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Abstract

CCRL2 is a member of the atypical chemattractant family. It has been proposed to bind
the chemokines CCL19 and CCL5, as well as the adipokine chemerin. Unlike typical
chemokine receptors, atypical chemoattractant receptors do not undergo conventional G
protein signalling upon binding, but instead degrade, transcytose or present their ligands
on the cell surface. This study aims to characterise the role of CCRL2 in B cells upon their
activation and differentiation into either extrafollicular plasmablasts or germinal centre B

cells.

CCRL2 mRNA is upregulated upon plasmablast differentiation. In order to assess the role
of CCRL2 in the plasmablast response, wild type and CCRL2 deficient mice were
immunised with the thymus independent type 2 antigen NP-Ficoll. Upon immunisation,
CCRL2 deficient mice produce more NP-specific antibody and larger numbers of NP-
specific plasmablasts. Adoptive transfer of NP-specific CCRL2*/* or CCRL2”" cells into wild
type hosts show that the increase in antibody levels is due to B cell intrinsic effects.
CCRL2 deficient plasmablasts tend to proliferate more and undergo less apoptosis than
CCRL2 expressing plasmablasts. Analysis of mRNA produced by CCRL2** and CCRL2”-
plasmablasts show no the major differences in a panel of mRNAs analysed, with the

exception of TACI mRNA, which is reduced.

The role of CCRL2 in the germinal centre was also assessed. To this end, wild type and
CCRL2 deficient mice were immunised with thymus dependent antigen NP-CGG to induce
germinal centre formation. Germinal centres formed normally, including polarisation

into light and dark zones in CCRL2 deficient mice. However, FDCs within the germinal



centre appeared to extend further into the follicular mantle in CCRL2 deficient mice. This
may be the cause of an increased proportion of germinal centres over the whole spleen
in CCRL2 deficient mice. Analysis of mRNAs in GC B cells from CCRL27" mice show a
reduction in Bcl6 and Aicda mRNA compared to CCRL2*/* GC B cells. Nevertheless, these

differences did not result in significant changes in affinity maturation.

Together, this shows a novel role for CCRL2 in the regulation of the extrafollicular
plasmablast response to NP-Ficoll. However, minor differences in CCRL2 deficient
germinal centres do not affect high affinity plasma cell output, suggesting a minimal role

of CCRL2 in GC function.
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Chapter 1. Introduction

For a multicellular organism to function, cells must be directed to specific niches, where
they will be able to fulfil their role through cellular interactions. In order to direct cells to
the correct location, species have evolved a system of ligand-receptor interactions, which
attract or repel cells from distinct anatomical sites. The major family involved in this
process are chemokines, which guide cells to specific organs or microanatomical

compartments within those organs.

1.1 Chemokines and their receptors

Chemokines (“chemotactic cytokines”) are a superfamily of 8-10kDa glycoproteins which
are involved in numerous physiological functions including angiogenesis, organogenesis
and haematopoiesis. The role of chemokines is to guide the migration of cells. Cellular
locomotion requires polarisation of the cell; the forming of lamellipodia at the leading
edge, where the receptors of chemokines gather to induce signals that either attract, or

repel, the cell from the area (Lauffenburger and Horwitz, 1996, Nieto et al., 1997).

Chemokines are defined through a set of 4 conserved cysteine residues linked by
disulphide bonds (Baggiolini et al., 1997). The two major subfamilies of chemokines are
named CC or CXC, depending on whether the two first cysteines are adjacent or
separated by another amino acid (Baggiolini et al., 1997). Other chemokines that do not
belong to either of these major families include CX3CL1, XCL1 and XCL2 (Rot and von
Andrian, 2004). Chemokines can be classified into two broad groups; homeostatic or
inflammatory, which are all similar in structure, and signal via G protein coupled

receptors (GPCRs).



Chemokines bind to GPCRs on the cell surface to produce their effect on the target cell.
GPCRs are seven transmembrane receptors, in which binding of ligand to the extracellular
portion of the GPCR causes signalling via the G protein (figure 1.1). There are more than
1000 GPCRs, making this the largest known receptor family. Human GPCRs are split into
five subfamilies, with chemokine receptors belonging to the Rhodopsin family

(Fredriksson et al., 2003).

1.2 Atypical chemokine receptors

Atypical chemokine receptors (ACKRs) are serpentine receptors, however, unlike a typical
chemokine receptors a DRYLAIV motif in the second intracellular loop is either missing or
modified, and therefore ACKRs are unable to couple to a G-protein (Ulvmar et al., 2011)
(figure 1.1). The ACKR family has 4 confirmed members: DARC (Duffy Antigen Receptor
for Chemokines), D6, CXCR7 and CCRL1 (CC-Chemokine Receptor Like 1) (Ulvmar et al.,
2011). Within the last year, a more conserved naming strategy for ACKRs was
implemented, with each containing the prefix “ACKR” (table 1.1) (Bachelerie et al., 2014).
Two other receptors, CCRL2 and PITPNM3, are reserved as part of this group of receptors
(as ACKR5 and 6, respectively), but further analysis of their properties is required to

confirm their chemokine-binding ability (Bachelerie et al., 2014).

GPCRs can transduce signals in the absence of G proteins (reviewed in (Sun et al., 2007)),
disputing initial ideas that ACKRs are “silent”. Indeed, a recent review on ACKRs has
debated how and why ACKRs undergo unconventional signalling (Nibbs and Graham,

2013). One known response upon ligand binding to ACKRs is the internalisation of the



ligand, hence an alternative name for ACKRs; “interceptors” (internalising receptors)

(Ulvmar et al., 2011).

Traditional Name New Nomenclature
DARC ACKR1
D6 ACKR2
CXCR7 ACKR3
CCRL1 ACKR4
CCRL2 ACKRS5 (Reserved)
PITPNM3 ACKR6 (Reserved)

Table 1.1. New nomenclature for atypical chemokine receptors. ACKR5 and ACKR6 are
reserved for CCRL2 and PITPNM3, respectively, pending confirmation of their status of
ACKRs.

Binding of chemokine by ACKRs has been shown to have different consequences under
certain conditions (reviewed in (Ulvmar et al., 2011) and (Nibbs and Graham, 2013)). For
example, in vitro studies have shown ACKR1 is able to transport chemokine from the
baso-lateral to the apical side of the cell (Pruenster et al., 2009) and ACKR4 has been
shown to internalise chemokine ligand for lysosomal degradation (Comerford et al.,

2006).



a) Typical b) Atypical

Chemokine Chemokine

Downstream G protein signalling.

Figure 1.1. Atypical chemokine receptors are unable to couple to G proteins. Both atypical and typical chemokine receptors are seven-
transmembrane receptors; a) typical chemokine receptors contain a canonical DRYLAIV motif in the second intracellular loop which
enables G protein binding. Upon binding of chemokine ligand, the G protein dissociates and normal G-protein signalling occurs; b) in
atypical chemokine receptors the DRYLAIV motif is either missing or modified, meaning G proteins are unable to bind. Upon chemokine
ligand binding, non-G protein signalling takes place. Example here is CCRL2, with a QRYLVFL motif.



The consequence of this internalisation and movement of chemokine ligand has been
conveyed in three recent in vivo studies; two reports have shown the formation of a
CXCL12 gradient in zebrafish by the ACKR3 (Venkiteswaran et al., 2013, Dona et al., 2013)
and another the formation of a CCL21 gradient in the mouse by ACKR4 (Ulvmar et al.,

2014).

In both of the former studies the authors follow the migration of epithelial-like cells
across the primordium of the zebrafish, from the front (ear) to the rear (tail); a process
which requires CXCL12, CXCR4 and ACKR3. ACKR3 is expressed at the tail-end, but CXCR4
and CXCL12 are uniformally expressed along the length of the zebrafish. Nevertheless,
CXCL12 signalling is under a gradient, with reduced signalling at the tail-end of the
zebrafish. This chemokine gradient is generated through ACKR3 because 1) in the
absence of ACKR3 there is a 30-40% reduction in the gradient of CXCL12, 2) in ACKR3"
zebrafish CXCL12 signalling at the tail-end is equivalent to that at the front and 3)
overexpression of ACKR3 causes a reduction in CXCL12 signalling across the embryo

(Venkiteswaran et al., 2013, Dona et al., 2013).

In the latter study, a gradient of CCL21 formed by ACKR4 was demonstrated in the
mouse. ACKR4 was shown to be expressed in the subcapsular sinus of the lymph node
(LN). In ACKR4”- LNs CCL21 is found within the subcapsular sinus, which is not the case in
wild type (WT) LNs. This shows that a physiological gradient of CCL21 between the
subcapsular sinus and parenchyma is reliant on the expression of ACKR4. This gradient,
and ACKR4 expression, is required for the migration of dendritic cells (DCs), with DCs

accumulating in the subcapsular sinus of ACKR4”" LNs (Ulvmar et al., 2014).



Together, these publications show the ability of ACKRs to shape chemokine gradients,
and these gradients are required for the migration of cells in both the zebrafish and the

mouse.

1.3 CCRL2

CCRL2 (C-C chemokine receptor like 2) is potentially the newest member of the ACKR
family. CCRL2 is also known by alternative names, such as L-CCR (Lipopolysaccharide-
inducible CC chemokine receptor related gene), HCR (human chemokine receptor) and
CRAM (chemokine receptor on activated macrophages) (Shimada et al., 1998, Fan et al.,
1998, Galligan et al., 2004). Compared to other members of the chemokine receptor
family, CCRL2 has the highest degree of homology with CCR1, an inflammatory
chemokine receptor (Otero et al., 2010), however, CCRL2 is also highly homologous to the
chemokine receptor CCR5 (NCBI BLAST search, (Altschul et al., 1990)). Human CCRL2 has
two transcript variants, named CCRL2A and CCRL2B. However the mouse only contains

one transcript, more similar to the human CCRL2B (Del Prete et al., 2013).

Like other ACKRs, CCRL2 has a modified DRYLAIV motif, which reads QRYLVFL (Del Prete
et al.,, 2013). There has, however, recently been some debate whether CCRL2 is
specifically an atypical chemokine receptor; although the name ACKRS5 is reserved for
CCRL2, this is pending confirmatory reports of chemokine binding and lack of typical

signalling (Bachelerie et al., 2014).



1.3.1 Ligands of CCRL2

1.3.1.1 Binding of chemokines to CCRL2

Currently there is wide debate as to whether CCRL2 belongs to the ACKR family of
receptors. Indeed, two recent reviews on ACKRs did not include CCRL2 (Graham et al.,
2012, Nibbs and Graham, 2013). CCRL2 has been proposed to bind the chemokines CCL2
and CCL5 (Biber et al., 2003) as CCRL2 expressing HEK293 showed small intracellular
calcium flux signalling in response to four chemokines (CCL -2, -5, -7 and -8). Upon
incubation with CCL5, a cell line transfected with human CCRL2 has also been shown to
undergo actin reorganisation (Hartmann et al., 2008). However, two independent studies
contradict these findings; the first did not detect functional response in CCRL2 expressing
cells to CCL2 (Galligan et al., 2004), and the second found no detectable binding of the

four stated chemokines on HEK293 cells transfected with CCRL2 (Zabel et al., 2008).

Another chemokine, CCL19, has been suggested to bind human CCRL2 (Leick et al., 2010).
In addition, results from the same laboratory showed that CCRL2 expression on a B cell
chronic lymphocytic leukaemia cell line causes a reduction in CCL19- but not CCL21-
induced chemotaxis via CCR7 (Catusse et al., 2010), however no studies have yet

confirmed these findings, nor shown the binding of CCL19 to mouse CCRL2.

1.3.1.2 Chemerin is a functional ligand of CCRL2

Two signalling receptors bind the adipokine chemerin (previously known as RARRES2);
ChemR23 (CMKLR1) (Meder et al., 2003, Wittamer et al., 2003) and GPR1 (Barnea et al.,
2008). However, in 2008, CCRL2 was also proposed to bind chemerin (Zabel et al., 2008).

CCRL2 is a non-signalling receptor of chemerin, and is able to present chemerin on the



cell surface (Zabel et al., 2008) and also regulate chemerin plasma levels (Monnier et al.,

2012).

Chemerin is important in glucose homeostasis, with chemerin deficient mice being
glucose intolerant (Takahashi et al., 2011). Chemerin promotes DC transmigration,
making it a chemotactic factor (Gonzalvo-Feo et al., 2014), however it is not a chemokine,
as it does not have the defining C-C motif. This binding of a non-chemokine ligand has
caused CCRL2 to be defined as a “fringe” member of the ACKR family (Del Prete et al.,

2013).

1.3.2 Expression of CCRL2

Expression of CCRL2 has been widely studied since it was first described in 1998 by
Shimada and colleagues (Shimada et al., 1998). CCRL2 has been described in detail as a

gene upregulated during inflammation in multiple cell types.

Originally, CCRL2 was shown to be upregulated upon lipopolysaccharide (LPS) stimulation
of the macrophage cell line RAW264, as well as in mouse macrophages stimulated with
LPS (Shimada et al., 1998). Macrophages and epithelial cells were also shown to express
CCRL2 at an mRNA level in ovalbumin (OVA)-induced airway inflammation (Oostendorp et
al.,, 2004). Macrophages are not the only LPS-stimulated cell type to upregulate CCRL2;
with neutrophils (Galligan et al., 2004) and endothelial cells (Monnier et al., 2012) also
upregulating the receptor upon LPS stimulation. Endothelial cells also upregulate CCRL2

in response to retinoic acid stimulation (Gonzalvo-Feo et al., 2014).

CCRL2 is not only upregulated in cells during mouse models of inflammation or in vitro

stimulation; CCRL2 expression has also been observed on neutrophils and some



macrophages of the synovial fluid from rheumatoid arthritis patients (Galligan et al.,

2004), probably due to the presence of inflammatory mediators within the synovial fluid.

CCRL2 expression has also been analysed within astrocytes and microglia of the brain, as
the latter are bone marrow derived cells which have macrophage-like properties
(Zuurman et al., 2003). Expression of CCRL2 at an mRNA level was enhanced in both cell
types upon LPS stimulation both in vitro and in vivo (Zuurman et al., 2003), which was
confirmed in astrocytes using whole genome expression profiling techniques (Hamby et
al., 2012). In a differing study, CCRL2 mRNA expression was also detected in astrocytes,
microglia and infiltrating macrophages in both the brains of experimental autoimmune
encephalomyelitis mice (Brouwer et al., 2004) and mouse brains incubated with ischemic
solution (a solution that causes a restriction of blood supply and oxygen) (Douglas et al.,
2013). Further to this, elevated CCRL2 expression has been detected in human
glioblastoma patient samples, which is thought to enhance migration and invasion of the

tumour cells (Yin et al., 2012).

Recently, Zhao et al. conducted a global analysis of changes in gene expression in a
murine microglial cell line during rabies virus infection. CCRL2 was described as one of
the top 20 most upregulated genes, along with the chemokines CXCL5 and CXCL10 (Zhao

et al., 2013).

Although highly upregulated during inflammation models, CCRL2 is also expressed in cells
in steady state conditions. Peritoneal mast cells of the mouse have been shown to
express CCRL2 at both the mRNA and protein level (Zabel et al., 2008). A recent study has

also assessed the expression of CCRL2 in human and rat testes (Li et al., 2014). CCRL2



mRNA was found at relatively high levels in the testes, particularly compared to chemerin
and its other receptors, however CCRL2 protein levels in the testes were relatively low.
CCRL2 mRNA expression increases in expression in rat development from neonate to

adult (Li et al., 2014).

1.3.3 Function of CCRL2

As an atypical receptor, CCRL2 would be expected to bind and internalise its ligands, in
order to establish a concentration gradient. A report has suggested that CCRL2 is
internalised and then readily re-expressed on the cell surface, a phenotype that is
indicative of the receptor acting as an ACKR (Leick et al., 2010). However, this report
remains controversial due to others showing no ligand dependent nor ligand

independent endocytosis of CCRL2 (Zabel et al., 2008).

Although not a chemokine, CCRL2 still functions as an atypical receptor when bound to
chemerin; it does not appear to signal, but instead captures the adipokine for
presentation to cells expressing ChemR23 (Zabel et al., 2008, Gonzalvo-Feo et al., 2014).
Chemerin regulation by CCRL2 has also been seen in vivo, with plasma levels of chemerin
being higher in CCRL2 deficient mice, and this is even more pronounced after injection of

LPS (Monnier et al., 2012).

1.3.3.1 Effect of CCRL2 deficiency in the mouse

To date, there have been four studies published which utilise CCRL2 deficient mice to
assess the role of CCRL2 in vivo. CCRL27 mice are fertile, with expected male-female
ratios of offspring (Zabel et al., 2008, Otero et al., 2010). A brief summary of the four

studies is given here.
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CCRL2 deficient mice were first studied in 2008, where a role of CCRL2 was identified on
mast cells (Zabel et al.,, 2008). In this study, Zabel and colleagues examined passive
cutaneous anaphylaxis (PCA) which is a mast cell-dependent model of allergy. This IgE-
dependent model causes local inflammation of the ear. Tissue swelling was not
significantly altered between WT and CCRL2 deficient mice, however when the original
sensitising dose of antigen was administered at lower levels swelling was highly reduced
in CCRL27 mice. When mast cell deficient mice were engrafted with either WT or CCRL2
deficient cells, and these mice were then challenged with the PCA model, mice receiving
CCRL27- mast cells had a reduction in ear swelling, but no difference in total numbers of
mast cells. There was, however, a reduction in neutrophils and mononuclear cells.
Therefore, CCRL2 expression on mast cells enhances tissue swelling and leukocyte

infiltration in the PCA model of allergy (Zabel et al., 2008).

CCRL2 expression at an mRNA level in the macrophage and bronchial epithelium was first
described in OVA-induced airway inflammation in 2004 (Oostendorp et al., 2004),
however a functional role of CCRL2 in OVA-induced inflammation of the lung was not
described until 2010 (Otero et al., 2010). In this study, Otero et al. show that OVA-
immunised CCRL2 deficient mice have a reduction in the number of leukocytes,
particularly eosinophils and lymphocytes, recovered from bronchoalveolar lavage. Upon
challenge of CCRL2 deficient mice with OVA, there was no difference in the migration of
any DC subset to the lung compared with WT mice. Yet FITC-OVA immunised CCRL27-
mice had a reduction in the numbers of FITC* DCs within the mediastinal draining LNs at
two and three days post immunisation. This is not due to CCRL2 deficient DCs having

abnormal expression of other chemokine receptors nor due to the inability of these cells

11



to migrate. Therefore, CCRL2 has a role in the trafficking of antigen-loaded DCs to the
mediastinal LN, and lack of CCRL2 expression protects against OVA-induced airway

inflammation (Otero et al., 2010).

Monnier and colleagues have shown a role for CCRL2 on endothelial cells (Monnier et al.,
2012). CCRL2 is expressed during steady state conditions on both mouse and human
endothelial cells — and injection of LPS causes an upregulation of CCRL2 expression in liver
endothelial cells too. CCRL2 expressed on the endothelial cell surface binds and
concentrates chemerin, and regulates chemerin levels in the plasma of mice. After
induction of lung inflammation, the numbers of infiltrating NK cells in CCRL2 deficient
mice was reduced; although the NK cells do not express CCRL2, they do express another
chemerin receptor, ChemR23. The authors proposed that CCRL2-expressing endothelial
cells capture chemerin, concentrating it on the cell surface, so it is available for detection

by and recruitment of ChemR23* NK cells (Monnier et al., 2012).

Finally, the most recent paper with CCRL2 deficient mice assessed its role in ischemic
brain injury (Douglas et al., 2013). Analysis of cortical slides incubated with ischemic
solution revealed a reduction in cell death in CCRL2 deficient mice compared to WT. To
assess this further, mice underwent a procedure known as “transient middle cerebral
artery occlusion”, a mouse stroke model in which the artery is blocked for 30 minutes.
CCRL2 deficient mice presented with significantly smaller brain lesions and lower
neurological scores post procedure relative to WT mice. Together, this suggests that the
absence of CCRL2 allows for an improved functional recovery in mice that have

undergone ischemic brain injury (Douglas et al., 2013).
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The above studies all use CCRL2 deficient mice to determine the role of CCRL2 in either
innate immune cells or the brain. However, no study has yet described the role of CCRL2
in activation of the adaptive immune system. This study uses CCRL27" mice to study B cell

activation and differentiation in the spleen.

1.4 Splenic architecture

The spleen is the largest secondary lymphoid organ in the body and has two broad
functions; initiating an immune response against blood borne antigens and filtering the
blood. These two functions are carried out in two distinct areas of the spleen, the former
in the white pulp, and the latter in the red pulp. These areas are different in both cellular
composition and microarchitecture (figures 1.2, 1.3 and 3.2). As this study focusses on
the immune response generated within the spleen of immunised mice, the red pulp is not
discussed here. For a comprehensive review of overall spleen and red pulp structure and

function, see (Cesta, 2006).

1.4.1 The marginal zone and marginal sinus

The marginal zone (MZ) is a layer of cells that surrounds the B cell follicles and the T zone
(TZ). The MZ is made up mainly of B cells (Kumararatne and MacLennan, 1981) and
macrophages (Humphrey, 1979). The MZ macrophages are essential for the trapping of
blood-borne antigens, and without them the early control of infection is impaired
(Aichele et al., 2003). In between the rest of the white pulp and the MZ is a thin band of
cells known as the marginal sinus, which is where the smallest arterial branches
terminate (Kraal et al., 1995, Mebius and Kraal, 2005). Both T and B lymphocytes as well

as antigen-loaded DCs enter the splenic white pulp from the blood through the marginal
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sinus, due to the marginal sinus cells expressing MadCAM-1, a lymphocyte homing
molecule (Kraal et al., 1995, Streeter et al., 1988, Nieuwenhuis and Ford, 1976). After
entering the splenic white pulp, the majority of T cells migrate to the TZ, whereas most B

cells migrate to the follicle (Nieuwenhuis and Ford, 1976).

1.4.2 The T zone

The TZ, also known as the periarteriolar lymphoid sheath (PALS), is located in the centre
of the white pulp. The TZ acts as an area for T cell activation; recirculating T cells enter
the TZ and may interact with peptide presenting DCs for priming (Inaba et al., 1990) (Stoll
et al., 2002). If the T cell receptor specifically recognises the peptide, the T cell can be
primed. Primed T cells subsequently migrate to the T cell zone — B cell follicle (T-B)
border by reducing their expression of CCR7 (required for TZ localisation) and increasing
their expression of CXCR5 (required for follicular localisation (Hardtke et al., 2005)). Once
arrived at the T-B border, T cells can interact with activated B cells and provide

costimulatory signals required to fully activate the B cells.

1.4.3 The follicle

The TZ is partially surrounded by follicles; areas which are mainly made up of follicular B
cells, as well as follicular DCs (FDCs) (Tew et al., 1997). B cells recirculate throughout
follicles of secondary lymphoid organs in search of foreign antigen (Nieuwenhuis and
Ford, 1976). Upon thymus dependent (TD) B cell activation (and in some instances
thymus independent (Tl) activation (de Vinuesa et al., 2000)), B cells can differentiate into

germinal centre (GC) B cells, with GCs forming within the follicle.
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1.5 A brief introduction to mature B cell subsets

There are two subtypes of B cells, namely B1 and B2. Upon activation, other B cell
subsets arise; GC B cells, antibody producing cells (plasmablasts and plasma cells) and
memory B cells. A brief overview of B1 and B2 cells is described here, with differentiation

upon activation discussed later.

The differentiation of B cells into either B1 or B2 cells has been extensively studied for
many years. In a study 15 years ago, Lam and Rajewsky showed that B1 and B2 cell fate
in mouse B cells can be manipulated by altering the heavy chain variable region;
suggesting that B cell receptor (BCR) specificity can determine B cell fate (Lam and
Rajewsky, 1999). As well as BCR specificity, BCR signalling has also been hypothesised to
induce either B1 or B2 phenotypes; mice deficient in BCR signalling molecules have

reduced B1 cell populations (reviewed in (Berland and Wortis, 2002)).

1.5.1 B1 cells

B1 cells, originally designated Ly-1 B cells, are the predominant B cell subset detected
within the peritoneal cavity. These cells mainly develop in the foetal liver, (Hayakawa et
al., 1985) and although the adult spleen and bone marrow were originally shown to be
unable to reconstitute B1 cells (Hayakawa et al., 1985), more recent studies have

detected precursors in the spleen that are able to replenish B1 cells (Rosado et al., 2009).

B1 cells can be further subdivided by their expression of CD5; Bla CD5* cells, and Blb
CD5". Peritoneal cavity Bla and B1lb cells can also be distinguished by CD11b expression,
with CD11b" B1 cells able to reconstitute both CD11b" and CD11b* B1 cells, yet CD11b*

cells can only reconstitute themselves (Ghosn et al., 2008).
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Bla B cells are able to constitutively produce vast amounts of “natural antibody”
(Baumgarth et al., 1999), which is antibody present in unimmunised and germ-free mice,
under steady state conditions. B1b cells are activated upon antigen administration, with
long lasting antibody production occurring from activated Blb cells in response to the
thymus independent antigen 4-hydroxy-3-nitrophenylacetyl (NP)-Ficoll (Hsu et al., 2006).
As well as NP-Ficoll, B1b cells have also been shown to play an important role in the
response to Borrelia hermsii (Alugupalli et al., 2004) and to systemic Sa/monella infection

(Gil-Cruz et al., 2009, Marshall et al., 2012).

1.5.2 B2 cells

B2 cells constitute the major B cell population of the spleen. B2 cells are split by

phenotype and anatomical location into MZ and follicular B cell subsets.

1.5.2.1 Marginal zone B cells

Marginal zone B cells are the first line of defence against blood-borne pathogens. As
stated previously, the MZ lies between the marginal sinus and the red pulp, allowing near
instant access of MZ cells to blood flowing into the spleen. Immature DCs capture and
transport antigen to the spleen and present it to MZ B cells (Balazs et al., 2002). These
DCs then provide survival signals to MZ B cells and promote their differentiation into
plasmablasts (Balazs et al., 2002). Interestingly, MZ B cells are not fully confined to the

MZ, and are able to shuttle between the MZ and follicular areas (Cinamon et al., 2008).

MZ B cells can be activated to induce early antibody responses to both TD and Tl antigens
(Martin et al., 2001, Song and Cerny, 2003) and are also able to contribute to the GC

response (Song and Cerny, 2003).
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1.5.2.2 Follicular B cells

Follicular B cells are the largest B cell population in adult mice. These cells are
phenotypically distinguishable from MZ B cells due to their expression of Kriippel-like
factor 2 (KLF2), which prevents expression of MZ factors (Winkelmann et al., 2011).
Follicular B cells are constantly migrating between the follicles of secondary lymphoid
organs surveying for foreign antigen. Follicular B cells respond to TD antigen, and take
part in both extrafollicular and GC responses. Follicular B cells, however, are unable to

respond to Tl type Il (TI-Il) antigens (Lane et al., 1986).

Direct visualisation of antigen encounter by follicular B cells has been observed using
two-photon microscopy, where B cells associated with antigen-loaded FDCs (Suzuki et al.,
2009). Antigen is located on FDCs for more than 1 week post immunisation, allowing rare

follicular B cells an opportunity to detect the antigens (Suzuki et al., 2009).

1.6 B cell activation

The mounting of a successful humoral response against foreign antigens requires B cell
activation. Upon activation, B cells can differentiate into antibody secreting plasma cells,
GC cells or memory cells. As already alluded to, B cell activation can be broadly split into

two types; thymus dependent, and thymus independent.

1.6.1 Thymus dependent responses

As would be expected by the name, TD B cell activation involves the collaboration of B
and T cells. TD B cell activation is specifically confined to protein antigens. Two signals
are required for full B cell activation. The first is recognition of antigen by the B cells,

which enables the B cells to take up the protein and display component peptides via

17



major histocompatibility complex (MHC) on the cell surface. Upon activation, B cells
migrate to the T-B border, with antigen-specific B cells detectable in the outer T zone by 4
hours post immunisation (Sze et al., 2000, Okada et al., 2005, Zhang, 2010, Marshall,
2009) (figure 1.2). T cells of the TZ provide the second, costimulatory signals which fully
activate the B cells. The requirement for T cell priming before full B cell activation causes
a delayed B cell response, as sufficiently primed T cells are only available three days post
immunisation (Toellner et al., 1998), with B cell proliferation and GC formation not

evident until day 5 (Toellner et al., 1998).

Immunoglobulin (Ig) switching in the TD response is dependent on the antigen and on the
type of T cell response this antigen induced during T cell priming. For example,
immunisation with the haptenated protein NP-CGG (4-hydroxy-3-nitrophenylacetyl-
chicken y globulin) causes T cells to produce Th2 type cytokines and B cells to switch to
IgG1, yet immunisation with Swiss type mouse mammary tumour virus is associated with

Th1 priming and IgG2a production (Toellner et al., 1998).

1.6.1.1 The germinal centre

Germinal centres were defined by I.C.M. MacLennan as structures which “develop in the
B cell follicles of secondary lymphoid tissues... where B cells undergo massive clonal
expansion and activate a site-directed hypermutation mechanism on Ig-variable region
genes” (MaclLennan, 1994). Thus, during a GC response the affinity of antibody to
antigen increases. GCs are made up of distinct areas and zones which aid this process,
with B cell migration between the zones being required for optimal mutation and affinity

maturation (Bannard et al., 2013). The dark zone (DZ) contains large B cells known as
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Figure 1.2. B cell migration post antigen encounter. Upon antigen encounter, antigen-specific B cells migrate to the T-B border within
a few hours. Here, they undergo rounds of proliferation, before either differentiating into plasmablasts and exiting the white pulp via
bridging channels, or re-entering the follicle and differentiating into germinal centre B cells to undergo further rounds of mutation and
proliferation. For references, see text.

Picture kindly provided by Dr. J. Marshall



centroblasts, which rapidly proliferate. While proliferating, these centroblasts undergo
somatic hypermutation of the immuglobulin heavy and light chain variable region (Zubler,
2001). Somatic hypermutation occurs by single nucleotide changes or microdeletions
(Berek et al., 1991) which causes either enhanced or reduced affinity for the receptor to

antigen.

Within the light zone (LZ) are smaller centrocytes that appear to be less proliferative,
derived from the larger centroblasts (Allen et al., 2007, Gitlin et al., 2014, Bannard et al.,
2013). The LZ can itself be split into two areas; the inner LZ which contains FDCs and the T
helper cell-rich outer LZ (MacLennan, 1994). These smaller centrocytes compete to bind
antigen which is presented on the surface of FDCs (Allen et al., 2007), with high affinity B
cells out-competing those of a lower affinity and so enabling their survival. Recent data
from our laboratory has shown that secreted IgM can enter the GC and bind FDCs;
therefore limiting antigen access over the course of the GC response. This enables
selection of increasingly higher affinity GC B cells (Zhang et al., 2013). The remaining B
cells die via apoptosis due to lack of stimulation from the B cell receptor-antigen complex
or because they were unable to interact with T cells (Shih et al., 2002, Shokat and
Goodnow, 1995). If B cells are unable to displace high affinity antibody bound to antigen
on FDCs, the GC reaction terminates (Zhang et al., 2013). Successfully selected B cells can
differentiate into plasma or memory cells in the LZ (MacLennan, 1994). The GC response,
including somatic hypermutation and class switch recombination, is discussed further in

chapter 4.
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1.6.1.2 Plasmablasts and plasma cells

Antibody secreting cells include plasmablasts and both short- and long-lived plasma cells.
Unlike terminally differentiated plasma cells, plasmablasts are still highly proliferative and
secrete antibody at lower levels. Studies in spleens have shown individual plasmablasts
typically divide five times before differentiating into plasma cells (Sze et al., 2000).
Plasmablasts and plasma cells differentially express at least 800 genes (Tarte et al., 2003),

showing a surprisingly large difference between the two populations.

Differentiation into plasmablasts can occur directly after activation outside the follicular
environment, preceding the follicular GC response and producing rapid, low affinity
antibody (figure 1.2). GCs also produce plasma cells that may have undergone affinity
maturation. The master regulator of plasma cell differentiation is BLIMP-1, a
transcriptional repressor. Without BLIMP-1, short lived, GC-derived and memory
response derived plasma cells are absent in the mouse (Shapiro-Shelef et al., 2003). A full

analysis of the role of BLIMP-1 in plasmablast fate is discussed in chapter 3.

During a TD response, extrafollicular plasmablasts gradually proliferate and therefore
increase, peaking at 96 hours post immunisation (Sze et al., 2000). Extrafollicular
plasmablasts are located primarily at the junction of the TZ and red pulp (Sze et al., 2000)
(figure 1.2). Plasma cell numbers reduce by day 7 post immunisation, and remain at the

same low levels in the red pulp at three weeks (Sze et al., 2000).

1.6.2 Thymus independent responses

Non-protein antigens, such as polysaccharides, glycolipids and nucleic acids, cannot be

processed by the B cell and presented in the context of MHC molecules. Therefore B cell
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activation by these antigens does not occur with the aid of T cell help. Nude mice, which
lack a thymus, are able to induce B cell immune responses to these antigens, giving them
the title “thymus-independent”. They are split into two types: Tl-I and TI-Il, depending
on whether the response can occur in CBA/N mice. CBA/N mice are deficient in the
kinase Btk, found downstream in the BCR signalling pathway. TI-I antigens are able to
bypass downstream BCR signalling, and therefore CBA/N mice are able to mount a
response to TI-l antigens (Mosier et al., 1976). However, TI-Il antigens, which require BCR
and therefore Btk signalling, are not able to induce a B cell response in CBA/N mice

(Mosier et al., 1977), reviewed in (Vinuesa and Chang, 2013).

Like in TD responses, Tl B cell activation can lead to class switching in the absence of T cell
derived signals (Marshall et al., 2011). Importantly, Tl activation can induce memory B
cell formation (Obukhanych and Nussenzweig, 2006) as well as long lived plasma cells
which reside in the bone marrow (Taillardet et al., 2009, Bortnick et al., 2012). In mice
where the majority of B cells are specific for a single Tl antigen, GCs can be formed in the
absence of T cells, however these GCs disappear synchronously at day 5 post
immunisation due to the lack of T follicular helper cell signals required to sustain them

(de Vinuesa et al., 2000).

1.6.2.1 Thymus independent type | responses

Thymus independent type | antigens can activate B cells by signalling through Toll-like
receptors (TLRs). These antigens are common microbial constituents, for example viral
RNA, lipopeptides and LPS. LPS binds to CD14 on the B cells, which associates with TLR-4;
signalling through both receptors causes an upregulation in CD69, CD79a phosphorylation

and calcium mobilisation (Minguet et al., 2008, Pone et al., 2012) leading to B cell
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activation. Tl immunoglobulin class switching can occur; in this instance activation
induced cytidine deaminase (AID), the protein responsible for somatic hypermutation and
class switch recombination, is induced through NFkB signalling. 1gG1l secretion is
enhanced by LPS-activated B cells due to cross talk between TLR4 and Dectin-1 (Pone et

al., 2012, Seo et al., 2013). For more information on AID, see chapter 4.

1.6.2.2 Thymus independent type Il responses

TI-Il antigens are multivalent, enabling cross linking of multiple BCRs, which transmit
activating signals to the B cell (reviewed in (Mond et al., 1995)). MZ B cells are highly
reactive to TI-Il antigens. A full response to TI-Il antigens does not occur until the age of 5
years, with no response detected until several months after birth (Murray and Lopez,
1997). TI-ll antigens are found in the capsules of Neisseria meningitides, Streptococcus
pneumonia, Haemophilus influenza type b and Salmonella. These organisms are
associated with a high risk of death in children between 6 months and 5 years of age
(Murray and Lopez, 1997), correlating with a reduced response to TI-Il antigens in

children.

In mice, 4 hours after immunisation with TI-Il antigen, B cells have migrated from the MZ
of the spleen to the T-B border (Lopes-Carvalho and Kearney, 2004). By 8 hours, the
activated B cells are rapidly dividing, and by 3 days post immunisation clusters of plasma
cells are formed in the red pulp (Liu et al., 1991, Lopes-Carvalho and Kearney, 2004). As
previously stated, Tl antigens can induce class switching, with plasma cells produced in a
TI-Il response preferably switching to 1gG3 (Garcia de Vinuesa et al., 1999b). B blasts of

mice immunised with the TI-Il antigen NP-Ficoll express Aicda, the AID producing mRNA,
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which is downregulated upon plasmablast differentiation (Marshall et al., 2011). Class
switching in TI-ll responses is dose-dependent (de Vinuesa et al., 2000); with higher

amounts of antigen inducing Aicda expression (Marshall et al., 2011).

TI-Il responses have previously been shown to induce the formation of GCs (de Vinuesa et
al., 2000); a process which was originally thought to only be induced by TD antigens.
Confirming the TD dependence, TI-Il induced GCs spontaneously involute 5 days post
immunisation; probably due to the lack of T follicular helper (Tfh) cell help (de Vinuesa et
al., 2000). Supporting this, immunisation of CCR7-deficient mice with NP-Ficoll results in
long-lived GCs, probably due to the presence of T cells within these GCs (Achtman et al.,

2009).

1.6.3 Newly defined modes of B cell activation

A recent review by Vinuesa and Chang has suggested updated classification of antibody
responses, with two new groups defined: TD-Il and TI-lll (Vinuesa and Chang, 2013). The
antibody responses from these two groups are driven by innate cells; thymus-derived
invariant NKT (iNKT) cells for the TD-Il response, and B cell helper neutrophils for TI-lII
(Vinuesa and Chang, 2013). B cell activation by iNKT cells and B helper neutrophils are

beyond the scope of this study, and will not be discussed further here.

1.7 Control of splenic B cell localisation

The positioning of B cells within the splenic white pulp during responses is controlled by
the expression of receptors on the cell surface. These bind specifically located ligands
and subsequently cause an attraction to (or repulsion from) that area. The control of B

cell positioning within the spleen is summarised here and within figure 1.3.
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1.7.1 Steady state homing of B cells

Naive B cells express low levels of the chemokine receptor CCR7, and, along with CCR7"' T
cells, use this receptor to enter lymphoid tissues; a process that is severely disrupted in
CCR7 deficient mice (Forster et al., 1999). Upon splenic entry, B cells are guided to the
follicle by expression of the chemokine receptor CXCR5, which binds the chemokine
CXCL13. CXCL13 is expressed within the B cell follicles by stromal cells (Green and Cyster,
2012) causing B cells home to the follicular area. Conversely, T cells are guided to the TZ
through their high expression of CCR7, whose ligands CCL19 and CCL21 are expressed at

high levels in the TZ (Forster et al., 1999, Gunn et al., 1999).

B cells localise to the MZ due to their expression of sphingosine-1-phosphate receptor 1
(S1PR1), the GPCR cannabinoid receptor 2 (CB2) and their lack of Kriippel-like factor 2
(KLF2) expression (Muppidi et al., 2011, Winkelmann et al., 2011, Cinamon et al., 2004).
This may seem surprising, as in T cells SIPR1 is downregulated without KLF2, showing
differential regulatory pathways between the two lymphocyte subsets (Winkelmann et
al., 2011). Interestingly, over-expression of CB2 localises B cells to the MZ, yet
overexpression of S1PR1 distributes B cells throughout the red pulp (Muppidi et al.,
2011). A recent paper by Wang et al. has suggested that MZ B cells can also be defined
by their expression of ACKR3 (Wang et al., 2012), an atypical chemokine receptor which
binds the CXCR4 ligand, CXCL12. The authors proposed that internalisation of CXCL12 by
ACKR3-expressing MZ B cells causes a gradient of the chemokine along the B cell follicle
(Wang et al.,, 2012); a higher concentration of CXCL12 close to the TZ, to which
centroblasts are attracted during the GC response, and a lower concentration at the

outer follicle (Wang et al., 2012).
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MZ B cells are not confined to the MZ, and are able to shuttle between MZ and follicular
areas (Cinamon et al.,, 2008). Unsurprisingly, migration into the follicle by MZ B cells
requires expression of CXCR5, whilst migration back to the MZ required S1PR1 and S1PR3

(Cinamon et al., 2008).

1.7.2 B cell migration post activation

Homing of B cells to the correct niche allows access to antigen via FDC processes and
subsequent activation. By 6 hours post activation, B cells migrate to the T-B border due
to an upregulation in the expression of CCR7, yet their expression of CXCR5 remains
constant (Reif et al., 2002). Although CXCR5 deficient B cells do not enter B cell follicles,
they do migrate to the T-B border upon activation (Reif et al., 2002), showing that CXCR5
is not required for this initial migration. However, distribution along the T-B border does
require CXCR5; CXCR57" activated B cells cluster at bridging zones (Reif et al., 2002).
Migration to the T-B border enables B cells to interact with activated T cells that have also
migrated to this area, which provide constimulatory signals to allow full B cell activation
and differentiation into either GC B cells or plasmablasts. Yet this migration is also
observed upon B cell activation as part of a Tl response (Garcia de Vinuesa et al., 1999b,

Vinuesa et al., 2001), indicating this process is an intrinsic B cell response to activation.

Epstein-Barr virus-induced GPCR 2 (EBI2) is also upregulated upon B cell activation and
prevents the CCR7 expressing B cells from fully entering the TZ; activated EBI2 deficient

cells are found within the TZ (Pereira et al., 2009, Glynne et al., 2000, Gatto et al., 2009).
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1.7.3 Plasmablast and plasma cell migration

Interestingly, after migration to the T-B border, EBI2 causes B cell migration around the
follicular perimeter (Gatto et al.,, 2009). It is proposed that migration to this
microenvironment is essential for plasmablast differentiation and survival (Gatto et al.,
2009). Once differentiated into antibody secreting cells, B cells can migrate to the bone
marrow where they can survive for long periods of time. Antibody secreting cells of the
bone marrow express CXCR4 and are highly attracted to its ligand CXCL12 (Hauser et al.,
2002). These cells do not respond to CXCL13 (Hauser et al., 2002), the chemokine that
enables their location to B cell follicles. Interestingly, a proportion of these cells also
migrate towards the CXCR3 ligand CXCL9 (Hauser et al., 2002). CXCR3 can be upregulated
on antibody secreting cells through signalling by interferon (IFN)-y and the transcription
factor T-box expressed in T cells (T-bet) (Serre et al.,, 2012), with CXCR3 expression
allowing recruitment of cells to sites of infection (Rosas et al., 2005). Mice unable to
express CXCR3 are unable to control Leishmania major infection (Rosas et al., 2005),
showing the importance of this chemokine receptor in the recruitment of cells to the site

of infection during an immune response.

1.7.4 Germinal centre formation, orientation and migration

Post activation, some B cells migrate back to the centre of the follicle in order to form
GCs. Interestingly, GCs of CCR7 deficient mice are located within the T cell depleted PALS
(Achtman et al., 2009). However, as CCR7 is required for the positioning of multiple cell
types under steady state conditions (Forster et al., 1999), the exact cause of GC
positioning in the model is unclear. To re-enter the follicle, EBI2 expression is reduced

(Pereira et al., 2009, Gatto et al., 2009), which is unsurprising as EBI27- B cells transferred
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into WT hosts are observed within the follicle, co-localising with FDCs (Gatto et al., 2009).
Reduction in EBI2 is probably B cell lymphoma (Bcl)-6 dependent; a thorough
computational and ChIP-on-chip analysis implicated the promoter region of EBI2 as a Bcl6

target in GC B cells (Basso et al., 2010).

The GCs themselves are organised into distinct areas and zones. In 2004, Allen et al.
showed that the light and dark zone organisation of a GC is mainly controlled by the two
chemokine receptors CXCR4 and CXCR5, and their ligands (Allen et al., 2004). CXCR4
expression on centroblasts attracts these cells to the DZ, due to the expression of CXCL12
by reticular cells in this area of the GC (Allen et al.,, 2004, Bannard et al.,, 2013).
Interestingly, Aicda”" (AID deficient) GC B cells express lower levels of CXCR4 and so
accumulate as centrocytes within the GC (Boulianne et al.,, 2013). The expression of
CXCR4 on B cells also enables them to regulate the position of FDCs and CXCL13; there is
no FDC and CXCL13 polarity when CXCR47" B cells are transferred into B cell deficient mice
(Allen et al., 2004). Over the course of the GC response, LZ restricted CXCR4”- GC B cells
are gradually outcompeted by WT cells, showing DZ access is essential for optimal GC B
cell responses (Bannard et al., 2013). Using GFP-fusion, GC B cells have also been shown
to express Regulator of G protein Signalling (RGS) 13 (Shi et al., 2002). RGS13 is able to
reduce the responsiveness of CXCR4-transfected cells to CXCL12 (Shi et al., 2002), and so

may have a role in regulating GC B cell migration between dark and light zones.

On the other hand, CXCR5 attracts B cells to the LZ. In the spleen, the LZ of the GC is
always next to the marginal sinus, where blood-borne antigens enter. CXCR5 and its

ligand dictate this orientation of the GC; CXCL13”- mice have a GC with FDCs located in
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the centre, surrounded by a ring of centroblasts (Allen et al., 2004). In addition to CXCR4
and CXCR5, both centroblasts and centrocytes express the GPCR S1PR2 which binds the
sphingolipid sphingosine-1-phosphate (S1P) (Green et al., 2011). This interaction is
required for the retention of GC B cells within the GC; interestingly, SIPR2 has since been
detected in Tfhs and also retains these cells within the GC (Moriyama et al., 2014). GC
retention is caused by stromal cells outside of the follicle producing S1P, which degrades
as it travels through the follicle, causing a gradient of S1P to the follicular centre (Green
et al., 2011). Binding of S1P via S1PR2 prompts turning and migration, therefore
providing a GC association for the S1IPR2 expressing cells (Green et al., 2011). It should
be noted, however, that S1IPR2 deficient GC B cells are not able to colonise the whole
follicle (Green et al., 2011), and so other signals must also dictate GC B cell association
with the GC. One such signal is CXCL13, as a double KO of S1IPR2 and CXCL13 increases
GC B cell dispersion (Green et al., 2011). Tfh cells deficient in both CXCR5 and S1PR2 are

unable to support GC responses (Moriyama et al., 2014).

1.8 The role of CCRL2 on B cells

CCRL2 was shown to be expressed on most human hematopoietic cells, but was not
initially detected on B cells (Migeotte et al., 2002). However, B cell expression was later
shown to be maturation stage dependent (Hartmann et al., 2008). In the latter study,
CCRL2 was originally found to be expressed on the pre-B acute lymphoblastoid leukaemia
cell line Nalm6, and this was confirmed with a similar cell line, G2. Furthermore, CCRL2
expression on B cell subsets from adult bone marrow showed expression on
subpopulations of pro- and mature- B cells, and all pre-B cells; however no CCRL2 was

detectable on immature B cells (Hartmann et al.,, 2008). Upon challenge of WT and
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CCRL2 deficient mice with OVA, there was no difference in IgE production (Otero et al.,
2010). However, no study has yet explored the role of CCRL2 in B cell migration, nor

plasmablast and GC responses in depth.

1.9 Aims of project

The purpose of this project is to assess the role of the atypical chemoattractant receptor
CCRL2 in the B cell response. For this purpose, CCRL2 deficient mice are immunised with
a variety of antigens and the response assessed; cellular location determined by
immunohistology, plasma cell and GC cell levels assessed by both flow cytometry and
immunohistochemistry and antibody output determined by enzyme-linked

immunosorbent assay (ELISA).
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Chapter 2. Materials and Methods

2.1 Mice

All mice used in this study were housed in specific pathogen free conditions at the
Biomedical Services Unit (BMSU) at University of Birmingham, UK and treated in
accordance to guidelines set out by The Home Office. The Mouse Genome Informatics

(MGI) accession number for each mouse strain used in this study is summarised in table

2.1.

Strain MGI Accession Number(s)
QM MGI:3045610 | MGI:1857188
CCRL27 MGI:3604544
ACKR47- MGI:2449041 | MGI:4847614
CCR77 MGI:2180679

Table 2.1. MGI Accession Numbers for all Genetically Modified Mouse Strains used in
this Study.

C57BL/6 mice were either purchased from Harlan Laboratories or bred within BMSU from
CCRL2 heterozygous (CCRL2*/) parents. These mice were used as wild type (WT) controls
in experiments involving CCRL2 knock out (CCRL27") mice. They express the CD45.2

variant of the CD45 allele.
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Boy) (B6.SJL-PtprcPepc®/Boyl) mice were purchased from BMSU, University of
Birmingham, UK or Charles River Laboratories. These WT mice express the CD45.1
variant of the CD45 allele and were used in the generation of bone marrow chimeras or in

adoptive transfer experiments.

Quasi-monoclonal (QM) mice are B cell receptor knock in mice, in which approximately
60% of the mouse B cells are specific for the hapten 4-hydroxy-3-nitrophenyl (NP). This
mouse was developed by Wabl et al (Cascalho et al., 1996) and is summarised here. The
mouse heavy chain was rearranged to VuDJy 17.2.25 (for NP-specificity), and these mice
crossed with mice unable to express Ig heavy and k light chains, as antibodies against NP
are mainly formed of a A light chain. QM mice were bred with mice deficient in CCR7,
ACKR4 and CCRL2 to generate NP-specific B cells deficient in these receptors. QM mice

are on a C57BL/6 background, and so express the CD45.2 variant of the CD45 allele.

CCRL27" mice (strain B6.129-Ccr/2t™Pgen/}) were purchased from The Jackson Laboratory,
ME, USA. These mice were used to study to effect of removing CCRL2 on the B cell
response. CCRL27" mice are on a C57BL/6 background, and so express the CD45.2 variant

of the CD45 allele.

ACKR4”- mice were a gift from R. Nibbs (University of Glasgow), generated as described in
(Comerford et al., 2010). These mice were used as control mice in experiments involving

CCL19 uptake and binding by cells.

CCR77" mice (stain B6.129P2(c)-Ccr7t™R’fr/j) were purchased from The Jackson
Laboratory, ME, USA. These mice were used as control mice in experiments involving

CCL19 uptake and binding by cells.
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2.2 Immunisations and injections

2.2.1 Thymus dependent antigens

For the primary response, NP was conjugated to chicken gamma globulin (CGG, Sigma) by
Mrs. Chandra Raykundalia, Division of Immunity and Infection, University of Birmingham
to form NP-CGG. Before injection, NP-CGG was prepared by alum precipitation (mixing
with 9% aluminium potassium sulphate and adjusting pH to 6.5) and kept agitated in the
dark for 1hr. After centrifugation (5min, 2000rpm), NP-CGG was washed twice in
Phosphate Buffered Saline (PBS). For splenic responses, NP-CGG was resuspended in PBS
to a value of 50ug/200ul per mouse with 107 Bordetella pertussis (Dako), and injected
intraperitoneally (i.p.). For the lymph node response, NP-CGG was resuspended in PBS to

20ug/20ul per mouse with 107 Bordetella pertussis, and injected in the footpad.

To initiate a memory response, mice were primed i.p. with 50ug of alum precipitated
CGG (Jackson Immuno Research, West Gove, PA, USA) in 200ul PBS with 10’ Bordetella
pertussis. Five weeks later, a boost injection i.p. of NP-CGG (50ug in 200ul PBS) was

administered.

2.2.2 Thymus independent antigens

Trinitrophenyl-lipopolysaccharide (TNP-LPS, Sigma) is a thymus independent type | (TI-I)

antigen. It was dissolved in PBS at 30ug/200ul per mouse and injected i.p.

NP-Ficoll (Biosearch Technologies, Novato, CA) is a thymus independent type Il (TI-II)
antigen. It was dissolved in PBS at 30ug/200ul per mouse and injected i.p or intravenally
(i.v.). A fluorescent version, NP-FITC-Ficoll (Biosearch Technologies), is prepared and

injected by the same protocol.
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2.2.3 Infection model, Salmonella Typhimurium

To assess the role of CCRL2 upon B cell activation as part of a response to an infection, a
model of Salmonella infection was used. Mice underwent primary infection with a non-
virulent Salmonella Typhimurium (STm) strain, SL3261 (Hoiseth and Stocker, 1981). STm
was prepared by overnight growth of a single bacterial colony in sterile LB medium at
37°C. Bacteria were harvested by centrifugation at 6000g for 5mins once optical density
(OD) at 600nm measured 0.8-1.0, as this indicated the mid-exponential growth phase.
STm were washed twice in 1ml sterile PBS before being resuspended in PBS. The OD was
measured at 600nm and the number of bacteria/ml was assessed using a standard
growth curve. STm were then diluted in sterile PBS to 5x10° bacteria/200ul/mouse and

administered i.p.

2.2.4 EdU injections

EdU (5-Ethynyl-2’-deoxyuridine) (Molecular Probes by Life Technologies) was dissolved in
sterile PBS to a concentration of 0.5mg/200ul/mouse and injected i.p. 2 hours prior to

culling.

2.3 Bone marrow chimeras

Isolated bone marrow cells (section 2.5.4) were counted using a haemocytometer and

resuspended in PBS to a final concentration of 1.5x10cells/ml.

Recipient mice had two doses of irradiation at 4.5G, before i.v. injection of 200ul of the
donor cell suspension (3x10°cells/mouse). Success of transfer was determined by tail

bleed and flow cytometry (see sections 2.5.1 and 2.10) 42 days post cell transfer. Mice
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were immunised with NP-Ficoll (as described in section 2.2.2) 65 days post cell transfer

(figure 2.1).

2.4 Adoptive cell transfer

2.4.1 Thymus dependent responses

BoyJ mice were primed with 50ug CGG as described in section 2.2.1. Five weeks later,
splenocytes from QM mice were prepared (section 2.5.3) and B cells were enriched by
magnetic-activated cell sorting (MACS, Miltenyi Biotec) using CD43 (Ly48) Microbeads or
B cell isolation cocktail (Miltenyi Biotec) as per the manufacturer’s protocol. Cells were
counted, and their purity was verified using flow cytometry (section 2.10). Cells were
diluted to 5x10* NP-binding cells/mouse in 200ul PBS and injected i.v. into BoyJ hosts.

Host mice were immunised one day later with NP-CGG (50pg/mouse in 200ul PBS) i.p.

2.4.2 Thymus independent responses

Splenocytes from QM mice were prepared, sorted and purity confirmed as described in
section 2.4.1. Cells were diluted to 5x10° NP-binding cells/mouse in 200ul PBS and
injected i.v. into either BoyJ or C57BL/6 hosts. Host mice were immunised one day later

with NP-Ficoll (section 2.2.2)
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2.5 Sample preparation

2.5.1 Blood

For flow cytometry blood was collected in Ethylenediaminetetraacetic acid (EDTA) and
transferred to a 96-well plate. The blood was repeatedly incubated for 1min with 100ul
of ACK Lysing Buffer (Gibco Invitrogen Compounds) to lyse red blood cells and stained for

specific markers for flow cytometry analysis (section 2.10).

For serum isolation, blood was collected and incubated at 37°C for at least 2 hours to
enable clotting. The blood was then spun at 10 000rpm, 10mins and serum (supernatant)

was taken.

2.5.2 Peritoneal cell harvest

Peritoneal cells were collected by injection of 5ml of ice cold PBS into the peritoneal
cavity. This was then re-collected and stored on ice. The cell suspension was spun
(1400rpm, 4mins) and transferred into a 96-well plate. If required, cells were red cell

lysed and stained for specific markers for flow cytometry analysis (section 2.10).

2.5.3 Spleen

Spleens were disrupted by mashing through a cell strainer (BD Biosciences, NJ, USA) and
cells were collected into complete media (RPMI 1640 media supplemented with 10% fetal
calf serum [FCS] and 1% penicillin and streptomycin [penicillin 10000units/ml and
streptomycin 10000ug/ml in PBS], all from Invitrogen). If required, splenocytes were red
cell lysed and then cells counted using a haemocytometer. Cells were subsequently
stained for specific markers for either fluorescent activated cell sorting (FACS), flow

cytometry analyses, or B cells enriched for in vitro cell culture or adoptive transfer
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(sections 2.11, 2.10, 2.6 and 2.4 respectively). For immunohistology (section 2.7), spleens

were snap frozen in liquid nitrogen or on dry ice and stored at -80°C.

2.5.4 Bone marrow

Bone marrow cells were isolated in PBS and put through a cell strainer. Red cells were

lysed by multiple incubations in ACK Lysing Buffer (Gibco Invitrogen Compounds).

2.6 In vitro culture and stimulation

2.6.1 Culture of nhon-QM B cells

Spleens of unimmunised mice were prepared and enriched for B cells as described in
section 2.5.3. To determine proliferation of cells over time, cells were labelled with
CellTrace™ Violet Cell Proliferation Kit (Invitrogen) as per the manufacturers’
instructions. B cells were seeded in triplicate into sterile 96 well plates at 1x10° cells/well
and grown in complete media (section 2.5.3) supplemented with HEPES (10mM), 2-
mercaptoethanol (50uM) and sodium pyruvate (ImM) (all from Sigma-Aldrich). Cells
were stimulated with carrier free IL-4 (6.25ng/ml, R&D Systems) and LPS (12.5ug/ml,
Sigma-Aldrich) as described in (Sciammas et al., 2006). If required, media was also
supplemented with 310pM of CCL5, CCL19 or chemerin (All from R & D Systems).

Stimulated cells were analysed by flow cytometry (section 2.10).

2.6.2 Culture of QM B cells

QM B cells were prepared as described in section 2.6.1. Numbers of NP-specific cells
were quantified using flow cytometry (section 2.10) and 1x10° NP-specific B cells were
seeded into 96 well plates and supplemented with media as described in section 2.6.1.

However, cells were stimulated with 2pg/well of NP-Ficoll with IL-4 (6.25ng/ml).
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2.6.3 Culture of total splenocytes

Spleens were red cell lysed and analysed by flow cytometry to determine levels of B cells
(non-QM) or NP* B cells (QM). Splenocytes were seeded into wells so each well
contained 1x10° B cells or NP-specific B cells, and cells were stimulated as described in

either section 2.6.1 or 2.6.2.

2.7 Immunohistology

2.7.1 Immunohistochemistry

2.7.1.1 Immunohistochemical staining

Spleens were cut onto glass slides using a cryostat, to a thickness of 6um. Slides were
fixed in acetone (20min at 4°C) and kept at -20°C until required. Slides were washed for
10min in Tris (pH 7.6, Appendix A) and subsequently stained with primary antibody for
1hr (Appendix B). Secondary antibody was incubated for 1hr with 10% normal mouse
serum (Dako, Ely, UK) to block unspecific binding. Slides were washed as before and
incubated with secondary antibody for 45mins prior to another wash step. Slides were
incubated for 40mins with Vectastain ABC-AP kit (Vector Laboratories, Burlingame, CA,
USA) before undergoing a further wash step. Brown staining was developed by
incubation for approximately 5min with the horseradish peroxidase substrate 3,3
diaminobenzidine tetrahydrochloride (DAB, Sigma). Slides were washed as described,
and blue staining developed by incubation for approximately 10min with the alkaline
phosphate substrate Fast Blue (Sigma). Slides were washed as before, rinsed in distilled

water, and mounted using Glycerol Gelatin (Sigma). Pictures were taken using a DM6000
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microscope (Leica Microsystems) coupled to a micropublisher 5.0RTV camera and using

Q Capture software.

2.7.1.1 Quantification of NP-specific plasmablasts and germinal centres

Quantification is as described in (Zhang, 2010), but summarised here. Antigen specific
germinal centres were detected as NP* IgD™ regions within IgD* B cell follicles. Antigen
specific plasmablasts were identified as NP"&" cells within the red pulp and in the white
pulp exit zones. To quantify the area of spleen taken up by GC and plasmablasts, the area
of GC and plasmablasts was calculated, relative to the area of total spleen. The area of
spleen was calculated by counting the number of intercepts in a 100mm? eyepiece
graticule at x4 magnification (Weibel, 1963). Antigen-specific GC and plasmablast areas

were counted by the same method, but at x25 magnification.

2.7.1.2 Quantification of antigen within splenic sections

Mice were immunised with NP-FITC-Ficoll and the antigen was detected in the spleen by
FITC* fluorescence staining. A threshold of FITC* staining was set and the area of FITC*
staining was measured, all using ImageJ software. As previous studies have shown NP-
Ficoll is located on marginal zone macrophages {Vinuesa, 2000 #406}, spleens were also
stained for CD169 and the area of CD169" staining was determined by Imagel, as
described for antigen. The area of antigen was divided by the area of macrophage for the

whole spleen section and the data was represented as a percentage.

2.7.2 Immunofluorescence

Tissue sections were cut and fixed as described in section 2.7.1. Slides were blocked with

10% horse serum for 10mins at room temperature (RT) before addition of primary
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antibodies. For intracellular stains, slides were incubated for 15mins and RT with 0.2%
Triton-100. All other steps as section 2.7.1, however the wash buffer used is PBS, the
antibody diluent was PBS with 1% bovine serum albumin (PBS-1%BSA). All steps after
addition of fluorochrome-conjugated antibodies were carried out in the dark. If required
after the final antibody addition, slides were stained with DAPI and washed 3 times in
cold PBS. Slides were mounted using ProLong Gold antifade reagent (Invitrogen).
Pictures were taken using a DM6000 microscope coupled to a DF350FX camera (Leica

Microsystems).

2.8 Enzyme linked immunosorbent assay (ELISA)

2.8.1 NP-, CGG-, OMP-, LPS- and FliC- specific antibody detection by ELISA

Immuno 96 MicroWell solid plates (Nunc, Thermo Scientific) were coated with 5ug/ml of
either CGG (Jackson Immuno Research), NP,-BSA (for detection of high affinity antibody)
or NP15-BSA (for detection of total antibody - both conjugations prepared by Mrs.
Chandra Raykundalia, Division of Immunity and Infection, University of Birmingham). For
the Salmonella infection model, plates were coated with either outer membrane protein
(OMP) (prepared in house (Bobat, 2011)), LPS from Salmonella typhimurium S-form (Enzo
Life Sciences) or FliC (prepared in house (Bobat, 2011)) in coating buffer (Na.CO3 15mM,
NaHCOs3 35mM) and incubated overnight at 4°C. Plates were washed in wash buffer (PBS
100mM, 0.05% Tween 20, at pH 6.8) and subsequently blocked for 1.5hr at 37°C with
PBS-1%BSA before another wash step. Mouse serum was serially diluted 1/3 in PBS-
1%BSA within the plate and incubated for 1.5hr at 37°C. After washing, 100pl of isotype

specific alkaline phosphatase-conjugated antibody was added (Appendix B) and
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incubated for 1hr at 37°C. To visualise the detected antibody, after a final wash step
100ul of p-nitrophenyl phosphate (N2770, Sigma-Aldrich) was added to the plate. The
plate was incubated at 37°C and, upon appearance of colour, the plate was read at

405nm using EMax Endpoint ELISA Microplate Reader (Molecular Devices, CA, USA).

2.8.2 Allotype NP-specific antibody detection by ELISA

Allotype specific secondary antibodies were used in order to differentiate between
antibody secreted by donor QM cells and antibody secreted by host mice within an
adoptive transfer experiment (section 2.4). Method as section 2.8.1, however serum was
incubated overnight at 4°C and biotin-conjugated secondary antibodies (Appendix B)
were incubated for 2 hours at 37°C. After washing as directed in section 2.8.1, Alkaline
Phosphatase Streptavidin (Vector Laboraories) was added for 1 hour at 37°C before

plates were developed as in section 2.8.1.

2.9 Enzyme linked immunosorbent spot (ELISpot)

96 well nitrocellulose microtiter plates (Merck Millipore, MA, USA) were coated overnight
at 4°C with NP1s-BSA in sterile PBS (5ug/ml) and blocked for 2hr at 37°C with RPMI 1640
medium (Sigma-Aldrich) containing FCS (10%, heat inactivated). Bone marrow or splenic
cells were prepared (sections 2.5) and resuspended in RPMI 1640-10%FCS. 2.5x10° cell
were added to each well before overnight incubation (37°C). Plates were washed with
wash buffer (section 2.8) and incubated with isotype specific alkaline phosphatase-
conjugated antibody (Appendix B) diluted in PBS-1%BSA for 2 hours at RT. Plates were
washed in wash buffer and PBS, before addition of Sigma Fast BCIP/NBT alkaline

phosphatase substrate (Sigma-Aldrich) dissolved in distilled water. The reaction was
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stopped with addition of distilled water, and plates were air dried. Spots were counted
using an AID ELISPOT reader (Autoimmun Diagnostika GmbH, Strassburg, Germany) with
Eli4 software (Autoimmun Diagnostika GmbH). Each sample was conducted in triplicate,

with the median number of spots taken.

2.10 Flow cytometry

Prepared cells (section 2.5) were resuspended in flow cytometry media (PBS
supplemented with 1% FCS and 0.5M EDTA) and transferred to a 96-well plate. All wash

steps and antibody dilutions were made with flow cyometry media.

The plate was centrifuged at 4°C, 1400rpm for 4mins and cells incubated with anti-
CD16/CD32 antibody (20mins, 4°C), in order to block Fc receptors. Plates were washed
and cells were incubated with fluorescently-conjugated antibody (Appendix B). After
washing, cells were resuspended in flow cytometry media, unless intracellular staining is

required.

For intracellular staining, cells were incubated with Cytofix/Cytoperm (BD Biosciences) for
25mins at 4°C and were subsequently washed with Permwash (BD Biosciences). Cells
were stained with intracellular antibodies (20mins 4°C) diluted in Permwash. Cells were
washed with, and subsequently resuspended in, Permwash and stored at 4°C until

analysis.

If required, cells were detected for incorporation of EdU using Click-iT EdU flow cyometry

assay kit (Molecular Probes) as per the manufacturer’s protocol.
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Cells were analysed using a CyAN FACS Analyser (Beckman Coulter, UK) controlled by
Summit v4.3 software or BD Fortessa Analyser using FACSDiva6.2 software (BD

Biosciences) and offline analysis was conducted by FlowJo software version 9.2.

2.11 Fluorescence activated cell sorting (FACS)

Cells were isolated, Fc receptors blocked and stained for extracellular antigens as
described in section 2.10. Subsequently, cells were stained with Hoechst nuclear dye to
enabling exclusion of dead cells and before resuspension in flow cytometry media. Cells
were filtered using Partec CellTrics sterile filters (Partec, Germany) and sorted into
populations using MoFlo High Speed Sorter (Beckman Coulter) controlled by Summit v4.3
software. Sorted cell samples were tested for purity using CyAN FACS Analyser and
Summit v4.3 software. Sorted cells were washed in PBS, snap frozen in liquid nitrogen

and subsequently stored at -80°C.

2.12 Tagman reverse transcription-quantitative real-time PCR (RT-gPCR)

2.12.1 mRNA preparation

mRNA was prepared from sorted cell populations (section 2.11) using QlAshredder
columns with either RNeasy Mini or Micro kits (all from Qiagen). The mRNA in all cases

was eluted in RNase free water and stored at -80°C.

2.12.2 cDNA preparation

cDNA was prepared by addition of random primer (Promega) to mRNA, and the sample
denatured at 70°C for 10mins. This was shock cooled on ice, after which reverse
transcription mix was added, Appendix A. The sample was incubated at 41°C for 1hr and

then 90°C for 10mins. All cDNAs were stored at -20°C until required.
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2.12.3 RT-gPCR

For RT-qPCR, either 0.5ul or 1ul of the cDNA preparation was added to a 384 well plate
(Applied Biosystems, CA, USA). Tagman Universal PCR Master Mix (Applied Biosystems)
was added, along with the desired primers and probes (Appendix C) at previously defined
optimal concentrations. The plate was covered with Optical Adhesive Film (Applied
Biosystems), mixed, and then centrifuged before being loaded onto an ABI 7900 real-time
PCR machine (Applied Biosystems). The temperature cycle was as follows: 50°C for
2mins, 95°C for 10mins, then 40 cycles of 95°C 15s, 60°C 1min. Fluorescence analysis was
performed using SDS 2.2.2 software (Applied Biosystems), where the threshold was set
manually to the logarithmic phase. The quantification cycle (Cq) was recorded for each
sample and the relative quantity of the target gene was deduced by taking the ACq (Cg-

target gene minus Cq-housekeeping gene) and calculating 272,

2.13 Ligand uptake assay

2.13.1 CCL19 uptake assay

Alexa Fluor 647 conjugated CCL19 (CCL19%F%%7, Almac) was kindly provided by Chris
Hansell, The University of Glasgow. Chemokine uptake assay was performed as stated in
(Hansell et al., 2011), but is summarised briefly here. Splenic cells were prepared and
2x10° cells were cultured at 37°C for 60mins in complete medium (section 2.5.3)
supplemented with 4mM L-glutamine, 20mM HEPES and 12.5nM CCL19%7%’, To ensure
any detected fluorescence was specific for chemokine uptake, control samples were
incubated with 250nM of unlabelled CCL19 (R & D systems). Cells were then stained for

specific markers and analysed by flow cytometry (section 2.10).
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2.13.2 Chemerin uptake assay

Chemerin was coupled to Cy5 using the Lightning-Link™ Rapid Cy5 conjugation kit
(Innova Biosciences) as per the manufacturers’ instructions. Uptake of chemerin was

then conducted as 2.14.1.

2.14 Statistical analysis

Data was plotted in GraphPad Prism version 6. Data was analysed by Mann Whitney U to
determine statistical significance. Statistical significance was accepted for p values
smaller than 0.05 in a two-tailed test, which does not give a preconception that one test

group will be different to another.
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Chapter 3. Effect of CCRL2 Deficiency during the Plasmablast

Response

3.1 Introduction

3.1.1 NP-specific responses

Throughout this study the response of mice to NP-conjugated antigens is described. NP-
specific responses have been utilised for decades to assess the action of antigen
administration in B cell activation and differentiation (Bothwell et al., 1981, Imanishi and

Makela, 1974).

Here, to further assess the B cell response, quasi-monoclonal (QM) mice are used
(Cascalho et al., 1996), in which the majority of B cells are specific for NP. Due to >95% of
anti-NP antibodies containing the lambda light chain (Jack et al., 1977), including upon
immunisation with NP-Ficoll (Smith et al., 1985), QM mice are deficient for the kappa
light chain (Cascalho et al., 1996). Interestingly, unlike a traditional NP-response,
immunisation of mice with NP-LPS generates an antibody response dominated by kappa
light chains (Smith et al., 1985). As the main focus of this study is immunisation of mice

with NP-Ficoll, a short summary of the NP-Ficoll response is detailed below.

3.1.1.1 The NP-Ficoll response of C57BL/6 mice

Characterisation of the response in C57BL/6 mice to NP-Ficoll was a subject of multiple
papers in the last couple of decades. In the spleen, one day post intraperitoneal (i.p.)
immunisation, NP-specific B cells migrate to the T-B border, with the majority of these

cells being 5-bromo-2’-deoxyuridine (BrdU*) and thus already proliferating (Garcia de
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Vinuesa et al., 1999b). From day 1 there is an exponential increase in the levels of NP-
specific B cells, which peak at day 5 (Garcia de Vinuesa et al., 1999b). This early phase of
the B cell response to NP-Ficoll is dependent on antigen receptor affinity; in competition
experiments, B cells with a higher affinity for NP expand to a much greater extent than
their lower affinity counterparts (Shih et al., 2002). On day 5 post immunisation with NP-
Ficoll, NP-specific B cells decline in the spleen, with no BrdU* B cells detected later than

day 10 post immunisation (Garcia de Vinuesa et al., 1999b).

Interestingly, NP-Ficoll immunisation results in a large extrafollicular plasmablast
response, with red pulp resident plasmablasts detectable in the spleen from day 3
onwards, which peak at day 5 (Garcia de Vinuesa et al., 1999b). The antibody response to
NP-Ficoll is long-lasting, with antibody still detectable at 90 days post immunisation.
Also, injection of BrdU on day 90 indicates 8% of NP-specific splenic plasmablasts are still
actively proliferating (Garcia de Vinuesa et al., 1999b, Hsu et al., 2006). Immunisation of
RAG-1 deficient mice reconstituted with peritoneal cells suggests that the sustained

antibody response is due to activation of B1b cells (Hsu et al., 2006).

3.1.2 B cell response to attenuated Salmonella Typhimurium infection

Infection of mice with an attenuated strain of Salmonella Typhimurium (STm) i.p. causes
a large bacterial burden in the spleen, with STm detectable at high levels 4 days post
infection (Cunningham et al., 2007). Bacterial burdens remains elevated a week post
infection and begin to decline at 20 days post infection (Cunningham et al., 2007). By day

35 there is minimal bacterial presence in the spleen (Cunningham et al., 2007). Infection
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is accompanied by a marked splenomegaly which peaks at day 20, before a reduction to

near baseline levels a week later (Cunningham et al., 2007).

Unlike T cell deficient mice which have a high mortality to attenuated STm infection (Hess
et al.,, 1996, Pie et al., 1997), B cell deficient mice do not succumb to primary STm
infection (McSorley and Jenkins, 2000). This study focuses on the early antibody
response to STm, up to one week post infection. STm initially induces a huge
extrafollicular response, with initial IgM production against outer membrane proteins
(Omp) being T cell independent before production of anti-Omp IgG2c switched antibody
in a T cell dependent manner (Cunningham et al., 2007). Further characterisation of the
antibody response against Omp identified OmpD as the main target, with OmpD being a
B1b antigen (Gil-Cruz et al., 2009). B1b cells also being the major cell type to respond to
the polysaccharide Vi antigen of Salmonella (Marshall et al., 2012). At this early stage of
infection germinal centres are not present, and they do not appear until day 35

(Cunningham et al., 2007), once the infection has largely resolved.

3.1.3 Plasmablast differentiation

Upon activation, B cells can differentiate into plasmablasts which are proliferative
antibody secreting cells. Following proliferation, some plasmablasts can differentiate into
non-dividing antibody secreting plasma cells. Differentiation into plasmablasts involves
the expression of multiple genes, including Blimp-1 (B-lymphocytes induced maturation

protein-1) and IRF4 (Interferon Regulatory Factor 4).
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3.1.3.1 Blimp-1 is required for plasmablast differentiation

Blimp-1 was first described by Turner and colleagues in 1994 (Turner et al., 1994) as a
transcription factor that induces B cell differentiation into the early plasma cell stage. It
has since been shown to be essential and sufficient for differentiation into plasmablasts
and plasma cells both in vivo and in vitro (Soro et al., 1999, Shapiro-Shelef et al., 2003,
Shaffer et al.,, 2002). Analysis of Blimp-1 binding identified an optimal consensus

sequence of (A/C)AG(T/C)GAAAG(T/C)(G/T) (Kuo and Calame, 2004).

As a transcriptional repressor, Blimp-1 acts on a variety of genes to prevent their
expression. Bcl-6 (Shaffer et al., 2000), c-Myc (Lin et al., 1997) and Pax5 (Nera et al.,
2006) are downregulated due to Blimp-1 expression. As well as repressing the
transcription of various genes, Blimp-1 can also act as an activator. For example, a series
of papers by Shaffer and colleagues showed that XBP-1 expression is dependent on
Blimp-1 (Shaffer et al., 2002) and that plasma cell differentiation is dependent on XBP-1
expression (Shaffer et al., 2004). This is due to XBP-1 inducing the expression of genes
involved in the secretory pathway (Shaffer et al., 2004). Induction of Blimp-1 is regulated

by the high expression of another transcription factor, IRF4.

3.1.3.2 High expression of IRF4 is required for plasma cell differentiation

IRF4 is a transcription factor that is highly expressed in multiple mature lymphocyte cell
lines, but is particularly highly expressed in plasma cells (Matsuyama et al., 1995).
Conditional deletion of IRF4 in germinal centre B cells indicates that, although GCs can

form normally, plasma cells do not form in these mice (Klein et al., 2006). This lack in
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plasma cell differentiation is due to the failure to transcribe mRNA for AID and Blimp-1

(Sciammas et al., 2006, Klein et al., 2006).

IRF4 deficient mice have severely reduced class switch recombination, as do mice in
which IRF4 is deficient only in GC B cells (Klein et al., 2006, Sciammas et al., 2006), even
though the latter have normal GC formation. It was later established that IRF4 acts as a
“molecular switch” in germinal centre and plasma cell fate; low IRF4 levels induce GC B
cell fate, whilst high IRF4 expression drives plasma cell fate (Ochiai et al., 2013);
indicating that normal GC formation in the conditional knockout study was due to

residual levels of IRF4 still present in the GC B cells.

3.1.4 The BAFF/APRIL system

TNF family ligands APRIL (A Proliferation Induced Ligand) and BAFF (B Cell Activating
Factor of the TNF Family, also known as BLyS, B Lymphocyte Stimulator) and their
receptors are a major family of proteins involved in B cell biology. BAFF and APRIL
interact with the TNFR family members TACI (Transmembrane Activator and Calcium
Modulator and Cyclophilin Ligand Interactor), BCMA (B Cell Maturation Antigen) and, in
the case of BAFF only, BAFFR (figure 3.17a). BAFFR and BCMA are involved in B cell

survival through NFkB signalling (reviewed by (Bossen and Schneider, 2006)).

3.1.4.1 Role of BAFF/APRIL system in the germinal centre response

On day 14 post immunisation of mice with NP-CGG, BAFF can be detected in the follicle
and GC light zone, but not in the DZ (Goenka et al., 2014). Expression of BAFF receptors
alternates between the cell types; BAFFR is present on GC and follicular B cells, TACI only

present on follicular, and BCMA is absent on both cell types (Goenka et al., 2014). A
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decade ago, BAFF was shown to have a key role in setting thresholds for B cell receptor
mediated selection (Cancro, 2004) in naive B cells, suggesting it may play a similar role in
the GC response. Supporting this, the GC response in BAFF- or BAFFR- deficient mice
terminates early (Rahman et al., 2003), with the presence of BAFF in the GC required for

affinity maturation to occur (Goenka et al., 2014).

Although data suggests TACl is present only on follicular B cells (Goenka et al., 2014), TACI
has also been shown to play a role in the germinal centre response. Immunisation of
TACI deficient mice with a TD antigen causes an increase in both GC B and T follicular

helper (Tfh) cell numbers (Ou et al., 2012).

3.1.4.2 Role of BAFF/APRIL system in the plasmablast response

TACI is expressed at high levels on Blb cells (Dickinson et al., 2014) and upon thymus
independent B cell activation, TACI is required for plasmablast differentiation. NP-Ficoll
(Mantchev et al., 2007) and TNP-LPS (Ozcan et al., 2009) immunised TACI deficient mice
have a huge reduction in both IgM and switched NP-specific responses. TACI signalling
promotes sustained BLIMP-1 expression by B cells (Tsuji et al., 2011) and ligation of TACI
in vitro enhances the number of CD138* cells as well as antibody secretion (Castigli et al.,
2007). B cells of newborn mice have a severe reduction in TACI expression and
stimulation with TACI ligands in vitro does not induce CD138 expression, unlike in adult
mice (Kanswal et al., 2008). This indicates that a poor childhood response to TI-II
antigens (Murray and Lopez, 1997) may be due to impaired TACI expression. APRIL
enables B cell proliferation of LPS-stimulated B cells in vitro in a TACI-dependent manner

(Ozcan et al.,, 2009) and APRIL deficient mice have a slight reduction in antibody
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responses to both NP-Ficoll and NP-LPS (Hardenberg et al., 2008), indicating that TACI
may act through APRIL to initiate plasmablast differentiation. However, as the reduction
in the antibody response is not as dramatic as that seen in TACI deficient mice, there is

likely to be some redundancy within the system.

Interestingly, TACI is not required for thymus-independent IgM and IgG production
against Borrelia hermsii, which requires both B cell receptor and TLR2 signalling
(Dickinson et al., 2014). BAFFR is also present on Blb cells, and BAFF and BAFFR are
required to control this infection (Dickinson et al., 2014), indicating a complex set of
interactions and mechanisms regarding the role of BAFF/APRIL and their receptors in the

thymus independent plasmablast response.

Although the above reports the role of TACI in TI-Il responses, TACI has also been shown
to have a role in TD plasmablast responses (Ou et al., 2012). Upon immunisation with a
TD antigen, TACI”- plasma cells are unable to downregulate the pro-apoptotic factor BIM
(B-cell lymphoma 2 interacting mediator of cell death) causing a defective antibody

response (Ou et al., 2012).

However, TACI is not required for activation nor proliferation of B cells (TACI”" B cells stay
in the cell cycle longer) (Mantchev et al., 2007). In vitro activation studies indicate that
interleukin (IL)-21 prevents TACI, but not BAFFR, upregulation in activated B cells (Goenka
et al., 2014), with IL-21 being a critical cytokine in the generation of virus-specific long

lived plasma cells (Rasheed et al., 2013).
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3.1.5 Aims of chapter

Previous data has shown that CCRL2 mRNA is upregulated within plasmablasts post
immunisation with NP-Ficoll. This study aims to assess whether there is a role of CCRL2 in

plasmablast and B cell function by;

1. Assessing the role of CCRL2 pre-immunisation in the spleen and peritoneal cavity

2. Further examining the expression pattern of CCRL2 in plasmablasts

3. Assessing plasmablast and antibody output of CCRL2 deficient mice to both Tl and
TD antigens

4. Characterising the early extrafollicular response to STm in CCRL2 deficient mice
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3.2 Assessment of CCRL2 deficient mouse spleen and peritoneal cavity cells

This study analyses the splenic response of WT and CCRL27 mice to both TI and TD
antigens. The majority of experiments test the effect of CCRL2 deficiency during the
splenic immune response after ip. immunisation. To determine whether CCRL2
deficiency has an effect pre-immunisation, splenic and peritoneal cells were analysed by

immunohistology and flow cytometry.

3.2.1 CCRL2 deficiency does not obviously affect the microarchitecture of, nor B cell

subpopulations in, the spleens of unimmunised mice

Throughout this study, WT, CCRL2*/- and CCRL2”- mice are immunised and the splenic
response studied. To determine if there are intrinsic differences pre-immunisation, the
spleen mass of unimmunised mice was measured. Interestingly, although the mass of WT
and CCRL2*" spleens are similar, CCRL27" spleens are on average 27% heavier than WT
counterparts and 19% heavier than CCRL2*- (p<0.001 and p<0.05, respectively, figure
3.1a). WT and CCRL27" splenic B cell populations were analysed by flow cytometry.
Figure 3.1b shows the gating strategy applied for different B cell populations. B cells
were subdivided into marginal zone, follicular and B1 cells using the markers CD21 and
CD23. No differences were observed between WT and CCRL27- mice in the proportions
of these B cell subsets (figure 3.1c). B1 cells were further subdivided into Bla and Blb
cells based on CD5 expression. The majority (>95%) of B1 cells in both WT and CCRL2-
mice were Blb, and there was no significant difference between the genotypes (figure
3.1d). B1b cells were further subdivided according to CD11b expression. Again, although
the majority of cells were CD11b’, this was true for both WT and CCRL27" mice and there

was no difference between the genotypes (figure 3.1e).
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Figure 3.1. CCRL2” spleens are larger, but splenic B cell populations are similar to WT
mice. a) Spleen masses of unimmunised mice; b-e) Spleens of WT and CCRL27- mice were
extracted and analysed by flow cytometry for B populations b) Flow cytometric gating
strategy; c) B cell subsets; d) B1 subsets; e) B1b CD11b* and CD11b  B1b cells.
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To test whether splenic microarchitecture is affected by CCRL2 deficiency, WT and CCRL2
deficient spleens were sectioned and stained for markers representing cells resident in
the T zone, follicle, marginal zone and the red pulp. The splenic white pulp in CCRL27
mice is split into CD3* T cell zones surrounded by IgD* B cell follicles, as seen in WT mice
(figure 3.2a). B cell follicles are surrounded by the marginal zone, detected using CD169,
a marker for marginal zone metallophilic macrophages (MZM) (figure 3.2b). In both WT
and CCRL2”" sections, this thin layer of cells protrude into the follicle, but do not fully
enter either the follicle, or the red pulp. Finally, the white and red pulp are distinct areas,
with F4/80* macrophage confined to the red pulp (figure 3.2c). In all staining protocols
(figures 3.2a-c), there were no detectable differences in the microarchitecture of the
spleens of unimmunised CCRL2 deficient mice relative to WT mice, with no obvious
differences in the size of these compartments. All cells were confined to their own
compartment, with clearly defined zones and borders. Together, this shows that
although the CCRL27 have larger spleens than both WT and CCRL2*" mice, splenic B cell

subpopulations and microarchitecture are not affected by CCRL2 deficiency.

3.2.2 Different proportions of innate cells are present within the peritoneal cavity of WT

and CCRL27" mice

Throughout this study, CCRL27" mice were challenged i.p. with different antigens. To test
whether there are intrinsic differences in peritoneal cell subpopulations, cells were
harvested from the peritoneum of unimmunised WT, CCRL2*- and CCRL27* mice and
analysed by flow cytometry via two previously published protocols (Ghosn et al., 2010,

Gil-Cruz et al., 2009) (figures 3.3a and 3.4a).
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Figure 3.2. CCRL2 deficiency does not affect splenic microarchitecture of unimmunised
mice. Spleens of unimmunised WT and CCRL27- mice were sectioned and stained for
stated markers to visualise defined zones and cells a) White pulp showing CD3* T cell zone
(blue) surrounded by IgD* B cell follicles (brown); b) Marginal zone metallophils (red)
separate IgD* B cell follicles (green) and red pulp; c) Red pulp macrophages (red) outside
the MZ and IgD* B cell follicles (green).

Representative images taken from 4 mice per group
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The frequency of B cells detected in the peritoneum of all genotypes was similar (figure
3.3b), and no significant changes were detected in the proportions of both B1 and B2
subsets (figure 3.3c). Unlike the spleen, the peritoneum contains a higher proportion of
Bla than Blb cells; and the proportions of each B1 subset was similar across all
genotypes (figure 3.3d). Finally, B1lb cells were analysed for their expression of CD11b,
which has been shown to define two distinct subsets of peritoneal B1 cells (Ghosn et al.,
2008). CD11b expression was highly variable, however there was no significant

difference between WT, CCRL2*- and CCRL27- mice (figure 3.3e).

Levels of innate immune cells in the peritoneal cavity were analysed using a protocol
published by Ghosn and colleagues (Ghosn et al., 2010) with the gating strategy shown in
figure 3.4a. It could be argued that CCRL2 deficient mice have a reduction in peritoneal
cavity resident CD11c* dendritic cells (DCs), however this change is not significant (figure
3.4b). Mast cells, neutrophils, eosinophils and small peritoneal macrophages are all
minor populations in the peritoneal cavity, each being <5% of the total population. No
difference in levels of any of these subsets between WT and CCRL27- mice was observed,
despite peritoneal mast cells being shown to express CCRL2 (Zabel et al., 2008). Like DCs,
there was a small reduction in large peritoneal macrophage and T/NKT cells in CCRL2
deficient mice, however this was not significant in either case. Conversely, NK cells

appear higher in proportion in CCRL27- mice, but again this is not significant.

Together, this data shows that CCRL2 deficiency does not significantly affect the
proportion of cells within the peritoneal cavity. B cell subsets appear unaffected and

although there are minor changes in the frequency of
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DCs, large peritoneal macrophage and NK cells, a repeat of the experiment is required for

this change to be significant.

3.3 CCRL2 mRNA is upregulated upon differentiation into plasmablasts

Previous data from our laboratory ((Cook, 2011) reprinted here — figure 3.5a) showed
that CCRL2 mRNA is upregulated in plasmablasts 4 days post immunisation with NP-Ficoll,
and remains at high levels on day 7. To confirm this, WT mice with NP-specific B cell
receptors were immunised with NP-Ficoll and cells were sorted on day 3 into germinal
centre (GC) B cells and plasmablasts (for purity see figure 3.16a). In concurrence with
previous results, CCRL2 is upregulated approximately ten-fold in plasmablasts (p<0.05,
figure 3.5b). In order to understand why CCRL2 is upregulated, the MAPPER database
was utilised to determine which transcription factors may bind the promoter region of
CCRL2 (Marinescu et al., 2005), although further experiments would be required to
confirm binding. Interestingly, BLIMP-1, the master regulator of plasma cell fate, is
predicted to bind the CCRL2 promoter region (figure 3.5c). BLIMP-1 has the fourth lowest
E-value, after Oct-1, IRF and NIT2. A member of the IRF family of transcription factors,
IRF4, is required for expression of Blimp-1 and therefore also required for plasmablast
fate. Together, this suggests that CCRL2 mRNA is upregulated when transcriptional
regulation towards a plasmablast phenotype is activated, and this could be due to binding

of BLIMP-1 or IRF4 to the CCRL2 promoter.

63



® HostB Cells
O Plasmablasts

1 CCRL2
° 101E
*
s = — o 5
z 3 ©c0 e
[]
5w 0 ©
c o 1077 [ ]
o ° ]
o 2 o
9 ~ o L
o & Ce— et
w -3
10 T T
0 4 7
Days Post Immunisation
b)
CCRL2
10! | * |
v £
> =
s 5
& 3 °
-2
: % 0 —yv—
- £
o =
.; E B .
o9 10 —_—
2 ~ ®
o @G
o 8 °
10" T T
GCBCells Plasmablasts
c)
Transcription [DNA Binding
Factor Strand  [Chromosome |Region |E-value
Oct-1 - chr9 Promoter 0.61
IRF + chr9 Promoter 1.3
NIT2 - chr9 Promoter 1.4
Blimp-1 - chr9 Promoter 1.8

Figure 3.5. CCRL2 is expressed on plasmablasts at the mRNA level. a) NP-specific eYFP*
cells were transferred into WT hosts and a day later mice were immunised with NP-Ficoll.
eYFP* CD138* plasmablasts were sorted by FACS and CCRL2 mRNA expression was
determined by RT-qPCR. cDNA was kindly provided by Dr. Laura George, data republished
with permission from (Cook, 2011), b) WT mice with B cells specific for NP were
immunised with NP-Ficoll and plasmablasts and GC B cells were sorted by FACS on day 3
and CCRL2 mRNA expression was determined by RT-gPCR, c) List of transcription factors
most likely to bind CCRL2 promoter regions according to the MAPPER database

(Marinedcu et al., 2005).

Data from single experiments. Barsindicate median

*p<0.05

64



3.4 Immunisation of CCRL2 deficient mice with the thymus independent antigen NP-

Ficoll
In order to understand the role of CCRL2 in plasmablast responses, WT and CCRL2”7- mice
were immunised with the TI-Il antigen NP-Ficoll, which generates a strong extrafollicular

plasmablast response, independent of T cell help.

3.4.1 Antigen specific antibody titres increase in CCRL2 deficient mice post TI-Il

immunisation
To analyse the effect of CCRL2 deficiency on the NP-Ficoll response, mice were
immunised /i.p. with Ficoll coupled to the hapten NP. Spleens were taken 3, 5, 7 and 10

days post immunisation and the blood analysed for NP-specific antibodies.

Previous studies have shown that in the WT mouse, antigen-specific IgM is detectable
from day 5 and peaks at day 10 (Garcia de Vinuesa et al., 1999b). In agreement with this,
figure 3.6a shows that WT mice have detectable NP-specific IgM at day 5, which increases
through days 7 and 10. Similarly, antigen-specific IgM is detectable in CCRL27" mice at
day 5, and titres increase up to day 10 post immunisation. On day 5, there are ten-fold
higher levels of IgM in CCRL27- mice compared to WT mice (p<0.001). At days 7 and 10
post immunisation IgM titres are still three-fold greater in CCRL2”" mice, however on day

7 this increase is not significant, possibly due to low sample numbers.

The main IgG isotype induced during a TI-lIl immune response is IgG3 (Garcia de Vinuesa
et al., 1999b). IgG3 was detectable from day 7 post immunisation (figure 3.6b) and levels

increased further by day 10. Although there were slightly higher titres of IgG3 at day 7 of
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the response in CCRL2 deficient mice, this was not significant, and by day 10 no

difference in the levels of serum antigen-specific IgG3 was detectable.

The WT mice used in this study were purchased from an external company (Harlan, UK),
while CCRL27 mice were bred in-house at the University of Birmingham Biomedical
Services Unit. To ensure that the phenotype observed here was not an artefact of using
commercial mice relative to in-house mice (i.e. due to different endogenous flora),
CCRL2*- mice were generated in-house, and antibody titres compared to CCRL27" mice.
As figure 3.6¢c-d shows, CCRL27" mice have a significant increase in both unswitched
(p<0.05) and IgG3 (p<0.001) antibody titres compared to CCRL2*/- mice on day 5 post NP-
Ficoll immunisation. Interestingly, as seen in WT versus CCRL27- experiments, the
difference in antibody levels is no longer apparent at day 7 for both IgM and switched
antibody. It is possible that these apparent discrepancies between WT and CCRL2*-

responses are due to the expression of a single CCRL2 allele.

Finally, it was tested whether the observed phenotype is due to the injection route of the
antigen. This is due to the differences detected in innate cells between WT and CCRL2™-
mice pre-immunisation. WT and CCRL27" mice were immunised with NP-Ficoll i.v., as
opposed to ip. in the previous experiments. As figure 3.6e shows, even after iv.
immunisation, CCRL27- mice have higher levels of NP-specific IgM on day 5 of the

response, compared to WT mice.

Together, this shows that CCRL2 deficient mice have increased levels of antigen-specific

antibody post TI-Il immunisation. Larger differences are detected with IgM than switched

67



antibody, suggesting this is a phenotype affecting early plasmablast responses. This

phenotype is not an artefact of sourcing WT mice externally, nor injection route.

3.4.2 Increased antibody in CCRL2 deficient mice post TI-ll immunisation is due to an

increase in plasmablasts

Changes in the level of antigen-specific IgM could be the result of two factors: increased
production of plasma cells, or higher amounts of antibody secreted by individual plasma
cells. To determine the cause of the observed phenotype, the numbers of NP-specific
plasma cells in the spleen of WT and CCRL27- mice were determined by immunohistology

and flow cytometry.

Immunohistochemical analysis showed that antigen-specific splenic plasma cells (NP")
were detectable from day 3 post immunisation (figure 3.7b), and at this early stage CCRL2
deficient mice had significantly higher numbers of plasma cells (p<0.05). NP-specific
plasma cell numbers massively increased in the spleen at day 5 (figure 3.7a and b), with
CCRL2 deficient mice having much higher levels of plasmablasts than WT mice, and this
was also apparent on day 10 post immunisation (p<0.01 and p<0.05 respectively). In
support of the immunohistochemical data, flow cytometry analysis also revealed
significantly higher levels of antigen-specific plasmablasts in the spleen on days 5 and 10
post immunisation (p<0.001 and p<0.05 respectively figure 3.7d). Interestingly, both flow
cytometry and immunohistochemistry found no differences in NP-specific splenic plasma
cells on day 7 post immunisation, which correlates with antibody data. Together, this

data shows that the increase in antibody titres post NP-Ficoll immunisation
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of CCRL2 deficient mice is due to an increase in the levels of NP-specific plasmablasts in

these mice.

3.4.3 CCRL2 deficiency does not affect the response to NP-Ficoll in quasimonoclonal mice

“Quasimonoclonal” (QM) mice are mice with a targeted insertion of an unmutated
rearranged immunoglobulin heavy chain VDJ combination from an NP-specific BALB/c
plasma cell (Cascalho et al., 1996). These mice are also kappa light chain deficient, as
anti-NP antibodies are produced with the heavy chain in combination with the lambda
light chain (Cascalho et al., 1996). Due to the high number of NP-specific cells, these
mice have a rapid and strong response to NP-Ficoll. WT or CCRL27- QM mice (hereafter
known as QMY and QM respectively) were immunised with NP-Ficoll and the response
analysed at 4 hours and 2, 3, 4 and 5 days post immunisation. Levels of NP-specific IgM
(figure 3.8a) and 1gG3 (figure 3.8b) were determined by ELISA. In some cases, low levels
of IgM were detectable from 2 days post immunisation, however large amounts of IgM
were detectable from day 3. Unsurprisingly, IgM then increased to day 5, however there
was no difference in IgM levels between QMYT and QM*° mice at any time point.
Conversely, NP-specific IgG3 was only detectable at 5 days post immunisation. As with

IgM, there was no difference in 1gG3 levels between QMW and QM*® immunised mice.

Upon immunisation with NP-Ficoll, CCRL2 deficient mice have increased plasmablast
levels in the spleen compared to WT mice (figure 3.7). Therefore, although no difference
in antibody titres was detected, splenic levels of plasmablasts in QMYT and QMX® mice
was measured by flow cytometry (days 2, 3 and 5) and antibody secreting cells measured

by ELISpot (day 5 only) (figures 3.8c and 3.8d, respectively). At each time point, there
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was a large spread in the proportion of plasmablasts as determined by flow cytometry,
however there was no difference in the proportions between QM"“T and QM*® mice. On
day 5, the levels of both IgM and IgG secreting cells in the spleen was also consistent
between QM"YT and QMX® mice. Therefore, there is no difference in the NP-Ficoll
response of QMY and QM*® mice, despite an improved IgM response detected between

WT and CCRL27" mice.

3.4.4 Determining the cell type responsible for increased antigen-specific antibody post

TI-Il immunisation in CCRL2 deficient mice

3.4.4.1 Increased levels of NP-specific antibody in CCRL27" mice is haematopoietic cell

As shown earlier (figure 3.5), CCRL2 is upregulated on plasma cells, however the receptor
is also highly expressed on multiple cell types including macrophage — CCRL2 is also
known as CRAM, Chemokine Receptor on Activated Macrophage. Furthermore, a recent
publication has shown a functional presence of the receptor on endothelial cells
(Monnier et al., 2012). To determine whether the increase in serum antibody is due to
CCRL2 deficiency on haematopoietic cells, or whether it is caused by CCRL2 deficiency
within the cellular microenvironment (including endothelial cells), bone marrow chimeras
were generated. Four groups of mice were created (Methods figure 2.1), with two WT
control groups to ensure any differences detected in antibody titre is an effect of CCRL2
deficiency, and not inherent differences in the antibody response between the two
mouse strains used (C57BL/6 and Boyl)). Boy) mice were used as controls in this
experiment due to the expression of the CD45.1 allele, compared to CD45.2 in C57BL/6

mice; this congenic marker can be used to identify transferred cells. To ensure the
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success of the irradiation and transplant, mice were tail bled 6 weeks post-transplant and
the blood was analysed by flow cytometry for B cell markers along with the two CD45
alleles. As figure 3.9a shows, the transplant was successful for all mice in each group -
the B cells in the blood were all of the donor CD45 allele and no host B cells survived.
Therefore, ten weeks post-transplant the mice were immunised with NP-Ficoll and the
antibody response analysed on day 7.

Transfer of cells from C57BL/6 mice into BoyJ hosts produced higher IgM antibody levels
than transfer of BoyJ into C57BL/6 hosts, regardless of CCRL2 genotype (figure 3.9b). This
indicates that B cells of mice on a C57BL/6 background have better antibody responses to
NP-Ficoll than B cells from mice of a BoyJ background. Transfer of CCRL27 cells into BoyJ
hosts caused a small increase in NP-specific IgM compared to C57BL/6 cell transfer,
although this was not significant. Likewise, there was no difference in NP-specific IgM
when BoyJ cells were transferred into BoyJ or CCRL27" hosts. As with NP-specific IgM,
there were no differences in NP-specific 1gG1 when either the environment or the
haematopoietic cell populations were CCRL2 deficient (figure 3.9c).

Unlike IgM, NP-specific 1gG3 titres significantly increased when CCRL27 cells were
transferred into Boy) hosts, compared to C57BL/6 cell transfer (figure 3.9d).
Interestingly, in comparison to BoyJ transfer into a C57BL/6 environment, BoylJ transfer
into a CCRL27- environment slightly reduced NP-specific 1gG3 levels, even though there
was no difference in IgG3 levels upon immunisation of WT and CCRL2”7- mice (figure 3.6b).
The reason for this discrepancy could be the response levelling out when both
environment and haematopoietic cells are CCRL2 deficient. As seen previously, flow

cytometric analysis showed an increase in NP-specific antibody levels correlated with a
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slight increase in splenic antigen-specific plasma cells, however this was not significant
(figure 3.9e). There was also no difference in the numbers of antigen-specific plasma
cells within the blood between any of the groups (figure 3.9f).

3.4.4.2 Increased levels of NP-specific antibody in CCRL2”- mice is B cell intrinsic

Bone marrow chimeras of WT and CCRL2 deficient mice suggest that increased levels of
antigen-specific antibody upon immunisation of CCRL2 deficient mice with NP-Ficoll is a
haematopoietic cell effect. As CCRL2 is upregulated upon plasmablast differentiation
(figure 3.5), it was examined whether the phenotype is B cell intrinsic. For this purpose,
CD45.2* WT or CCRL2 deficient NP-specific B cells (hereafter known as QMW" and QM*©,
respectively) were isolated by MACS and adoptively transferred into CD45.1-expressing
WT BoyJ mice, to enable the transferred cells to be distinguished from the host. One day
later the mice were immunised with NP-Ficoll and the response was assessed at day 4
(figure 3.10). BoyJ mice which received QMX® B cells had 9-fold greater levels of NP-
specific 1IgM in the blood compared to Boy) mice which received QMWT B cells (p<0.05
figure 3.10a). Due to allotypic variation, NP-specific antibody produced by QM cells
(1gM?) can be distinguished from the antibody produced by the host (IgM®).  As with
total IgM, levels of NP-specific IgM?, were also greater in mice which had received QM
B cells (p<0.01 figure 3.10b). Surprisingly, this difference was less pronounced than the
difference seen in total IgM; mice receiving QMX° cells only having approximately 3 fold
higher levels of IgM?. This variation is likely to reflect alternative ELISA protocols for the
detection of the two antibodies. However, the discrepancy may also be due to variation
in host-produced IgMP. To assess whether host IgM was altered in QMX° recipients, IgMP

was also measured (figure 3.10c). Surprisingly, levels of IgMP® were higher in mice that
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received QM"T cells than those which received QMX° cells, with IgM® largely not detected
in the latter. This suggests that CCRL2 deficiency in some B cells negatively affects the
performance of other, CCRL2 sufficient cells. As with IgM, levels of 1gG3 switched
antibody was three-fold greater in mice that received QMX° cells (p<0.05, figure 3.10d).
This increase in NP-specific antibody correlated with more than double the levels of NP-
specific plasmablasts in the spleens of QMXC recipient mice, as determined by flow
cytometry (p<0.001, figure 3.10f). The flow cytometry data was supported by ELISpot as
more IgM secreting cells were detected in QM*° recipients, however this was not
significant due to low sample numbers (figure 3.10g). However, splenic and bone
marrow IgG secreting cells were similar amongst QMW" and QMX© recipients.

The transfer of QMW and QMX° cells into WT hosts indicates that CCRL2-expressing
plasmablasts are responsible for the increased antibody observed in CCRL27" mice upon
immunisation with NP-Ficoll. Moreover, it is possible that CCRL2-deficient plasmablasts

are able to suppress, or out-compete, CCRL2 sufficient plasmablasts.

3.4.4.3 CCRL2 deficiency in non-B cells does not affect the NP-specific antibody response in

CCRL2”" mice

Although data from the previous section indicated that the increase in antigen-specific
antibody in CCRL27" mice is B cell intrinsic, it could be argued that bone marrow chimeras
show that a deficiency of CCRL2 in the environment is detrimental to the response (figure
3.9). To determine whether CCRL2 deficiency in non-B cells affects the observed

phenotype, QM"Y or QMX® NP-specific B cells were transferred into either CCRL2*" or
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CCRL27 littermates, and the NP-specific antibody response analysed on day 4 post

immunisation with NP-Ficoll.

As observed in section 3.4.4.2, in both CCRL2* and CCRL2”- host mice, transfer of QM*° B
cells leads to a significant increase in NP-specific IgM (6-fold), 1gG3 (10-fold) and IgM? (5-
fold) compared to the transfer of QMW B cells (p<0.05, figure 3.11). However, there is no
difference in the NP-specific antibody response upon transfer of QMW into either
CCRL2*- or CCRL27" mice. Likewise, there is no difference when comparing the NP-
specific antibody response of CCRL2*- and CCRL2”" mice that have received QM*° B cells.
This data confirms that any minor differences detected in the bone marrow chimera
experiment are an artefact, and there is no role for CCRL2 in non-B cells upon NP-Ficoll

immunisation in either a positive or negative manner.

3.4.5 Kinetics of the CCRL2 deficient response to NP-Ficoll

CCRL2 mRNA is upregulated in plasmablasts (figure 3.5), and previous data from J.
Marshall suggests that CCRL2 mRNA is upregulated early within plasmablast
differentiation (Marshall, 2009). To determine at what stage in the response there are
detectable positive effects of CCRL2 deficiency in B cells, QMWYT or QM cells were
transferred into congenic hosts, which were immunised with NP-Ficoll one day later. The
response was then analysed on days 2-4 post immunisation. NP-specific IgM was
detectable in most samples at day 3 post immunisation, and even at this early time point
QMKO recipients appeared to have a slight advantage (figure 3.12a). However,

significantly higher levels of NP-specific IgM in QM recipients was not observed until
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specific B cells from QMY or QM¥© mice were isolated and transferred into WT BoyJ hosts. A
day later hosts were immunised with NP-Ficoll and the response analysed on days 2, 3 and 4
post immunisation; a-c) Levels of NP-specific a) IgM, b) IgM?, c) IgMP and d) 1gG3 in blood of
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specific plasmablasts over time, f) Day 4 donor plasmablasts flow cytometry example.
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day 4 (p<0.05). Interestingly, unlike IgM, IgM? was not detectable at high levels in most
samples until day 4 post immunisation (figure 3.12b), with no advantage in QMX°
transferred cells detectable at day 3. However, as observed previously, at day 4 QM*°
cells produced 10x more IgM? (p<0.05). Previous experiments suggested that QM*°
transferred cells out compete host plasmablasts, with little detectable IgM® in mice that
received CCRL2 deficient cells. In agreement with this, mice which received QM"T cells
do have a slight, but not significant, advantage on day 4 post immunisation but there is
no detectable host antibody at earlier time points (figure 3.12c). NP-specific 1gG3
switched antibody was not detectable until day 4, and at this time point 3-fold higher
levels were observed in QMX® recipients (p<0.05, figure 3.12d). Correlating with this, NP-
specific plasmablasts were 2-fold, but not significantly higher in the spleens of QM*°
recipients at day 3 which increased to 5 times higher at day 4 post immunisation (p<0.05,
figure 3.12e-f). Together, this shows that CCRL2 deficiency affects the plasmablast
response at low levels from day 3, at the point of plasmablast differentiation. However,
large effects in the response are detectable at day 4 post immunisation, when

plasmablasts have expanded to greater levels.

3.5 Investigation into the mechanism of increased antibody levels in CCRL2 deficient

mice upon NP-Ficoll immunisation

3.5.1 Antigen location to, and within, the spleen is unaffected by CCRL2 deficiency

In 2010, Otero et al. showed that CCRL27 mice have defects in trafficking of antigen
loaded dendritic cells to the mediastinal lymph node (Otero et al., 2010). To determine

whether CCRL2 deficiency affects antigen transport, WT and CCRL27 mice were
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immunised with NP-FITC-Ficoll, a fluorescent version of the NP-Ficoll antigen, and after 4
hours its location within the spleen was analysed by immunofluorescence. Previous work
has shown that in WT mice, 4 hours post immunisation the antigen is located within
marginal zone macrophages (MZM, CD169* (Vinuesa, 2000)). Analysis of antigen
deposition 4 hours post injection showed no obvious differences between WT and CCRL2
deficient mice in the location of NP-FITC-Ficoll in the splenic marginal zone (figure 3.13a).
As antigen location was not affected by CCRL2 deficiency, it was determined whether the
amount of antigen transported to the spleen was altered in the CCRL27" mouse. A
semiquantitative fluorescent microscopic analysis of the FITC* signal per area of MZM
across the entire spleen section showed that the amount of antigen within the spleen
was similar between WT and CCRL27" mice (figure 3.13b). Unfortunately, WT control
mice showed a large variability in the amount of marginal zone antigen deposition.
Consequently, there is no evidence that the amount of antigen which is entering the
spleen is affected by CCRL2 deficiency. This supports evidence from previous sections,
which suggest that CCRL2 does not influence the NP-Ficoll response until the appearance
of plasmablasts and therefore after the appearance of antigen in the spleen of

immunised mice.

3.5.2 Splenic location of CCRL2 deficient activated B cells and plasmablasts

CCRL2 is an atypical chemoattractant receptor. Therefore it is possible that without
CCRL2, the location of plasmablasts within the spleen is affected which may explain the
increase in plasmablasts in CCRL2 deficient mice. To address this, the location of CCRL2

deficient cells in the spleen of mice was determined by immunohistology.
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Figure 3.13. Antigen location to, and within, the spleen is not affected by CCRL2 deficiency. WT
and CCRL27" mice were immunised with NP-FITC-Ficoll and antigen location was determined by
immunohistology 4 hours post immunisation; a) Immunohistology examples, b) Quantification of
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3.5.2.1 Location of splenic activated B cells early in the response is not affected by CCRL2

deficiency

To determine the location of CCRL2 deficient cells early in the NP-Ficoll response, CD45.2*
NP-specific WT or CCRL27- B cells (hereafter known as QMY and QMX°, respectively)
were isolated by MACS and transferred into WT CD45.1* BoyJ hosts. One day later, hosts
were immunised with NP-Ficoll and spleens were sectioned on days 2, 3 and 4 post
immunisation. Donor cell location was determined by staining for CD45.2* cells relative
to IgD* B cell follicles and CD11c* dendritic cells (figure 3.14). The latter was chosen due
to the association between dendritic cells and plasmablast survival (Garcia De Vinuesa et

al., 1999a).

On day 2 post immunisation activated B cells were resident along the B cell follicle-T zone
border (T-B border). Some cells were located amongst CD11c* areas, whilst a few cells
were detected within the red pulp. Each individual donor cell is isolated and there was no
evidence of donor cells interacting with each other. CCRL2 deficiency did not affect the
location of the cells at this time point, as all of these locations were seen within spleens

of both QMY and QMX° recipients.

By day 3 there had been an expansion of donor cells in both QMWT and QMX° recipients.
As on day 2 of the response, these cells were all isolated and they were largely clustered
at the T-B border, whilst some cells were still located within CD11c* areas. Unlike the
response at day 2, a large number of donor cells had migrated back inside the follicle

whilst a smaller number are found in the centre of the TZ. As at day 2, very small
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with NP-Ficoll. Spleens were sectioned days 2, 3 and 4 post immunisation and stained for IgD*
B cell follicles (blue) CD11c* monocytes (red) and CD45.2* donor cells (green).
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numbers of cells were also located within the red pulp. There are no obvious differences

in the location of donor cells between QMWT and QMX° recipient mice.

Finally, on day 4 of the response, donor cells were at similar locations as seen on day 3. A
large accumulation of B cells was apparent along the T-B border, with some cells within
the follicle and a small number in the centre of the TZ. In both QMW" and QM¥° samples
plasmablast foci were visible, where large clusters of plasmablasts were detected

amongst the red pulp.

Together, this suggests that the early migration of activated cells is not affected by CCRL2

deficiency.

3.5.2.2 Location of CCRL2 deficient plasmablasts in the spleen is not affected by CCRL2

deficiency
In order to determine the location of CCRL2 deficient plasmablasts, WT and CCRL27" mice
were immunised with NP-Ficoll and the spleens were sectioned and stained for

plasmablast markers by immunohistochemistry (figure 3.7a and 3.15).

As shown by quantitative techniques (figure 3.7b), few plasmablasts are detectable in the
spleen on day 3 post immunisation (figure 3.15). As expected, those that are present are
mainly clustered together within the red pulp (black arrows). However some individual
cells are present near white pulp “exit sites”, between the follicles (blue arrows). This is
true for both WT and CCRL27 mice. On day 5 plasmablast location is similar to that seen
on day 3, where the majority are still resident within the red pulp or migrating out of

white pulp exit sites (figure 3.7a). Although at day 5 plasmablasts have undergone
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extensive expansion, particularly in CCRL2 deficient mice, meaning that there are now

large clusters of cells within the red pulp.

By day 7, although the plasmablast pool begins to contract, the location remains
unchanged (figure 3.15). Foci of plasmablasts are detectable leaving the white pulp
within interfollicular sites, with other clusters of plasmablasts within the red pulp itself.
Interestingly plasmablasts are also detectable along the T-B border of the white pulp

(blue arrows), but this is true in both WT and CCRL2 deficient spleens.

Finally, at day 10, plasmablasts levels are reduced further. Although the large cellular
clusters detected at day 5 are still present, they are much smaller. Furthermore, they are
generally located at the white pulp interfollicular sites rather than in the red pulp, which
now contains many individual cells instead of large foci. At this time point, plasmablasts

are no longer detectable along the T-B border.

3.5.3 mRNA analysis of CCRL2 deficient plasmablasts

As the increase in antibody levels in CCRL2 deficient mice is B cell intrinsic, whether this is
due to intrinsic changes in the transcriptome of CCRL27" plasmablasts was examined. In
order to address this, WT or CCRL27- NP-specific mice (hereafter known as QM"“" or
QMKO, respectively) were immunised with NP-Ficoll and NP-specific GC B cells
(NP*B220*CD138CD38Fas*) or NP-specific plasmablasts (NP*B220™dle CD138*) were
sorted by FACS on day 3. cDNA prepared from the sorted cells was then analysed by RT-
gPCR for expression of the plasmablast-associated genes BLIMP-1 and IRF4, and the

ligands and receptors of the BAFF/APRIL system (figures 3.16¢-d and 3.17).

88



First, to ensure the purity of sorted cells, some cells were run on a flow cytometer post
sorting.  Singlets were first gated, then NP* cells were selected before CD138*
plasmablasts were taken. GC B cells were then sorted from the remaining CD138" B cells,
as GL7*Fas* (figure 3.16a). As shown in figure 3.16b, for both GC B cells and plasmablast
samples, >92% of singlets were NP*. Likewise, for purified plasmablasts, >91% of singlets
were CD138*, whereas less than 0.2% of cells in the GC B cell samples were CD138*. The
GC samples purity was slightly less, between 71 and 88%. cDNA was prepared from these

purified samples and the various factors (listed below) analysed by RT-qPCR.

BLIMP-1 is a transcriptional repressor, and the master regulator of plasma cell fate. As
shown in figure 3.16c, BLIMP-1 is not detectable in GC B cells, as expected. Interestingly
however, BLIMP-1 expression appears slightly reduced in QM*® plasmablasts compared
to QMWT plasmablasts, although this is not significant. IRF4 is a transcription factor which
is also required for plasma cell differentiation and class switch recombination. IRF4 is
expressed at high levels in both GC B cells and plasmablasts (figure 3.16d), however there

are no differences in IRF4 expression between QMW" and QM*© cells.

BAFF and APRIL are ligands within the TNF superfamily that have multiple roles within B
cell development and function. BAFF and APRIL bind to the receptors TACI and BCMA,
with BAFF also binding BAFFR (figure 3.17a). Neither of the ligands are detectable at an
MRNA level in either GC B cells or plasmablasts (figure 3.17b and c). Supporting this,
BAFF is expressed within the GC, but GC BAFF is derived from T follicular helper cells not
GC B cells (Goenka et al., 2014). Expression of BAFFR is relatively high in both GC B cells

and plasmablast samples (figure 3.17d), however there is no difference in mRNA
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expression between QMY and QMX° cells. In comparison, expression of BCMA mRNA is
low in both samples, although it is slightly higher in plasmablasts than GC B cells (figure
3.17e). Again, the expression of BCMA is not affected by CCRL2 deficiency. Expression of
the final receptor, TACI, was also determined by RT-gPCR. TACI was undetectable in both
QMWT and QMK© GC B cells, but expressed at very high levels in plasmablasts (figure
3.17f). Interestingly, TACI levels were 3-fold higher in QMW plasmablasts compared to

QMKO plasmablasts (p<0.05).

Due to the role of TACI during thymus independent type 2 responses, protein levels of
TACI were examined using immunohistology and flow cytometry (figure 3.18). Spleens
were taken from QMW" and QM¥® mice on day 3 of the NP-Ficoll response, and were
sectioned and stained for TACI and NP (figure 3.18a). In the large plasmablast foci that
have formed, TACI expression was more readily detectable in QMWT spleens than QM*°.
Flow cytometry was conducted to quantitate TACI protein in the QMW and QMX°
plasmablasts. As expected, GC B cells from both genotypes had low TACI expression
(figure 3.18b). However, TACI mean fluorescence intensity (MFI) of plasmablasts was
equal in both QMWT and QM*® mice, on both day 3 and day 4 post immunisation. In
order to determine whether this is true amongst protocols, TACI levels were determined
on plasmablasts from cell transfer experiments, where QMY or QMX® NP-specific cells
were transferred into WT hosts, and hosts immunised a day later with NP-Ficoll. Again,
protein levels of TACI were equal at each time point, irrespective of the plasmablast

genotype (figure 3.18c).
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Together, this suggests that a reduction in TACI in QM-deficient plasmablasts post NP-
Ficoll immunisation at the mRNA level is not reflected at the protein level by flow

cytometry.

3.5.4 CCRL27" plasmablasts proliferate more and undergo less apoptosis than CCRL2

sufficient plasmablasts

To determine why there are greater numbers of plasmablasts in CCRL2 deficient mice,
sections of spleens from WT or CCRL27- mice immunised with NP-Ficoll were stained for
the proliferation marker Ki67 at day 5 post immunisation. Ki67 is a protein expressed in
all active phases of the cell cycle, but it is not present in GO (resting cells) (Scholzen and
Gerdes, 2000). Day 5 post immunisation was chosen as this is when the difference in the
response was at its highest (figure 3.6). Proliferating plasmablasts, which are double
positive for NP" and Ki67, were counted and related to non-proliferating NP"
plasmablasts (figure 3.19a). Approximately 25% of CCRL27- plasmablasts were Ki67*
nearly two-fold higher than the WT average of 13%, however due to low sample numbers

this difference was not significant (figure 3.19b).

To further assess plasmablast proliferation, EdU incorporation into proliferating
plasmablasts was assessed in vivo. EdU is a thymidine analogue, and upon injection into
mice, EdU is incorporated into cells which are undergoing DNA synthesis during the S
phase of the cell cycle. An adoptive transfer was conducted where NP-specific WT or
CCRL27 cells (hereafter known as QM"Y or QMX°, respectively) were transferred into
congenic hosts, and recipient mice were immunised a day later with NP-Ficoll. Previous

reports have shown that during a primary splenic response to NP-Ficoll, small numbers of
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antigen-specific B cells have already entered the S phase as early as 24 hours (Garcia de
Vinuesa et al., 1999b). Therefore, on days 2, 3 and 4 post immunisation, two hours prior
to culling, mice were injected with EdU and its incorporation into cellular DNA was
analysed by flow cytometry (gating strategy shown in figure 3.19c). Unexpectedly, on day
2 post immunisation, a much higher proportion of QM cells had incorporated EdU than
QMKO cells (~38% and ~18%, respectively, figure 3.19d), however this has not reached
statistical significance. On day 3, there was an increase in the proportion of plasmablasts
that were proliferating. Interestingly, there was a small, but significant increase in the
proportion of EdU* QMK plasmablasts relative to EdU* QMWT plasmablasts (50% to 40%,
respectively, p<0.05), showing a greater proportion of QM*° plasmablasts were actively
proliferating. However, by day 4 the proportion of plasmablasts which were proliferating
declined dramatically for both genotypes, however, there are too few samples for any

accurate conclusions to be made at this time point.

Although this data shows a greater propensity for proliferation by plasmablasts deficient
in CCRL2, at days 2 and 4 a greater proportion of QM"Y cells were actively proliferating.
To determine whether apoptosis also plays a role in the greater proportion of QM*°
plasmablasts, the apoptotic capacity of transferred cells was also assessed by flow
cytometry. It has previously been shown that CCRL27" cells may also be less prone to cell
death (Douglas et al., 2013). Splenic plasmablasts were stained for Annexin V and 7-
Aminoactinomycin D (7-AAD) for flow cytometry analysis on days 2, 3 and 4 (figure
3.20a). Annexin V is a probe which binds phosphatidylserine (PS) and

phosphatidylethanolamine (PE).
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Figure 3.20. CCRL27- plasmablasts are less prone to apoptosis than CCRL2 sufficient
plasmablasts. QM"T or QM © B cells were transferred into WT BoylJ hosts and a day later hosts
were immunised with NP-Ficoll. Splenocytes were analysed by flow cytometry for 7-AAD and
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Data from single experiment. Bars indicate median
Key: AV — Annexin V. *p<0.05
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PS and PE are phospholipids found on the cytosolic side of the cell membrane in live
cells, but flip to the outside of the membrane once a cell is undergoing apoptosis. PS and
PE are then detected by macrophages, which then dispose of the dead cells. 7-AAD, on
the other hand is able to bind to DNA and thus can be used to distinguish apoptotic cells

and cells that are dead due to necrosis.

On day 2 post immunisation, more than half of the donor plasmablasts were undergoing
apoptosis, with only approximately 30% of plasmablasts alive (figure 3.20b). There was
no difference in the proportion of apoptotic plasmablasts between QMW" and QM*®
plasmablasts at this early time point. By day three, the majority of plasmablasts were
alive. Interestingly, the median living cells for QM*° is 80%, whereas for QM"WT
plasmablasts the median is only 55%, however this difference is not significant (figure
3.20c). This was not due to cellular death by necrosis, but due to apoptotic cell death. By
day 4 >80% of QMW plasmablasts were alive, however significantly higher proportions
(>95%) of QM*C plasmablasts were alive (p<0.05, figure 3.20d). A higher proportion of
QMWT plasmablasts were undergoing apoptosis, with approximately 10% of QMWT
plasmablasts being apoptotic, compared to ~1% of QMX® plasmablasts (p<0.05).
Interestingly, although most plasmablasts were undergoing cell death, on day four 3% of
QMYT plasmablasts were also dying through necrosis, compared to only 0.5% of QMX°
plasmablasts (p<0.05). At each time point, only a few cells were in the early stage of

apoptosis, suggesting that once apoptosis is initiated, the DNA is soon detectable.

98



3.5.5 Increased antibody titres are not due to reduced uptake of CCL19 in CCRL2 deficient

plasmablasts

CCL19 is a chemokine which has been shown to bind the receptor CCR7, as well as ACKR4
(CCRL1). In 2009, human CCRL2 was also proposed to bind CCL19 (Leick et al., 2010) with
a similar affinity to which CCR7 binds CCL19. However, this has never been shown for
mouse CCRL2. To address whether CCL19 binds plasmablasts via CCRL2, a chemokine
uptake assay was conducted, in which fluorescently conjugated CCL19 (CCL19%7%47, a kind
gift from Chris Hansell, The University of Glasgow) was incubated with WT and CCRL2”-
cell populations and fluorescence analysed by flow cytometry, as per a previously
published protocol (Hansell et al., 2011). To ensure specific uptake of CCL19 in this assay,
spleen cells from WT, CCR77-, ACKR4”- and CCRL2”" mice were isolated and stained for
the T cell marker, CD3. Splenic T cells express high levels of CCR7, which enables their
localisation to the T-Zone (Forster et al., 1999, Gunn et al., 1999). Uptake of CCL19AF64”
into T cells was analysed by flow cytometry (figure 3.21a). WT, ACKR4”" and CCRL27- T
cells gave a high CCL19 signal, each with a mean fluorescence intensity (MFI) of
approximately 1000 (figure 3.21b). However, upon the addition of excess unconjugated
CCL19, the MFI for each of these genotypes is reduced to approximately 500. However,
CCL19%%%*7 binding is abolished in CCR7 deficient T cells, with an MFI lower than 500.

Together, this shows that CCL19 binding in this assay is specific.

In order to determine if plasmablasts are able to uptake CCL19 in a CCRL2-dependent
manner, mice of each genotype were bred with QM mice to generate mice deficient in
either CCRL2, ACKR4 or CCR7 with NP-specific B cell receptors. These mice were

immunised with NP-Ficoll to generate high numbers of NP-specific plasmablasts, and
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CCL19 uptake determined by flow cytometry using the plasmablast marker CD138. As
figure 3.21c shows, CCL19 MFI values were very low (MFI of <250) for each genotype.
Addition of an excess of unconjugated CCL19 did not have any effect on CCL19 uptake
with any genotype. Therefore, plasmablasts are unable to bind CCL19 in either a CCRL2 —

dependent nor —independent manner.

3.5.6 Preliminary experiments are unable to detect fluorescent chemerin uptake

Chemerin is an adipokine, and proposed to be a specific ligand of CCRL2 (Zabel et al.,
2008). In order to determine whether plasmablast are able to bind chemerin via CCRL2, a
preliminary experiment in which chemerin was coupled to Cy5 and uptake assessed by
flow cytometry was conducted. WT or CCRL2 deficient mice with NP-specific B cell
receptors (QMWYT and QMXO, respectively) were immunised with NP-Ficoll to generate
high numbers of plasmablasts. Three days post immunisation splenocytes were
incubated with chemerin-Cy5 either with or without an excess of unconjugated chemerin.
As a positive control, ChemR23, another specific receptor for chemerin, was stained for
and chemerin binding was assessed on ChemR23* cells. As shown in figure 3.21d-f, in
both QMY and QM*® samples, ChemR23* cells are rarely chemerin*. Also, ChemR23*
cells that have bound chemerin do not have a reduction in chemerin positivity upon the
addition of unconjugated chemerin (figure 3.21d). This preliminary experiment suggests
that the prepared chemerin-Cy5 is not specifically taken up by cells, with potential

reasons for this described in the discussion.
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3.5.7 Published ligands of CCRL2 do not affect NP-Ficoll induced plasmablast

differentiation in vitro

An increase in antibody levels in CCRL2 deficient mice is B cell intrinsic. To further assess
the role of B cells in the observed phenotype, B cells were isolated by MACS and
stimulated in triplicate, in vitro, with NP-Ficoll and IL-4. Plasmablast differentiation was
then assessed by flow cytometry, with the median of the three samples taken. B cells
were isolated from the spleens of WT and CCRL27- QM mice, due to the proportion of NP-
specific B cells. After sorting, B cells were at least 86% pure (figure 3.22a). Flow
cytometry was used to detect the proportion of NP-specific B cells in each sample, thus

ensuring the same number of NP-specific B cells were stimulated in each sample.

Flow cytometry was used to assess the differentiation of cells post stimulation. The
percentage of live cells on day 4 was equal amongst QMW" and QM*® samples (figure
3.22b). Similarly, the percentage of live cells that had differentiated into plasmablasts
(CD138*) was equal amongst QMWYT and QM*® B cells (figure 3.22c). To determine
whether other splenic cells effect in vitro differentiation of B cells into plasmablasts, a
preliminary experiment in which whole splenocytes were also stimulated with NP-Ficoll
was conducted. As figure 3.22d shows, there is no difference in CD138"* plasmablast

differentiation between QMY and QM stimulated splenocytes.

To test whether described ligands of CCRL2 affect plasmablast differentiation in vitro,
isolated B cells were stimulated with NP-Ficoll and IL-4, with the addition of either
chemerin, CCL19 or CCL5. Cellular differentiation was then related to the same sample

without ligand. Therefore, if the ligand had no effect, the sample would be plotted at 1; a
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Figure 3.22. No difference in plasmablast differentiation of QMY or QM'C cells
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culture.
Data from single experiment. Bars indicate median
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positive effect of the ligand would be >1, and a negative effect <1. Interestingly, addition
of each ligand was detrimental to the cells; fold change being <1 for each condition, in
both the amount of live cells and plasmablast differentiation (figure 3.22 e and f,

respectively). However, there was no difference between QMY and QM*° cells.

All cells were incubated with Cell Trace™ in order to monitor proliferation and Cell
Trace™ plots were gated so that the percentage of plasmablasts within each gate could
be calculated (figure 3.23a). As figure 3.23b shows, <5% of QMW plasmablasts have
undergone 0 or only one division. However, the number of QMY plasmablasts that have
undergone 2 to 4 divisions gradually increased from approximately 15% (2 divisions) to
~35% (4 divisions). Then there was a huge reduction to only 5% of QMW plasmablasts
undergoing 5+ divisions. The proportion of QM¥© plasmablasts that had undergone each
of these divisions is similar to QMW plasmablasts. There is a minor increase in the
proportion of QMX® cells that have undergone 5+ divisions, however this is not

significant.

To assess the role of described ligands of CCRL2 during in vitro plasmablast proliferation,
the number of divisions plasmablasts underwent with ligand was deduced relative to the
same sample without ligand. As figure 3.23c shows, for the most part, the addition of
chemerin did not affect the number of divisions plasmablasts underwent. There was a
small increase in the proportion of cells which did not divide and cells that underwent 5+
divisions, however this was irrespective of the genotype. A similar pattern was detected
with the addition of CCL19 (figure 3.23d) and CCL5 (figure 3.23e), but as with chemerin,

small increases occurred irrespective of genotype.
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Figure 3.23. No difference in plasmablast proliferation of QM"T or QM*C cells
stimulated in vitro with IL-4 and NP-Ficoll. B cells from QMWYT and QM*® mice were
isolated and 1x10°> NP-specific cells were incubated with Cell Trace™ and subsequently
stimulated in triplicate in vitro with IL-4 and NP-Ficoll; a-b) Proliferation was monitored by
dilution of Cell Trace™; a) example flow cytometry gating, b) Percentage of plasmblasts
that had undergone stated number of cell divisions; c-e) Cells were incubated with
addition of c) Chemerin, d) CCL19, e) CCL5 and plasmablast proliferation related to same
samples without ligand addition.

Data from single experiment. Bars indicate median 105
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Together, this indicates that CCRL2 deficiency does not affect plasmablast differentiation
nor proliferation upon in vitro stimulation of B cells with NP-Ficoll. However, there was
very little plasmablast differentiation, suggesting that the stimulation technique should
be optimised further. Nevertheless, the data here indicates that cellular interactions in

vivo are required for the observed phenotype within CCRL2 deficient mice.

3.6 Immunisation of CCRL2 deficient mice with the thymus independent type | antigen

TNP-LPS

Thus far all results have stemmed from immunisation with the thymus independent type
Il antigen, NP-Ficoll. In order to assess the role of CCRL2 during a response to other
antigens, mice were also immunised with TI-l and TD antigens as well as an infection

model of STm.

3.6.1 CCRL2 deficient mice have a reduced antibody response to TNP-LPS

TI-I antigens are common microbial constituents, which activate B cells through Toll-like
receptors. In this case, mice were immunised with (tri)NP-lipopolysaccharide (TNP-LPS)
and the plasmablast response was assessed by ELISA and flow cytometry on days 5, 7 and
10 post immunisation. These immunisations were conducted in two batches, with day 5
first, and then days 7 and 10 at later dates. As figure 3.24a shows, the different
experiments resulted in different response strengths, with the first immunisation
resulting in a superior response compared to the second. Although WT and CCRL2
deficient mice have similar levels on NP-specific IgM on day 5, there is a small reduction
in NP-specific IgM in CCRL27" mice on day 7 of the response and a two-fold reduction on

day 10. However, due to a small sample size this is not significant.
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Analysis of plasmablasts present in the spleen (figure 3.24b) and blood (figure 3.24c) of
immunised mice by flow cytometry also shows a consistent reduction in NP-specific
plasmablasts on days 5 and 7 post immunisation. However, unlike antibody titres, there

is a slight increase in CCRL27- NP-specific plasmablasts on day 10 of the response.

3.6.2 LPS-induced plasmablast differentiation in vitro is not affected by CCRL2 deficiency

Immunisation of CCRL2 deficient mice with NP-Ficoll induces a B cell intrinsic phenotype.
To determine whether there is a B cell specific response upon LPS stimulation, B cells
were isolated from WT, CCRL2*- and CCRL2”7- mice and stimulated in vitro with IL-4 and
LPS for 1 through to 4 days to generate plasmablasts, as per a previously published
protocol (Sciammas et al., 2006). Cells were then assessed by flow cytometry for
plasmablast differentiation and proliferation (figure 3.25a). The purity of isolated B cells
was always >95%, even though pre-sorting B cells were only approximately 60% of the
isolated splenocytes (figure 3.25b). For all genotypes post stimulation, the majority of
cells were alive days 1 through 3, with live cells not dropping below 60% at these time
points (figure 3.25c). However, by day 4 cells had started to die, with only 20-40% of cells

still alive at this time point, irrespective of genotype.

Plasmablast differentiation was monitored by CD138* expression on the stimulated cells.
Day 1 post stimulation, CD138 expression was not detectable (figure 3.25d). By day 2,
approximately 5% of live cells were CD138*, and although this slightly increased on days 3

and 4 of stimulation, the median was ~7% at its highest. Although at day 4 post
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stimulation some CCRL2 deficient samples had slightly higher percentages of plasmablast
differentiation, the majority were similar to WT and CCRL2*- samples. To determine
whether plasmablast differentiation in vitro requires whole splenocytes, a preliminary
experiment in which isolated B cells or whole splenocytes were stimulated with IL-4 and
LPS was conducted. As figure 3.25e shows, whole splenocytes did not influence

plasmablast differentiation, irrespective of genotype.

3.6.2.1 Proposed ligands of CCRL2 do not affect LPS induced plasmablast differentiation in

vitro

In order to assess the role of the proposed ligands of CCRL2 in plasmablast differentiation
upon stimulation of cells with IL-4 and LPS, cells were stimulated with either chemerin,
CCL19 or CCL5, and results related to the same sample without ligand addition. As
before, B cells were sorted by MACS and purity assessed by flow cytometry (figure 3.26a).
Post B cell isolation, all samples were >90% B cells, except a single WT group which was
approximately 80% pure. Cells were stimulated for 2 to 4 days in triplicate with or
without the stated ligands. The median proportion of live cells was calculated for each
sample, and this result divided by the median proportion of live cells from the same

sample without ligand addition.

Although there was no effect on day 2, addition of chemerin slightly increased the
proportion of live cells on days 3 and 4 post stimulation (figure 3.26b). However, this
increase in viability occurred irrespective of the genotype. Similar results were observed

with the addition of both CCL19 (figure 3.26c) and CCLS5 (figure 3.26d). Therefore,
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Figure 3.26. Described ligands do not affect
LPS-induced plasmablast differentiation in
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of plasmablast differentiation with e) Chemerin,
f) CCL19 or g) CCL5 addition, relative to same
sample without ligand. Bars indicate median.
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although the proposed ligands of CCRL2 increase the proportion of live cells post IL-4 and

LPS stimulation, this is not CCRL2 dependent.

Finally, the role of these ligands in plasmablast differentiation was subsequently
assessed. As with the viability assessment, the proportion of differentiated plasmablasts
as determined by flow cytometry upon the addition of ligand was divided by the result
from the same sample without ligand addition. For all ligands at day 2 post stimulation
there was a high degree of variation (figure 3.26a-c), possibly due to there being minimal
plasmablast differentiation at this time point (figure 3.25d). Chemerin had no effect on
plasmablast differentiation for any genotype on both days 3 and 4 (figure 3.26e).
Likewise, CCL19 and CCL5 addition did not significantly affect plasmablast differentiation

on either days 3 or 4 (figures 3.26f-g).

3.6.3 LPS-induced plasmablast proliferation in vitro is not affected by CCRL2 deficiency

In order to monitor the proliferation of plasmablasts, cells were incubated with Cell
Trace™ prior to stimulation, which was diluted as the cells divided. The proportion of
plasmablasts which had undergone a set number of cell divisions was then determined by
flow cytometry (figure 3.27a). As shown in figure 3.27b, on the second day of stimulation
the majority of plasmablasts were either undivided, or had undergone only 1 or 2
divisions. A smaller proportion, approximately 10%, had undergone three divisions,
however very few samples had plasmablasts that had 4 or more divisions. Interestingly,

there was a small increase in the proportion of CCRL27" plasmablasts that had undergone
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Figure 3.27. CCRL2 deficiency does not affect LPS-induced proliferation of plasmablasts
in vitro. B cells from WT, CCRL2*/- and CCRL27- mice were isolated and incubated with Cell
Trace™ and were subsequently stimulated in triplicate in vitro with IL-4 and LPS,
proliferation was then monitored by flow cytometry; a) Flow cytometry gating of
plasmablast proliferation; b-d) Number of cell divisions plasmablasts have undergone b)
Two, c) Three, d) Four days post stimulation.

Data from single experiment. Bars indicate median
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4 divisions, compared to WT and CCRL2*", however this was not significant due to low
sample numbers. At all other time points, the proportion of plasmablasts that had

undergone each number of divisions was equal irrespective of genotype

By day three, plasmablasts had undergone more rounds of proliferation (figure 3.27c),
with undivided cells now being <5% of the total. There was a gradual increase in the
number of plasmablasts that had undergone 1-3 divisions, with a peak at 4. Although
some cells had undergone 5 divisions, only 5% had undergone 6 or more. As with day 2,
there were no differences in the number of divisions plasmablasts had undergone

between any of the genotypes.

Finally, by day 4 there had been another shift in the number of divisions each plasmablast
has undergone. Less than 10% of plasmablasts had undergone 0, 1 or 2 divisions (figure
3.27d). The proportion of cells that had undergone 3 to 5 divisions increased from 10 to
approximately 40%, with 5 being the peak number of divisions. The proportion of
plasmablasts that had undergone 6 or more divisions dropped to approximately 20%.
There were no differences in the number of cell divisions plasmablasts had undergone

between the genotypes.

3.6.2.1 Proposed ligands of CCRL2 do not affect LPS-induced plasmablast proliferation in

vitro

In order to assess whether the proposed ligands of CCRL2 affect plasmablast proliferation
upon stimulation with LPS, B cells were stimulated in the presence of either chemerin,
CCL19 or CCL5. The number of divisions plasmablasts have undergone was then related

to the same sample without the addition of ligand. As figure 3.28b shows, on day 3 the
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Figure 3.28. Described ligands do not affect LPS-induced plasmablast proliferation in vitro in a
CCRL2 dependent manner. B cells from WT, CCRL2*/- and CCRL27- mice were isolated and
incubated with Cell Trace™ and were subsequently stimulated in triplicate in vitro with IL-4, LPS
and either chemerin, CCL19 or CCL5. Proliferation was then monitored by flow cytometry; a)
Flow cytometry gating of plasmablast proliferation; b-g) Fold change in proliferation compared
to sample without ligand b-c) Chemerin, b) Day 3, c) Day 4; d-e) CCL19 d) Day 3 e) Day 4; f-g)
CCL5 f) Day 3 and g) Day 4 post stimulation. Data from single experiment. Bars indicate medialn15



addition of chemerin did not have any major effects on plasmablast proliferation.
Although the proportion of cells that had undergone 5 or more rounds of proliferation
did increase slightly, this was irrespective of the genotype. An increase in the proportion
of cells that had undergone 6 or more divisions was also detectable on day 4 (figure
3.28c), but once again this was observed in all genotypes. Interestingly, on day 4 a higher
proportion of CCRL27 cells had not divided compared to the other genotypes, but due to

the low sample number this was not significant.

As observed with chemerin, addition of CCL19 did not affect the proliferation of
plasmablasts on day 3 post stimulation (figure 3.28d). Interestingly, like chemerin,
addition of CCL19 increased the proportion of plasmablasts that had undergone 6 or
more divisions on day 4 post stimulation (figure 3.28e), and there was an increase in

undivided CCRL27" cells.

Addition of CCL5 did not affect the proliferation of plasmablasts on day 3 of the response
(figure 3.28f). On day 4 there was a decrease in the proportion of undivided
plasmablasts, and also plasmablasts that had only undergone 1 or 2 divisions. This
correlated with an increase in the proportion of cells that had undergone 6 or more
divisions. However, this was not CCRL2 dependent, as it was apparent in all genotypes

(figure 3.28g).

3.7 Immunisation of CCRL2 deficient mice with the thymus dependent antigen NP-CGG

Unlike the thymus independent antigens discussed above, B cell activation with TD
antigens requires the collaboration of both B and T cells. Consequently, B cell activation

during a TD response is slower than activation during a Tl response.
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3.7.1 CCRL2 deficiency causes minor effects during the primary TD B cell response within

the spleen and lymph node

To assess the role of CCRL2 in TD B cell activation, WT and CCRL2 deficient mice were
immunised with NP-chicken gamma globulin (NP-CGG) and the antibody response was
examined on days 5, 8 and 14 post immunisation. NP-specific IgM gradually increased in
WT mice days 5 through 14 (figure 3.29a). Although early in the response at day 5 there
was a minor (but not significant) advantage for CCRL2 deficient mice, this had evened out
by day 8. By day 14, CCRL27" mice had a slightly reduced response in comparison to WT
mice, but this was also not significant. NP-specific 1gG1 switched antibody was
detectable from day 8 (figure 3.29b) and increased on day 14. As with NP-specific IgM,
there was a small advantage in 1gG1 production by CCRL2 deficient mice on day 8, but

these minor differences evened out by day 14.

As with the TI-ll response, NP-specific plasmablasts were detected by immunohistology
and flow cytometry (figure 3.29c and d, respectively). Plasmablasts were detectable at
very low levels on day 5 post immunisation by immunohistology, with the peak
plasmablast response in the spleen apparent at day 8. By day 14, plasmablast levels had
returned to levels observed at day 5. Although at each time point CCRL2 deficient mice
had slightly higher median plasmablast levels compared to WT mice (up to 5x more at day
8), at no time point was this significant. Interestingly, flow cytometry analysis indicated
different results on plasmablast appearance in the spleen. On day 5 of the response,
levels of NP-specific plasmablasts were not detectable above background levels seen in
unimmunised mice. Splenic plasmablasts increased in proportion on day 8 of the

response, and the splenic plasmablasts further increased at day 14. However, as with the
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Figure 3.29. In response to the TD antigen NP-CGG, CCRL2 deficient mice do not have
significantly higher antibody responses compared to WT mice. a-d) WT and CCRL27
mice were immunised with NP-CGG and the NP-specific response was analysed at the
stated time points; levels of NP-specific a) IgM and b) IgG1 in the blood of immunised
mice; NP-specific plasma cells in spleens of immunised mice as determined by c)
Histology and d) Flow cytometry; e-f) WT and CCRL27" mice were immunised in the
footpad with NP-CGG to activate B cells of the popliteal lymph node and the NP-specific
response was analysed at the stated time points, levels of NP-specific e) IgM and f) IgG in
the blood of immunised mice.

Data pooled from two independent experiments. Bars indicate median

< indicates antibody levels in the sample were under the lowest detection limit
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immunohistology data, there were no differences in the proportion of WT and CCRL27-

plasmablasts in the spleen throughout the primary TD response.

In order to assess the difference between the TD splenic and the TD lymph node
response, mice were immunised with NP-CGG in the footpad to activate B cells of the
popliteal lymph node. NP-specific IgM was detectable at low levels on day 5 of the
response and this increased further on day 7 (figure 3.29¢e). Even though CCRL2”" mice
had a 3-fold reduction in IgM levels on day 7, there were no significant differences
between WT and CCRL2 deficient mice. Unlike IgM, NP-specific IgG was only detectable
on day 7 post immunisation (figure 3.29f). As with IgM, the levels of IgG were lower in

CCRL2 deficient mice, in this instance approximately 10-fold, but this is not significant.

3.7.2 Improved antibody titres are detected in CCRL2 deficient mice upon naive B cell

activation as part of a secondary TD response

TD activation of B cells generates both memory B and memory T cells. Upon reactivation,
the response is stronger and faster than the primary TD response. Also, due to the
recruitment and activation of memory T cells, the kinetics of naive B cell activation is

similar to a Tl response.

Mice were primed with CGG, to generate CGG-specific T and B cells. Five weeks later,
these mice were boost immunised with NP-CGG. In this case, naive NP-specific B cells
were activated by memory CGG-specific T cells. Memory CGG-specific B cells are also

activated by the CGG present within NP-CGG.

NP-specific IgM was detectable one day post boost immunisation, and this increased ten-

fold by day 5 (figure 3.30a). Levels of IgM were comparable between CCRL27- and WT
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Figure 3.30. CCRL2 deficient mice have improved IgG1l switched responses to TD
antigens upon boost immunisation. WT mice were immunised with CGG and five-weeks
later boost immunised with NP-CGG, and the CGG- or NP-specific response was analysed
at the stated time points; a-c) Levels of NP-specific a) IgM, b) 1gG1 and c) IgG2c in the
blood of immunised mice; d-e) Splenic NP-specific plasma cells as determined by d) Flow
cytometry e) Immunohistochemistry; f) CGG-specific IgM in blood of immunised mice.
Data pooled from two individual experiments.

Barsindicate median

< indicates antibody levels in the sample were under the lowest detection limit 120



mice throughout. Conversely, NP-specific IgG1 was only detectable on day 5 post boost
immunisation in both WT and CCRL2 deficient mice (figure 3.30b). Interestingly, 5-fold
higher levels of IgG1 were detected in CCRL2 deficient mice (p<0.05). This increase is
reminiscent of the elevated IgM response observed on day 5 post NP-Ficoll immunisation
(figure 3.6a). 1gG2c levels also increased by day 5, although background levels on day 1
were relatively high (figure 3.30c). However, there were no differences in the levels of
IgG2c between WT and CCRL2 deficient mice, showing that the increase in switched NP-

specific antibody is specific for IgG1.

The frequency of plasmablasts was then assessed by both flow cytometry and
immunohistology. As is suggested by the IgM and IgG2c levels on day 1 post boost,
background levels of NP-specific plasmablasts by flow cytometry were quite high at this
time point — around 5% of NP-specific cells (figure 3.30d). There was a slight increase in
the proportion of plasmablasts on day three, and a further increase on day 5. On day 5
there was a small increase in plasmablasts within CCRL27" mice (8% in CCRL27" mice
compared to 5% in WT), however this was not significant. Likewise, NP-specific plasma
cells, as calculated using immunohistology sections, showed the same pattern, with
increased plasma cell numbers at day 3 and then further at day 5 (figure 3.30e). As with
flow cytometry, no observable differences in the levels of these cells were found

between CCRL27 and WT mice.

Finally, the memory response was assessed by calculating levels of CGG-specific antibody
production (figure 3.30f). Unsurprisingly, high levels of CGG-specific IgM were detected

on day 1 post boost, with IgM gradually increasing on day 3 and day 5. Although there
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was a slight reduction in CGG-specific IgM in CCRL27- mice on day 5 post boost, this was

not significant due to the high variability.

3.8 Infection of CCRL2 deficient mice with Salmonella

The previous immunisations within this study were all single antigens. To assess the role
of CCRL2 in an infection model, where multiple antigens are available to activate B cells,
mice were infected with the attenuated STm strain, SL3261. CCRL2*- and CCRL27
littermates were infected with STm and the early extrafollicular B cell response was
analysed on days 3, 4 and 7. Upon infection, splenomegaly occurs, with the biggest
increase being in erythroid cells (Jackson et al., 2010). To monitor splenomegaly, spleens
were weighed at each time point. As figure 3.31a shows, an increase in spleen size is
already apparent at day 3 post infection in both CCRL2*- and CCRL27" mice, although
there was no difference between the groups, which was also observed on day 4.
However, on day 7 post infection the size of the spleens had more than doubled

compared to day 4, but there was still no difference between the two genotypes.

In order to monitor bacterial clearance, spleen and blood cultures were incubated
overnight and the number of colonies formed were calculated at each time point (figure
3.31b and ¢, respectively). For the spleen, bacterial counts were approximately 10°-107
both days 3 and 4 post infection, with no differences between CCRL2*- and CCRL2”" mice.
However, by day 7 the counts were 10-fold lower, to between 10° and 10°, with again, no
difference between the two genotypes. Bacterial counts within the blood of the mice
were highly variable. Although some bacteria were detected at each time point, there

was no difference in bacterial counts between time point nor genotypes.
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Figure 3.31. CCRL2 deficiency does not affect the early plasmablast response to
Salmonella (1). CCRL2*- or CCRL27- mice were infected with Salmonella and the response
analysed on days 3, 4 and 7; a) Spleen masses; b-c) Bacterial numbers in the b) Spleen and
c) Blood; d-f) LPS-specific antibody response was measured by ELISA, d) IgM, e) 1gG2b and
f) 1gG2c.
LPS-specific IgG3 was not detectable at anytime point (data not shown).
Data pooled from three individual experiments. Bars indicate median

< indicates antibody levels in the sample were under the lowest detection limit
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To determine the effectiveness of the antibody response, LPS- OMP- and FliC- specific
antibody was analysed by ELISA. LPS specific IgM was detectable from day 3 post
infection, with titres increasing on day 4, but staying level at day 7. There were no
differences in the levels of LPS-specific IgM between either genotype (figure 3.31d). Both
IgG2b and IgG2c LPS-specific switched antibody was only detectable at low levels on day
7 post infection and there were no differences between CCRL2*- and CCRL2 deficient
mice (figure 3.31e-f). 1gG3 switched antibody was not detectable at any time point (data

not shown).

There were high background (uninfected) levels of OMP-specific IgM (figure 3.32a), but
nevertheless, the antibody increased day-on-day. Again, no differences between the two
genotypes were detected. OMP-specific 1gG2c and 1gG3 were only detectable on day 7
post infection (figure 3.32b and c), but OMP-specific 1IgG2b was not detectable at any
time point (data not shown). There were no differences in OMP-specific IgG2c between
CCRL2*- and CCRL27" mice. Interestingly, OMP-specific I|gG3 appeared at lower levels in
CCRL2 deficient mice, however, due to low sample numbers and a wide spread in

CCRL2*" mice, this was not significant.

Finally, FliC-specific IgM was only detectable above baseline levels from day 4 post
infection, with an increase in antibody on day 7 (figure 3.32d). Again, 1gG2b and IgG2c
switched antibody was only detectable on day 7 (IgG3 switched was not detectable at any
time point — data not shown), but only at very low titres (figure 3.32 e and f). Neither
IlgM, 1gG2b nor IgG2c FliC-specific antibody titres were altered between CCRL2*- and

CCRL27 mice.
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Figure 3.32. CCRL2 deficiency does not affect the early plasmablast response to
Salmonella (2). CCRL2*- or CCRL27- mice were infected with Salmonella and the response
analysed on days 3, 4 and 7; a-c) OMP-specific antibody response was measured by ELISA,
a) IgM, b) IgG2c and c) IgG3. d-f) FliC-specific antibody response was measured by ELISA,
d) IgM, e) IgG2b and f) IgG2c.

OMP-specific IgG2b was not detectable at any time point (data not shown).

FliC-specific IgG3 was not detectable at any time point (data not shown).

Data pooled from three individual experiments. Bars indicate median 125
< indicates antibody levels in the sample were under the lowest detection limit



In order to relate antibody titres to plasmablast production, plasmablast levels were
assessed by flow cytometry (for example gating see figure 3.33a). As would be expected
due to the late induction of germinal centres in this model, GC B cells were not
detectable above baseline levels at any time point (figure 3.33b), showing that the
antibody produced was from the extrafollicular response. Upon calculation of total
plasmablasts (figure 3.33c), day 3 post infection showed levels similar to those detected
in unimmunised mice, but plasmablast numbers increased at a steady rate days 4 and 7
post infection. There were no differences between CCRL2*- and CCRL27" mice at any

time point studied.

In order to break down plasmablast differentiation into the antibody isotypes, spleens
were stained for IgM-, 1gG2b- and 1gG2c- specific plasmablasts. The level of IgM-specific
plasmablasts was highly distributed amongst samples (figure 3.33d). However, as with
total plasmablasts, levels only increased above baseline from day 4 and increased to
higher levels again on day 7. There were no difference in numbers of IgM specific
plasmablasts between genotypes at any time point. 1gG2b and IgG2c specific
plasmablasts had lower background levels than IgM (figure 3.33e and f). IgG2b*
plasmablasts were detectable above background levels on day 4, with even higher
numbers on day 7, however there were no differences in the levels of IgG2b*
plasmablasts at any time point between CCRL2*- and CCRL2 deficient mice. As with
IgG2b* plasmablasts, 1gG2c* plasmablasts were detectable above background on day 4,
and increased again approximately 10-fold on day 7. Again, no significant differences

were detectable between the two mouse genotypes.
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Figure 3.33. CCRL2 deficiency does not affect
the early plasmablast response to Salmonella
(3). CCRL2*- or CCRL27- mice were infected
with Salmonella, spleens were stained for GC
and PB markers and analysed by flow
cytometry on days 3, 4 and 7, a) Flow
cytometry gating example; b-g) Splenic levels
of b) GC B cells, c) PBs, d) IgM* PBs, e) IgG2b-
switching PBs, f) IgG2b* PBs and g) IgG2c* PBs.
Data pooled from  three individual
experiments.

Key: PB — Plasmablast

Barsindicate median

< indicates cell counts were under 10* for that
sample 127
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Together, this data indicates that CCRL2 deficiency does not affect the early
extrafollicular response to STm infection. Neither antibodies against STm components,
nor plasmablast levels were altered between CCRL2*- and CCRL27 mice, and both mice
were able to control early infection with similar kinetics. Together, this indicates a
different role in CCRL2 regulation of the antibody response against single antigen

challenge and models of infection.

3.9 Discussion

3.9.1 CCRL2 is expressed by plasmablasts, however there was no detectable binding of

chemerin nor CCL19

Expression of CCRL2 on B cells was originally detected by Hartman and colleagues, who
used various B cell lines to deduce B cell expression of CCRL2 at different maturation
stages (Hartmann et al., 2008). However, this study did not determine the expression of
CCRL2 in B cells upon activation and differentiation into plasmablasts. Previous studies
from our laboratory have detected CCRL2 as one of the first genes upregulated at an
mRNA level upon differentiation into plasmablasts (Marshall, 2009, Cook, 2011), which is
confirmed within this study. To confirm the presence of CCRL2 at a functional protein
level, uptake of fluorescently labelled chemokine was assessed by flow cytometry using a
previously published protocol (Hansell et al., 2011). Two different conjugates were used;
fluorescently labelled CCL19 (Almac) and chemerin, which was conjugated to Cy5 using a

Lightning Link kit (Innova Biosciences).

Plasmablast uptake of both CCL19 and chemerin was not detected in either instance.

CCL19 has been suggested to bind human CCRL2 (Leick et al., 2010), but this has not been
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independently confirmed, nor has any laboratory shown the ability of mouse CCRL2 to
bind CCL19. As human CCRL2 has two transcript variants, it is possible that CCL19 binds
human CCRL2A, and therefore no binding would be detectable in the mouse, whose
single transcript variant is most similar to CCRL2B (Del Prete et al., 2013). Due to the
preliminary nature of the chemerin uptake assay, further optimisation is required. It is
possible that the assay was unsuccessful at numerous stages; the original conjugation of
chemerin to Cy5 may have been insufficient, or conversely, the conjugation may have
disrupted the site at which CCRL2 and ChemR23 bind to chemerin. Due to time
constraints, there was no optimisation of the assay, therefore an insufficient

concentration of chemerin may have been used.

3.9.2 Expression of CCRL2 on plasma cells negatively regulates the antibody response to

NP-Ficoll
CCRL2 deficient mice immunised with the TI-Il antigen NP-Ficoll have greater levels of NP-
specific plasmablasts and NP-specific antibody than WT mice. This phenotype is B cell

intrinsic, with no obvious contribution from CCRL2 deficiency in other cells.

From the histological observations made within this study, CCRL2 deficient plasmablasts
appear in greater amounts, but within the same microanatomical compartments as
CCRL2 sufficient plasmablasts. This was surprising, as CCRL2 deficiency has been shown
to affect the migration of cells, including NK cells, neutrophils and dendritic cells (Zabel et
al., 2008, Monnier et al., 2012, Otero et al., 2010). Also, defects in cellular migration is a
common attribute in general to ACKR deficiency (Ulvmar et al., 2014, Dona et al., 2013,

Venkiteswaran et al., 2013, Nibbs and Graham, 2013). However, it is possible that minor
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differences in cellular location have not been detected, as well as plasmablast

interactions with other cells of the spleen.

To further establish the role of CCRL2 in plasmablast function, the levels of apoptosis and
proliferation were assessed. CCRL2 deficient plasmablasts incorporated reduced levels of
Annexin V and 7-AAD, indicating these cells undergo lower levels of apoptosis. This is not
the first time that CCRL2 deficiency has been associated with reduced cell death. In fact,
cortical slides of CCRL2 deficient mice have reduced cellular death compared to their WT
counterparts after incubation with ischemic solution (Douglas et al., 2013). In that study,
Douglas and colleagues suggest that CCRL2 initiates an inflammatory cascade to induce
apoptosis and necrosis; both of which are seen at higher levels here (Douglas et al.,
2013). If CCRL2 initiates an apoptotic cascade, it would be due to ligand binding.
However, this could be due to direct initiation of the cascade by CCRL2, or indirect
initiation due to CCRL2 presenting the ligand to an accessory cell, and the accessory cell
providing the death signal. The latter is more likely, as 1) CCRL2 does not appear to
internalise its ligand, but present it on the cell surface for other cells to detect (Zabel et
al., 2008) and 2) although chemerin has been shown to promote phagocytosis of

apoptosing cells (Cash et al., 2010), it has not been shown to induce apoptosis itself.

Unlike apoptosis, chemerin has been implicated in causing the proliferation of cells (Yang
et al., 2012). Here, CCRL2 deficient plasmablasts appear to proliferate more than CCRL2
sufficient plasmablasts in both immunised CCRL27" mice and in the adoptive transfer
model. As CCRL2 deficiency has been shown to cause an increase in plasma levels of

chemerin, it could be argued that plasmablast deficiency in CCRL2 could increase local
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chemerin concentrations and lead to enhanced proliferation. However, this is unlikely, as
an increase in local chemerin concentrations would positively affect all plasmablasts; yet
transfer of QMX© cells into WT hosts appears to repress the host response. Also,
incubation of cells with chemerin or other ligands in vitro does not affect cellular

proliferation.

If not through the ligand, how are CCRL2 deficient plasmablasts proliferating to greater
extent than WT? Data here suggests that CCRL2 deficient plasmablasts express lower
levels of TACI mRNA compared to CCRL2 sufficient plasmablasts. At first this was
surprising, as a loss of TACI has a severe negative impact on both TI-Il and TD responses
due to the inability of cells to survive (Mantchev et al., 2007, Ou et al., 2012). However, a
closer look at the data reveals that before the mass death of TACI deficient plasmablasts,
they undergo a much greater amount of proliferation (Mantchev et al., 2007). Moreover,
TACI”- mice develop lymphoproliferation, leading to infiltration of lymphocytes in the
liver and kidney and enlarged spleen and LNs (Seshasayee et al., 2003). Therefore, a
reduction in the expression of TACI may result in more proliferation, without the

detrimental factor of cellular death due to TACI not being completely absent.

Although plausible, the involvement of TACI remains unclear; the above is based on TACI
being reduced at an mRNA level, but TACI expression at a protein level gave conflicting
data. Although immunofluorescence data shows a reduction in TACI fluorescence in
CCRL2 deficient plasmablasts, more accurate quantitation by flow cytometry did not
indicate a difference in TACI at the protein level. Flow cytometry indicates equal levels of

TACI protein between WT and CCRL27- plasmablasts. Although not proven here, it is
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possible that this discrepancy is due to the intracellular stores of TACI, which would show
up in the histology but not in the flow cytometry data. The other BAFF and APRIL
receptor, BCMA, is highly expressed inside the Golgi apparatus (Gras et al., 1995) and
therefore it is possible that TACI is also present inside the cell. To assess intracellular
TACI levels and therefore determine whether this is the reason for the histology and flow

cytometry discrepancy, intracellular staining by flow cytometry could be conducted.

To further assess the role of CCRL2 on plasmablasts in the response to NP-Ficoll, B cells
were stimulated in vitro with the antigen. Differentiation into CD138* cells was minimal,
and addition of whole splenocytes did not aid this process. Cells were stimulated with
the addition of B-Mercaptoethanol, as this chemical was shown nearly 40 years ago to
improve in vitro B cell differentiation into antibody secreting cells by NP-Ficoll (Chused et
al., 1976). However, the study also showed that addition of macrophage to the culture
increases the formation of antibody secreting cells to an even greater extent (Chused et
al., 1976), which may be due to MZ macrophages binding NP-Ficoll (figure 3.13). This
implies that, to further improve on the response from in vitro stimulation of B cells,

addition of macrophage may be required.

Surprisingly, immunisation of CCRL2 deficient QM mice with NP-Ficoll did not induce an
advantage in the response in comparison to immunisation of WT QM mice. A previous
study (Hsu et al., 2006) has shown that spleens can only sustain a limited amount of
plasmablasts. Due to the sheer volume of antigen-specific B cells in the QM mouse, the
peak of plasmablast levels is reached much sooner than in conventional WT and CCRL2

mice. Therefore, it is likely that the sheer strength of the response in both WT and CCRL2
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deficient QM mice cancelled out the positive effect of CCRL2 deficiency detected in non-

QM mice.

3.9.3 The role of CCRL2 in the response to TD-, Tl-I- and Salmonella- immunised CCRL2

deficient mice is less clear

Although CCRL2 deficient mice had a slightly improved response to the TD antigen NP-
CGG, the increase was not at the level seen in response the NP-Ficoll, and was not
significant at any time point. A previous study from Otero and colleagues deduced that
the amount of IgE in response to OVA was similar between WT and CCRL2 deficient mice
(Otero et al., 2010). IgE levels were measured 23 days after the original immunisation
with OVA and the levels of other antibody isotypes are not deduced (Otero et al., 2010).
Here, the IgG1 switched response is level between WT and CCRL2 deficient mice by day

14, which concurs with the late TD response being level amongst WT and CCRL27" mice.

Unlike during the primary TD response, CCRL2 deficient mice had an improved response
to secondary immunisation, where naive B cells were activated by memory T cells,
compared to WT. This data is similar to that seen in response to NP-Ficoll, suggesting
that the slow B cell response to primary immunisation, ie. the need for T cell activation

also, impedes the positive effect of CCRL2 deficiency.

The increases in antibody and plasmablast levels detected upon NP-Ficoll and secondary
TD immunisation was not observed upon immunisation with the TI-I antigen, TNP-LPS. In
fact, in this instance, CCRL2 deficiency appeared to negatively affect the response; with
reduced antibody levels detected, although this was not significant at any time point.

Although these minor changes in the LPS phenotype is opposite to that detected with NP-
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Ficoll, the phenotype is not necessarily surprising. LPS is an inflammatory mediator and
four studies have shown that CCRL2 deficient mice are protected in response to
inflammatory models (Monnier et al., 2012, Zabel et al., 2008, Otero et al., 2010, Douglas
et al., 2013), showing that CCRL2 has an important role in inflammation. Therefore, a
reduced response to TNP-LPS in CCRL2 deficient mice would concur with previous
reports. Also, the apparent discrepancy between the NP-Ficoll and TNP-LPS responses
could be explained by the expression of CCRL2 upon LPS stimulation. As described in the
introduction, CCRL2 is upregulated upon LPS stimulation of macrophage, neutrophils and
endothelial cells (Shimada et al., 1998, Galligan et al., 2004, Monnier et al.,, 2012).
Conversely, in the NP-Ficoll response it is likely that CCRL2 is only upregulated on
plasmablasts upon their differentiation. To specifically differentiate the role of CCRL2 in
B cells upon injection of LPS, similar experiments to the ones used in this study with NP-
Ficoll should be conducted, where only B cells are deficient in CCRL2. However, as the
primary response to NP-LPS is dominated by kappa light chain antibodies (Smith et al.,
1985) QM mice could not be used, due to these having a non-functional kappa allele
(Cascalho et al., 1996). Therefore, in this instance transfer of WT or CCRL27- B cells into
RAG-17" mice (which are unable to produce mature B and T lymphocytes (Mombaerts et
al., 1992)), would be more appropriate. This would establish the role of CCRL2 deficiency

in B cells only, without the effect of other cells inducing CCRL2 due to LPS injection.

Surprisingly, in response to the TI-Il antigen OMP, in the context of Salmonella infection,
there is no difference in the early plasmablast response between CCRL2*- and CCRL2
deficient mice. In this instance, CCRL2* and CCRL27" littermates were used due to

previous experiments indicating CCRL2*- mice act as WT. Littermates also ensure the
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mice had all been exposed to similar endogenous bacterial flora pre-infection. To more
accurately assess the role of CCRL2 deficiency on the extrafollicular Salmonella response,
WT and CCRL27" littermates should be used; however, due to time constraints this was
not possible here. Nevertheless, in all parameters assessed, CCRL2*- and CCRL27" mice
gave similar results. It is possible that any positive effect of CCRL2 deficiency on the
antibody response to OMP is neutralised by the negative, inflammatory effect of LPS, as
observed in the experiments with individual immunisations of TI-Il and TI-I antigens.
Immunisation with isolated OMP would enable assessment of the role of CCRL2 to the
protein individually, and therefore determine whether immunisation with multiple

antigens affects the antibody response to OMP.

Altogether, this chapter shows a novel role of CCRL2 in the regulation of the plasmablast
response. In response to NP-Ficoll, the NP-specific antibody and plasmablast response in
CCRL2 deficient mice is increased compared to WT. Moreover, antigen-specific antibody
produced by naive B cells activated by primed T cells is also increased in CCRL2 deficient
mice. The increase in plasmablasts is due to improved proliferation and reduced
apoptosis of CCRL2 deficient plasmablasts. However, as CCRL2 may positively regulate
the B cell response to LPS, further analysis of the exact mechanisms are required to fully

understand the role of CCRL2 in plasmablast biology.
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Chapter 4. Effect of CCRL2 Deficiency on GC Responses

4.1 Introduction

B cells activated by thymus dependent (TD) antigen may enter into various differentiation
stages: extrafollicular plasmablasts, follicular germinal centre (GC) B cells and from the GC
into memory B cells or plasma cells. As discussed in the previous chapter, CCRL2
deficiency in plasmablasts is positive for the response, suggesting CCRL2 acts as a
negative regulator. This chapter will explore the role of CCRL2 in GC B cell differentiation

and function.

4.1.1 The germinal centre

The GC is a structure that forms within the B cell follicles of secondary lymphoid organs.
It is made up of several cell types, GC B cells (which differentiate into centroblasts and
centrocytes), T follicular helper cells (Ten) follicular dendritic cells (FDCs) and tingible body
macrophages. These cells interact, resulting in affinity maturation of B cell receptors
(BCRs) expressed by GC B cells and enabling the production of high affinity plasma cells

and memory B cells. For an overview of the GC response, see Chapter 1, section 1.6.1.1.

4.1.1.1 GC B cell differentiation; a role for Bcl6

B cell ymphoma 6 (Bcl6) is a transcriptional repressor that allows GC B cell fate. Bcl6 is
also involved in the development of CD4* Tey cells, which is discussed in detail in (Choi et
al., 2013)). GC B cells are highly proliferative and express mutagenic enzymes, therefore
expression of Bcl6 is highly regulated. Interestingly, Bcl6 binds its own 5’ regulatory
region, and mutations in Bcl6 which prevent it from binding this region have been

implicated in GC-derived lymphomas (Pasqualucci et al., 2003).
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As a transcriptional repressor, Bcl6 suppresses genes responsible for plasma cell
differentiation and function. Tunyaplin et al. showed that one gene repressed by Bcl6 is
prdm1 (which encodes Blimp1, the transcriptional repressor that has a central role in
plasma cell differentiation). The authors found that two intronic regions of mouse prdm1
are able to undergo Bcl6-dependent repression, with one of these sites being conserved
between mice and humans. Subsequently, Bcl6”/- mice have elevated levels of Blimpl*

plasma cells in vivo (Tunyaplin et al., 2004).

As well as repressing the transcription of protein-coding genes, Bcl6 has also been shown
to regulate the expression of micro (mi)RNAs. Using ChIP-on-chip data along with miRNA
expression, Basso and colleagues identified Bcl6 binding of 15 miRNAs, including miR-155
and miR-361; two miRNAs which modulate the expression of activation-induced cytidine

deaminase (AID) (Basso et al., 2012).

4.1.1.2 Increasing antibody affinity; somatic hypermutation and AID

Somatic hypermutation (SHM) is the process in which dark zone resident centroblasts
mutate their genes to increase the specificity of their B cell receptor for foreign antigen.
Point mutations are introduced to the variable (“V”) region of both the heavy and light
chains of immunoglobulin genes; the frequency of mutation is ~10®° to 103/base
pair/generation (the base level of mutation being approximately 10°) (reviewed by
(Peled et al., 2008)). Mutations are not always positive; affinity to antigen may be

reduced in the mutated cell, resulting in apoptosis.

One of the key elements of this process is AID, a mutagenic enzyme whose expression is

restricted to GC B cells. The function of AID is to convert deoxycytidines (dC) to
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deoxyuridine (dU). These mutations then undergo error-prone repair, causing permanent
mutations within the V region (reviewed by (Peled et al., 2008)). The importance of AID
in SHM was confirmed by Revy and colleagues, who noted that patients with mutations in
AID have hyper-IgM syndrome type 2 (HIGM2) and lack immunoglobulin somatic
hypermutations. Similarly, AID”- mice have HIGM2, resulting in large TD GCs, but little

SHM and class switch recombination (CSR) (Revy et al., 2000).

4.1.1.3 Changing antibody effector function; class switch recombination and AlD

Class switch recombination is the process by which B cells alter their immunoglobulin
isotype, by changing the heavy chain constant region. Unlike SHM, CSR does not increase

antibody affinity, but alters the effector function of the antibody.

Naive B cells express either IgM or IgD, due to expression of heavy chain constant regions
Cu or C6. Upstream of the different constant regions (except C6) are switch (S) regions,
through which CSR occurs. AID converts dC to dU within two of these S regions, which
leads to breaks within the DNA, excision of the intervening regions and subsequently

switching (reviewed by (Stavnezer et al., 2008) and (Xu et al., 2012)).

CSR can occur by B cell-expressed CD40 binding CD40L (CD154) and/or B cell-expressed
Toll-like receptor 4 (TLR4) binding LPS. However, the isotype to which cells switch is
influenced by the type of response. For example, Tul responses, in which interferon
(IFN)-y is produced, cells primarily switch to 1gG2a. Yet interleukin (IL)-4 producing Tu2
responses induces switching to IgG1 and IgE (Toellner et al., 1998). Isotype switching can
also occur in extrafollicular thymus independent (Tl) responses; as observed in the

previous chapter. TI-Il antigens, such as NP-Ficoll, induce switching predominantly to
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IgG3, however TI-l antigens mainly cause switching to IgGa, (Perlmutter et al., 1978,

Marshall et al., 2011).

4.1.2 Aims of chapter

1. Determine the expression of CCRL2 within GC B cells
2. Determine the effect of CCRL2 deficiency on GC microarchitecture
3. Determine the effect of CCRL2 deficiency on GC B cell phenotype

4. Determine the effect of CCRL2 deficiency on GC output
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4.2 Results

4.2.1 CCRL2 expression within GCs

4.2.1.1 CCRL2 mRNA is present in the GC, but CCRL2 is not expressed in GC B cells

CCRL2 mRNA is upregulated early in plasmablast differentiation (figure 3.5) and previous
data from our laboratory has shown that microdissected GCs have higher levels of CCRL2
MRNA expression than in the T-Zone (TZ) (Cook, 2011). To determine whether CCRL2
mMRNA is specifically upregulated in B cells of the GC, CCRL2 expression was determined
on GC B sorted cells. c¢cDNA was kindly provided by Dr. Yang Zhang, in an experiment
where WT mice were immunised with NP-Sheep Red Blood Cells and GC B cells sorted on
days 4, 5, 8 and 10 post immunisation. However, CCRL2 expression was not detectable at

any time point (data not shown).

4.2.1.2 ACKR4 binds CCL19 on GC B cells

TZ expressed CCL19 has been shown to bind the receptors CCR7 and ACKR4, however it
has also been proposed to bind CCRL2 (Leick et al., 2010) (for full details see chapter 3,
section 3.5.5). To test whether GC B cells are able to bind CCL19 via CCRL2, WT and
CCRL27- mice with NP-specific BCRs were immunised with NP-Ficoll to generate GCs.
Spleen cells were isolated and the cells were incubated with fluorescently conjugated
CCL19 (a kind gift from Chris Hansell, The University of Glasgow). Fluorescence was
detected by flow cytometry, as per a previously published protocol (Hansell et al., 2011).
As CCRL2 was not present at the mRNA level (section 4.2.1.1) CCL19 binding was not

expected to be any different between WT and CCRL2 deficient samples. As a control,
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CCR77- and ACKR47 mice with NP-specific BCRs were also analysed, due to these

receptors also binding CCL19.

Germinal centre cells were gated as B220* CD138", Fas* CD38" (figure 4.1a) (Oliver et al.,
1997). As shown in figure 4.1, WT GC B cells have detectable binding of CCL19, with an
MFI of 752 similar to that seen in T cells (chapter 3, figure 3.21b). Addition of excess
amounts of unconjugated CCL19 did not reduce CCL19 binding (figure 4.1c). CCR77 cells
had a similar CCL19 MFI compared to WT cells. ACKR4”- GC B cells were unable to
efficiently bind CCL19, with a reduction of median MFI to 277 (figures 4.1b and 4.1c). The
MFI detected in ACKR4 deficient cells was at as low a level as that seen in CCR77 cells
with addition of unconjugated CCL19. This suggests that CCL19 binds GC B cells via
ACKR4. Unsurprisingly, as CCRL2 was not present at an mRNA level on GC B cells, CCRL27"
GC B cells bind CCL19 at a similar level to that seen in WT GC B cells, with a CCL19 MFI of
604.5. Together, this shows that ACKR4, but not CCRL2 nor CCR7, binds CCL19 on GC B

cells.

Therefore, CCRL2 is expressed within GCs, however it is not expressed on GC B cells. It is
possible that CCRL2 is present on other cells of the GC — Ty cells or FDCs. However,
ACKR4 can bind CCL19 via GC B cells, suggesting that this atypical receptor has a role in

GC B cell function.
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Figure 4.1. GC B cells bind CCL19 via ACKR4 and not CCRL2. WT, CCR77-, ACKR4”- and
CCRL27- mice with NP-specific B cells were immunised with NP-Ficoll to generate GC B
cells. Splenocytes were incubated with CCL192F%*7 with or without unconjugated CCL19
and CCL19 binding analysed by flow cytometry; a) Flow cytometric gating; b-c) CCL19
binding on GC B cells by genotype, b) Histogram representation of CCL19 binding, c)
CCL19 MFI of GCB cells.

Key: Closed circles with CCL19AF%*7 only. Open circles CCL19A%% with unconjugated
CCL19. MFI — Mean Fluorescence Intensity.

Data from single experiment. Bars indicate median.
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4.2.2 GC microarchitecture is unaffected by CCRL2 deficiency

GCs are microstructures within the B cell follicles of secondary lymphoid organs.
Although there was no detectable differences in splenic microarchitecture by the
methods used in this study (figure 3.2), it is not known whether GC microarchitecture is
disturbed due to a lack of CCRL2. Although CCRL2 mRNA was not detected in GC B cells
(section 4.2.1.1), it is present in higher levels in GCs than in the TZ (Cook, 2011). To
assess whether CCRL2 has a role in GC organisation or microarchitecture, WT and CCRL2"
mice were immunised with NP-CGG to induce GC formation in the spleen, and spleens
were sectioned and stained for B cell, follicular dendritic cell and stromal cell markers in

order to visualise GC microarchitecture (figure 4.2).

GCs are identified as IgD™ structures that form within IgD* B cell follicles in the spleens of
WT mice, with GCs induced by NP-CGG immunisation being NP*. As shown in figure 4.2a,
GCs formed within both WT and CCRL2”" mice, with no obvious difference in GC shape,

size nor location between the genotypes.

GCs contain two main regions; the dark and light zones (DZ and LZ, respectively). In order
to determine whether GC formed in CCRL2 deficient mice contain both DZ and LZs,
spleens were stained for CD35 (also known as complement receptor 1), which is highly
expressed in LZ resident FDCs, but absent in the DZ. Staining of WT GCs with CD35
revealed a similar LZ-DZ separation in both WT and CCRL27" mice (figure 4.2b), with
CD35* FDCs of the LZ towards the red pulp, and CD35" DZ closer to the TZ. FDCs are not
just resident within the IgD™ areas of the B cell follicle, but also extend within the IgD* B

cell areas
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Figure 4.2. CCRL2 deficiency does not affect germinal centre microarchitecture. WT and
CCRL27- mice were immunised with NP-CGG and spleens were sectioned and stained for
stated markers to visualise defined zones and cells of the GC; a) Immunohistochemistry
showing NP-specific GCs formed in B cell follicles of splenic white pulp; b) CD35* follicular
dendritic cells (red) located within the light zone of the GC; c) BP3* FDCs and follicular
stromal cells present in both WT and CCRL27- GCs.
Sections representative of 4 mice per group.
Key: F-Follicle; GC — Germinal Centre; RP — Red Pulp; TZ — T-Zone
Scale Bar — 100um (a,c); 75um (b) 144
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It could be argued that FDCs from the CCRL2 deficient spleen section extended further
into the follicle than in the WT section, however this appears to be an artefact of CD35
staining, as staining of the FDCs with BP3 (figure 4.2c) does not indicate this phenotype.
Further assessment of FDCs with other markers, such as FDCM2, would clarify this

potential phenotype.

FDCs also express BP3 (CD157), which is also a marker for follicular stromal cells. To
determine if CCRL2 deficiency affects the organisation of the stromal compartment as a
whole, NP-CGG immunised WT and CCRL27" spleens were stained for BP3 (figure 4.2c).
The highly organised stromal network is present in the follicles of both WT and CCRL2
deficient spleens, with stronger BP3 expression on FDCs in both WT and CCRL27" mice. A
thin layer of BP3* cells form a border around the follicles, separating the white and red
pulps. BP3* areas were also present within the TZ of both WT and CCRL2 deficient mice,
but this is a much weaker staining compared to that of the follicles. Therefore, this shows
that CCRL2 deficiency does not obviously affect the organisation of the stromal network,
even post GC formation. Altogether, there are no obvious differences in GC organisation
in the spleens of CCRL2 deficient mice, as detected using the markers, gD, CD35 and BP3.
Further analysis using other markers such as FDC-M1 and FDC-M2 would allow a more

thorough analysis of the FDC phenotype observed here.

4.2.3 Phenotype of GC B cells formed as part of a thymus independent response

Traditionally, GCs were thought to form only in response to thymus TD antigens
(MacLennan, 1994). However, QM mice, which have a high frequency of B cells with an

NP-specific receptor, are able to form GCs in response to NP-Ficoll. These GCs are short
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lived, and often collapse day 5 post immunisation due to a lack of T cell help (de Vinuesa
et al., 2000). In order to analyse the effect of CCRL2 deficiency on GCs, WT and CCRL2-
QM mice (known hereafter as QM"Y and QM*°, respectively) were immunised with NP-
Ficoll and GC B cell formation was followed by flow cytometry (figure 4.3a). Although low
levels of GC B cells were present on day 2 post immunisation, in QMY mice the levels
double by day 3, and remain at this high level on day 5 post immunisation. However, the
proportions of GC B cells in QM*® mice remain at the day 2 levels on day 3, and increase
slightly on day 5. The proportion of GC B cells in QM*® mice never reached the levels

seen in QM"T (p<0.05).

To determine if there are any intrinsic differences in QM%“" and QM*® GC B cells, on day 3
post NP-Ficoll immunisation NP-specific GC B cells were sorted by FACS (NP*B220*CD138"
Fas*CD387) and prepared cDNA was tested by RT-gPCR for GC-associated genes. NP-
specific plasmablasts (NP*B220*CD138*) were used as controls. For information on purity

see chapter 3 figure 3.16.

AID is a protein involved in both SHM and CSR. Expression of AID was reduced 10-fold in
QMXC B cells compared to their WT counterparts (p<0.05, figure 4.3b). As expected, AID
was not detectable in the plasmablast sample. Bcl6 is a transcription repressor, and the
master regulator of GC B cell fate. Expression of Bcl6 was approximately 100 fold less in
QMKO GC B cells compared to QMWYT GC B cells (p<0.05, figure 4.3c). Unsurprisingly,

plasmablast samples did not have detectable levels of Bcl6 mRNA expression.
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Figure 4.3. Phenotype of TI-ll induced GC B cells in WT and CCRL2 deficient mice. QMY or
QM*© mice were immunised with NP-Ficoll and a) GC B cells were analysed by flow cytometry;
b-c) Activated B cells were sorted on day 3 of the response and b) AID mRNA expression, c)
Bcl6 mRNA expression was determined by RT-gqPCR; d) Bcl6 protein expression by
immunofluorescence on day 3 of the response.

Sections representative of 4 mice per group. Data from single experiment. Bars indicate median
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In order to determine whether altered Bcl6 expression is also reflected at the protein
level, GC B cells were stained for Bcl6 by both flow cytometry and immunohistology
(figures 4.3d and 4.4). QMY and QM*° mice were immunised with NP-Ficoll and spleens
were sectioned and Bcl6 expression examined by immunofluorescence (figure 4.3d).
There were no detectable differences between QMW“T and QMX® mice, with high Bcl6
expression observed in the GCs of both mice, particularly when pictures are studied in

“heat map” form.

To further assess Bcl6 protein expression in GC B cells of immunised QMW" and QM
mice, levels of Bclé were determined by flow cytometry (figure 4.4). As shown in figure
4.4a, Bcl6 MFI was higher in GC B cells than NP~ B cells. However, on day 3 of the
response there was no difference in Bcl6 expression in GC B cells of QMW and QM*°
mice. To determine whether it takes time for changes in Bcl6 mRNA levels to have an
effect at the protein level, mice were also tested for Bcl6 expression on day 4 of the
response by flow cytometry. As figure 4.4a shows, there is a small, but not significant,
reduction in MFI of Bcl6 in GC B cells of QM*® mice at day 4. In order to establish
whether an alternate immunisation regimen shows any effect in Bcl6 protein levels,
QMY and QMX© B cells were isolated and transferred into WT BoyJ mice. Recipient mice
were immunised with NP-Ficoll 24 hours later. Flow cytometry gating is shown in figure
4.4b. Host B cells had a much smaller Bcl6 MFI than GC B cells derived from transferred
cells. At the start of the response (days 2 and 3) there were no differences in Bcl6 levels,

with the MFI in both QMWT and QM*° derived GC B cells being level.
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Figure 4.4. Flow cytometry analysis of Bclé expression in GC B cells of WT and CCRL2
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specific B cells were transferred into WT and hosts and 24h later recipient mice were
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representation of Bcl6 expression in GC B cells
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However, on day 4 of the response QM*® cells had a small decrease in Bcl6 expression
(from an MFI of approximately 4 in QMWT to 3.5 in QMKX®), but this small decrease is not
significant, nor does it reflect the large difference detected at an mRNA level (figures 4.4c

and 4.4d).

Altogether, QM¥® mice immunised with NP-Ficoll are altered in their GC B cell phenotype
compared to QMYWT, however results gained are inconsistent. CCRL2 deficient mice have
a reduction in the proportions of GC B cells as well as a reduction in AID and Bcl6 mRNA
production. Although the reduction in Bcl6 is not obviously affected at the protein level,
whether changes at an mRNA have an effect in the production or affinity of antibody of

CCRL2 deficient GCs is determined in the following sections through TD responses.

4.2.4 CCRL2 deficient thymus dependent GCs

Although there are no obvious differences in GC microarchitecture, CCRL2 deficient GC B
cells formed as part of a Tl response have a reduction in the mRNA expression of 2 key
factors, AID and Bcl6. In order to determine whether these changes have an effect in TD
GC function, time courses of primary and secondary immunisations in WT and CCRL2

deficient mice were conducted and GC output assessed.

4.2.4.1 Primary thymus dependent GC responses

To deduce whether GC output is affected in primary TD responses, WT and CCRL27" mice
were immunised with NP-CGG, and the response analysed on days 5, 8 and 14 so that the

early, peak and late GC response is assessed.

GC B cell levels of the spleen were analysed by flow cytometry. The number of GC B cells

increased from day O (unimmunised) through day 5 and to day 8, in both WT and CCRL2"
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mice (figure 4.5b). On day 14, GC B cells decreased by about half, although not to
background levels in either genotype. Unlike with the Tl GCs, there were no differences

in GC B cell levels in WT and CCRL27- immunised mice at any time point.

Although there is no difference in GC microarchitecture, the size and numbers of GCs
over the spleen section has not been assessed. GCs, as a percent of spleen size,
increased on days 5 through 8, before a reduction at day 14 as seen with GC B cells by
flow cytometry (figure 4.5c). Interestingly, on day 8 of the GC response 2.5% of the spleen
was taken up by GCs in CCRL27" mice compared to only 1% in WT (p<0.05, figure 4.5c),
even though there were no differences in GC B cell levels by flow cytometry. The
percentage of spleen taken up by GC was not different between WT and CCRL2”" mice on
other days of the response. Therefore, although flow cytometry indicates no difference
in the percentage of GC B cells between WT and CCRL27- mice, a larger proportion of the
spleen in the latter is taken up by GCs. This would indicate an expansion in a non-B GC

population, possibly FDCs as suggested by immunofluorescence staining (figure 4.2b).

To determine whether GC output is affected by CCRL2 deficiency, the affinity of antibody
in the blood of immunised mice was assessed by ELISA. High affinity NP-specific antibody
was detected by coating plates with NP;-BSA; high affinity antibody out competes
antibody of lower affinity due to the limited availability of NP. Conversely, total NP-
specific antibody is detected by coating plates with NP15-BSA; the high amount of NP

available enables binding of all NP-specific antibodies.

High affinity 1gG1 was only detectable on day 14 of the response (figure 4.5d), and there

was no difference in the amount of high affinity IgG1 between WT and CCRL27- mice. In
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Figure 4.5. Minor differences in NP-specific GCs in CCRL2”- mice do not affect NP-
specific antibody affinity. WT and CCRL27- mice were immunised with NP-CGG and the
GC response analysed at days 5, 8 and 14 post immunisation; a-b) Flow cytometry
analysis of GC B cells in the spleen of immunised mice, a) Example gating of NP-specific
GC B cells, b) NP-specific GC B cells; c) GC size as determined by immunohistology; d) High
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order to relate the amount of high affinity antibody produced to total NP-specific
antibody (chapter 3, figure 3.29), the relative affinity of antibody was calculated (figure
4.5e). There was a high variability in the relative affinity of 1gG1, with no observable

difference between WT and CCRL2”" mice.

Although the thymus independent response showed a reduction in GC B cells and levels
of AID and Bcl6 in GC B cells, no such differences are detected in the TD response. There
was no differences between GC B cells from WT and CCRL27" mice, and the affinity of GC-
derived antibody was not altered amongst WT and CCRL2 deficient mice, suggesting that
the protein functions of Bcl6 and AID were not affected. Interestingly, the proportion of
spleen sections taken up by GCs was much greater in CCRL2 deficient mice compared to

WT, which is likely to reflect a non-B cell role of this receptor in GC biology.

4.2.4.2 Secondary thymus dependent GC response

As primed T cells are readily available in secondary antibody responses, there is not a
delay due to T cell priming. This enables a much faster B cell response with kinetics more
closely resembling Tl B cell activation. Here, mice are primed with CGG and 5 weeks later

boost immunised with NP-CGG.

Within the memory response, NP-specific GC B cells were detectable by flow cytometry
as early as day 3 post immunisation (figure 4.6a). On both days 3 and 5, the proportions
of NP-specific GC B cells were level amongst WT and CCRL2 deficient mice, although there
was a high variability in GC B cell proportions on day 5. Within the primary GC response,
the size of NP-specific GCs in CCRL27- mice was larger than in WT, therefore to assess GC

size changes over time, NP* GCs stained by immunohistochemistry were quantified
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(figure 4.6b). The proportion of spleen taken up by GCs increased over time from days 1
to 5. However, unlike the primary TD response, there was no difference in the
percentage of spleen taken up by NP-specific GCs between WT and CCRL27" mice.
Indeed, there is a slight reduction in GC size in CCRL2 deficient mice (2% in WT and 1.5%
in CCRL27- mice). However, like GC B cells by flow cytometry, the variability of GC size at

day 5 was very high.

To determine whether CCRL2 deficiency affects the affinity of antibody produced in the
memory TD response, high affinity 1gG1 was measured using ELISA plates coated with
NP,-BSA. Even though immunohistology indicated CCRL2 deficient mice have reduced
proportions of NP-specific GCs in the spleen, levels of high affinity NP-specific IgG1 were
five-fold higher in CCRL2 deficient mice, although this increase was not significant (figure
4.6¢). To assess whether the relative affinity of the antibody is altered, the levels of high
affinity 1gG1 was divided by levels of total IgG1. As with the primary TD response, the
relative affinity of NP-specific antibody produced by the mice was the same, irrespective

of genotype (figure 4.6d).

Together, this data suggests that, although there are minor differences in the GC
phenotype between WT and CCRL27" mice, GC output in the form of high affinity
antibody is not affected by a deficiency in the atypical chemoattractant receptor. As
CCRL2 is not being expressed by GC B cells, it is likely that CCRL2 affects other

components of the GC; for example FDCs or Tfhs.
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4.3 Discussion

4.3.1 CCRL2 deficiency does not overtly affect GC size, architecture or antibody output

CCRL2 was previously shown to be expressed in the GC (Cook, 2011), however it was
established in this study that it is not specifically GC B cells that express CCRL2.
Nevertheless, expression of CCRL2 by other cells of the GC may affect GC B cell function,

and so this study aimed to establish the role of CCRL2 in the GC B cell response.

CCRL2 deficient GCs are similar to CCRL2 sufficient GCs in microarchitecture, with correct
positioning within the follicle and LZ and DZ orientation. This phenotype is vastly
different to both deficiency in other chemokine receptors, such as CXCR4, CXCR5 and

CCR7 (Allen et al., 2004, Achtman et al., 2009).

Although GC microarchitecture is similar amongst WT and CCRL27- mice, the amount of
spleen taken up by GCs appeared greater in CCRL2 deficient mice by immunohistology.
However, this was not reflected in GC B cell numbers by flow cytometry. It is possible
that deficiency causes an expansion in another cell type not assessed here; FDCs or Tfh
cells, for example. This is supported by CD35* FDCs of the GC appearing to spread further
into the follicle in CCRL2 deficient mice. However, high BP3 staining on FDCs does not
corroborate with this phenotype, and so further investigation into FDCs is required. The
FDC-specific marker FDC-M2 could also be used to investigate FDC-specific location and
distribution within the follicle (Taylor et al., 2002). Another cell type, not studied here,
are GC-resident tingible body macrophages. This macrophage subset scavenges
apoptotic lymphocytes, and they have also been proposed to downregulate the GC

reaction (Smith et al., 1998). As CCRL2 is highly expressed on macrophage (Shimada et
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al., 1998, Oostendorp et al., 2004), it could be these cells which are increasing GC size.
Nevertheless, this slight increase in size does not affect the longevity of the GC response,

with GCs still reducing by day 14 in CCRL2 deficient mice.

Finally, GC output was assessed by measuring high affinity antibody. Unlike antibody
produced as part of the TI-Il extrafollicular response, this was not altered between WT
and CCRL27" mice. This reflects that GCs formed within CCRL2 deficient mice are fully

functional with no explicit phenotype.

4.3.2 CCRL2 deficiency affects Bcl6 and AID Expression in Tl induced GC B cells

CCRL2 is not expressed in GC B cells at any time point post immunisation. Therefore it is
interesting that CCRL2 deficiency had such a large effect on mRNA expression within GC B
cells. However, as CCRL2 appears to be expressed within the GC (Cook, 2011), it is
possible that this causes the altered expression of mRNA in GC B cells. For example, lack
of expression of CCRL2 within the GC may cause an increase in ligand concentration,
which subsequently affects mRNA expression within GC B cells. However, for Bcl6 at
least, the altered mRNA expression does not appear to affect the protein level of the
transcription factor. Furthermore, the altered mRNA was detected within GC B cells
derived from a Tl response. If Bcl6 is also reduced at an mRNA level within TD GC B cells,
the reduction does not affect the ability of CCRL2 deficient B cells to differentiate into GC
B cells. Also, if AID is reduced in GC B cells of a TD response, the ability for these cells to
produce high affinity antibody is also not affected. Therefore, altered expression of

mMRNAs in GC B cells does not obviously affect GC B cell function.
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Altogether, this chapter indicates a minimal role for CCRL2 in GC biology. There were no
obvious effects on GC B cell function, including production of high affinity antibody. It is
possible that CCRL2 deficiency expands FDCs further into follicles, but additional

investigation into this is required to conclusively demonstrate the phenotype.
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Chapter 5. Concluding Discussion

This study assesses the role of CCRL2 upon B cell activation and differentiation into
plasmablasts and GC B cells. Although a previous study has established the expression of
CCRL2 on B cells (Hartmann et al., 2008), this is the first study ascertaining a functional

role of CCRL2 in B cell activation.

CCRL2 is upregulated in plasmablasts upon their differentiation. CCRL2 negatively
regulates the early plasmablast response to thymus independent (TI) type Il antigen NP-
Ficoll, in a B cell intrinsic manner. The presence of CCRL2 causes cellular apoptosis,
although the exact mechanisms are not yet fully established. The idea that CCRL2
regulates the early plasmablast response is supported by thymus dependent responses
where naive B cells are activated by primed T cells. Conversely, the response of B cells to
LPS is positively regulated by CCRL2. The opposite effect of CCRL2 deficiency during the
Tl-I response may be due to the increased expression of CCRL2 on other, non-B cells upon

LPS immunisation.

Although CCRL2 is expressed in GCs, it is not expressed by GC B cells. This may be the
reason why CCRL2 deficiency has no obvious effect on GC B cell function. Nevertheless,
there is a minor increase in the proportion of spleen taken up by GCs in CCRL2 deficient

mice, which is probably caused by CCRL2 deficiency in a different GC-resident cell.

5.1 Mechanisms of CCRL2 action on plasmablasts

CCRL2 deficient mice immunised with NP-Ficoll show increased antigen-specific
plasmablast and antibody levels compared to WT mice. Further, immunisation of WT

mice that have received either WT or CCRL2 deficient NP-specific B cells (known as QMWT
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or QMK respectively) results in two effects: the first is that QM*© cells show increased
plasmablast differentiation and antibody responses compared to QM"Y', the second is
that QMK B cell transfer “represses” the hosts B cell antibody response. Taken together,
these results lead to two possible models, compatible with the data and the previously

described functions of CCRL2 (figure 5.1).

5.1.1 Model 1: CCRL2 as a ligand scavenger

Previous studies have shown that CCRL2 deficient mice have higher plasma chemerin
levels than CCRL2 sufficient mice (Monnier et al., 2012). Therefore, CCRL2 on
plasmablasts may be acting as a scavenger. According to this model, CCRL2-expressing
plasmablasts scavenge their ligand, reducing the concentration within the foci. However,
QMKO cells are unable to scavenge CCRL2 ligand, generating plasmablast foci of high

ligand concentration. The ligand could then inhibit the plasmablast response.

A complication of this model is the fact that CCRL2 must be both scavenging and
signalling upon ligand binding. CCRL2 must be signalling upon ligand binding because if
the higher ligand concentration is acting through another receptor, both WT and CCRL2
deficient cells would be affected by the higher ligand concentration. Although this is
possible, it is unlikely, as previous studies indicate that chemerin binding to CCRL2 does
not induce signal transduction (Zabel et al., 2008). Therefore, it is unlikely that there is a
direct inhibition of CCRL2-expressing plasmablasts through ligand binding, irrespective of

ligand concentration.
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Figure 5.1. Pictorial representation of two proposed models of the mechanism of CCRL2

action on plasmablasts.
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5.1.2 Model 2: CCRL2 as a presenter of ligand

Previous publications have suggested that CCRL2-expressing cells can bind and present
chemerin on surface to cells expressing another chemerin receptor, ChemR23 (Zabel et
al., 2008, Monnier et al., 2012). Therefore, CCRL2-expressing plasmablasts could be
binding ligand, and presenting it to other cells expressing an alternate receptor.
According to this model, CCRL2 ligand binds to CCRL2-expressing WT cells, which in turn
present the ligand to other, accessory cells. These accessory cells could subsequently
direct a negative signal to the WT cells. However, QM*® cells are unable to bind CCRL2

ligand, and therefore do not receive the negative signal.

What could this accessory cell be?

First, plasmablasts are associated in large extrafollicular foci, indicating that the accessory
cell could be other plasmablasts. If this is the case, the presentation is unlikely to be of
chemerin to ChemR23-expressing plasmablasts, as flow cytometry data indicated <2% of

plasmablasts are ChemR23* (data not shown).

Second, it has been reported that CD11c"&" dendritic cells interact with plasmablasts in
both the spleen (Garcia De Vinuesa et al., 1999a) and lymph node (Mohr et al., 2009).
However, association with these DCs is associated with plasmablast survival, not
apoptosis, which is opposite to the model proposed here (Garcia De Vinuesa et al.,
1999a). Therefore, unless CD11c"8" DCs have a dual role in plasmablast survival, they are

unlikely to be the accessory cell.
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Third, previous studies have shown that neutrophils and monocyte/macrophage
populations co-localise with plasma cells in the LN (Mohr et al., 2009). These
monocytes/macrophages are a source of high levels of APRIL (Mohr et al., 2009), which
binds TACI, the receptor found to be reduced in CCRL2 deficient plasmablasts in this
study. However, as in vivo studies have indicated that APRIL is essential for plasmablast
survival (Belnoue et al., 2008) it is unlikely that production of this factor by
macrophage/monocytes is the cause of the reduced response of ligand-presenting CCRL2
sufficient plasmablasts. Therefore if monocytes/macrophage are the accessory cell, they

must produce another factor to negatively regulate the response.

Fourth, within the bone marrow plasma cells associate with eosinophils, which produce
survival factors essential for plasma cell maintenance and retention (Chu et al., 2011).
Although plasmablast association with eosinophils has not been shown in the spleen,
eosinophils are also required for IgA plasma cell production in the gut (Chu et al., 2014),
showing that this plasma cell-eosinophil association is at other sites as well as the bone
marrow. However, as discussed with other cell types above, if eosinophils are the
accessory cell described in this model they must have an alternate role in CCRL2-

regulated plasmablast survival.

Finally, plasmablasts may be interacting with stromal cells of the spleen. Human red pulp
stromal cells have been shown to be associated with plasma cells in the spleen, and are
proposed to contribute to plasma cell retention (Ellyard et al., 2005), although there has

been no studies relating to the role of these cells in plasmablast survival.
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5.2 Conclusion

Although first described more than 15 years ago, there is still relatively little known about
the atypical receptor, CCRL2. There has been wide debate about both its ligands and its
biochemical function, with contradictory reports on both (Biber et al., 2003, Hartmann et
al., 2008, Galligan et al., 2004, Zabel et al., 2008). This study provides insight into the role
of CCRL2 in the regulation of the antibody response, in which CCRL2 expression on
plasmablasts reduces plasmablast proliferation, survival and therefore antibody
production. This provides a novel role for the receptor in B cell biology, but further study
into the exact mechanisms is required to fully establish the behaviour of CCRL2 on

plasmablasts.
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Appendix A - Buffers

Tris Buffer pH 7.6

For4lL

1.5L of Physiological NaCl
1.5L of 0.1M HCI

1.0L of 0.2M Tris (base)

0.1M HCI: 10mls 10M HCl in 1L dH;0
0.2M Trizma base (MW 121.14g): 24.228g, in 1L H.0
Pysiological NaCl: 42.5g in 5L dH,0

Tris Buffer pH 9.2
As above but pH to 9.2 with HCI

Peroxidase Substrate
Dissolve 1 tablet of 3, 3'-diaminobenzidine tetrahydrochloride (DAB) (Sigma) in 15mls of
Tris Buffer pH 7.6. Filter to 10mls and add 1 drop of hydrogen peroxide (Sigma).

Alkaline Phosphate Substrate

Dissolve 8mgs of levamisole (Sigma) in 10mls of Tris Buffer pH 9.2

In a fume hood dissolve 4mg of Napthol AS-MX-phosphate (Sigma) in 380ul of dimethyl
formamide in a glass bottle. Add this to the middle of the levamisole solution. Add 10mg
of Fast Blue BB salt (Sigma). Filter.

PBS

10x: 425g NaCl )
53.5g Na;HPO4 ) in 5L dH;0
19.5g NaH;PO4 )

RT-gPCR Reverse Transcription Mix

For a typical 30ul mRNA sample

12ul 5x first strand buffer (Invitrogen)

6ul DTT 0.1M (Invitrogen)

3ul dNTP (10mM) (Invitrogen)

3ul Moloney murine leukemia virus reverse transcriptase (Invitrogen)
1.5ul RNasin RNase inhibitor (Promega)

1.5ul RNase free water
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Appendix B — Antibody Listing

Specificity Isotype Clone Source Conjugation
7AAD N/A N/A eBioscience N/A
Alexad88 Rabbit I1gG Polyclonal | Molecular Probes Purified

B220 Rat IgG2a, x RA3-6B2 eBioscience eFluor4d50
B220 Rat 1gG2a, x RA3-6B2 | BD PharMingen FITC
B220 Rat 1gG2a, x RA3-6B2 | BD PharMingen PE-Texas Red
Bcl6 Mouse K112-91 | BD PharMingen Alexa488
CD3 Rat KT3 AbD serotec Purified
Cb4 Mouse I1gG1, k GK1.5 BD PharMingen PE
CD4 Rat 1gG2a, « RM4-5 BD PharMingen PerCP-Cy5.5
CD5, Ly.1 Rat 1gG2a, « 53-7.3 BD Biosciences PE-Cy5
CD11b Rat IgG2b, M1/70 eBioscience APC
CD11b Rat IgG2b, M1/70 eBioscience eFluor450
CD11c Ham A;r; l8G1, HL3 | BD PharMingen PE-Cy7
CD16/CD32 Rat IgG2b, « 24G2 BD PharMingen Purified
CD19 Rat 1gG2a 1D3 BD PharMingen APC
CD19 Rat IgG2a 1D3 BD PharMingen APC-Cy7
CD21/CD35 Rat 1gG2b, « 7G6 BD PharMingen FITC
CD23 Rat 1gG2a, x B3B4 BD PharMingen PE
CD35 Rat 1gG2a, x 8C12 BD PharMingen Biotin
CD38 Rat 1gG2a 90 BD PharMingen Pacific Blue
CD45.1 Mouse 1gG2a, ¥ A20 BD PharMingen FITC
CD45.2 Mouse 1gG2a, ¥ 104 BD PharMingen PerCP-Cy5.5
CD45.2 Mouse 1gG2a, k¥ 104 eBioscience FITC
CD117 (c-kit) Rat 1gG2b, 2B8 eBioscience PE
CD138 Rat 281-2 BD Pharmingen Purified
CD138 Rat 1gG2a, 281-2 BD PharMingen APC
CD138 Rat 1gG2a, k 281-2 Biolegend Brilliant violet
CD138 Rat 1gG2a, 281-2 BD PharMingen PE
CD169 Rat MOMA-1 AbD serotec Purified
Molecular .
Cell Tracem N/A N/A Probes Violet
ChemR23 Rat IgG2b 477806 | R&D Systems Alexad88
F4/80 Rat Cl:A3-1 AbD serotec Purified
F4/80 Rat BMS8 eBioscience FITC
Fas (CD95) Hamster IgG Jo2 BD Pharmingen PE-Cy7
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Specificity Isotype Clone Source Conjugation
FITC Rabbit Polyclonal | Molecular Probes Alexa488
GL7 Rat 1gG2a I;/IZF;ElE)- BD PharMingen FITC
Goat Ig Rabbit Polyclonal Dako Biotin
Hamster IgG Goat Polyclonal Vector Biotin
IgD Rat 11-26¢2a | BD Pharmingen Purified
IgD Sheep Polyclonal ABCAM Purified
IgD Rat 1gG2a, x 11-26¢ eBioscience Pacific Blue
Southern
IgD Rat 1gG2a, x 11-26 Biotech PE
IgE Rat I1gG1, x 23G3 So.uthern Alkaline Phosphatase
! Biotech
lgG1 Goat Polyclonal So.uthern Alkaline Phosphatase
Biotech
IgG2a Goat Polyclonal So.uthern Alkaline Phosphatase
Biotech
1gG2b Goat Polyclonal So.uthern Alkaline Phosphatase
Biotech
Southern
1gG2b Goat Polyclonal Biotech FITC
IgG2c Goat Polyclonal So.uthern Alkaline Phosphatase
Biotech
IgG2c Goat Polyclonal So.uthern FITC
Biotech
1gG3 Goat Polyclonal So.uthern Alkaline Phosphatase
Biotech
IgM Rat IgG2a, /41 eBioscience PE-Cy7
Southern
IgM Goat Polyclonal Biotech FITC
IgMa Mouse DS-1 BD PharMingen Biotin
IgMb Mouse AF6-78 BD PharMingen Biotin
Ki67 Rabbit In House Purified
Ly6G (grl) Rat IgG2a, k RB6-8C5 eBioscience PE
NP Sheep In House Purified
NP Rabbit In House Purified
NP In House PE
Rabbit Ig Swine Polyclonal Dako Alkaline Phosphatase
Rabbit Ig Swine Polyclonal Dako Biotin
Rabbit IgG Donkey Polyclonal Jackson Cy3
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Specificity Isotype Clone Source Conjugation
RatlIg Sheep Polyclonal | The Binding Site | Horseradish Peroxidase
Rat g Rabbit Polyclonal Dako Horseradish Peroxidase
Ratlg Sheep Polyclonal | The Binding Site Biotin
Ratlg Rabbit Polyclonal Dako Biotin
Rat IgG Donkey Polyclonal Jackson Cy3
Rat IgG Donkey Polyclonal Jackson APC
Sheep/Goat Ig Donkey Polyclonal Jackson Biotin
Sheep/Goat Ig Donkey Polyclonal Jackson Horseradish Peroxidase
TACI (CD267) Rat 1gG2a, x 8F10 BD PharMingen Alexa647
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Appendix C — Primer Sequences for RT-qPCR

Name Forward Primer Sequence Reverse Primer Sequence Probe Sequence
B-actin CGTGAAAAGATGACCCAGATCA TGGTACGACCAGAGGCATACAG TCAACACCCCAGCCATGTACGTAGCC
MicroBch-)bulin CATACGCCTGCAGAGTTAAGCA ATCACATGTCTCGATCCCAGTAGA CAGTATGGCCGAGCCCAAGACCG
AID GTCCGGCTAACCAGACAACTTC GCTTTCAAAATCCCAACATACGA TGCATCTCGCAAGTCATCGACTTCGT
APRIL CGAGTCTGGGACACTGGAATTT AGATACCACCTGACCCATTGTGA | CTGCTCTATAGTCAGGTCCTGTTTCATGATGTGAC
BAFF GAAGTGTGCCATGTGAGTTATGAGA TCACCCAAGGCAAAAAGCA TCCTTTGCCAACACGCACCGC
BAFFR ACTTCAGAAGGAGTCCAGCAAGAG | CAGGTAGGAGCTGAGGCATGAG CCCTGGAAAATGTCTTTGTACCCTCCTCA
Bcl6 CAGACGCACAGTGACAAACCA ACTGCGCTCCACAAATGTTACA CAGCCACAAGACTGTCCACACGGGT
BCMA TCCAACCCTCCTGCAACCT CGTGTACGTCCCTTTCACTGAA TCAGCCTTACTGTGATCCAAGCGTGACC
Blimp-1 CAAGAATGCCAACAGGAAGTATTTT | CCATCAATGAAGTGGTGGAACTC TCTCTGGAATAGATCCGCCA-MGB
CCRL2 GTCCGGTGAGCAAGGACAG CCCACTGTTGTCCAGGTAGTC TCCGATGGATAACTACACAGTGGCC
IRF4 GGAGGACGCTGCCCTCTT TCTGGCTTGTCGATCCCTTCT AGGCTTGGGCATTGTTTAAAGGCAAGTTC
TACI CATTCTGCCCCAAAGATCAGTAC TGCTCTTTTCGGCAATTGATG CAGCCAGAGGAGCCAGCGCAC
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