Further experiments are required to establish the steps involved in FDC development, which would

help to resolve how closely linked the different subtypes of these cells are.

4.4.3 Establishing a novel method for digestion and flow cytometry analysis of

follicular dendritic cells

FDCs have previously proved to be difficult to separate from the other surrounding stroma, due to
their non-circulatory nature, the low numbers present in lymphoid organs, as well as their high
expression of adhesion molecules and their long, thin and spindly structure with large networked
processes that are difficult to separate (El Shikh and Pitzalis, 2012). As a result of all of these features,
whilst other stromal cell populations have been widely examined by flow cytometry (Fletcher et al.,

2011, Katakai et al., 2004, Katakai et al., 2008), FDCs have remained difficult to study directly.
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Collagenase P is understood to be a milder enzyme than the collagenase D routinely used in our
laboratory for stromal cell digestion (Barone et al., 2015, Nayar et al., 2016) and we attempted to use
it to digest the delicate FDCs from the lymphoid organs. This digestion method was compared to the
collagenase d digestion and was found to give comparable results, with an apparent improvement in
the retention of cell surface markers (chapter 2). We believe that we were successfully able to
separate out the stromal populations based on their expression of CD35, indicating that these cells

are indeed FDCs.

| observed no significant numeric defect in the FDC as defined by CD35 and gp38 expression in the
CD2487 brachial lymph nodes. This agrees with the data observed by histology and the quantification
of such as indicated previously. However, when the mesenteric lymph node was investigated, a
significant defect in the number of these CD35+ cells was observed in the CD2487- mice. The difference
in the development of these organs has been explored previously, as indicated by certain mouse knock
out studies investigating the different subunits of the canonical and non-canonical NF-kB pathways.
The classical interaction required for lymph node development between LTBR and LTalf32 has been
investigated. Mice unable to produce LTBR completely lack the development of all lymph nodes and
abnormal splenic microarchitecture. The B cells in these spleens are not restricted to the follicles, but
could in fact be found spread throughout the white pulp, with a concurrent decrease in the number
of T lymphocytes (De Togni et al., 1994). The effect of the heterodimer LTa1B2 was also investigated
separately using mice either deficient in LTa or LTB. LTa”" mice are unable to develop any lymph nodes
or Peyer’s patches. Also, the spleens of these mice do not exhibit separation between the T and B
lymphocytes in the white pulp, these spleens are also unable to develop FDCs and functional germinal
centres (Matsumoto et al., 1997). However, mice deficient in LT were able to develop both cervical
and mesenteric lymph nodes, although these mice are still unable to develop Peyer's patches,
peripheral lymph nodes, splenic germinal centres, and follicular dendritic cells. Other NF-kB signalling

subunits that display a differential defect in lymph node development include NFkb1 and NFkb2 knock
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out mice which display a defect in the development of inguinal lymph nodes only (Franzoso et al.,
1998, Lo et al., 2006). FDC development is also dependant on the action of the chemokine CXCL13.
This is also known to be important for lymph node development, as CXCL13-deficient mice lack
peripheral lymph nodes, but present mesenteric and cervical lymph nodes (Luther et al., 2003). The
lack of the receptor of this chemokine CXCR5 also results in only mesenteric and cervical lymph nodes
developing (Ohl et al., 2003). For complete lack of all lymph nodes, the mice must be deficient in all
chemokines (CXCL13, CCL21 and CCL19) or both of the receptors (CXCR5 and CCR7) (Ohl et al., 2003).
This data also supports the histological analysis presented here, where a significant defect in the
structure of FDCs is observable in the splenic immune response, but not in the skin-draining brachial

lymph node response.

Investigation of the numbers of these potential CD35+ FDCs in the spleen presented a number of
difficulties. The spleen is a much larger organ than the lymph node, with a higher level of
heterogeneity in the cell populations found within the organ, although the white pulp presents similar
structural components and functions to the lymph nodes. As the previous histological analysis has
revealed a significant defect in the structure of the FDCs in the CD2487" spleens, but not in the draining
lymph nodes under the same immunisation conditions, we attempted to study the differences
between the splenic FDCs and lymph node FDCs directly, in order to investigate whether a phenotypic
difference could be observed. We intended to use to digestion protocol outlined in this thesis to
separate the lymph node and splenic FDCs and then analyse the expression of classical FDC markers
in order to identify any potential differences. Digestion of the FDCs from the lymph node was
successful as presented here; however, this protocol was not as successful when applied to the spleen.
Stromal cells are known to be a small cell population, only making up 1-5% of the cells in lymphoid
organs (Malhotra et al., 2012). In the spleen, due to the larger size of the organ, the number of
lymphocytes present is known to be greatly increased compared to the lymph node. The spleen also

includes large areas of red pulp, containing many erythrocytes which also contribute to greater
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heterogeneity in the digested cell populations. In order to attempt to overcome this, the stromal cell
populations from digested spleens were enriched using MACS beads in order to exclude the
lymphocytes and erythrocytes. This was successful in that it excluded these cells from our analysis,
although the CD35+ FDC populations observed by flow cytometry still appeared markedly reduced
compared to the populations observed in the lymph nodes. This is likely due to other factors at work
inthe spleen, including increased numbers of endothelial cells from the different vascular organisation
and an increase in the “stickiness” of the cells thanks to an increase in the expression of adhesion
molecules and Fc receptors. Further work is required to enable better separation of the FDC
population from the other stromal compartments, for example by blocking the Fc receptors to prevent

binding to other cells and therefore allowing better separation of the populations.

In order to confirm that these CD35+ stromal cells under investigation were, in fact, FDCs, the
presence of these cells was investigated in mice understood to lack FDCs. As outlined in the
introduction, the full development of adult lymphoid stromal cells is dependent on the influx of
lymphocytes following birth. Full development of FDCs is dependent on the presence of B cells, and
their production of LTal1B2 (Mackay and Browning, 1998, Gonzalez et al., 1998, Fu et al., 1998). In B
cells lacking the chemokine receptor CXCRS5, the B cells cannot travel into the B cell follicles following
the CXCL13 gradient, and induce FDCs to develop in extrafollicular regions (Voigt et al., 2000). We
therefore took advantage of the uMT mouse where the B cells are unable to develop past the bone-
marrow located pre-B cell stage (Kitamura et al., 1991)unable to in order to validate whether our
isolated population of gp38+CD35+ cells was indeed representative of FDCs. Use of this mouse was
the most effective way to confirm that these cells are the FDCs that we expect, and our candidate

population was indeed absent in the uMT mice.

Apart from FDCs, the other stromal cell type known to support the B cell follicle are the B cell zone

reticular cells first observed in 1991 (McNagny et al., 1991). These cells are able to be identified as
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different from the other lymphoid reticular cells thanks to their expression of the antigen BP-3. These
cells are also found even in the absence of lymphocytes (McNagny et al., 1991). It appears that we can
identify this cell population in our digestion protocol as there is a significant gp38+BP3+ population.
There may be a slight reduction in the BP3+gp38+ stromal cells in the B cell knockout mice, although
this does not appear to be a significant reduction. This would indicate that these cells are indeed the
B cell reticular cells, which are not dependant of the presence of B cells to develop. However, the
gp38hiBP3hi cells observed in the WT lymph nodes do seem to be absent in the B cell knockout mice.
The evidence seems to indicate that these are FDCs, as they also seem to be CD35+. This is supported
thanks to a study which concluded that the FDCs were closely associated with the B cell reticular cells
thanks to the identification of around 90% of FDC-associated genes in the SCID mice lacking B cells in

the B cell reticular zone cells (Wilke et al., 2010).

Once it was established that these cells under investigation were FDCs and could be separated
successfully from the lymphoid organs, we used fluorescence activated cell sorting to isolate the cells
and study their expression profile using real-time quantitative PCR analysis. The four populations;
gp38-CD35-, gp38-CD35+, gp38+CD35- and gp38+CD35+, were analysed for the expression of a
number of FDC markers. The expression of MFGE-8, the antigen recognised by the FDC-M1 antibody
clone (Kranich et al., 2008), is higher in the gp38+CD35+ population, indicating strongly that these
populations include FDCs. However, there is also expression of this marker in the gp38+CD35-
population. MFGE-8 is known to only be expressed by FDCs in the stromal cell compartment (Kranich
et al., 2008), and so this would indicate that the populations we have been able to identify are not
able to be completely separated using this protocol. The FDCs may bind to other cells via their Fc
receptors and other adhesion markers and so are sorted into another population. The CD35 marker
may also have been cleaved from the cells by the digestion enzymes. Interestingly, we could not detect
a significant reduction in the expression of this gene in the CD248” LNs, indicating that the structural

defect observed in these mice is unlikely to be caused by a lack of MFGE-8. This result is different from
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the expression indicated in the histological analysis carried out previously. This could indicate that the
functional ability of these cells to produce this molecule is not significantly affected, but the defect
observed in the CD2487 spleens may be a structural defect in the development of the cells which
affect this marker, rather than the inability to produce this molecule. A lack of MFGE-8 is known to
result in development of splenomegaly and an expansion in the numbers of germinal centres and
autoantibody production due to an inability of the tingible body macrophages to clear the apoptotic
B cells (Hanayama et al., 2004). The defect observed in the CD2487" mice is not a significant as this
MFGE-87 phenotype; therefore, it is unlikely that the CD2487- mice would completely lack the ability

to produce MFGE-8.

CXCL13 is also known as B cell attracting chemokine (BCA-1) and, as the name suggests, is known to
play an important role in attracting B cells to developing follicles, functioning via the chemokine
receptor CXCR5 expressed on the B cells (Legler et al., 1998, Forster et al., 1996). The majority of
CXCL13 in this system appears to be produced by the gp38+CD35+ cell population, indicating that our
population of gp38+ CD35+ is a FDC enriched population. The expression of this chemokine is also
increased in the gp38-CD35+ population, indicating that this population is also enriched in cells able
to control the influx and retain B cells, evidence indicates that this would be the B cell zone reticular

cells previously mentioned.

Interestingly, the expression of CXCL12 appears to be higher in the gp38+CD35- population than in the
gp38+CD35+ population. A recent study has identified a novel population of CXCL12+ stromal cells
(deemed CRCs) within the dark zone of the germinal centre. The study has indicated that these cells
are not FDCs, due to their lack of FDC markers and independence of lymphotoxin or TNF signalling in
order to develop (Rodda et al., 2015). These cells may be the gp38-CD35+population observed here,
as the authors of this study reported that these CRCs express gp38, but not any classical FDC markers

(Rodda et al., 2015). The fact that these CRCs are found in the dark zone of the germinal centre is also
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interesting when the expression of BAFF (fig 4.13g) is taken into account. BAFF (B cell activating factor)
is a member of the TNF superfamily of ligands. It is known to stimulate B cell growth and proliferation
(Schneider et al., 1999, Kreuzaler et al., 2012). The dark zone of the germinal centre is so named
because it is the site of intense proliferation of the centroblasts (the B cells in the dark zone), resulting
in a dark area when examined histologically because of the dense collection of nuclei (Bannard et al.,
2013). Therefore, if these gp38+CD35- cells are indeed these CRCs previously reported, one would
expect significant expression of BAFF, although the authors have not examined the expression of BAFF
on the population themselves. This marker is expressed in this cell population at even higher levels
than the putative gp38+CD35+ FDCs, indicating that this analysis has, indeed been able to separate

the light zone-located FDCs from the dark zone-associated CRCs.

Interestingly, there appears to be an upregulation in the expression of APRIL in the CD248"
gp38+CD35- population, which appears to be mirrored by a reduction in APRIL expression by the
gp38+CD35+ population, compared to the WT populations. APRIL is also known as tumour necrosis
factor ligand superfamily member 13 (TNFSF13), and is known to contribute to B cell activation. Mice
deficient in APRIL have been shown to have an increased number of germinal centres, and APRIL itself
appears to promote IgA class switching (Castigli et al., 2004). The increased APRIL expression in the
CD2487 may contribute to promoting the germinal centre reaction and IgA class-switching in an

attempt to overcome the abnormal FDC development observed.

There is also expression of the T cell chemokines CCL19 and CCL21 on the gp38+CD35+ and the
gp38+CD35- populations. These chemokines are well understood to be expressed on TRCs, which are
the predominant stromal cell population in the lymph node and which support T lymphocyte
trafficking and homing through the organ (Fletcher et al., 2015). The expression of these 2 chemokines
in the gp38+CD35- compartment is therefore reassuring. However, the expression of the former in

FDC is not common and suggests a contamination with TRC into our FDC gate. T follicular helper (Tru)
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cells are known to traffic into the germinal centre by upregulation of CXCR5, allowing the cells to
respond to CXCL13, rather than following a CCL19 or CCL21 gradient established by the stromal cells
(Arnold et al., 2007). Further work may therefore be required to try to tease apart the true FDCs and
CRCs from their TRC associates and to guarantee the stringency of the gating strategy. The addition of

other markers to our antibody cocktail might also be useful.

There does not seem to be a significant defect in the expression of any of these markers in the CD248"
- lymph nodes. This could be due to the fact that the histological defect observed in FDCS does impact
on their function. Further work to analyse the functional defect in these cells is carried out in the next

chapter, where the B cell response in the CD248" is thoroughly analysed.

These results indicate that separation of FDCs from the lymphoid tissue is indeed possible. Once these
cells can be separated successfully and reproducibly from these organs, large scale analysis can be
carried out on the cells in order to fully characterise the cells and investigate their potential origin in

different lymphoid organs.
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Chapter 5. Dissecting the functional effects of CD248 deficiency in vivo.

5.1 Chapter aims

e To exploit the CD248 deficient mice in order to understand the function of CD248 in the

establishment and maintenance of an adaptive immune response.

5.2 Introduction

The germinal centre response is a critical feature of the humoral immune system. This reaction was
conclusively proven to be the site of somatic hypermutation and the selection of high affinity B cell
receptors (BCR), allowing for the development of long-lived B cell memory (Jacob et al., 1991, Berek
et al., 1991, MacLennan, 1994, Nossal, 1994, Liu and Arpin, 1997, Coico et al., 1983). Naive B cells
expressing IgM are able to exit their site of development, the bone marrow, and circulate in the blood
where they can traffic to the secondary lymphoid organs and enter the germinal centre reaction
(Nossal, 1994). B cells which inhabit the GC are classified as centroblast and centrocytes. Centroblasts
are IgD- PNA+ cells which rapidly proliferate within the dark zone (Kuppers et al., 1993, McHeyzer-
Williams et al., 1993). Centroblasts undergo a strong induction of the processes involved in
immunoglobulin class-switch recombination (Toellner et al., 1998). Once this is completed these
rapidly dividing cells enter the light zone of the GC, downregulating CCR7 and moving toward the
CXCL13 gradient via CXCRS5. In the light zone the centroblasts lose their proliferative activity, engage
with the FDCs and upregulate Bcl6 to become GC B cells or centrocytes (Linterman et al., 2010, Zotos
et al,, 2010, Lee et al., 2011, Ozaki et al., 2004). The main functions of the germinal centre reaction
are somatic hypermutation (SHM) and class switch recombination (CSR). The enzyme AID (Activation
induced cytidine deaminase) plays a key role in the GC reaction. AID is transiently active on highly

proliferating B cells and determines DNA remodelling, causing somatic mutations in the variable chain
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of the immunoglobulins (IgV) and class switch recombination of the heavy chains (Liu and Arpin, 1997,
Xu et al., 2012, Stavnezer et al., 2008). Somatically mutated BCRs undergo successive tests to check
the affinity and avidity for the antigen binding. These cells are understood to circulate from the light
zone and re-enter the dark zone where further mutations occur to further increase the antibody
affinity and avidity (Hauser et al., 2007). The B cell maturation and germinal centre reaction is further

examined in the introduction to this thesis (chapter 1).

FDCs are responsible for the correct presentation of antigen in the context of immune complexes (ICs)
to naive B cells (Ogata et al., 1996). Expression of CD21/35, otherwise known as complement
receptors 1 and 2 (CR-1 and CR-2), by FDCs is required for this process and enable the binding of the
immune complexes (ICs) on the cell surface. FDCs are also responsible for marking apoptotic B cells
for destruction by the tingible body macrophages (Kranich et al., 2008, Aguzzi et al., 2014). FDCs also
provide a number of factors required for full B cell activation and maturation to plasma cells and
memory B cells. These factors include the adhesion molecules VCAM-1, ICAM-1 and MAdCAM-1,
involved in retaining the B cells in contact with the FDCs, allowing for sufficient activation of the BCR
via the IC (El Shikh and Pitzalis, 2012, Allen et al., 2004) It is well established that the presence of FDCs

is essential for the maintenance of the germinal centre response (Kosco et al., 1992, Wanget al., 2011)

FDCs are unable to phagocytose and process antigen. Antigens displayed by FDCs are presented in
the native form, and can be displayed across multimerised ICs mainly via CD21/35. Additional, low
affinity Fc receptors FcyRIIB (CD32) and FCeRIl (CD23) and factors such as iC3b, C3d and C3dg from
complement 3 are also involved in this process (El Shikh and Pitzalis, 2012). Presentation of these large
structures allow for cross-linking of the B cell receptors (BCRs) resulting in more efficient B cell

activation and initiation of the germinal centre response (Sukumar et al., 2008).

Naive circulating B cells that have not undergone class switching naturally express IgM, as the segment
giving rise to this isotype is the first section encountered when the heavy chain is transcribed. Once
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AID has been activated to induced class-switch recombination, the isotypes that are produced are
dependent on the activity of different cytokines. For example, the classical T-helper cell (Th2) induced
class switching is dependent on production of IL-4 and other Th2 cytokines, such as IL-13, results in a
switch of the BCR to the IgG1subtype (Toellner et al., 1998, Cunningham et al., 2002, Cunningham et

al., 2004).

In the previous chapter, | have demonstrated that absence of CD248 induces profound morphological
changes in the spleen FDCs and therefore the GC. In order to investigate potential functional effects

of those we dissected the B cell response elicited in the CD2487 mice.
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5.3 Results

5.3.1 Investigating the B cell response in CD248-/- mice

As discussed previously, CD248” mice develop abnormal FDC networks in response to immune
challenge (chapter 4). Given the critical role of FDC in the process of induction and maintenance of
the germinal centre response, | investigated the effects that CD248 deletion might play in the
generation of an antigen specific B cell response. | concentrated this part of analysis to the spleen, the

organ that showed the most significant changes in terms of FDC morphology in our mutants.

Firstly, | evaluated whether the size of B cell follicles was affected in the CD248" spleen. These follicles
were quantified by analysing the size of the B cell zones as a factor of the total area of the spleen to
give a percentage of the total B cells within the whole spleen. Figure 5.1a illustrates a representative
image with the CD19 positive B cell follicular areas encircled in red to indicate how the images were
guantified. The total area was calculated as ratio between the B cell area and the total area of the
spleens, two cutting levels were quantified per spleen, and three biological replicates were analysed
per group (Figure 5.1b) shows the summary of the areas calculated as a ratio between of the spleens.
As can be seenin figure 5.1b, there is a significant reduction in the size of the B cell areas and therefore
the number of B cells in CD2487 animals when compared to WT counterparts. The number of B cells
was also quantified by flow cytometry on total spleens, cells were extracted by mechanical disruption
from the whole spleen and then the flow cytometry analysis was carried out as described in chapter
2. This quantification revealed no significant difference in the total number of B cells in the spleens of
CD2487 animals compared to WT mice (fig. 5.1c). This could be due to the different markers used to

analyse the B cells by immunofluorescence (CD19) and flow cytometry (B220).
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Figure 5.1 Quantification of the number of B cells in CD2487" spleens compared to WT. A)
Representative image of WT spleen used for quantification, stained with CD3 (red) and CD19 (blue). The
B cell zones are shown circled in red. Image taken at x10 magnification. B) Quantification of the
percentage of total splenic area covered by B cell positive staining in the WT and CD2487" spleens.
Images used for quantification were all at x10 magnification, with 2 cutting levels imaged per biological
replicate, which was averaged to be represented on the graph, number of mice per group = 3 with mean
+ SEM represented on the graph. C) Total numbers of B cells in immunised spleens analysed by flow
cytometry, with n=4. Graph indicated mean % SD. Significance was calculated using Mann-Witney
unpaired t test, with ** indicating p<0.005.
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Figure 5.2 Analysis of the number and size of active germinal centres in the CD248” and WT
spleens. Images of WT (A) and CD248" (B) spleens, stained with Bcl6 (green), CD3 (red) and
CD4 (blue). All images taken at x10 magnification and from multiple cutting levels within the

spleens.
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A reduction in the number of germinal centre B cells was also observed when investigated by Bcl6
staining (figure 5.2). This defect was then also quantified by analysing the average size of the GC (fig.
5.3b) and the number of GCs as a factor of the total area of the spleen (fig. 5.3c). All images were
quantified across three whole spleens per group, each at two cutting levels. This analysis
demonstrated the presence of a reduction in the average size of germinal centres formed in the
CD2487 spleens in response to immune challenge when compared to WT spleens (fig. 5.3b). The
number of germinal centres within the immunised spleens was also quantified and normalised to the
size of the spleen, as shown in figure 5.3c. There was a reduction in the number of germinal centres
that formed, although this was not a significant reduction when a Mann-Whitney unpaired t test was

performed.
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Figure 5.3 Analysis of the number and size of active germinal centres in the CD2487- and
WT spleens. A) Representative image of WT spleen used for quantification, stained with
CD3 (red) and Bcl6 (yellow). The GC zones are shown circled in white. Image taken at x10
magnification. B) Quantification of the average area of the GC in WT and CD2487 spleens.
C) Quantification of the average number of germinal centres per unit of area in WT and
CD248" spleens. Images used for quantification were all at x10 maghnification, with with 2
cutting levels imaged per biological replicate, which was averaged to be represented on the
graph, n = 4 - 6 with mean + SEM represented on the graph. Significance calculated using
Mann-Witney unpaired t test.
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This defect in B cell number and distributions in CD2487- mice was further investigated by flow
cytometry upon digestion of the whole spleens from WT and CD2487 mice. The populations of
lymphocytes were expanded by NP-CGG immunisation as described in chapter 2. The mice were
immunised i.p. with NP-CGG in alum on day 0 and then the spleens were analysed at day 8 for the
primary immunisations. The rechallenged mice were immunised subsequently on day 21 and analysed
for the secondary immune response. Other mice were immunised on day 0, day 21 and day 42 and
were then analysed at day 50 for the tertiary immune response. Germinal centre B cells were
identified as being lymphocytes, which were then separated from T cells by selecting B220+CD3- cells.
These cells were then gated based on their expression of GL7 and Fas. These two markers have been
shown to mark the GC B cells alone, with follicular B cells known to be B220+GL7-Fas-, whereas GC B
cells are B220+GL7+Fas+ (Zaheen et al., 2009). From previous data, it appears that the total B cell
numbers are unaffected (fig. 5.1c), although the GC appears to be affected (chapter 4), therefore we
exploited these markers in order to analyse the GC B cells specifically. The gating strategy is outlined
in figure 5.4a. Germinal centre B cells were defined as being GL7+Fas+. The proportion of GL7+Fas+
germinal centre B cells was then calculated as various time points following immunisation. As shown
in figure 5.4b, 8 days after initial immunisation, no significant difference could be observed in the
proportion of B cells that were germinal centre positive between the WT and the CD2487 spleens.
However, when an immunisation schedule including re-challenges was followed, the number of
germinal centre B cells in the CD2487 was significantly reduced compared to WT. This reduction was
observed after two immunisations, and was more significant following three immunisations (fig. 5.4b).
The GL7+Fas+ germinal centre B cells were then also analysed for their specificity for the antigen NP
using an NP-specific antibody (fig. 5.4c). The number of GC B cells was also quantified following three
immunisations, with the results shown in figure 5.4d. As can be seen, the percentage of NP-specific

germinal centre B cells in the CD2487" spleens appears to have increased when compared to the WT.
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Figure 5.4 Understanding the effect of defective FDCs on splenic germinal centre B cell
formation. Whole spleens were disrupted and germinal centre B cells were quantified
using the gating strategy outlined in (A). Germinal centre B cells are described as

B220'CD3" and GL7'Fas. Quantification of the number of germinal centre B cells
expressed as a % of the total number of B cells in different lymphoid organs is shown in
(B). Numbers of B cells were quantified over a time course, with immunisations carried
out at dO, d21 and d41. C) The GC B cells were analysed for their expression of NP as
antigen-specific GC B cells. These cells were quantified and these results are shown in
(D). Graphs represent the mean + SD of the data with n = 4 — 8 from two independent
experiments. Significance was calculated using a Mann-Witney unpaired t test, with a
Bonferroni correction for multiple comparisons. p > 0.005 is represented as **.



In order to investigate whether the same defect in the GC reaction was present in the lymph node we
performed paw pad immunisation in CD2487 according to the protocol described in Chapter 2 at the
time points previously described, where NP-CGG was injected subcutaneously into the paw pad of the
mice. As shown in figure 5.5a, the gating strategy employed in this instance was identical to that
employed for investigating the spleens. The number of germinal centre B cells in the draining lymph
node following immunisation was quantified, and the results are displayed in figure 5.5b. Differently
from the spleen, no significant differences in the percentage of GL7+Fas+ B cells was observed, across
the whole time course, in the lymph nodes of CD2487 regardless of the number of immunisations

administered.
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Figure 5.5 Understanding the effect of defective FDCs on lymph node germinal centre B
cell formation. Whole spleens were disrupted and germinal centre B cells were quantified

using the gating strategy outlined in (A). Germinal centre B cells are described as B220'CD3’

and GL7 Fas'. Quantification of the number of germinal centre B cells expressed as a % of
the total number of B cells in different lymphoid organs is shown in (B). Numbers of B cells
were quantified over a time course, with immunisations carried out at dO, d21 and d41.
Graphs represent the mean + SD of the data with n = 4 — 8 from two independent
experiments. Significance was calculated using a Mann-Witney unpaired t test, with a
Bonferroni correction for multiple comparisons.
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5.3.2 CD248-/- B cells maintain their ability to produce high affinity, class-

switched antibodies

In order to investigate whether the B cell defect impacted on the antibody production, ELISA assays
were carried out to analyse the amount of antigen specific antibody generated upon immunization.
Blood was harvested weekly over the course of the spleen immunisation protocol, and the total
amount of NP-specific IgG and IgM was quantified, with results shown in fig 5.6a and fig. 5.6b. The
amount of high affinity, class switched antibody IgG was also quantified to provide further information
about the effectiveness of the germinal centres formed in the CD2487- mice, as shown in figure 5.6c.
The amount of antigen specific, germinal centre independent, IgM is shown in figure 5.6a. The amount
of NP-specific IgM produced varies at different time points during the immunisation protocol, with
peaks observed following rechallenge. The amount of antibody produced is highly variable, and seems
slightly reduced in the CD2487- mice compared to their WT controls, although these difference are not

significant.

The amount of class-switched, germinal centre dependant IgG produced in response to immunisation
was then quantified to analyse whether the reduction in germinal centre B cells observed lead to a
defect in the ability of these cells to respond to immune challenge (fig.5.6b). As can be seen in figure
5.6b, at d30, following second immunisation, there is a significant reduction in the amount of antigen-
specific antibody produced by the CD2487" compared to the WT. However, at further time points
following immunisation, including at d50, following a third immunisation, there does not appear to be
any differences between the production of IgG in the CD2487" or WT mice. As can be seen in figure
5.6¢, at d30, following two immunisations, there is a significant reduction in the amount of high affinity

IgG produced by the CD2487 mice, but this difference is lost after another challenge, at d50.
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Figure 5.6 Analysis of the antigen-specific antibody response generated in response to ip
immunisation in WT and CD248" spleens. Sera was collected from mice at weekly intervals
and analysed using ELISAs to investigate the antigen-specific antibodies produced. A) The
total amount of NP-specific IgM present in the serum across the whole time course. B) The
total amount of NP-specific IgG present in the serum across the whole time course C) The
amount of high affinity NP-specific 1gG present in the serum at specific points during the
immune response. Graphs represent the mean * SD of the data with n = 6 — 8 from two
independent experiments. Significance was calculated using a Mann-Witney unpaired t test,
with a Bonferroni correction for multiple comparisons. p>0.05 represented as * and p >
0.005 represented as **,
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This ELISA analysis was also carried out for the antibodies produced in response to paw pad
immunisation. As shown in figure 5.7a, the amount of NP-specific IgM produced by B cells primed in
CD2487 lymph nodes is not significantly reduced when compared to the antibody produced by WT.
The amount of class switched IgG antibody produced was also not significantly reduced in the CD248"
 lymph nodes when compared to their WT counterparts (fig. 5.7b). As well as being no significant
difference in the total amount of IgG produced, the amount of high affinity 1gG was also not

significantly different from CD2487* lymph nodes when compared to WT lymph nodes (fig.5.7c).
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Figure 5.7 Analysis of the antigen-specific antibody response generated in response to paw
pad immunisation in WT and CD2487- lymph nodes. Sera was collected from mice at weekly
intervals and analysed using ELISAs to investigate the antigen-specific antibodies produced.
A) The total amount of NP-specific IgM present in the serum across the whole time course. B)
The total amount of NP-specific IgG present in the serum across the whole time course C) The
amount of high affinity NP-specific IgG present in the serum at specific points during the
immune response. Graphs represent the mean + SD of the data with n = 6 — 8 from two
independent experiments. Significance was calculated using a Mann Witney unpaired t test
with a Bonferroni correction for multiple comparisons.

152



5.3.3 Blocking PDGFRf signalling appears to recapitulate the effects seen in the

CD248-/- mice in vivo.

As established in previous chapters, CD248 functions via PDGFRpsignalling and PDGFR inhibition
largely mimics CD248 defects. As shown in chapter 3, inhibition of PDGFRP signalling by imatinib
mesylate can mimic the reduction in the ability of MSCs to respond to stimulation observed in the
absence of CD248. In order to investigate whether the defective formation of FDC network and
aberrant B cell response observed in CD2487 is partially attributable to defective PDGFRP signalling
the immunisation protocol was repeated in WT mice treated daily with imatinib mesylate. This
treatment regime was carried out from one day before the final immune challenge (day 39) and
continued for one week until the mice were sacrificed for investigation. This treatment regime was
followed in order to analyse whether the lack of FDCs and abnormal GC formation is specific to the

inflammatory challenge.

As shown in figure 5.8a, the FDC networks formed in the spleens of imatinib treated mice were
disrupted, with their abnormal histology reminiscent of the abnormal distribution observed in the
CD2487 spleens. This results in punctate cells, lacking the processes which connect the networks and
are responsible for displaying antigen to the B cells. The number of germinal centre B cells in both the
spleens and lymph nodes in imatinib treated mice was also analysed. As can be seen in figure 5.8b, a
reduction in the number of germinal centre B cells was observed when comparing imatinib treated
mice with untreated controls. On the contrary, no significant difference between the number of
germinal centre B cells in the treated mice compared to the untreated controls was observed in

immunised lymph nodes.
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Figure 5.8 Investigating whether PDGFR plays a role in differentiation of FDCs. A) Tile scans
of WT spleens immunised ip at d50 and treated with imatinib mesylate by gavage from d40
to d50. 6um sections were stained with CD3 (green), FDC-M1 (red) and CD19 (blue). The
spleens were disrupted and the germinal centre B cells were analysed by flow cytometry as

previously. Germinal centre B cells are described as B220'CD3 and GL7 Fas . Quantification
of the number of germinal centre B cells in immunised spleens expressed as a % of the total
number of B cells in different lymphoid organs is shown in (B). Quantification of the number
of germinal centre B cells in immunised lymph nodes expressed as a % of the total number
of B cells in different lymphoid organs is shown in (C). Numbers of B cells were quantified
over a time course, with immunisations carried out at dO, d21 and d41. Graphs represent the
mean * SD of the data with n = 3 — 8 from two independent experiments. Significance was
calculated using a Mann-Witney unpaired t test, with a Bonferroni correction for multiple
comparisons. p > 0.05 is represented as *.
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5.3.4 CD248/-germinal centres do not appear to be functionally defective in terms
of their ability to produce chemokines and maintain segregation between

T/B cell zones

As the segregation of T and B cell zones is known to be essential for the correct function of secondary
lymphoid organs (Butcher and Picker, 1996), it is pertinent to investigate whether these abnormal
follicles present in CD248 deficient animals present this organizational defect. T/B cell segregation is
defined both in spleen and lymph nodes by specific chemokine distribution. Both those parameters

were investigated in immunised WT and CD248" spleens and LNs.

Histological analysis of the distribution of the chemokines by immunofluorescence revealed that the
distribution of these proteins is largely conserved in CD2487" spleens as shown in figure 5.9. There
appears to be a wider distribution of CXCL13 outside of the B cells follicles in the CD2487 spleen (fig.
5.9b), although there is no evidence for this being related to increased or decreased B cell homing to
the B cell zones (as previously demonstrated in figure 5.1). Accordingly, T/B cell segregation was

conserved in CD248 mice.

In order to validate these data at the mRNA level, the number of transcripts of the chemokines CCL19,
CCL21, CCXCL12 and CXCL13, along with lymphotoxin-alpha (LTa) and LTBR were analysed by
guantitative RT-PCR. Splenic white pulp was identified by cresyl violet staining and microdissected,
mRNA was then isolated only from relevant follicular areas, lymph node mRNA was isolated from
whole tissue sections. Sample analysis is shown in figure 5.10 for the spleen and figure 5.11 for lymph

nodes.
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Figure 5.10 Analysis of the chemokine expression in CD2487 and WT microdissected
spleens. White pulp regions were microdissected out of immunised WT and CD2487"
spleens and analysed by quantitative RT-PCR. The mRNA extracted from the samples were
analysed for a range of lymphoid stromal chemokines including (A) CXCL13, (B) CXCL12, (C)
CCL21, (D) CCL19, (E) LTa and (F) LTBR. These transcripts were normalised to PDGFRf

expression and presented as 2°“, with mean + SD represented on the graph, n = 6.
Significance was analysed by Mann-Witney Unpaired t test.
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Figure 5.11 Analysis of the chemokine expression in CD2487- and WT lymph nodes.
Immunised WT and CD2487 sbrachial lymph nodes were analysed by quantitative RT-
PCR. The mRNA extracted from the samples were analysed for a range of lymphoid
stromal chemokines including (A) CXCL13, (B) CXCL12, (C) CCL21, (D) CCL19, (E) LTa and
(F) LTBR. These transcripts were normalised to PDGFRP expression and presented as

25% with mean + SD represented on the graph. Significance was analysed by Mann-
Witney Unpaired t test.
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As demonstrated in both figure 5.10 and 5.11, the transcript level of the classical B cell chemokines
CXCL13 and CXCL12 is reduced in the CD248”" lymphoid organs than in the WT organs (fig. 5.10a,
5.10b, 5.11a & 5.11b). However, this reduction is not significant when the data is analysed using a
Mann-Witney Unpaired t test. There also appears to a concurrent increased in the expression of T cell
chemokine such as CCL21 and CCL19 in the CD2487 spleens, although again this result is not

significant.

LTa and LTBR are responsible for the cross-talk between FDCs and B cells within the B cell follicles.
From this analysis, there appears to be a reduction in the production of the LTBR on the stromal cells
in the CD2487 lymphoid organs (fig. 5.10f & 5.11f). The engagement of LTBR on the FDCs by LTa1p2
produced by B cells is essential for full maturation and development of the germinal centre and so this
reduction may result in defective GC formation. However, there is some indication that the brachial
lymph nodes may overcome this reduction in LTBR expression, increasing LTa production 5.11e. A

similar effect might occur in our setting.
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5.4 Discussion

5.4.1 Main findings

e |nthe primary immune response, there is no significant difference in the number of germinal
centre B cells in the absence of the CD248-expressing FDCs, although the numbers of these
cells are significantly reduced following repeated immune challenge.

e The reduction in germinal centre B cells following multiple immune challenges does not
translate into a reduction in the amount of high affinity class-switched antibody produced by
these mice.

e The lack of the CD248+ subpopulation of FDCs does not adversely affect the ability of the
stromal cells in the CD2487 spleens to maintain segregation between the lymphocyte zones,

maintaining the function of these cell types.

5.4.2 Germinal centre B cell responses are maintained in CD248-/- spleens

Data presented previously in this thesis has indicated that in the absence of CD248, the stromal cell
compartments which develop in response to inflammatory challenge, notably the follicular dendritic
cells are abnormal, with the apparent loss of a subtype of the cells. As GC function is dependent on
the presence of functional FDCs (Boulianne et al., 2013), | then examined the output of the GCin terms

of B cell functionality.

The role of the CD248+ FDCs during response to immune challenge was studied by immunising wild
type CD248+/+ and knock out CD2487* mice with NP-CGG via intra-peritoneal and sub-cutaneous paw

pad injection.
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It is known that NP-CGG injection together with alum adjuvant immunisation is able to elicit a robust
germinal centre response, with strong T-cell engagement (Barry and Ruddle, 1983, Toellner et al.,
1996). Therefore, this model provides an appropriate tool to study the effect of the lack of the CD248+
FDCs on the ability of naive B cells to undergo high affinity maturation within the germinal centre
reaction and produce a mature B cell response. A number of readouts of the efficacy of the germinal

centre response were measured in order to analyse this response.

By immunofluorescence, there is evidence that the size of the B cell zones as a proportion of the total
spleen is significantly reduced in CD2487 mice as compared to WT. However, when the number of B
cells is analysed by flow cytometry, there is no significant difference in the numbers of the cells in the
CD2487 spleens compared to the WT. These data were generated using two different B cell markers;
the FACS data looked at B220+ cells and the immunofluorescence studied CD19+ cells. These markers
are differentially expressed by B cell populations, possibly accounting for the discrepancy in the data.
For example, B220 is known to be expressed by subtypes of marginal zone B cells. This could indicate
that the observed defect affects only some of the B cell subtypes, rather than the whole population.
This is unsurprising, as we have previously observed no defect in the B cell development, or with the
bone marrow in the CD2487" mice (Naylor et al., 2012, Lax et al., 2010) indicating that any defect is

unlikely to be intrinsic to the B cells.

Germinal centre B cells are characterised by their expression of the transcription factor Bcl6. This
protein has been conclusively shown to be essential for the induction and maintenance of the GC
(Basso and Dalla-Favera, 2012). Bcl6 maintains B cells in a GC phenotype, controlling the cell cycle and
differentiation and limits DNA damage, allowing the cells to survive the stress of the high levels of
mutation and BCR rearrangement (Klein et al., 2003, Shaffer et al., 2000, Ranuncolo et al., 2007, Reljic
et al.,, 2000, Vasanwala et al., 2002, Phan et al., 2007). Intracellular staining for this molecule is

complex and requires cell permeabilisation post digestion, whilst can be used successfully in IF. We

161



therefore used a different approach to investigate GC B cell distribution and numbers by flow
cytometry and IF. Single cell suspension derived from spleen and lymph nodes were stained with a
cocktail of antibodies that contained both GL7 (a marker of leukocyte activation) and Fas (a critical
regulator of the germinal centre), whilst tissue sections were stained using Blc6 in combination with T
cell markers; CD4 or CD3 and the B cell marker CD19. Flow cytometry analysis of GL7 and Fas as
markers of germinal centre B cells is a well-established method, which has been used to characterise

these cells for many years (Hao et al., 2008, Kitano et al., 2011).

Our analysis showed that, following primary immune challenge, the number of germinal centre B cells
in the CD2487 spleens is maintained, re-enforcing our previous morphological observation of intact
FDC network formation upon primary challenge in CD248 - mice. During the secondary immune
response, the number of germinal centre B cells as observed by flow cytometry is significantly reduced
in the CD2487, with a modest reduction in size and number of GC confirmed by IF. This further
supports the flow cytometry analysis and shows that the CD2487" spleens have a reduced ability to
respond to immune challenges. On the contrary, the lymph node responses show no effect on the

formation of germinal centres and the number of GC B cells in the LN of CD2487 mice is normal.

The differences between the total number of B cells as calculated by immunofluorescence and flow
cytometry may also be due to the fact that the two different methods take different features of the B
cell zones into account. The quantification method used to analyse the size of the B cell zones is not
commonly used as representative of the total numbers of B cells. This could be affected by a number
of different factors, for example; the increase in number of germinal centres could increase the total
size of the B cell zones without increasing the absolute numbers of B cells as GCs contain a number of
other cells types. The presence of FDCs and T follicular helper cells within the germinal centre, as well
as the reduced density of B cell within the light zone of the B cell follicle could all contribute to a

difference in the area of the zones without affecting the absolute number of cells (Gatto and Brink,
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2010). The significant reduction in the size of the B cell zone in CD2487* shown in figure 5.1b could
therefore give further evidence that the size and number of germinal centres are affected in the
CD2487 animals. The FACS analysis method used was only investigating single cell suspensions for
their expression of the activation markers as discussed, and so does not take the histological

differences in density and heterogeneity of the population into account.

5.4.3 CD248/- B cells maintain their ability to produce high affinity, class-

switched antibodies

As there is a difference in the appearance of the B cell zones, | also investigated whether the mature
B cells resulting from the defective germinal centres, were able to functionally respond to immune

challenge. This was analysed by investigating the production of high affinity antibodies by the B cells.

IgM is a natural antibody, and so B cells are able to produce this immunoglobulin independently on
the GC (Stavnezer et al., 2008). Conversely, production of I1gG is only possible as a result of the B cells
undergoing CSR during the GC (Xu et al., 2012). Production of I1gM following rechallenge is slightly
decreased in the CD2487 animals when compared to the wild type, although this is not significant.
This may indicate that there is some defect in the ability of the B cells to produce antibodies, which
may be due to abnormal CXCL12 and CXCL13 expression. This may contribute to defective B cell
trafficking around the lymph node and therefore a defect in the engagement of the BCR on naive B
cells resulting in a reduction in the number of short-lived IgM producing plasmablasts which inhabit

the splenic marginal zone and produce IgM early on during the immune response (William et al., 2005).

The total production of IgG by both groups of mice is significantly increased in the secondary immune
response, as expected, due to the existence of memory B cells that can instantly give rise to antigen

specific plasma cells. The production of NP-specific IgG in response to secondary immune challenge is
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also modestly reduced in the CD248” compared to the wild type animals. Interestingly, these levels
returned to normal following a further immunisation step. Similarly, a modest defect in the amount
of high affinity IgG was compensated after the third round of immunisation. When investigating the
production of the same antibodies in response to a subcutaneous paw pad injection, no differences

were found between the antibody titres in the WT or the CD2487 sera.

Taken together, this data indicates that the defective FDC networks observed in the CD2487- may have
a modest impairment in the ability to form effective germinal centres and to produce antibodies to
fight infection. However, there is no difference in the early immune response, and it appears that the
GC defect may be overcome during a chronic antigen specific response, for example, thanks to long-
lived plasma cells continuing to produce antigen-specific class-switched antibodies (Gatto and Brink,
2010). This data seems to agree to some extent with a report previously published by our group (Lax
et al., 2010). In this work, the responses were analysed in the CD2487 draining lymph nodes during
the primary immune response alone, and found no difference in the production of antibodies between
the CD2487" and WT animals. This concurs with the results presented here. However, the responses
were not analysed in the spleen, which is where we see the main defect. This appears to link the
absent FDCs with the subtype of splenic FDCs identified by Krautler et al. (2012), which derive from
perivascular precursors believed to be pericytes. There is no evidence that lymph node FDCs derive
from pericytes, in fact the source of these cells appears to be the marginal reticular cells (Jarjour et

al., 2014).

The observation that the FDCs in the CD248" spleens are abnormal only following repeated immune
challenge would indicate that the affected FDCs are of a specific subtype formed in response to
inflammatory challenge. Evidence is building that FDCs can develop both during normal embryological
development of lymphoid organs and also in response to immunological challenge (Fletcher et al.,

2015). These subpopulations appear to derive from mesenchymal precursors, but from slightly
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different precursors at different developmental stages. This would indicate that loss of CD248 is able
to abrogate the development of, or completely delete, a population of FDCs which is specific to the

secondary immune response in the spleen.

5.4.4 PDGFR( signalling is important in the formation and function of FDCs

As previously established in this piece of work, CD248 is able to function via manipulating the pathway
of PDFG receptor B. Although the data previously presented has indicated the importance of this
pathway in the development of lymphoid like stromal cells in vitro, the importance of this pathway in
the development of follicular dendritic cells in vivo warranted further investigation, most notably due
to the demonstrated effects of the lack of CD248, and the link between the PDGFR-expressing
pericytes and MSCs, and the fully developed FDCs which has previously been established (Krautler et

al., 2012, Castagnaro et al., 2013).

We are able to assess the function of this pathway in vivo by administration of imatinib mesylate as
previously used in vitro. The dosing strategy was based on an established protocol previously
published (Schultheis et al.,, 2012). As the main morphological defect observed appeared to be
following multiple immunisation challenges, the inhibitor was only administered from one day prior
to the final immunisation until the experiment was completed. Indeed, both the flow analysis and the
IF staining on the spleen confirm that imatninb tratemt in WT mice phenocopies the results seen in
the CD2487, with the treated spleens demonstrating a significant reduction in the number of GC B
cells compared to the unmanipulated organs. However, the lymph nodes do not demonstrate this
defect. This data would indicate that in the spleen there is a population of CD248+ FDCs that is reliant
on PDGFRp signalling in order to form in response to immune challenge. These signals are not

important for FDC development in the lymph node.
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5.4.5 CD248/-germinal centres do notappear to be functionally defective in terms
of their ability to produce chemokines and maintain segregation between

T/B cell zones

FDCs produce CXCL13 in order to maintain the segregation of the B and T cell zones within lymphoid
organs. CD2487 animals appear to have no defect in producing this chemokine, although expression
does not appear to be as restricted to the B cell follicles as in the wild type animals. CXCL13 is known
to be important in regulating the movement of B cells into the GC, potentially indicating how the
CD248"" GCs have a reduced number of GC B cells (Bannard et al., 2013). The interactions between
FDCs and B cells have been shown to be essential for the development of the germinal centre. This
interaction is known to be dependent on LTPBR and LTal1B2 engagement (Fu et al., 1998, Tumanov et
al., 2004). In this context, a small reduction in the expression of LTBR was observed. Interestingly, this
reduction in receptor expression appears to be compensated by over-expression of LTa, required for
LT heterodimer assembly. This attempt to overcome the defect in LTBR only occurs in the lymph nodes

and may potentially justify the normal phenotype observed in CD2487 Lymph nodes.

This atypical chemokine localisation does not appear to be reflected in the expression of CCL21, the
chemokine responsible for maintaining the T cell zone. By immunofluorescence there appears to be
very little difference between the WT and the CD2487 animals, although there is a suggestion that
the expression of this chemokine is also less restricted to the typical T cells zones, just as the CXCL13
expression is disrupted. This may indicate that different subtypes of FDCs perform different functions,
for example, some may produce more chemokines, whereas some may display more immune
complexes. This hypothesis would require further testing and refinement of the FDC digestion
protocol established in chapter 4 in order to allow analysis of the phenotypes of the different FDC

subtypes.

166



Chapter 6. General discussion and future work

CD248 is a C-type lectin membrane receptor, thought to be related to the CD93 family of proteins
(Christian et al., 2001). It is understood to be expressed in the rheumatoid arthritis synovium, in
chronic kidney disease and in a variety of human tumours (MacFadyen et al., 2005, Nanda et al., 2006,
Maia et al., 2010, Smith et al., 2011). CD248 is also expressed on mesenchymal stem cells and adult
pericytes, among other, less well-defined cell types (MacFadyen et al., 2005, MacFadyen et al., 2007,
Christian et al., 2008, Tomkowicz et al., 2010). CD248 expression on pericytes surrounding the tumour
vasculature has been shown to play an interesting role in controlling the growth and invasiveness of
tumours (Valdez et al., 2012). This expression has been shown to have no effect on pericyte functions
in other conditions, such as wound healing (Nanda et al., 2006), indicating that there is a differential
role of CD248 on this population in homeostatic condition and in different pathogenic settings.
Another notable expression of CD248 is in lymphoid organ development and homeostasis. As shown
within this laboratory, CD248 is strongly upregulated in the lymph node, spleen and thymus during
embryological development (Lax et al., 2007). This expression becomes increasingly restricted as the
organs develop, and after birth, CD248 can only be detected in specific regions of lymphoid tissue,
notably on the capsule of the lymph nodes and in pathogenic condition. Notably this expression is
limited to the stromal cells and in mice, CD248 is absent on leucocytes, although a population of

CD248+ CD8+ cytotoxic T cells can be observed in humans (Hardie et al., 2011).

The evidence that CD248 is able to control the differentiation of mesenchymal stem cells to
osteoblasts and adipocytes (Naylor et al., 2012), the expression of CD248 on embryonic lymph node
stroma and the strong link between fat and development of the lymphoid tissue (Pond and Mattacks,
2002, Pond, 2003) raised the possibility that CD248 expression is involved in the development of

lymphoid stromal cells. Moreover, data suggesting the upregulation of CD248 in the context of stroma
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cell expansion in immunised lymphoid organs, suggests that CD248 is involved in the regulation of

some stromal cell function in response to immune challenge.

The work presented in this thesis establishes that in the absence of CD248, the differentiation of MSC
to lymphoid stromal precursors expressing high levels of VCAM-1 and ICAM-1 is impaired (Benezech
etal., 2012). This translates in vivo into a reduction in the number of LTi and LTo cells in the developing

mesenteric lymph nodes in the CD248-/- in the latest phases of LN assembly in embryonic life.

| have also shown that the upregulation of the CD248 observed in response to immunisation (Lax et
al., 2007, Lax et al., 2010) is largely due to the upregulation of this marker on a subset of follicular
dendritic cells which develop following immune challenge. This finding, in the context of preferential
expression of CD248 on pericytes reinforces published observations that splenic FDCs derive from
ubiquitous perivascular precursors (Krautler et al., 2012). As established here, CD248 is able to control
the differentiation of mesenchymal stem cells in the embryonic life, linking the observations in the
embryonic life with the adult lymphoid organs. There are indications in the literature available that
pericytes are the source of adult mesenchymal stem cells able to respond to both adipogenic and
osteogenic signals (Crisan et al., 2008). The osteogenic properties of these cells are also hypothesised
to be responsible for the calcification of blood vessels and heart valves associated with severe
pathogenicity (Collett and Canfield, 2005). Pericytes are understood to be a heterogenic population,
especially displaying variable a-SMA expression which contributes to the ability of the cells to control
the contractility of the microvasculature (Nehls and Drenckhahn, 1991, Boado and Pardridge, 1994).
The heterogeneity of the potential precursor population would lend further support to the hypothesis
proposed here that the FDCs are a heterogenic population, which varies in different lymphoid organs

in terms of origin and dependency on homeostatic signals.
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The hypothesis proposed by Fletcher et al. (2015), whereby lymph node fibroblastic cells derive from
two different sources — (1) the LTo cells during initial embryological development and (2)
mesenchymal precursors that migrate into the lymph node in response to inflammation, may
therefore also apply to FDCs. The evidence presented in this thesis would therefore indicate that these
two origins of these cells give rise to distinct populations of mature FDCs, which can be discriminated
by their expression of CD248. The indication is that although these FDCs are developmentally distinct,
the roles in the adult overlap to the extent that the lack of one subtype of FDC (CD248+) is not able to
completely abrogate B cell responses. Although use of the CD248-/- mouse is only able to investigate
the effects of gene deletion, the lack of CD248 appears to completely abrogate a population of FDCs,
potentially maintaining the precursors in an immature state. The evidence suggests a lack of these
cells due to a reduction in the number of dendrites. However, due to the 3D structure of the FDC
networks, we were unable to show a reduction in these cells by describing a reduction in the number
of nuclei. Investigation of the cell numbers by flow cytometry indicates that there is a reduction in
these cell populations, although further work may be required to conclusively demonstrate that the

abrogation of this population.

Lymph node development is dependent on the interaction between LTBR (LTBR-/- mice lack all lymph
nodes) and LTal1B2 (LTa-/- mice are unable to develop lymph nodes or Peyer’s patches, although LTB-
/- mice are able to develop both cervical and mesenteric lymph nodes) (Matsumoto et al., 1997, Koni
et al., 1997). This is dependent on signalling via two NF-kB pathways (Mebius, 2003). The data
presented in this thesis, however, unveils a selective role for CD248 and in turn for the PDGFRpB
signalling cascade in the development and maturation of the stromal cell compartment. This suggests
a potential cross-talk or relative modulation of these 3 signalling cascades. Unfortunately, this link was
not conclusively investigated in this thesis. Further work is required to establish whether there is an
interaction between the any of the subunits featured in the two signalling pathways. Investigation is

being carried out into the extracellular binding of CD248, and it has been shown to possibly function
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as an intermediate in the binding between clec-14A and MMRN2, and extracellular matrix
components (Noy et al., 2016) & personal communication). However, establishing the intracellular
binding has proved difficult thanks to the short cytoplasmic tail lacking classical binding domains
(Valdez et al., 2012). Investigation of the binding of this domain to subunits of the PDGFRp signalling
pathway by immunoprecipitation may be able to indicate how and whether CD248 interact with this
pathway. A similar approach could be also applied to the investigation on the potential interaction of

CD248 and PDGFRB with the subunits of the NF-kB signalling pathway

Mice deficient in the CD248+ FDC subset appear to have abnormal germinal centre development, but
a reduction in B cell number. However, there is no defect in the ability of the B cells to access the
germinal centre to mature into antigen-specific IgG producing plasma cells. The CD248-/- germinal
centres in the spleen appear to have a reduction in the number of transcripts of chemokines, although
this data does not seem to be relevant in the lymph nodes when analysed by microdissection, or in
the sorted FDC population. This latter data has to be carefully evaluated as the transcripts detected in
the allegedly purified FDC population suggest cross contamination from other fibroblastic reticular cell

populations.

Further work is also required in order to fully characterise the role of CD248 in the development of
lymph node stromal cells. The manner in which CD248 is able to modulate signalling pathways must
be resolved, potentially investigating the interactions between CD248 and the subunits of the PDGFR[
signalling pathway. This will also contribute to the understanding of the interactions between this
signalling pathway and the NF-kB signalling pathways. It is known that interactions between LTBR and
LTalB2 are important in lymphoid tissue stromal development both in the embryo and in the adult in
response to inflammation (Mebius, 2003, Benezech et al., 2012, Fletcher et al., 2015). Identification
of the role of PDGFR signalling subunits in assisting this interaction would be an interesting and novel

finding. Interestingly, administration of the PDGFRp inhibitor, imatinib mesylate, is capable of
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phenocopying the defective FDC development observed in the CD248-/- spleens. This is observed
when the mice are treated for only a short time, for 1 week, only 1 day prior to booster immunisation.
this would indicate that imatinib is able to elicit a strong response in a limited time, therefore, the role
of imatinib in controlling inflammation needs to be further investigated. This is especially poignant as
imatinib mesylate is used widely in humans to treat a number of cancers (Demetri et al., 2002, Wang

and Li, 2015).

In the spleen, the source of pre-FDC MSCs is likely to be provided by pericyte precursors as observed
by Krautler et al. (2012). In the absence of CD248, there is a reduction in pericytes (Naylor et al., 2014),
and so there is a reduction in the pool of FDC precursors in the CD248-/- spleens, resulting in the

reduced FDC development in response to repeated immunisations characterised in this thesis.

The FDC digestion established in this thesis is very promising, whilst presenting a number of questions
and challenges. Further work is required in order to accurately separate the cells from the tissue and
characterise them. Once these cells can be reliably separated from different lymphoid tissues, such as
lymph node, the spleen, Peyer’s patches and possibly from inducible tertiary lymphoid structures
(TLSs), the FDCs from different origins can then be fully phenotypically analysed in order to assess
whether there are observable differences in the FDCs present in different organs. Follicular dendritic
cells are currently being investigated by a number of different groups as the knowledge of the cells is
limited compared to a number of different lymphoid stromal cells. The protocols established here
offer a novel method for investigating these cells, as well as evidence for different subpopulations of

the cells which can be further investigated for different functions.

This project establishes CD248 as a novel molecule involved in the development and differentiation of
lymphoid stromal cells both in embryonic and adult life. CD248 is shown to be able to mark a subset
of FDCs which develop in response to inflammatory challenge. Further work is required to characterise
the phenotypes of the different FDC subtypes proposed here, but this provides exciting evidence of
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the presence of separate subtypes and the possibility of using this model to investigate the nature of

these cells to a greater extent.
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