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Abstract
In a variety of cell types, apoptosis leads to the fragmentation and packaging of cellular
contents into discrete blebs. Blebs may be released from the plasma membrane as ‘apoptotic
vesicles’ and ingested by a range of cells with phagocytic function including neutrophils,
macrophages and dendritic cells. The clearance of these apoptotic debris by phagocytes is
important in maintaining immune function; the failure of which can lead to an inflammatory
response against self-antigens and can result in autoimmunity

Our laboratory has discovered that exosomes (cell-derived nanoparticles) are trapped in the
sub-capsular sinus (SCS) of the lymph nodes and in the MZ (MZ) of the spleen by a
population of macrophages. This capture was discovered to be mediated by the sialoadhesin
CD169 (sialic acid receptor). The objective of this study was to determine if vesicles derived
from apoptotic cells (Apo-V) are captured in a similar manner, to investigate the effect of
captured Apo-V on the immune system, and the relationship between Apo-V, CD169, and
immune function. Previous studies had shown both tolerogenic and immunostimulatory
effects of apoptotic microvesicles slthough this study is the first to show a relationship
between apoptotic microvesicles, CD169, and immune function.

Utilising a combination of intravenously and subcutaneously administered Apo-V, a frozen
section binding assay, CD169 deficient (CD169-/-) mice, and flow cytometry this study
confirmed that the capture of T lymphocyte (EL4) derived Apo-V is mediated through the
sialoadhesin molecule CD169 expressed on macrophages found within the MZ of the spleen
and the SCS of the lymph nodes. This pattern of capture is identical to that displayed
previously in this laboratory with B lymphocyte-derived exosomes. Further in vivo studies
using adoptively transferred ovalbumin-specific T lymphocytes, showed that subcutaneously
administered Apo-V stimulated CD8+ T lymphocyte proliferation, whereas intravenously
administered Apo-V did not.

Additionally, this study utilised flow cytometry to investigate the immune response to ApoV. In vivo cytotoxicity assays revealed that co-administration of Apo-V with dendritic cells
significantly reduced the cytotoxic response of the dendritic cells to the target cells. However,
there was no significant difference between the wild-type and CD169-/- groups indicating that

this was independent of CD169. This investigation also revealed that intravenous
administration of Apo-V co-cultured with ovalbumin protein significantly increased the
hosts’ cytotoxic response to target cells when compared to the PBS control. Interestingly this
response was significantly enhanced in the CD169-/-.

Investigations into the possible immunological cell subset involved in this process revealed
subtle changes in immune cells subsets in response to Apo-V; however further investigation
is required in order to fully understand the contributions of these changes to immune
function. In toto these results demonstrate that CD169+ macrophages are involved in the
capture of Apo-V, and that these vesicles play a role in both the enhancement and attenuation
of cytotoxic responses of the adaptive immune response.

ii

Acknowledgements
I would like to thank the University of Otago for providing me the scholarship which enabled
me to carry out this research. Many thanks to Associate Professor Alex McLellan for
providing me with the opportunity to undertake this research in his laboratory, and for the
guidance and support to complete it.

Thank you to all my colleagues in the McLellan laboratory for their assistance. Thanks to
Sarah Saunderson for help with in vivo work; and for her endless support with flow
cytometry. To Amy Dunn for keeping our laboratory running, answering my constant
questions and for always being a friendly face in our laboratory. And to Morad-Rémy Muhsin
for the technical discussions and for keeping me company in the laboratory. Special thanks to
Frazer Coutinho for both his technical support and his company which helped to keep me
sane. Many thanks also to all my friends throughout the Microbiology and Immunology
department for their company during coffee time and for the all the laughs and competition
throughout the year— my ankles will never be the same.

Very special thanks to David and Carolyn Buisson and their family for their support over the
years— you are a constant thought in my mind as I continue my career. Thank you to
Danielle Oosterman for your support and guidance, without you I would still be studying
economics.

And most importantly thank you to my family especially my mother, sister, and
grandmothers for all their love and support which made this possible.

iii

iv

Table of Contents
Abstract ....................................................................................................................................... i
Acknowledgements ................................................................................................................... iii
Table of Contents ....................................................................................................................... v
Abbreviations ......................................................................................................................... viii
List of figures ............................................................................................................................. x
Appendices ................................................................................................................................. x
1. Introduction ............................................................................................................................ 2
1.1 Apoptotic vesicles and apoptosis ..................................................................................... 4
1.1.1 Biogenesis of apoptotic vesicles ............................................................................... 4
1.1.2 Activation of apoptosis via the extrinsic pathway .................................................... 7
1.1.3 Apoptosis activation via the intrinsic/mitochondrial pathway.................................. 7
1.1.4 Apoptosis activation via the perforin/granzyme pathway ........................................ 8
1.1.6 Composition of apoptotic vesicles ............................................................................ 9
1.2 Function of apoptotic vesicles ....................................................................................... 11
1.2.1 Apoptotic vesicles in tissue homeostasis ................................................................ 11
1.2.2 Apoptotic vesicles in inflammation ........................................................................ 11
1.2.3 Apoptotic vesicles in cancer ................................................................................... 12
1.2.4 Apoptotic vesicles in tolerance ............................................................................... 12
1.3 Structure and function of secondary lymphatic organs.................................................. 14
1.3.1 Structure and function of the lymph nodes ............................................................. 14
1.3.2 Sub-capsular sinus macrophages in lymph nodes ....................................................... 16
1.3.3 Structure and function of the spleen ....................................................................... 17
1.4 Cells of the splenic marginal zone ................................................................................. 19
1.4.1 Macrophages ........................................................................................................... 19
1.4.2 Marginal zone macrophages ....................................................................................... 20
1.5 The immune response. ................................................................................................... 22
1.6 CD169/Sialoadhesin/Siglec-1 ........................................................................................ 23
1.6.1 Structure and function of CD169/Sialoadhesin/Siglec-1 ........................................ 23
1.6.2 Sialioadhesin/CD169 deficient mice....................................................................... 25
1.7 Aims ................................................................................................................................... 27
2. Methods and materials ......................................................................................................... 28
2.1 Methods.......................................................................................................................... 28
Animal source and ethical approval ................................................................................. 28
v

Culturing cell lines ........................................................................................................... 28
Isolation of murine lymphocytes and splenocytes ........................................................... 28
Carboxyfluorescein succinimidyl ester (CFSE)/Cell proliferation dye eFluor670 (670)
staining of OT-I and OT-II splenocytes and lymphocytes and adoptive transfer ............ 29
Apoptotic vesicle release ................................................................................................. 29
Apoptotic vesicle purification .......................................................................................... 29
Coomassie blue protein spot test...................................................................................... 29
Biotinylation of apoptotic vesicles................................................................................... 30
Immunisation of mice for proliferation experiments ....................................................... 30
Immunofluorescence ........................................................................................................ 30
Modified Stamper-Woodruff assay: ................................................................................ 30
DNase treatment of Apo-V .............................................................................................. 31
Covalent coupling of apoptotic vesicles to aldehyde-sulphate microspheres .................. 31
Enzyme-linked immunosorbent assay (ELISA) .............................................................. 31
Cytotoxic lymphocyte killing (CTL) assay...................................................................... 32
Preparation of target cells for CTL killing assay ............................................................. 32
Flow cytometric analysis of changes in endogenous immune cells in response to
immunisation: .................................................................................................................. 32
Polyacrylamide gel electrophoresis ................................................................................. 33
Western blot ..................................................................................................................... 33
Ovalbumin pulsing of apoptotic vesicles ......................................................................... 33
Conjugation of MAL-II to FITC ...................................................................................... 34
Biotinylation of lectins and ovalbumin ............................................................................ 34
2.2 Materials ........................................................................................................................ 35
Media and Buffers............................................................................................................ 35
Cell lines .......................................................................................................................... 37
2.3 Statistical analysis and killing percentage ..................................................................... 39
3. Results .................................................................................................................................. 40
3.1 Characterisation of Apo-V preparations .................................................................... 40
3.1.1 Sucrose gradient purification of EL4 derived apoptotic vesicles ........................ 40
3.1.2 Visualisation of sucrose gradient purified apoptotic vesicles transmission
electron microscope ...................................................................................................... 42
3.1.3 Expression of sialic acids on EL4 derived apoptotic vesicles ............................. 44
vi

3.1.4 Ovalbumin protein and peptide bound to Apo-V. ............................................... 46
3.2 Investigation into in vivo apoptotic tracking methods ................................................... 48
3.2.1 Detection of apoptotic vesicles in plasma ............................................................ 48
3.2.2 Optimisation of Apo-V staining.................................................................................. 50
3.3 Characterisation of Apo-V binding within secondary lymphatic organs................... 52
3.3.1 In vivo binding of apoptotic vesicles in lymph nodes .......................................... 52
3.3.2 In vivo binding of EL4 apoptotic vesicles in spleen ............................................ 54
3.3.3 Co-localisation of apoptotic EL4 cell vesicles with splenic macrophages .......... 56
3.3.4 In vivo binding of B16-F10 melanoma apoptotic vesicles in lymph node and
spleen ............................................................................................................................ 58
3.3.5 In vivo binding of whole EL4 apoptotic cells in lymph nodes and spleen .......... 60
3.3.6 In vitro binding of EL4 apoptotic vesicles to lymph node tissue ........................ 62
3.3.7 In vitro binding of EL4 apoptotic vesicles to the spleen ..................................... 64
3.3.8 In vitro binding assay optimisation ...................................................................... 66
3.3.9 In vivo assessment of MZ and sub-capsular integrity .......................................... 68
3.4 Investigation into functional role of Apo-V............................................................ 70
3.4.1 Investigating the immune response to EL4 derived apoptotic vesicles ............... 70
3.4.2 Effect of apoptotic vesicles on dendritic cell priming of cytotoxic lymphocytes 73
3.4.3 Effect of apoptotic vesicles on endogenous T lymphocyte activation. ................ 76
4. Discussion ............................................................................................................................ 81
4.1 Characterisation of Apo-V preparations .................................................................... 81
4.2 Characterisation of Apo-V binding within secondary lymphatic organs................... 82
4.3 Investigation into functional role of Apo-V............................................................... 85
5. Appendices ........................................................................................................................... 89
6. References ............................................................................................................................ 94

vii

Abbreviations
Apo-V

Vesicles derived from apoptotic cells

Apo-V-OVA

Apoptotic vesicles derived from cells cocultured with ovalbumin protein

Apo-V-OVA257-264

Apoptotic vesicles pulsed with H-2b-restricted
ovalbumin class I epitope

ACK

Ammonium-chloride-potassium

BSA

Bovine serum albumin

CD169-/-

CD169 deficient mice

CFSE

Carboxyfluorescein succinimidyl ester

DAB

Diaminobenzidine

DAPI

4,6 diamidino-2-phenylindole

DC

Dendritic cells

DC-SIGN

Dendritic cell-specific intercellular adhesion
molecule-3-grabbing mon-integrin

EDTA

Ethylenediaminetetraacetic acid

ELISA

Enzyme-linked immunosorbent assay

FBS

Foetal-bovine serum

FITC

Fluorescein isothiocyanate

H2SO4

Sulphuric acid

HBSS

Hanks buffered saline solution

IV

Intravenously

KO

CD169 deficient mice

LN

Lymph node

MΦ

Macrophage

mAb

Mono-clonal antibody

MHC

Major-histocompatibility-complex

MM

Marginal metallophilic

MZ

Marginal zone of the spleen

OVA

Ovalbumin

OVA257-264

H-2b-restricted ovalbumin class I epitope

PBS

Phosphate buffered saline
viii

PFA

Paraformaldehyde

RPMI

Roswell Park Memorial Institute medium

SC

Subcutaneously

SCS

Sub-capsular sinus of the lymph nodes

SIGN-R1

A mouse homologue of DC-SIGN

SP

Spleen

TEM

Transmission electron microscope

TMB

3,3',5,5'-tetramethylbenzidine

WT

Wild type (C57BL/6) mice

CTL

Cytotoxic lymphocyte

ix

List of figures
Figure 1.1: Biogenesis of extracellular vesicles………………………………………………6
Figure 1.2: Structure of a lymph node……………………………………………………….15
Figure 1.3: Structure of spleen………………………………………………………………18
Figure 1.4: Composition of marginal zone..............................................................................21
Figure 1.5: CD169/Sialoadhesin/Siglec-1 structure and ligands…………………………….24
Figure 1.6: Targeted disruption of the Sn gene………………………………………………26
Table 1: Cell dyes, antibodies, and fluorescent micro particles used in this study…………..38
Figure 3.1: Sucrose gradient purification of EL4 derived apoptotic vesicles………………..41
Figure 3.2 Visualisation of purified apoptotic vesicles by TEM…………………………….43
Figure 3.3: Expression of sialic acids on EL4 derived apoptotic vesicles…………………...45
Figure 3.4: Presence of ovalbumin derivatives on Apo-V…………………………………...47
Figure 3.5: Detection of apoptotic vesicles in plasma………………………………………..49
Figure 3.6: Flow cytometric analysis of staining efficacy of various cell dyes on ApoV……………………………………………………………………………………………...51
Figure 3.7: Capture of EL4 apoptotic vesicles within lymph nodes. ………………………..53
Figure 3.8: Capture of EL4 apoptotic vesicles within spleen………………………………...55
Figure 3.9: Co-localisation of EL4 apoptotic vesicles with splenic macrophages. ………….57
Figure 3.10: Capture of B16-F10 melanoma Apo-V within secondary lymphoid
organs………………………………………………………………………………….……..59
Figure 3.11: Capture of whole EL4 apoptotic cells within lymph node and spleen…………61
Figure 3.12: In vitro binding of EL4 apoptotic vesicles to lymph nodes…………………….63
Figure 3.13: In vitro binding of EL4 apoptotic vesicles to spleen…………………………...65
Figure 3.14: Capture of DNAse treated EL4 apoptotic vesicles within lymph nodes……….67
Figure 3.15: Capture of 1 μm fluorescent microspheres within lymph node and spleen…….69
Figure 3.16: Effect of EL4 derived apoptotic vesicles on CD8+ T lymphocyte
proliferation…………………………………………………………………………………..72
Figure 3.17: Effect of Apo-V on antigen-specific cytotoxic response……………………….75
Figure 2.18: Changes in endogenous T lymphocyte populations in response to Apo-V
immunisation…………………………………………………………………………………77
Figure 3.19: Changes in endogenous dendritic cell populations in response to Apo-V
immunisation…………………………………………………………………………………78

x

Figure 3.20: Changes in endogenous natural killer and natural killer T cell populations in
response to Apo-V immunisation…………………………………………………………….79
Figure 3.21: Changes in endogenous B cell populations in response to Apo-V
immunisation…………………………………………………………………………………

Appendices
Appendix A : FlowJo Gating strategy for cytotoxic killing assays. ........................................ 89
Appendix B : FlowJo Gating strategy for dendritic cells and CD8+ and CD4+ lymphocytes. 90
Appendix C : FlowJo Gating strategy for natural killer cells and CD49bHi/TCRβLo T cells...91
Appendix D: FlowJo Gating strategy for B cells. .................................................................... 92
Appendix E: FlowJo proliferation index calculations……………….……………………….93

xi

1. Introduction
During our lifetime almost all of our cells are replaced as a part of normal cell regulation
during development and homeostasis in the body. Control is exerted by apoptosis (Kerr et al.,
1972), a form of controlled cell death, which prevents the immune system from reacting to
massive cell death such as during infection and disease. The clearance of these apoptotic cells
by phagocytes is important in maintaining immune function; the failure of which can lead to
an inflammatory response against self-antigens and can result in autoimmunity (Erwig et al.,
2006; Taylor et al., 2000). In addition to the massive amounts of debris resulting from normal
cell turnover, apoptotic debris can be a product of viral infection (Otsuka et al., 2004; Weaver
et al., 2001) or of chemotherapeutic treatment in cancer patients (McGill and Fisher, 1999;
Ohmori et al., 1993).

Membrane ‘blebbing’ during apoptosis and the subsequent formation of apoptotic vesicles
(Apo-V) is a clearance mechanism whereby apoptotic cells actively participate in their uptake
by displaying significant modifications to their membranes that aid in recognition and uptake
of cell debris (Verhoven et al., 1995b). The capture of Apo-V by CD169+ macrophages is
hypothesised to be part of this clearance mechanism.

Fundamental to the proper function of the mammalian immune system is its ability to
distinguish harmless self-antigens from potentially dangerous foreign-antigens. In most cases,
this mechanism of central tolerance prevents the immune system from attacking self via the
elimination of potentially auto-reactive B and T lymphocytes within the bone marrow
(Goodnow et al., 1989) and thymus respectively (Kappler et al., 1987). Mature auto-reactive
lymphocytes can also be silenced in the peripheral tissues through peripheral tolerance
(Walker and Abbas, 2002).

One drawback of an immune system that induces tolerance to self-tissue is that cancerous
cells may be ignored by the immune system, or may induce dominant tolerance— the
maintenance of a tolerant state in a dominant fashion (Hanahan and Weinberg, 2011). To
complicate matters, as tumours grow they manipulate the micro-environment surrounding
them to provide a habitat conducive to tumour growth, and also promote tolerance to any
immunogenic tumour antigens potentially arising from mutated self-antigen (Ganss and
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Hanahan, 1998). Part of this control is mediated via secreted membrane vesicles which
possess tumour antigens (Al-Nedawi et al., 2008).

There is debate as to what role apoptotic vesicles actually play in the immune system;
whether they are immunogenic, and could lead to autoimmunity (Mevorach et al., 1998), or
are suppressive (Voll et al., 1997). This illustrates the importance in understanding the
mechanisms which determine the effect of these apoptotic vesicles and cell debris on the
immune system. As we learn more about this process we hope to uncover the secrets of how
the immune system deals with these antigens. This in turn may give insight into how to more
effectively combat cancers and autoimmune diseases.
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1.1 Apoptotic vesicles and apoptosis
1.1.1 Biogenesis of apoptotic vesicles
The programmed death of cells, known as apoptosis, occurs in response to either
environmental stimuli, cellular damage, or developmental signals (Kerr et al., 1972).
Specifically, cellular suicide may be in response to viral or bacterial infection, loss of genome
integrity, or toxicity (many chemotherapeutic drugs induce apoptosis as their mechanism of
action) (McGill and Fisher, 1999; Ohmori et al., 1993). The result is an self-sacrificing
mechanism which can protect neighbouring cells by minimising tissue damage during
infection or physical injury (Norbury and Hickson, 2001) or viral spread. This process also
occurs during normal development and aging and as a homeostatic mechanism during cell
turnover in tissues (Wickman et al., 2012).

Apoptosis can be stimulated by wide a variety of signals. Deoxyribonucleic acid (DNA)
damage from chemotherapeutic agents such as irradiation or drugs can lead to apoptotic death
through a p53-dependent pathway (Ferreira et al., 1999). Apoptosis can also be induced by
cross-linking of surface receptors, such as Fas (Itoh et al., 1991) or the tumour-necrosis factor
alpha (TNFα) receptor (Greenblatt and Elias, 1992). Apoptosis can be differentiated from
non-programmed cell death such as necrosis on the basis of the following main morphologic
criteria: cellular shrinkage, condensation and margination of the nuclear chromatin, DNA
fragmentation, cytoplasmic vacuolisation, cell lysis (Kerr et al., 1972), and a lack of
inflammation (D'Amours et al., 2001). In contrast necrotic cell death is typically associated
with inflammation (Kerr, 1971) and results in the release of intracellular molecules into the
extracellular milieu.

Apoptotic cells undergo a series of structural changes such as nuclear and cytoplasmic
condensation, and breaking up of the cell into a number of membrane-bound, ultrastructurally
well-preserved fragments, usually termed ‘blebs’, ‘apoptotic bodies’, ‘microparticles’, or
‘apoptotic vesicles’(Kerr et al., 1972). This blebbing of the membrane forms protrusions
which can detach following fission of the membrane stalk (Figure 1.1). There are three main
pathways to initiating apoptosis – the extrinsic pathway, the intrinsic pathway, and the
perforin/granzyme-mediated pathway. An explanation of these mechanisms is important in
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order to recognise the myriad of signals that can contribute to controlled cell death and the
release of vesicles and the exquisite control exerted by the cell upon these pathways.
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Figure 3.1: Biogenesis of extracellular vesicles.
Extracellular vesicles are characterised by their biogenesis. Exosomes are formed via the
inward budding of the plasma membrane thus forming multi-vesicular bodies (MVB). These
MVB subsequently form exosomes in the same manner as they themselves are formed and
release exosomes upon fusion with the plasma membrane. Microparticles are formed via the
outward budding of the plasma membrane and are released from activated cells or tumour
cells. Apoptotic vesicles (also known as apoptotic bodies) are released in a similar manner
from cells undergoing apoptosis. Image courtesy of Gyorgy et al. (Gyorgy et al., 2011).
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1.1.2 Activation of apoptosis via the extrinsic pathway
Activation via the extrinsic pathway is triggered by the binding of an extracellular ligand
such as Fas ligand (FasL) (Itoh et al., 1991), TNFα (Greenblatt and Elias, 1992), or TNFrelated apoptosis-inducing ligand (TRAIL) (Ashkenazi et al., 1999) to the extracellular
domain of their corresponding transmembrane receptors. The binding of FasL for example
triggers receptor clustering and formation of the death-inducing signalling complex (DISC)
(Kischkel et al., 1995). This complex recruits, via the adaptor molecule Fas-associated death
domain protein (FADD), multiple pro- cysteine-aspartic acid protease (caspase) 8 molecules
resulting in caspase 8 activation through induced proximity (Chinnaiyan et al., 1996; Sprick
et al., 2000). Caspases are expressed as an inactive pro-enzyme form in most cells and once
activated they often activate other pro-caspases, allowing initiation of a protease cascade
(Thornberry, 1998; Thornberry and Lazebnik, 1998). Caspase 8 acts upon pro-caspase 3
cleaving it into the active caspase 3 (Walczak and Krammer, 2000). Downstream of caspase 3
these signals branch into a multitude of events which conclude with ordered dismantling,
nuclear fragmentation, cytoskeleton rearrangement, membrane blebbing, and eventual
phagocytic removal of the cell (Degterev et al., 2003; Kerr et al., 1972).
1.1.3 Apoptosis activation via the intrinsic/mitochondrial pathway
The intrinsic pathway otherwise known as the mitochondrial pathway is triggered as a
response to extracellular signals such as growth factor withdrawal or to internal signals such
as DNA damage (Akbar et al., 1996; Lieberthal et al., 1998). Both of these extracellular and
intracellular signalling pathways eventually converge on the mitochondria and interact with
proteins from the B cell lymphoma-2 (Bcl-2) family (Kuwana and Newmeyer, 2003). These
proteins bring to bear their apoptotic control via the management of mitochondrial membrane
permeability (Kluck et al., 1997). Bcl-2 and B cell lymphoma-extra large (Bcl-xL) are
positioned in the outer mitochondrial wall and inhibit cytochrome c release. Once a proapoptotic signal such as DNA damage has been triggered other proteins from this family
(Bcl-2-associated death promoter (Bad), bcl-2-like protein 4 (Bax), and Bcl-2-like protein 11
(Bim)) are translocated from the mitochondrial cytosol to the outer membrane. This
translocation may trigger the release of cytochrome c on its own or in the case of Bad may
form a complex with Bcl-xL which will also result in the release of cyctochrome c (Kluck et
al., 1997; Kuwana and Newmeyer, 2003). The release of cytochrome c forms an activation
7

complex upon binding to apoptotic protease activating factor 1 (Apaf-1) (Saelens et al.,
2004). This activated Apaf-1 then binds to pro-caspase 9 and cleaves it into the active
caspase-9. Caspase w9 subsequently activates caspases 3 and 7 (Saelens et al., 2004)
triggering the downstream apoptotic events which as in the extrinsic pathway, results in the
ordered dismantling, nuclear fragmentation, cytoskeleton rearrangement, membrane
blebbing, and eventual removal of the cell.
1.1.4 Apoptosis activation via the perforin/granzyme pathway
Cytotoxic T lymphocytes (CTL) recognise cells bearing antigen via their surface receptor and
natural killer (NK) cells recognise virally infected cells with down-regulated major
histocompatibility complex I (MHC-I). Both of these cell types act as effector lymphocytes
and release a host of proteins, including perforin and granzymes (Lowin et al., 1995; Masson
et al., 1986; Podack and Konigsberg, 1984). When perforin is released by a CTL or NK cell it
binds to the lipid membrane of the target T lymphocyte and recruits other perforin monomers
to this site (Lichtenheld et al., 1988; Shinkai et al., 1988). These monomers organise
themselves into a pore forming structure with the pore increasing in size following the
recruitment of additional monomers (Shinkai et al., 1988). It was previously thought that this
pore allowed the diffusion of Granzymes A and B into the cell (Podack and Konigsberg,
1984; Podack et al., 1985) though this theory has being questioned (Browne et al., 1999;
Metkar et al., 2002). It has recently been reported that sub-lytic doses of perforin are
important in translocating granzymes through the membrane via the formation of transient
pores which allow granzyme entry into the cell before pore formation triggers cytosolic
release (Thiery et al., 2011). Once in the cell Granzyme B activates caspase 8 which
subsequently activates caspase 3 and its downstream apoptotic effects (Medema et al., 1997).
Additionally, Granzyme B cleaves Inhibitor of Caspase-Activated DNase (ICAD) releasing
DNA-fragmenting factor (DFF), a 40 kD protein which acts in a caspase 3-independent
manner to fragment DNA and induce chromatin condensation (Thomas et al., 2000). It has
been observed that cells from Bid-deficient mice were resistant to granzyme B-induced cell
death. This indicates a critical role for Bid in mediating granzyme B-induced apoptosis
(Waterhouse et al., 2005). Additionally, Granzyme B plays a role in the initiation of
membrane-blebbing via the direct cleavage of Rho-associated coiled coil–containing protein
kinase in a caspase-independent manner (Sebbagh et al., 2005).
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Granzyme A activates apoptosis through a caspase-independent pathway (Beresford et al.,
1999). Granzyme A causes disruption of mitochondrial function resulting in a loss of
transmembrane potential, and increased reactive oxygen species (ROS) (Martinvalet et al.,
2005). An increase in ROS is hypothesised to cause translocation of the SET complex, an
important Granzyme A target, to the nucleus (Beresford et al., 1997; Fan et al., 2003). Once
translocated into the nuclenus via the SET complex, Granzyme A cleaves the lamins (Zhang
et al., 2001a), histone H1, and the tails of core histones (Zhang et al., 2001b) and cleaves
three components of the Human Leukocyte Antigen-DR (HLR-DR)-associated protein II
complex (HLA-DR-associated protein II (SET protein), high-mobility group protein 2
(HMG2), and Human AP endonuclease (Ape1) (Beresford et al., 2001). The disruption of
these proteins opens up targets such as chromatin to DNases which subsequently destroy
DNA.

Although there are three distinct pathways of apoptosis induction they all converge upon
parallel paths leading to the ordered disassembly of the cell. It is unknown whether Apo-V
released from cells which have undergone apoptosis induced via these different pathways
differ in composition. This could be an avenue for a future investigation.
1.1.6 Composition of apoptotic vesicles
The morphology of apoptosis is a well-defined process (Kerr et al., 1972; Wyllie et al., 1980)
with the re-organisation of cellular components resulting in the presence of both nuclear and
cytoplasmic components on the surface of these apoptotic vesicles. As a result, this renders
Apo-V as potential immune stimulators and generators of auto-antibodies (Casciola-Rosen et
al., 1994).

Apoptotic vesicles are formed during the controlled death of the cell and as a result their
intra-vesicular content represents the condensed remnants of the parent cells containing a
variety of cellular proteins such as heat shock proteins, cytoskeleton components, DNA,
histones, and cellular machinery such as ribosomes (Coutinho, 2013; Thery et al., 2001).
Additionally apoptotic vesicles and their parental cells share common characteristics such as
lipid bi-layer composition and protein composition with their parental cell. For example,
apoptotic vesicles derived from endothelial cells display characteristic endothelial cell
9

markers such as CD144, CD62E, and CD105 (Horstman et al., 2004), and vesicles derived
from antigen-presenting cells contain MHC-I and MHC-II molecules (Raposo et al., 1995;
Saunderson and McLellan, 2009; Schaible et al., 2003; Winau et al., 2006).

Changes in membrane protein structure may occur in order to facilitate the phagocytosis of
apoptotic cells (Balasubramanian and Schroit, 1998; Savill et al., 1993; Verhoven et al.,
1995a) and contribute to immune suppression during normal tissue turnover (Voll et al.,
1997). During apoptosis there is a change in membrane phospholipid composition where
phosphatidylserine, usually found on the inner portion of the membrane, switches to the
extracellular portion (Verhoven et al., 1995a). The exposure of phosphatidylserine acts as an
‘eat-me’ signal that stimulates the phagocytic activity of macrophages (Anderson et al.,
2003). Furthermore the exposure of phosphatidylserine to the outer membrane serves to
promote a pro-thrombotic state aiding in the clotting of blood by providing binding sites for
pro-coagulant proteins (Bevers et al., 1982). Indeed, a defect in this phosphatidylserine
translocation results in Scott Syndrome, characterised by impaired blood clotting (Rosing et
al., 1985).

Our laboratory has observed that CD147 (basigin/EMMPRIN) a glycoprotein commonly
expressed on a wide range of cells, is also present in the Apo-V fractions obtained from EL-4
cells and is enriched 85-fold compared to parent T lymphocytes or exosomes (Coutinho,
2013). This is interesting as this protein has been shown to play a role in tumour angiogenesis
and in binding interstitial collagenase to tumor cell surfaces both factors that can enhance
tumour invasion (Guo et al., 2000; Voigt et al., 2009). Additionally our laboratory has shown
that Apo-V derived from B16-F10 melanoma cells likely enhanced coagulation in animals
administered with B16-F10 derived Apo-V (Muhsin, 2012). These properties indicate the
importance of understanding the role of Apo-V within the immune system in order to combat
tumours metastasis and invasiveness.
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1.2 Function of apoptotic vesicles
1.2.1 Apoptotic vesicles in tissue homeostasis
Apoptosis enables our body to replace aged cells or remove cells as a function of normal cell
regulation during development and to return the body to homeostasis (Wickman et al., 2012).
Without the controlled death of superfluous cells the proper development of complex
structures such as hands and feet would not be possible (Clarke and Clarke, 1996). In fact,
interruptions in the developmental apoptosis pathway can lead to improper limb formation
and formation of webbed digits known as syndactyly (Guha et al., 2002; Merino et al., 1999).
During the immune response lymphocytes that are responding to a given stimuli they enter a
state of hyper proliferation. Mutations in the Fas ligand (FasL) pathway render the host
unable to induce apoptosis in these surplus cells and incapable of returning the immune
system to homeostasis after the resolution of infection. This can cause an overall increase in
lymphocytes and result in lymphoadenopathy and splenomegaly (Adachi et al., 1995). These
factors highlight the importance of the packaging of broken down sub-cellular compartments
into vesicles thereby allowing the re-adsorption and clearance of these cells, reducing the
likelihood of autoimmune reactions.
1.2.2 Apoptotic vesicles in inflammation
Pathogen-associated molecular patterns (PAMPs) alert the cell to the invasion of a pathogen
and allow it to initiate anti-pathogenic measures intended to hamper the infection. PAMPs are
detected by intracellular receptors that have evolved to detect highly conserved motifs of
pathogens such as non-methylated CpG motifs found in bacterial DNA, lipotechoic acid,
lipopolysaccharide, double-stranded DNA, and flagellin (Bianchi, 2007; Scaffidi et al., 2002).

When a cell dies an unexpected death due to injury or some other mechanical damage it
releases intracellular contents that act as signals to the host that something is wrong. These
particular signals termed ‘alarmins’, belong to the danger-associated molecular pattern
(DAMP) super family that includes PAMPs (Bianchi, 2007). These act in a similar manner to
PAMPs but are endogenous intracellular molecules. These molecules are released following
non-programmed cell death and act to direct immune responses to the area and to restore
homeostasis.
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Apoptotic vesicles serve as vehicles in which to pack sub-cellular compartments and
intracellular proteins so they can be cleared by the host without the release of these ‘alarmins’
which would trigger unwanted responses to cellular house-keeping activities.
1.2.3 Apoptotic vesicles in cancer
Extracellular vesicles shed from cells, whether living (exosomes) or dying (Apo-V) have
been implicated in a variety of oncogenic scenarios (D'Asti et al., 2012; Dolo et al., 1999;
Ginestra et al., 1998; Weidner et al., 1991) . These vesicles can act as vehicles that convey
messages from one cell to another in either a local or a systemic manner. This may occur via
the incorporation of proteins or compounds within their membranes, or through the intravesicular trafficking of molecules such as oncogenic DNA, messenger RNA, or micro-RNA
transcripts (Lee et al., 2011). Surface molecules incorporated into the vesicle membrane, such
as proteases, have been reported to play a role in invasiveness of tumours (Dolo et al., 1999;
Ginestra et al., 1998).

Extracellular vesicles have also been reported to aid in tumour angiogenesis (JanowskaWieczorek et al., 2005; Kim et al., 2002) which can promote tumour growth and metastases
(O'Reilly et al., 1997; Weidner et al., 1991). This agrees with observed results from our
laboratory that show Apo-V released from B16-F10 melanoma cells possess enhanced
coagulation properties (Morad-Remy Muhsin, unpublished data) which may contribute to
coagulation and thrombosis, that in turn promotes angiogenesis (van den Berg et al., 2012).
As many chemotherapeutic agents used in cancer treatments induce apoptosis, a proper
understanding of the mechanisms and functions of Apo-V may aid in the design of therapies
to combat the oncogenic properties of subsequent Apo-V release.

1.2.4 Apoptotic vesicles in tolerance
A recently suggested mechanism for the induction of tolerance is the secretion of
microvesicles, either derived from differentiating living cells (exosomes) or dying cells (ApoV), both of which have been shown to induce tolerance (Taylor and Gercel-Taylor, 2011;
Whiteside, 2005; Xie et al., 2009). Xie and colleagues (Xie et al., 2009) have shown that
Apo-V from ovalbumin-expressing tumour cells inhibit CTL responses and anti-tumour
immunity; suggesting a role for these vesicles in immune escape (Black, 2013). In addition,
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our laboratory has recently found that intravenous (IV) administration of B16-F10 Apo-V
prior to IV tumour challenge resulted in a significant increase in number of individual lung
metastases compared to PBS administered controls (Black, 2013; Muhsin, 2012).

Other types of microvesicles may also participate in the immune response: our laboratory has
shown differentiating B lymphocytes release high levels of exosomes in response to T
lymphocyte help and that these B lymphocyte derived exosomes provide a source of MHCpeptide that drives antigen specific T lymphocyte activation. Cytotoxicity induced by these
exosomes was dependent on antigen type. Cytotoxicity was observed when the antigen as
displayed as a protein, but not when antigen was presented as peptide. This potentially
highlights unknown aspects of immune ignorance or tolerance (Saunderson et al., 2013).
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1.3 Structure and function of secondary lymphatic organs
1.3.1 Structure and function of the lymph nodes
When foreign antigens enter the body they are taken up into the lymphatic system and
directed towards local lymph nodes. The lymph, which contains antigen, immune cells, and
soluble signalling molecules such as cytokines and chemokines, enters the lymph nodes
through the afferent lymph vessel (Figure 1.2A: Incoming/afferent lymph vessel). As it enters
the sub-capsular sinus (SCS), the lymph is sampled by resident macrophages, which are
dispersed throughout the sub-capsular region, some of which are CD169+ (Figure 1.22B).
These macrophages are able to take up and present antigens to naive T lymphocytes (Asano
et al., 2011).

Particulate antigen within the lymph can also be destroyed by these

macrophages (Willard-Mack, 2006). The lymph nodes are the interface between the innate
and adaptive immunity—bringing together antigen presenting cells and naive lymphocytes to
stimulate clonal expansion of antigen-specific lymphocytes and initiate the adaptive response.
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Figure 1.2: Structure of a lymph node.
A) Image shows general microstructure of a lymph node. B) This image shows the subcapsular population of CD169+ macrophages. CD169 labelled with mAb and detected with
anti-rat-IgG-Alexa488 (green) and nuclei counter labelled with DAPI (blue). Sections viewed
under ×4 magnification with an Olympus BX-51 fluorescent microscope, 100 W mercury arc
lamp. A) Immunobiology, Janeway 7th edition, 2008) B) (Black, 2011).
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1.3.2 Sub-capsular sinus macrophages in lymph nodes
Antigens, such as apoptotic debris, enter the lymph node either as soluble antigens or carried
by lymph-borne dendritic cells (DC) (Junt et al., 2008). Once in the SCS these antigens are
sampled by membrane processes of resident CD169+ macrophages extruding into the SCS
(Figure 1.2), in a similar manner to those in the marginal zone (MZ) of the spleen (Figure
1.4). The CD169 receptor is present on both SCS and MZ macrophages and is conserved
between mice and humans (Zaccai et al., 2003).
The integrity of this sub-capsular region, together with its strategically located resident
macrophages, has been shown to be important in containing viral infections. The depletion of
CD169+ SCS macrophages results in exacerbated viremia of the host (Junt et al., 2007). These
macrophages are suggested to play an important role by acting as innate ‘flypaper’ to capture
antigen and viruses and contain them within the SCS region, thus preventing their widespread
dissemination throughout the lymphatics (Junt et al., 2007). This also allows for ample time
to sample antigen and to facilitate the activation of B and T lymphocytes.
In terms of host immunity and tolerance, this thesis proposes that CD169+ macrophages play
a critical role in the development of immunity or tolerance to infectious or self-antigens. It is
highly likely that pathogen associated molecular pattern (PAMP) recognition by CD169+
macrophages is a critical deciding factor in the direction of immune response to captured
antigens. Since in the steady state host vesicles lack PAMP structures, the default response
for antigen capture by CD169+ macrophages is likely immune tolerance.
In addition to the recognition of PAMPs by macrophages is the recognition of other dangerassociated molecular patterns (DAMPs) released during non-programmed cell death. In
contrast to PAMPs these are endogenous molecules that are released following nonprogrammed cell death but not apoptotic cell death and result in the recruitment and
activation of innate immune cells and also promote the reconstruction of tissues damaged by
the necrosis and immune response (Bianchi, 2007). This is an important distinction because
the clearance of apoptotic cell debris follows on form the first law of lymphotics as proposed
by Polly Matzinger which states that an lymphocyte receiving a signal from a non-APC in the
absence of signal two will be tolerised (Matzinger, 1994). Antigen presented by MHC
bearing extracellular vesicles do not obey this law and thus should result in tolerance to the
presented antigen.
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1.3.3 Structure and function of the spleen
The structure of the spleen (Figure 1.3) and location of different populations of macrophages
(Figure 1.4) within the MZ enables the capture and presentation of microbial antigens
(Mebius and Kraal, 2005). Additionally, the filtration of blood through the red-pulp allows
the red-pulp macrophages to remove aged erythrocytes (Bratosin et al., 1998) and recycle
iron (Seno et al., 1962). The afferent splenic artery feeds into the central arterioles which are
surrounded by the white pulp region consisting of the T lymphocyte zone and B lymphocyte
follicles. The arterial blood branches into various arterioles which terminate in the red-pulp,
or branch off into smaller arterioles and terminate in the white pulp. The white pulp directs
the flow of blood into the marginal sinus where it passes through resident macrophages
(Sasou et al., 1976; Snook, 1964), for the capture and sampling of microorganisms and
particulate antigen.
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Figure 1.3: Structure of spleen.
The afferent splenic artery branches into central arterioles which are sheathed by white-pulp
areas; these white-pulp areas consist of the T lymphocyte zone, arterioles, and B lymphocyte
follicles. Afferent blood is directed into the marginal sinus and filters through the population
of resident MZ macrophages. Image: (Mebius and Kraal, 2005).
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1.4 Cells of the splenic marginal zone
1.4.1 Macrophages
Macrophages are important antigen presenting cells found within many different types of
tissues throughout the body. Macrophages are separated into subsets based on unique
expression of surface markers; one of these subsets is the CD169+ macrophage population
distributed within the MZs of the spleen, the SCS, cortex, and medulla of the lymph nodes,
and on Kupffer cells in the liver (Crocker and Gordon, 1989). The distribution of these
macrophages, within regions associated with flow of bodily fluids, suggests a role in the
capture of soluble antigens. Our laboratory has shown that the capture of exosomes is
mediated by CD169+ macrophages within the MZs of the spleen, and the SCS of the lymph
nodes (Saunderson et al., 2013)
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1.4.2 Marginal zone macrophages
There are two types of macrophages that reside within the MZ and are unique to this region:
MZ macrophages and the marginal metallophilic (MM) macrophages. These two subsets are
characterised by the specific expression of SIGN-R1 on MZ macrophages, and CD169
(siglec-1, sialoadhesin) on MM macrophages (Kraal, 1992). The structure of the MZ (Figure
1.4) slows the flow of blood and thus blood-borne microorganisms can be captured and
phagocytosed by these resident macrophages (Kraal, 1992; Mebius and Kraal, 2005).

Antigen can be picked up in the MZ by B lymphocytes via their complement receptors and
transported to the B lymphocyte follicles, where the antigen can be transferred to follicular
DC and used for B lymphocyte activation. Dendritic cells can pick up antigens in the MZ
directly. Antigens that bind CD169 on MM macrophages will be trapped and transferred to
DC during their passage to the white pulp (Asano et al., 2011).

Marginal zone macrophages play an important role in the capture of bacteria (Heikema et al.,
2010; Lanoue et al., 2004) and viruses (Seiler et al., 1997). These macrophages have been
shown to contribute to protection against both Gram-positive (Lanoue et al., 2004) and Gramnegative (Heikema et al., 2010) bacterial pathogens. Marginal zone macrophages are also
important in filtering the particulate from blood but are dispensable for T lymphocyte
activation (Aichele et al., 2003), presumably because DC are the predominant antigen
presenting cell present that are capable of activating T lymphocytes.

What is striking is the selectivity of MZ macrophages for specific pathogens such as
Streptococcus pneumoniae (Kang et al., 2004) and Campylobacter jejuni (Heikema et al.,
2010). The depletion of these macrophages results in a reduced amount of pathogenic
material being trapped and thus wider dissemination of the pathogens, and impaired defence.
The inability to filter out such pathogens could be akin to splenectomy, which has been
shown to increase the likelihood of developing sepsis, or meningitis, due to encapsulated
bacteria by 50-fold (Singer, 1973). An increased risk of developing secondary acute
leukaemia in Hodgkin’s disease patients who underwent splenectomy has also been
documented (Meadows et al., 1989; Tura et al., 1993). Combined, this data illustrates the
importance of not only the spleen itself, but the integrity of the macrophage population
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contained within for defence against bacterial and viral pathogens, and maintaining a healthy
immune system.

Figure 1.4: Composition of marginal zone.
A framework of reticular fibroblasts forms the basis of the MZ and is continuous with the
reticular fibroblasts in the red-pulp and the sinus-lining cells of the marginal sinus. In this
region the majority of antigen presenting cells are MZ macrophages; comprised of a subset
expressing SIGN-R1 (a mouse homologue of DC-SIGN), or those situated directly beneath
the sinus-lining cells displaying sialic acid-binding immunoglobulin-like lectin 1 (SIGLEC1+;
CD169+; MZ macrophages). Image: (Mebius and Kraal, 2005).
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1.5 The immune response.
The immune system of higher vertebrates is composed of two distinct compartments of the
immune response – the innate immune response and the adaptive immune response. The
innate response is composed of both non-specific cellular responses by phagocytic cells such
as macrophages and neutrophils, and also anatomical and chemical barriers such as skin,
sweat, and mucous (Amulic et al., 2012; Elias, 2007; van Furth, 1976). These provide a first
line of defence against microbiological pathogens.

The adaptive response is a highly developed and highly specific response composed of a
concerted effort of a multitude of professional immune cells called lymphocytes such as
CD8+ and CD4+ T cells, dendritic cells, and NK cells (Janeway et al., 2005). These cells have
evolved to provide a highly adaptive, specific, and dynamic response capable of providing
protection to a given pathogen after initial exposure. There are two classes of the adaptive
immune response—antibody responses carried out by B lymphocytes and cell-mediated
immune responses carried out by the various classes of T lymphocytes. In antibody
responses, B cells are activated to secrete antibodies, circulate in the bloodstream and other
body fluids, where they bind specifically to the foreign antigen that their parent cells had
previously been exposed to (Mauri and Bosma, 2012). Binding of antibody can inactivates
viruses and microbial toxins via steric hindrance which impairs their ability to bind to targets
on host cells (Cheng et al., 2009).

In cell-mediated

immune

responses,

activated

T

cells

react

directly

against

a

foreign antigen that is presented to them on the surface of a host cell. In the most basic sense
the dendritic cell will patrol the periphery sampling the extracellular milieu and can travel to
local lymph nodes and display antigens retrieved from the periphery to T cells (Banchereau
and Steinman, 1998). T cells that have a receptor that matches the foreign antigen in complex
with either MHC-I (CD8+ T cells) or MHC-II (CD4+ T cells) (Gay et al., 1987; Sallusto et al.,
1999). This, in combination with co-stimulation from the dendritic cell will cause hyper
proliferation of the T cells which then travel from the lymph nodes and towards the site of
infection and initiate cytotoxic destruction (CD8+ T cells) or release cytokines that aid other
lymphocytes in their duties (CD4+ T cells)(Sallusto et al., 1999; Steinman, 2001).
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1.6 CD169/Sialoadhesin/Siglec-1
1.6.1 Structure and function of CD169/Sialoadhesin/Siglec-1
Many mammalian cell adhesion molecules perform critical functions in cellular interactions
during both development and homeostasis (Butcher and Picker, 1996; Pike and Ratcliffe,
2002). Other functions for mammalian cell surface lectins include recirculation of
lymphocytes (Rosen et al., 1985; Stoolman and Rosen, 1983), adhesion of neutrophils to
vascular endothelium (Butcher, 1993), and a role in tumour metastasis (Gorelik et al., 2001;
Raz and Lotan, 1987).

CD169/Sialoadhesin is a macrophage restricted adhesion molecule that binds sialylated
ligands (Kolarich et al., 2012). In doing so it aids in the clearance of cellular debris and
pathogens (Crocker et al., 1991).

The ‘immunoglobulin-type’ (I-type) lectins are a subset of the immunoglobulin super family
which utilises the structural diversity of glycans to recognise an immense array of ligands as
exemplified by antibodies and T lymphocyte receptors (Williams and Barclay, 1988). CD169
belongs to the best characterised family - the Siglecs (sialic acid-binding immunoglobin-like
lectins) (Crocker and Varki, 2001). The structure of I-type lectins can be seen in Figure 5
which also displays the ligands which CD169 preferentially bind to frequently possess lectinlike properties, or express lectin-like domains (Bevilacqua et al., 1987; Sharon and Lis,
2004). This suggests an important role for carbohydrate structures in cell recognition (Lis and
Sharon, 1998; Sharon and Lis, 1993).
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Figure 1.5: CD169/Sialoadhesin/Siglec-1 structure and ligands.
Immune cells express lectin receptors such as I-type lectins (siglecs). These lectins such as
CD169 recognise glycan structures present on either pathogens or host cells. Exemplary
glycan structures recognised by siglecs are shown. CRD = carbohydrate-recognition domain;;
I-CRD = I-type lectin CRD; TM = transmembrane region, PSA = Prostate specific antigen,
GD3 = aNeu5Ac(2-8)aNeu5Ac(2-3)bDGalp(1-4)bDGlcp(1-1)Cer, α2,6-sLacNac = α2,6, sNacetyllactosamine. Image courtesy of (Kolarich et al., 2012).
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1.6.2 Sialioadhesin/CD169 deficient mice
In the present study, in order to address the biological functions of CD169 in vivo, CD169-/mice were used. Oetke et al. (Oetke et al., 2006) demonstrated that these mice were viable
and showed only a minimal phenotype under specific-pathogen-free conditions. The mice in
this present study were obtained from Paul Crocker of the University of Dundee who has
previously investigated the developmental differences in the CD169-/- mice resulting from the
absence of functional sialoadhesin expression (Oetke et al., 2006).
The CD169-/- mice were generated via interruption of the CD169-gene (Oetke et al., 2006).
The CD169-targeting construct contained a neomycin cassette in the XhoI site of exon III
with flanking 2.5-kb and 2.4-kb homology arms and a diphtheria toxin A cassette for negative
selection (Oetke et al., 2006).
Oetke et al. found a small but very consistent increase in the percentage of CD8+ T
lymphocytes in CD169-/- mice whereas CD4+ T lymphocytes remained unchanged.
Additionally this study found reduced IgM levels in CD169-/- mice and a small but consistent
decrease in B220-positive cells in CD169-/- mice. This was combined with an unaltered
maturation status indicating no effect on B-cell development. These authors also observed a
similar decrease in B220-positive cells seen in lymph nodes from CD169-/- mice, again with
no change in maturation status of B lymphocytes.
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Figure 1.6: Targeted disruption of the Sn gene.
The Sn-targeting construct contains a neomycin cassette (Neo) in the XhoI site of exon III
with flanking 2.5-kb and 2.4-kb homology arms and a diphtheria toxin A (DTA) cassette for
negative selection. The wild-type locus (middle) and targeted gene locus (bottom) are shown.
Arrows indicate the XbaI-EcoRI probe used the primers (for and rev). Abbreviations are E,
EcoRI; S, SphI; SA, SalI; X, XhoI; and XB, XbaI (Oetke et al., 2006).
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1.7 Aims
It has been shown that CD169 macrophages are associated with cross-presentation of dead
cell antigens to DC(Asano et al., 2011). Additionally our laboratory has shown that
extracellular membrane vesicles released from living cells can have immunomodulatory
effects on the immune system (Black, 2013; Saunderson et al., 2013). Therefore this study
will investigate the interaction between CD169 and Apo-V with the hypothesis that CD160+
macrophages play a role in the capture of both living and dead-cell associated microvesicles.
The specific aims are to investigate how apoptotic cell products are captured and handled in
secondary lymphoid organs and to investigate any effects Apo-V may have on the immune
response.

Firstly, this thesis will investigate i) how apoptotic cell products traffic within the lymph
nodes and spleen, ii) what cell types that Apo-V are taken up by, and if the absence of CD169
in CD169-/- mice alters this behaviour. This will deepen our understanding of their role and
the fate of apoptotic vesicles within the body.

The role of extracellular vesicles within the immune system is not well understood.
Functional assays such as lymphocyte proliferation assays and cytotoxic killing assays will
help us to understand how Apo-V interact within the immune system in addition to clarifying
the role CD169 plays in Apo-V immuno-modulatory functions.

The findings of this

investigation may allow the development of novel immunotherapies or the augmentation of
existing ones. For example, the administration of soluble CD169 fusion protein could be used
to augment tumour therapy to block the interaction of tumour vesicles with
immunosuppressive macrophages.
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2. Methods and materials
2.1 Methods
Animal source and ethical approval: C57BL/6 mice were obtained from the Hercus-Taieri
Resource unit, University of Otago, under specified pathogen free conditions. CD169-/- mice
were obtained from Paul Crocker of the University of Dundee. CD169-/- mice were generated
by targeting the Sialoadhesin gene in embryonic stem cells by homologous recombination.
All mice are inter-crossed offspring of heterozygotes backcrossed for eight generations onto a
C57BL/6 background (Oetke et al., 2006). All use of animals in experiments was approved
by the local Animal Ethics Committee.

Culturing cell lines: EL4 (murine T cell lymphoma) or B16-F10 (murine melanoma) cells
were retrieved from liquid nitrogen storage and thawed via re-suspending in 14 ml of warmed
(37˚C) 5% foetal bovine serum (PAA Laboratories, Austria) in Roswell Park Memorial
Institute (RPMI; Gibco) media (R5) with a sterile Pasteur pipette. The cells were then
quantified (using a haemocytometer with a 1:1 ratio of cell culture to 0.3% trypan blue dye in
PBS). The cell line was maintained with R5 at 2 × 105 cells/ml at 37˚C with 5% CO2. To
obtain primary B lymphocytes, splenocytes from C57BL/6 mice were cultured in R10 and
stimulated with 5 µg/ml of anti-CD40 mAb (FGK-45; Invitrogen, Auckland) and 50 ng/ml of
IL-4 to stimulate B lymphocyte proliferation. This protocol results in a preparation of ~95%
CD19+ / B220+ B lymphocytes at day three.

Isolation of murine lymphocytes and splenocytes: Mouse spleens and lymph nodes were
aseptically removed and placed into a petri dish containing 10 ml Hanks balanced salt
solution (HBSS; Invitrogen, Auckland). Spleens and lymph nodes were pierced and cells
teased out using curved watchmaker forceps. The contents of the petri dishes were passed
through a 70 μm nylon mesh filter and washed in 0.1% bovine serum albumin
(BSA)/phosphate buffered saline (PBS)/2 mM ethylenediaminetetraacetic acid (EDTA). Cells
were quantified using a haemocytometer as previously described.

28

Carboxyfluorescein succinimidyl ester (CFSE)/Cell proliferation dye eFluor670 (670)
staining of OT-I and OT-II splenocytes and lymphocytes and adoptive transfer: Spleens
and lymph nodes were aseptically removed from CD45.1+ OT-I and OT-II mice, and cells
teased out and quantified as previously described. Red blood cells were lysed using
ammonium chloride-potassium (ACK) buffer for three minutes and then washed with 0.1%
BSA/PBS/2 mM EDTA. Cells were quantified and resuspended at 5 × 107 cells/ml in sterile
PBS, and carboxyfluorescein succinimidyl ester (CFSE) and eFluor670 were added to a final
concentration of 2.5 μM to OT-I and OT-II cells respectively and incubated at room
temperature for 8 minutes. The staining was quenched by the addition of 5 ml of foetal
bovine serum (FBS; PAA laboratories) and cells pelleted, then resuspended in 10% FBS/PBS
in a fresh tube and subsequently washed twice with PBS and quantified. These cells were
then resuspended at 2 × 108 cells/ml, equal volumes of OT-I and OT-II pooled together and
100 μl injected into the caudal vein of each mouse.
Apoptotic vesicle release: EL4/B16-F10 were resuspended at 1 × 106 cells/ml in RPMI-1640
+ 5% foetal bovine serum (R5) with 125 nM of staurosporine or 50 μg/ml of doxorubicin as
specified. B16-F10 melanoma cells were harvested using a cell scraper. Cells were incubated
at room temperature for 30 minutes to allow staurosporine/doxorubicin penetration into the
cell, and then placed in 37˚C plus 5% CO2 incubator overnight.
Apoptotic vesicle purification: Cells were harvested from culture flasks and initially spun at
453 × g to pellet cells followed by a 2000 × g cell debris spin and a 25,000 × g spin to pellet
the vesicles followed by a final 25,000 × g spin (to wash the vesicles), and quantified using a
coomassie protein spot test.

Coomassie blue protein spot test: A doubling dilution of BSA/PBS standard (from 2 mg/ml
to 62.5 μg/ml) was prepared. Purified Apo-V sample was diluted in PBS using 1:3 dilutions.
Standard and Apo-V samples were pipetted onto filter paper in 1 μl aliquots, allowed to air
dry at room temperature, then Coomassie blue pipetted onto the filter paper until completely
covered, then incubated at room temperature on a rocking platform for 15 minutes, followed
by destaining on a rocking platform for 20 minutes. Protein concentration was determined via
eye by best fit to the standard.
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Biotinylation of apoptotic vesicles: Sulfo-NHS-LC-Biotin (Thermo Scientific) was added to
apoptotic vesicles to a final concentration of 1 mg/ml biotin/PBS (Gibco) and incubated at 4
˚C for 10 minutes. The binding reaction was then quenched with 100 mM of glycine and
vesicles were washed by centrifugation (25,000 × g) and resuspended in PBS.
Immunisation of mice for proliferation experiments: Mice (either C57BL/6 or CD169-/-)
were immunised via sub-cutaneous (SC) injection into the forelimb with either 50 μl of PBS
(negative control), 1 × 105 DC pulsed with OVA257-264/OVA as positive controls, or purified
EL4 Apo-V preparation.
Immunofluorescence: Mice were injected with biotinylated Apo-V (25 μg) SC into forelimb
or intravenously (IV) into the caudal vein. The spleen or draining (axillary and brachial)
lymph nodes were removed after 5 minutes and 30 minutes respectively and frozen overnight
in ‘optimal cutting temperature’ (OCT) media. Seven micron thick sections of lymph nodes
were cut with cryostat (Leica CM1850 UV), mounted on Histobond microscope slides and
left to air dry overnight. Sections were washed with PBS, fixed with 1%
paraformaldehyde/PBS (10 minutes) followed by 100 mM glycine incubation (ten minutes)
and blocked with 1% goat-serum/PBS. The primary antibody (culture supernatant of MOMA1; rat anti-mouse-CD169 IgG2a) was incubated at room temperature for 1 hour, then rinsed
and incubated with secondary antibody (donkey-anti-rat-IgG-Alexa488) and StreptavidinAlexa594 and nuclear counter stain DAPI (Invitrogen, Auckland), for 1 hour in the dark at
room temperature. Slides were then rinsed, excess moisture removed and a cover-slip fixed
onto the slide with Prolong Gold anti-fade (Invitrogen, Auckland). Spleen sections are
viewed with Olympus BX-51 (upright) fluorescent microscope with 100 W mercury arc
lamp, and images were analysed and produced with DPManager.

Modified Stamper-Woodruff assay: The original Stamper-Woodruff assay (Stamper and
Woodruff, 1976) was used to determine homing patterns of lymphocytes in the lymph node
and was modified to determine the anatomical position of vesicle binding in lymphoid tissue.
Naive spleen or lymph node tissue sections (10 µm) were blocked with 1% BSA/PBS for 10
minutes at room temperature followed by incubation with 50 μg/ml biotinylated Apo-V resuspended in plasma-free Iscove’s Modified Dulbecco’s Medium (IMDM; Gibco) with 1%
BSA for 2 hours at 37 °C. These sections were then gently rinsed with PBS and labelled
using the same staining protocol as per the in vivo experiments.
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DNase treatment of Apo-V: Apo-V were incubated with 20 μg/ml of DNase for 20 minutes
at 37°C + 5% CO2 in a total of 2 mL of PBS. Once this incubation was complete a further 35
mL of PBS was added to the reaction vessel and the Apo-V were subsequently obtained via
differential centrifugation at 25,000 × g followed by a single wash step and a further 25,000 ×
g spin.

Covalent coupling of apoptotic vesicles to aldehyde-sulphate microspheres: Ten
micrograms of specified Apo-V solution was suspended in 100 μl of PBS, added to 25 μl of 4
μm aldehyde-sulfate microspheres, and incubated on a rotator overnight at 4 °C, followed by
the addition of 0.05% BSA/PBS for 15 minutes on ice. Microspheres were subsequently
pelleted at 7000 × g for 5 minutes and supernatant discarded. This was then quenched by the
addition of 0.5 ml of 100 mM glycine/PBS (pH 7.4) for 30 minutes on ice, microspheres
pelleted and supernatant discarded. This was then washed via resuspending microspheres in 1
ml of 0.05% BSA/PBS. Microspheres were subsequently labelled with 50 μl of 2 μg/ml
αOVA-Bio, 2 μg/ml αH-2Kb-SIINFEKL, 2 μg/ml MAL-II-Bio, or 2 μg/ml SNA-Bio
(Figures 3.3 and 3.5) or 50 μl of cell dye (CFSE, CPD670, FM4/64, BV, or DiO) for
experiments in Figure 3.6, for 15 minutes at room temperature. This was then pelleted and
supernatant was discarded and those microspheres with biotinylated molecules attached were
incubated for a further 15 minutes with SA-APC, then subsequently quenched with 100 μl of
FBS, pelleted, supernatant discarded and microspheres resuspended in 1 ml 10% FBS/PBS
for wash step and pelleted (× 3). Finally the microspheres were resuspended in 0.05%
BSA/PBS and analysed with a BD LSRFortessa cell analyser.

Enzyme-linked immunosorbent assay (ELISA): An ELISA was performed utilising lectins
SNA and MAL-II, or streptavidin to capture biotinylated-Apo-V. Lectins were applied to
Nunc maxisorp 96-well ELISA plates (Nunc 442404, Thermo-Fisher Auckland) at
concentration of 4 μg/ml and streptavidin at 2 μg/ml. Plates were washed three times in
0.05% Tween-20 / PBS, blocked with 1% BSA/PBS, blocker removed with flicking and
biotinylated Apo-V applied for 1 hour at room temperature. Biotinylated-Apo-V were
detected with Thy 1.2 (1 μg/ml), αMHC-I (1 μg/ml) and streptavidin-horse-radish peroxidise
(HRP; 1/1000) or fluorescein isothiocyanate (FITC)-conjugated lectins (1 μg/ml). Following
a further wash step, FITC conjugated lectins were detected in a third stage with 1 μg/ml antiFITC-HRP (Roche, Auckland), while rat antibodies (αCD90 and αMHC-I) were detected
31

with anti-rat IgG-HRP. After a final wash, the ELISA was developed with TMB (3,3',5,5'tetramethylbenzidine) and the reaction stopped with 50 μl 1N H2SO4. Plates were read at 450
nm using a Biorad 559 microplate reader.
Cytotoxic lymphocyte killing (CTL) assay: Wild-type or CD169-/- mice were intravenously
immunised with 200 μg of EL4 Apo-V-OVA257-264, EL4 Apo-V- OVA (obtained from EL4
that had been co-cultured with 200 μg of OVA protein for 2 days and apoptosis induced with
50 μg/ml doxorubicin), 100 μl of PBS, or 1 × 105 cell/ml DC-OVA257-264. Seven days postimmunisation each mice was administered with 1.5 × 107 target cells. Each animal was
euthanized via CO2 euthanasia/asphyxiation the following day and had its spleen removed
and prepared for analysis via BD LSRFortessa cell analyser.

Preparation of target cells for CTL killing assay: Spleens were aseptically harvested from
naive wild-type mice and placed into Hanks balanced salt solution (HBSS) in a petri dish
then teased out and passed through a 70 μm filter with 0.1% BSA/PBS/2 mM EDTA and
centrifuged at 450 × g for 5 minutes. Pellets were resuspended in 10 ml of ammoniumchloride-potassium (ACK) red blood cell lysis buffer for 3 minutes at room temperature. This
was then topped up to 50 ml with 0.1% BSA/PBS/2 mM EDTA. Cells were counted and
resuspended at 2 × 107 cells/ml in R10. This suspension was then split in two and half was
incubated with 1 μm OVA257-264 for an hour at 37 °C in 5% CO2 and the other half was
incubated alone. These cells were subsequently washed once with PBS and resuspended at 5
× 105 cells/ml.

Flow cytometric analysis of changes in endogenous immune cells in response to
immunisation: Cells from mice used in CTL assays were put aside for further analysis of
changes in immune cell populations. These were incubated with antibodies for primary
surface markers in order to discriminate for T lymphocytes, DC, NK, and B cell subsets.
Primary antibodies were incubated with cells for 30 minutes on ice and washed twice in 0.1%
BSA/PBS/2 mM EDTA and pelleted at 450 × g for 5 minutes. Secondary antibodies were
incubated for a further 30 minutes on ice and washed as previously mentioned. Gating
strategy for each cell subset can be viewed in the appendices found on page 90.
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Polyacrylamide gel electrophoresis: Samples prepared as follows unless otherwise stated.
Neat 10 µg samples were resuspended in 10 µl Nu polyacrylamide gel electrophoresis
(PAGE) lithium dodecyl sulphate (LDS) sample buffer (Invitrogen cat. #NP0007). Samples
were reduced (excluding CD9) with 1 µl sample reducing agent (Invitrogen cat. # NP0009)
plus 9 µl Nu PAGE LDS sample buffer and boiled for 5 minutes before placing on ice.
Samples (20 µl) were then run on a Nu PAGE 12% 2,2-Bis(hydroxymethyl)-2,2′,2″nitrilotriethanol (Bis-Tris) gel (Invitrogen cat. #NP0342BOX) in 800 ml Nu PAGE MOPSSDS running buffer plus 500 µl antioxidant (Invitrogen cat. # NP0005) on ice for 2 hours at
150 V and 126 mA.
Western blot: The Novex Bis-Tris 12% gel containing proteins which had undergone
electrophoresis was transferred onto a Hybond–C nitrocellulose membrane (Amersham)
using 1 × NuPAGE transfer buffer on ice for 1 hour at 30 V and 170 mA. After transfer was
complete, the membrane was rinsed in PBS and then left overnight at 4°C in approximately 1
ml of PBS to allow stronger binding of proteins to nitrocellulose thus increasing sensitivity.
The membrane was blocked with 10 ml 1% BSA/PBS at room temperature for 1 hour with
gentle rocking, after which the primary antibodies or lectins β actin (0.5 µg/ml), SNA-bio (5
µg/ml), MAL-II-bio (5 µg/ml) were added in 2 ml of PBS and rotated gently while on a
rocker for 2 hours at room temperature. The membrane was then washed thoroughly three
times with 0.02% tween20/PBS for 5 minutes on a shaker. The appropriate secondary
antibody or secondary reagent (SA-HRP), rabbit anti-rat Ig-HRP, goat anti-mouse Ig-HRP,
goat anti-rabbit Ig-HRP was then added at 1/1000 in 10 ml of 0.05% caseinate/PBS at room
temperature and rocked gently for 1 hour. Finally the membrane was rinsed with milliQ H2O
and the HRP signal developed with SIGMA Fast kit (D-4293): one tablet of each of
diaminobenzidine (DAB) and urea hydrogen peroxide/tris(hydroxymethyl)aminomethane
(tris) dissolved in 5 ml in milliQ H2O. Development was stopped by rinsing with milliQ H2O.
Ovalbumin pulsing of apoptotic vesicles: Apoptotic vesicles were quantified prior to
pulsing via coomasie spot test and then resuspended in 1 ml of R10 + 1 μM OVA257-264 per
100 μg of vesicles in a 40 ml JA-20 centrifuge tube. This was subsequently incubated for 1
hour at 37 °C in 5% CO2 . After an hour this volume was topped up with PBS to 35 ml and
subsequently spun at 25,000 x g , washed twice and then resuspended in PBS in the volume
required for administration.
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Conjugation of MAL-II to FITC: 10 mg of MAL-II was suspended in 2.0 ml of PBS.
FITC-NHS diluted in DMSO to 50 mg/ml. Twenty microliters of FITC solution per 1 ml of
MAL-II was mixed and incubated at room temperature for 2 hours. After this period the
solution was transferred to dialysis tubing with 10 mM Tris buffer for first dialysis to
neutralise the FITC.

Biotinylation of lectins and ovalbumin: MAL-II, SNA, and ovalbumin were utilised at 1
mg/ml and mixed with 2mg/ml of biotin-NHS for 10 minutes at room temperature. This was
followed by dialysis with 100 mM glycine to neutralise the biotin overnight, and then dialysis
with PBS overnight.
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2.2 Materials
Media and Buffers
Dulbecco’s phosphate buffered saline (PBS)
For 1 L:
1 Sachet GIBCO PBS (Gibco cat. # 21600-010)
Total volume made up to 1 L within milliQ H2O
pH 7.3
Filter sterilised

RPMI medium 1640
For 1 L:
1 Sachet RPMI Medium 1640 (Gibco cat. # 31800-022)
2 g NaHC03
100 U/ml penicillin
100 μg/ml streptomycin (Gibco cat. # 15140-122)
55 mM beta-mercaptoethanol (Gibco cat. # 21985-023)
Total volume made up to 1 L with R0 H2O
pH 7.3 Filter sterilised
R10/R5
90%/95% RPMI Medium 1640
10%/5% Foetal bovine serum (FBS)

Coomassie blue G-250
0.25% brilliant blue G-250
40% methanol
10% acetic acid
49.75% milliQ H2O.
Coomassie destain
For 1 L:
100 ml acetic acid
250 ml methanol
Total volume made up to 1 L with milliQ H2O
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Ultraculture Medium
For 100 ml:
1 ml pen / strep
0.1 ml β-mercaptoethanol
1 ml 10% BSA/PBS
0.1 ml 5 mg/ml transferrin
0.1 ml 5 mg/ml insulin, 12 mM HCL
97.7 ml Iscove’s modified Dulbecco’s medium (IMDM)

FACS Fix
For 100 ml:
1 g Paraformaldehyde (PFA; heat to 60oC to dissolve)
90 ml PBS
When cool add 10 ml 10% BSA/PBS
0.02% sodium azide.
10x Hanks buffered salt solution (HBSS)
For 1 L:
0.48 g Na2HPO4
4 g KCl
0.6 g KH2PO4
80 g NaCl
10 g glucose
Total volume made up to 1 L with milliQ and filter sterilized
1x HBSS
For 1 L:
100 ml 10x HBSS
4.7 ml sodium bicarbonate (7.5%)
Total volume made up to 1 L with milliQ H2O
pH 7.3-7.4
Filter sterilized
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Nu PAGE MOPS-SDS running buffer
For 800 ml:
40 ml Nu PAGE MOPS-SDS NP0001 (Invitrogen cat. #NP0001)
760 ml milliQ H2O
1x Nu PAGE Transfer buffer
For 1 L:
50 ml 20x Nu PAGE Transfer Buffer (Invitrogen cat. # NP0006)
100 ml methanol
850 ml milliQ H2O
Cell lines
EL4 - This cell line is a lymphogenous leukosis created in C57BL/6 by treatment with 9:10dimethy-1:2-benzanthracene(Gorer, 1950). This cell line was grown in RMPI + 5% FBS in a
37 ◦C + 5% CO2 incubation chamber until cell numbers reached 1 × 108 cells total. Media was
replaced as necessary.

B16-F10 melanoma: Derived from a melanoma from the skin of a C57BL/6 strain mouse,
showing fibroblast-like characteristics, and produces melanin. (Fidler, 1973). This cell line
was grown to sub- confluence with RPMI + 5% FBS renewal every 2-3 days in a 37 ◦C + 5%
CO2 incubation chamber.
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Cell dyes, antibodies, and fluorescent micro particles
Table 2: Cell dyes, antibodies, and fluorescent micro particles used in this study.
mAb/Ab

Catalog

Clone

Species/ Isotype

Source

Brilliant Violet 421

109229

H57-597

Hamster IgG

BD Horizon

CD19-PE

557399

1D3

IgG2a, κ

BD Pharmingen

CD11c-PE

557401

HL3

ArHam IgG1, λ2

BD Pharmingen

DX5-PE

553858

MR9-4

Rat IgM, κ

BD Pharmingen

CD4-APC

553051

RM4-5

Rat IgG2a, κ

BD Pharmingen

SA-APC

554087

polyclonal

Rab Ig

BD Pharmingen

CD8-PerCP

553036

53-6.7

Rat IgG2a, κ

BD Pharmingen

TCRβ-Bio

553188

MR9-4

Ms IgG1, κ

BD Pharmingen

CD90 (Thy1.2)-FITC

553013

30-H12

Rat IgG2b

BD Pharmingen

H-2Kb-SIINFEKL

12-574382

25-D1.16

IgG1, kappa

eBioscience

Alexa-α-Rat-IgG-488

A21208

-

Donkey αRat

Invitrogen

SA-Alexa-594

S11227

-

-

Invitrogen

Anti-mouse Ig-HRP

A4416

polyclonal

Goat

Sigma

Anti-rabbit-HRP

A0545

polyclonal

Goat

Sigma

Anti-rat HRP

A5795

polyclonal

Rabbit

Sigma

β Actin

A1978

AC-15

IgG1

Sigma

Streptavidin

21122

-

-

Pierce

CD169

-

MOMA-1

Rat IgG2a

Georg Kraal, NL

MHC-I (H-2)-FITC

-

M1/42

-

In house

Anti-Ovalbumin

23744

-

Rabbit

Polysciences

028K4097

-

Maakia

Sigma

Lectins
MAL-II

amurensis
SNA

068K3792

-

Sambucus nigra

Sigma

-

-

Polysciences

Microspheres
1 μm Fluoresbrite-570 24061
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4 μm Aldehyde-

A37304

-

-

Invitrogen

21335

-

-

ThermoScientific

21336

-

-

ThermoScientific

904531

-

-

Invitrogen

65-0840-90

-

D3571

-

-

Invitrogen

E165757

-

-

Pierce

P36930

-

-

Invitrogen

sulfate microspheres
Cell dye/label
EZ-Link Sulfo-NHSLC-Biotin
EZ-Link NHS-LCBiotin
Carboxyfluorescein
succinimidyl ester
(CFSE)
Cell proliferation dye

eBiosciences

eFluor670
4,6 diamidino-2phenylindole (DAPI)
NHS-Fluorescein
Mountants
ProLong® gold
antifade reagent

2.3 Statistical analysis and killing percentage
Statistics - The data in Figures 3.17-3.21 were analysed using a one way-ANOVA with
Bonferroni correction in Graphpad Prism.
Cytotoxicity calculation – This was calculated as:
100 – ( (% Pulsed/% Unpulsed) / (% PBS Pulsed/% PBS Unpulsed) ) × 100
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3. Results
3.1 Characterisation of Apo-V preparations
3.1.1 Sucrose gradient purification of EL4 derived apoptotic vesicles
Apoptotic vesicle preparations have been reported to contain a heterogeneous population of
vesicles with a density in sucrose of approximately 1.16 – 1.28 g/cm2 (Thery et al., 2009). In
order to further characterise the Apo-V used in this study and confirm the Apo-V
preparations are of a standard quality a sucrose-gradient purification was performed to
analyse the density of the EL4 Apo-V preparations used in this study. Figure 3.1A shows the
density in sucrose of three separate Apo-V preparations.

Figure 3.1A shows that the Apo-V are heterogeneous in density and range in density from
approximately 1.1 g/cm2 to 1.3 g/cm2 which agrees with the accepted standard in the
literature (Thery et al., 2009). Figure 3.1B shows a representative Western Blot of these
fractions which was performed in order to detect the fractions which contained the most
vesicles. These were detected using an anti-actin antibody. Figure 3.1B indicates that the
fraction containing the most vesicles was fraction 5 which correlates to the beginning of
noticeable increase in density shown in Figure 3.1A and 3.1B. Probing the gel with the lectins
MAL-II or SNA resulted in inconclusive results.
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Figure 3.1: Sucrose gradient purification of EL4 derived apoptotic vesicles.
Doxorubicin-treated EL4-derived apoptotic vesicles were purified using sucrose gradient
purification (18 hours at 100,000 × g) and 1.5 mL fractions removed. A) Density of each
fraction was calculated from the refractive index of individual fractions B) Fractions were
analysed via western blot and actin was detected with murine α-actin mab and developed
with goat-α-murine-IgG-HRP. Representative of 3 independent experiments.
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3.1.2 Visualisation of sucrose gradient purified apoptotic vesicles transmission electron
microscope
Apoptotic vesicles are generally considered to range in diameter from 50 – 500 nm and
display a heterogeneous vesicle appearance under electron microscopy (Thery et al., 2009).
In order to confirm the presence of Apo-V in my preparation and uniformity in vesicles
preparations between experiments a sample of EL4 Apo-V was visualised using a
transmission electron microscope (TEM) (with the assistance of Richard Easingwood and
Sharon Lequeux from the University of Otago Electron Microscopy Unit). Initial EM
visualisation was carried out with an Apo-V preparation that was purified using regular
differential centrifugation (Figure 3.2A); a further purification step in the form of a linear
sucrose gradient was performed in order to determine the any difference between purification
methods. Figures 3.2B to 3.2E show the EM visualisation of Apo-V that has been further
purified using a linear sucrose gradient.

These results indicate that vesicles varied in size but fell within the range consistent with
Apo-V; in Figure 3.2D the largest vesicle indicated measured just over 400 nm and in Figures
3.2A, 3.2B, 3.2C and 3.2E the smallest vesicles ranged from around 60-200 nm. This result
reveals no significant visual difference in Apo-V populations between preparation methods.
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Figure 3.2 Visualisation of purified apoptotic vesicles by TEM.
A) Apo-V purified via differential centrifugation. B to E) Apo-V purified via differential
centrifugation and then further purified via linear sucrose gradient. A) Scale bar is 200 nm;
B) scale bar is 500 nm, C) and D) scale bars are 100 nm, and E) scale bar is 200 nm. Images
captured by Philips 410 LS transmission electron, LaB6 emitter, fitted with MegaView ll
digital camera. Representative of 2 individual Apo-V preparations.
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3.1.3 Expression of sialic acids on EL4 derived apoptotic vesicles
Microvesicles and other shed membrane vesicles such as Apo-V have previously been
reported to be enriched in surface sialic acids compared to parental cells (Batista et al., 2011;
Coutinho, 2011). In addition to being enriched with surface sialic acids these vesicle have
been found to possess a higher proportion of α2,6 linked sialic acids on the surface compared
to α2,3 linked sialic acids (Coutinho, 2011). To confirm the presence of sialic acids on the
surface of the purified Apo-V a sample of Apo-V was bound to microspheres and labelled
with the specified lectins and analysed using a BD LSRFortessa cell analyser. Figure 3.3
represents the results of this experiment. Figure 3.3A shows the higher level of α2, 3 linked
sialic acids on the Apo-V surface compared to control. Figure 3.3B shows the higher level
labelling of α2, 6 linked sialic acids on the surface of Apo-V compared to control.
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Figure 3.3: Expression of sialic acids on EL4 derived apoptotic vesicles.
Doxorubicin-treated EL4-derived apoptotic vesicles were purified via differential
ultracentrifugation and sialic acids were detected with sialic acid-galactose linkagespecific lectins. Solid dark peaks indicate specific sialic acid. Grey peaks indicate nil-lectin
controls incubated with PBS only. A) α 2, 3 sialic acid expression on surface of Apo-V
detected via MAL-II-bio:SA-APC B) α 2, 6 sialic acid expression on the surface of Apo-V
detected with SNA-bio:SA-APC. Analysed using a BD LSRFortessa cell analyser. X-axis is
representative of 5 logarithms, Y-axis represents the count number. Representative of 2
individual experiments.
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3.1.4 Ovalbumin protein and peptide bound to Apo-V.
Ovalbumin and peptide derivatives were utilised throughout this study as model antigens on
both Apo-V, DC and target cells. To confirm the presence of ovalbumin protein or peptide on
the surface of Apo-V the purified Apo-V from either EL4 co-cultured with ovalbumin or
Apo-V ‘pulsed’ with OVA257-264 was bound to aldehyde-sulfate microspheres and analysed
with a BD LSRFortessa cell analyser.
Figure 3.4A indicates OVA257-264 peptide bound to MHC-I (H2-Kb) on the surface of both
Apo-V-SIIN and Apo-V-ovalbumin after purification compared to the non-labelled Apo-V
control. Figure 3.4B represents ovalbumin protein detected on the surface of Apo-Vovalbumin compared to the unpulsed control Apo-V. These results indicate that the
ovalbumin derivatives are still bound to the surface of the Apo-V after purification of the
vesicles from the cell preparations or after the purification steps following protein or peptide
pulsing. Figure 3.4A shows that there is a lack of OVA257-264 peptide bound to MHC-I (H2Kb) on the surface of the Apo-V-ovalbumin similar to the unpulsed Apo-V. These results
show that the Apo-V display these model antigens and are presenting them in complex with
MHC-I or otherwise bound to the vesicles surface.
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Figure 3.4: Presence of ovalbumin derivatives on Apo-V.
Doxorubicin-treated EL4-derived apoptotic vesicles were purified via differential
ultracentrifugation. A) OVA257-264 bound to H-2Kb on the surface of non-peptide pulsed ApoV is indicated by the solid grey peak. OVA257-264 bound to H-2Kb on the surface of Apo-VOVA is indicated by the dashed black peak, OVA257-264 bound to H-2Kb on the surface of
Apo-V-SIIN indicated by the solid black peak (OVA257-264/H-2kb detected via H-2KbSIINFEKL). B) Ovalbumin on the surface of Apo-V-OVA indicated by the solid black peak.
Ovalbumin detected on the surface of non-protein pulsed Apo-V indicated by solid grey peak
(OVA detected via αOVA-Bio:SA-APC) and analysed using a BD LSRFortessa cell analyser.
X-axis is representative of 5 logarithms, Y-axis represents the count number. Representative
of 2 individual experiments.
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3.2 Investigation into in vivo apoptotic tracking methods
3.2.1 Detection of apoptotic vesicles in plasma
It is possible that vesicles fail to be trapped in the lymphoid organs of CD169-/- mice,
resulting in a recirculation of Apo-V through the circulatory system and longer half-life in the
blood. To investigate the half-life of Apo-V in the blood of wild-type mice, and CD169-/- an
attempt to design an enzyme-linked immuno-sorbent assay (ELISA) to detect biotinylated
Apo-V in mouse blood was made.

Figure 3.5 displays the data obtained from this ELISA. The Apo-V were biotinylated and
‘spiked’ into mouse plasma in vitro. In an attempt to determine which method would work
best to detect circulating Apo-V two control lectins (MAL-II and SNA) were used in addition
to antibodies for both CD90 and MHC-I. The lectins were utilised due to the high
concentrations of sialic acids on the surface of the Apo-V, and the MHC-I antibody was used
as previous research had shown the presence of MHC-I on the EL-4 Apo-V (Coutinho, 2011).
CD90 was chosen due to the Apo-V parental cell line being a T lymphocyte. Both of these
were chosen in order to determine which had better binding properties due to previously
observed poor binding effect of these antibodies. Additionally, a streptavidin control was
used as another capture method to detect the biotin bound to the surface of the biotinylated
Apo-V. The results show that the best way to detect Apo-V in the plasma was to administer
biotinylated Apo-V and detect and capture with streptavidin as indicated by the increase in
signal observed in Figure 3.5. Surprisingly the lectins were poor at capturing the Apo-V.
Since a double-determinant ELISA using different molecules for capture and detection could
not be achieved, in addition the cut-off detection point was between 0.5 and 1 µg/ml, these
data indicate that this assay is unlikely to be sensitive and specific enough for detecting
circulating Apo-V.
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Figure 3.5: Detection of apoptotic vesicles in plasma.
Results of an ELISA designed to detect biotinylated Apo-V in plasma. All antibodies were
detected with an HRP-conjugated antibody and developed with TMB Detection lectins were
conjugated to FITC. Legend is as follows- Capture molecule: Detection molecule.
Absorbance detected at 450 nm. Representative of an individual experiment.
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3.2.2 Optimisation of Apo-V staining
Although the biotin-streptavidin interaction is an avid interaction and yields intense labelling
other possible cellular dyes that might be used for future flow cytometry experiments were
sought that might help to confirm the results obtained with biotinylation. To do this we
analysed a series of lipophilic dyes. This was in preparation for an experiment which would
determine which cells bind and take up Apo-V in vivo. For these experiments, labelled ApoV was administered and after a period of time spleen or lymph nodes were removed.
Splenocytes were analysed via flow cytometry to determine where the Apo-V were bound.

To find out which cellular dye would be most effective for this a flow cytometric analysis of
Apo-V bound to aldehyde-sulfate microspheres was carried out. It was known that FM4/64
and DiO labelled microspheres non-specifically(Saunderson, 2007). Therefore we decided to
label the Apo-V prior to conjugation. The other dyes were used to label the Apo-V once they
were conjugated to the microspheres.

Figure 3.6A indicates the groups in which the Apo-V were labelled prior to conjugation to the
microspheres. Figure 3.6B indicates those groups in which both microspheres and Apo-V
were exposed to the dye and in which a BSA/Bead control was included to investigate nonspecific staining. As can be seen in Figures 3.6B there was a high level of non-specific
labelling which renders these cell dyes useless for this investigation method. These results in
Figure 3.6A show that the Apo-V labelled with DiO failed to emit a strong enough signal to
remain a viable candidate for in vivo experiments. The Apo-V labelled with FM4/64 provided
a strong signal and this signal overlapped a wide spectrum of fluorescent channels which
would become a problem with flow cytometric compensation during data analysis. Based on
these results these particular cell dyes are unsuitable for the purposes of the intended
investigation.
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Figure 3.6: Flow cytometric analysis of staining efficacy of various cell dyes on Apo-V.
A) Includes results of indicated cell stain for samples which were labelled after Apo-V
conjugation to aldehyde-sulfate microspheres. Stain and bandpass filteris as indicated above
each graph. B) Indicates results of samples in which Apo-V were labelled prior to bead
conjugation. Cell label is as indicated above each graph. X-axis is representative of 5
logarithms, Y-axis represents the count number. Representative of an individual experiment.
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3.3 Characterisation of Apo-V binding within secondary lymphatic organs
3.3.1 In vivo binding of apoptotic vesicles in lymph nodes
The presence of both nuclear and cytoplasmic components on the surface of these vesicles
(Kerr et al., 1994; Wyllie et al., 1980) renders Apo-V as potential immune stimulators and
generators of auto-antibodies (Casciola-Rosen et al., 1994); however the role of Apo-V
within the immune compartment is not well established. In order to determine the fate and
pattern of capture of Apo-V within the lymph nodes, biotinylated Apo-V prepared from
staurosporine-treated EL4 T lymphoma cells were administered subcutaneously into the
forelimb of the mice.

The binding of biotinylated apoptotic vesicles was detected by streptavidin-Alexa594 (Figure
3.7) within the SCS and the distribution of the CD169+ macrophages is shown in green and
the nuclear counter stain DAPI in blue. Merging of the images shows distinct areas of colocalisation of the Apo-V and the CD169+ macrophages providing evidence that these
vesicles are indeed bound by these macrophages. As expected, Apo-V failed to be trapped in
the SCS of
CD169-/- lymph node tissues. The diffuse Apo-V in the CD169-/- mice lymph node (Figure
3.7: KO) was only visible after over exposure of the images.
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Figure 3.7: Capture of EL4 apoptotic vesicles within lymph nodes.
C57BL/6 wild-type (WT) or CD169-/- (KO) mice were SC injected with 25 μg biotinylated
EL4 Apo-V and sacrificed after 30 minutes. Biotinylated EL4 Apo-V detected with SAAlexa594 (red). CD169 labelled with mAb and detected with anti-rat-IgG-Alexa488 (green)
and nuclei counter labelled with DAPI (blue). KO images are viewed at a higher exposure
setting in order to reveal the lower level of fluorescence. Sections viewed under ×10
magnification with an Olympus BX-51 fluorescent microscope, 100 W mercury arc lamp.
Scale bars are 200 µm. Representative of 3 individual experiments performed using 3 mice
per group.
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3.3.2 In vivo binding of EL4 apoptotic vesicles in spleen
In the spleen the white pulp directs the flow of blood into the marginal sinus where it passes
through to be sampled by resident macrophages of the MZ (Sasou et al., 1976; Snook, 1964).
In order to determine how the Apo-V are handled within this secondary lymphoid organ, the
binding of Apo-V within the spleen was analysed. The use of wild-type and CD169-/- mice
that were intravenously injected with 50 μg biotinylated EL4 Apo-V and sacrificed after 5
minutes (a time point shown previously in this laboratory to be optimal for exosome capture
(Saunderson, personal communication 2012) revealed the binding pattern of Apo-V within
the spleen.

Figure 3.8 shows representative results from a series of three repetitions of this experiment.
Detection of vesicles and CD169 is the same for all previous experiments and the merging of
the wild-type images displays the co-localisation of the CD169+ macrophages and the Apo-V
within the MZs of the spleen, which was similar to that of exosomes.
Interestingly CD169-/- mice displayed an altered distribution of intravenously administered
vesicles compared to wild-type mice, with a signal detected in the outer MZs and red-pulp of
CD169-/- mice. This perhaps indicates an inability of CD169-/- macrophages to trap the ApoV at the interface of the MZ and the red-pulp resulting in subsequent diffusion into the redpulp although due to the difference in exposure values these cannot be truly compared.
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Figure 3.8: Capture of EL4 apoptotic vesicles within spleen.
C57BL/6 wild-type (WT) or CD169-/- (KO) mice were IV injected with 50 μg biotinylated
EL4 Apo-V and sacrificed after 5 minutes. Biotinylated EL4 Apo-V were detected with SAAlexa-594 (red). CD169 labelled with mAb and detected with anti-rat-IgG-Alexa488 (green)
and nuclei counter labelled with DAPI (blue). Areas of Apo-V penetration into the red-pulp
are indicated by white arrows. MZs in CD169-/- mice, delineated by DAPI staining, are
indicated by dashed lines. Sections viewed under ×10 magnification with an Olympus BX-51
fluorescent microscope, 100 W mercury arc lamp. Scale bars are 200 µm. Representative of
3individual experiments performed using 3 mice per group.
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3.3.3 Co-localisation of apoptotic EL4 cell vesicles with splenic macrophages
Both the trapping of Apo-V within the MZ of the spleen and the diffusion into the red-pulp
(Figure 3.8) highlight a difference in the handling of Apo-V within the splenic MZ of wildtype and CD169-/- mice. Although Apo-V have been shown to bind to CD169+ macrophages,
it was still unknown the degree to which other MZ macrophages populations assist in the
capture of Apo-V. To investigate this co-labelling with ERTR-9 (SIGN-R1) and F4/80 (Redpulp macrophage) was performed and the extent of Apo-V colocalisation with the indicated
MZ macrophages subsets was quantified.
Biotinylated Apo-V were intravenously administered to both wild-type and CD169-/- mice.
The spleens were removed and prepared for immunofluorescence staining for both Apo-V
and specific splenic MZ macrophage subsets. Ten randomly selected MZ images from these
animals were colour-split to obtain appropriate single colour channels for overlay and these
images were overlaid using image processing software (ImageJ –JACoP plug-in) to provide a
quantitative value for degree of co-localisation. This normally distributed parametric data was
then analysed using a one-way ANOVA with Bonferroni multi-comparison post-test in
Graphpad-Prism.

Figure 3.9 shows the proportion of total Apo-V signal that was co-localised with each
particular macrophage subset. There was a significantly higher level of co-localisation of
Apo-V and CD169+ macrophages compared to SIGNR-1+ macrophages in wild-type mice
(Figure 3.9A). There is also a significantly higher level of Apo-V localised to CD169+
macrophages in wild-type mice compared with F4/80+ macrophages (Figure 3.9A); however,
there is no statistically significant difference in the co-localisation of Apo-V to F4/80+
macrophages or SIGNR-1+ macrophages between the wild-type or CD169-/- mice (Figure
3.9B). An increase in co-localisation of Apo-V with SIGNR-1+ macrophages was observed in
wild-type mice compared with knockout mice.
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Figure 3.9: Co-localisation of EL4 apoptotic vesicles with splenic macrophages.
C57BL/6 wild-type (WT)

and CD169-/- mice were intravenously injected with 100 μg

biotinylated EL4 Apo-V and sacrificed after 5 minutes, spleens were removed and prepared
for immunofluorescence. Biotinylated Apo-V detected with SA-Alexa-594 (red). A)
Statistical comparison is between the displayed WT data sets only. B) Statisitcal analysis is
performed between the displayed WT and KO data sets. Cellular markers labelled with mAb
(F4/80+ Red-pulp macrophages, MOMA-1: CD169+ macrophages, ERTR9: SIGNR-1+
macrophages) and detected with anti-rat-IgG-Alexa488 (green) and nuclei counter labelled
with DAPI (blue). Images were captured using an Olympus BX-51 fluorescent microscope,
100 W mercury arc lamp. Quantitative values calculated using overlap of split colour
channels in ImageJ and statistical significance analysed using a one way-ANOVA with
Bonferroni multiple-comparison post-test in Graphpad Prism. Representative of a 3 animals
per group, analysing 10 randomly selected MZs.
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3.3.4 In vivo binding of B16-F10 melanoma apoptotic vesicles in lymph node and spleen
The cell line B16-F10 is an aggressively metastatic melanoma (Fidler, 1973). As a cell line
derived from a subcutaneous tumour B16-F10 potentially possesses molecular qualities quite
different to EL4 – a lymph borne malignancy. This may potentially contribute to an altered
capture pattern within secondary lymphoid organs.

To determine whether the binding pattern of the EL4 derived Apo-V extended to Apo-V
derived from other lineages an in vivo experiment was performed using Apo-V derived from
B16-F10 melanoma cells. Detection of vesicles and CD169 was the same for all previous
experiments and the merging of the wild-type images displays the co-localisation of the
CD169+ macrophages and the Apo-V within the MZs of the spleen, which is similar to that of
EL4 Apo-V, confirming a similar mechanism of trapping.

Interestingly Figure 3.10 shows that B16-F10 Apo-V display a different pattern of binding
when compared to EL4 Apo-V in CD169-/- mice. Unlike the results obtained with EL4 ApoV, B16-F10- Apo-V were trapped in a similar manner in wild-type and CD169-/-. In contrast,
EL4 Apo-V displayed a stronger signal in the MZs of CD169-/- mice compared to B16-F10
Apo-V (cf. Figure 3.8 & Figure 3.10). Additionally, there was greater diffusion of EL4 ApoV into the red-pulp in the CD169-/- mice in Figure 3.8 compared to B16-F10 Apo-V in Figure
3.10. As can be seen by the delineated MZ in the CD169-/- in Figure 3.10, there was still a
degree of red-pulp penetration by the B16-F10 Apo-V.
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Figure 3.10: Capture of B16-F10 melanoma apoptotic vesicles within secondary
lymphoid organs.
C57BL/6 wild-type (WT) or CD169-/- (KO) mice were SC injected with 25 μg biotinylated
Apo-V and sacrificed after 30 minutes (LN) or IV injected with 50 μg biotinylated Apo-V
and sacrificed after 5 minutes (SP) or PBS (not shown). Biotinylated Apo-V detected with
SA-Alexa-594 (red). Cellular markers labelled with mAb and detected with anti-rat-IgGAlexa488 (green) and nuclei counter labelled with DAPI (blue). MZs in CD169-/- mice
delineated by DAPI are indicated by dashed lines. Sections viewed under ×10 magnification
(SP) and scale bars are equal to 10 µm, or ×20 magnification (LN) and scale bars are equal to
200 µm. All sections viewed with an Olympus BX-51 fluorescent microscope, 100 W
mercury arc lamp. Representative of 3 animals per group.
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3.3.5 In vivo binding of whole EL4 apoptotic cells in lymph nodes and spleen
Research has shown that the administration of whole apoptotic cells in conjunction with
interleukin-2 (IL-2) can act as potent tumour vaccine (Henry et al., 1999). These apoptotic
cells are taken up by macrophages and antigens are presented to T lymphocytes (Bellone et
al., 1997). To determine if whole apoptotic cells are trapped in a similar distribution to ApoV and identify potential differences in the binding of Apo-V and whole apoptotic cell debris
which might highlight areas for further investigation, the binding pattern of whole EL4
apoptotic cells was assessed.

Biotinylated EL4 apoptotic cells (which apoptosis was induced with staurosporine— a kinase
C inhibitor) were administered either intravenously or subcutaneously. For the subcutaneous
administration experiments, the intact apoptotic cells can clearly be observed concentrated
within the sub-capsular region (Figure 3.11 lymph node). The much stronger signal from the
whole EL4 apoptotic cells in the SCS in Figure 3.11 is obvious perhaps due to the larger
surface area and resulting increase in biotinylated motifs. Interestingly there was a greatly
reduced signal of apoptotic cells in the MZs of the spleen, compared to results seen in Figure
3.7, potentially indicating retention of the apoptotic cells within the vasculature or lungs
potentially mediated by cell adhesion molecules (Drillenburg and Pals, 2000). The modest
quantities of Apo-V that can be observed bound within the MZ of the spleen in Figure 3.10
lack the level of diffusion into the red-pulp observed in the CD169-/- mice (Figure 3.7:KO).
This result is consistent with the pattern of Apo-V capture observed in the wild-type animal
groups (Figure 3.7: WT).
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Figure 3.11: Capture of whole EL4 apoptotic cells within lymph node and spleen.
C57BL/6 wild-type mice were subcutaneously or intravenously injected with 50 μg
biotinylated apoptotic EL4 cells and sacrificed after 30 (LN) or 5 (SP) minutes, and the
axillary lymph node or spleen was removed. Biotinylated cells were detected with SA-Alexa594 (red). Cellular markers were labelled with mAb and detected with anti-rat-IgG-Alexa488
(green) and nuclei counter labelled with DAPI (blue). LN sections viewed under ×4
magnification and scale bars are equal to 500 µm. SP sections are viewed under ×10
magnification and scale bars are equal to 200 µm. All sections viewed with an Olympus BX51 fluorescent microscope, 100 W mercury arc lamp. Representative of 2 individual
experiments with 3 animals per group.
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3.3.6 In vitro binding of EL4 apoptotic vesicles to lymph node tissue
The flow of lymph from the periphery initially passes through the sub-capsular sinus (von
Andrian and Mempel, 2003). Thus any subcutaneously administered antigen would flow
through this region and it may be that binding in this region is simply due to the natural
constraints of the lymphatic system. To assess the binding of these vesicles, in the absence of
lymphatic flow, a modified version of a classic Stamper-Woodruff assay was utilised
(Stamper and Woodruff, 1976). This assay was originally used to identify lymphocyte
homing within the lymph node and has been modified in our laboratory to detect vesicle
binding. The merging of the images in Figure 3.12 results in significant areas of colocalisation similar to those seen in Figure 3.7: WT, but importantly, this binding occurs in
the absence of lymph flow which suggests selective retention mediated by the CD169
molecule.
Additionally, the absence of binding in the CD169-/- mice should be noted. There are low
levels of non-specific binding of Apo-V on the CD169-/- tissue sections; however when these
are compared to the wild-type tissue samples a significant difference in binding capacity can
be observed. This is significant as it highlights the importance the CD169 molecule plays in
the trapping of these vesicles.
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Figure 3.12: In vitro binding of EL4 apoptotic vesicles to lymph nodes
Naïve C57BL/6 (WT) and CD169-/- peripheral lymph node tissue was incubated for 2 hours
with biotinylated apoptotic vesicles followed by detection with SA-Alexa-594 (red). CD169
mAb was detected with anti-rat-IgG-Alexa488 (green) and nuclei counter labelled with DAPI
(blue). Sections viewed under ×20 magnification, scale bars are equal to 200 µm. All sections
viewed with an Olympus BX-51 fluorescent microscope, 100 W mercury arc lamp.
Representative of 3 individual in vitro experiments.
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3.3.7 In vitro binding of EL4 apoptotic vesicles to the spleen
Marginal zone macrophages are also important in filtering the particulate from blood
(Aichele et al., 2003). The depletion of these macrophages can result in a reduced amount of
pathogenic bacteria being trapped and thus wider dissemination of pathogens, and ultimately
result in impaired defence (Heikema et al., 2010; Kang et al., 2004). The protection afforded
by MZ macrophages trapping these pathogens is due to the specialised structure of the spleen
and the MZ which directs the flow of blood from the periphery to initially passes through the
MZ (Kraal, 1992; Mebius and Kraal, 2005). Thus any intravenously administered antigen
should flow through this region and it may be that binding in this region is simply due to the
natural constraints of the cellular meshwork of the spleen.

Determining whether the binding of Apo-V within the MZ of the spleen is the result of a
specific interaction with CD169+ macrophages and Apo-V, or a result of preferential blood
flow to this region, is crucial to our understanding of the trafficking behaviour of Apo-V.
Once again utilising the modified Stamper-Woodruff assay, it was possible to assess the
binding of vesicles in the absence of blood flow. As previously described, biotinylated
apoptotic vesicles were detected with streptavidin-Alexa594 in red, CD169 in green, and the
nuclear counter stain DAPI in blue.

In this in vitro assay, the results shown in Figure 3.13 indicate that vesicles did not localise to
the MZ in CD169-/- mice. In this particular CD169-/- spleen section, the MZ was sectioned
along a longitudinal axis to demonstrate that there was no binding over the extended MZ
displayed. In a similar fashion to the experiment in Figure 3.12, this in vitro binding assay
shows that in the absence of the blood flowing from the periphery into the marginal sinus of
the spleen, Apo-V were selectively bound by the CD169+ macrophages.
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Figure 3.13: In vitro binding of EL4 apoptotic vesicles to spleen.
C57BL/6 wild-type (WT) or CD169-/- (KO) mouse spleen tissue was incubated for 2 hours
with biotinylated EL4 Apo-V, followed by detection with SA-Alexa-594 (red). Cellular
markers labelled with mAb and detected with anti-rat-IgG-Alexa488 (green) and nuclei
counter labelled with DAPI (blue). MZs in CD169-/- mice, delineated by DAPI staining, are
indicated with dashed lines. Sections were viewed under ×20 magnification, scale bars are
equal to 200 µm. All sections viewed with an Olympus BX-51 fluorescent microscope. 100
W mercury arc lamp. Representative of 3 individual in vitro experiments.
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3.3.8 In vitro binding assay optimisation
Previous studies have indicated that free DNA can cause cell-clumping (Garcia-Pineres et al.,
2006). In a proportion of the Stamper-Woodruff binding assay experiments a level of nonspecific binding occurred on some of the tissue sections. This non-specific binding could be
due to a large amount of DNA being bound with the Apo-V. In order to reduce some of
potential non-specific binding due to DNA interactions the Apo-V were treated with a DNase
to cleave any DNA present with the aim of improving binding.

Figure 3.14 shows that with the DNase treatment of the Apo-V there was a reduction in nonspecific binding in some of the experiments but in others no reduction was observed. The
DNase treatment sharpened the regions of Apo-V binding to CD169 in this particular set of
wild-type images, although as this was not consistent throughout the tissue samples it was
unclear if this was a result of the DNase or just as a result of normal experimental variation.
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Figure 3.14: Capture of DNAse treated EL4 apoptotic vesicles within lymph nodes.
C57BL/6 wild-type (WT) or CD169-/- (KO) mice were SC injected with 25 μg of DNAse
treated biotinylated EL4 Apo-V and sacrificed after 30 minutes. Biotinylated EL4 Apo-V
detected with SA-Alexa594 (red). Cellular markers labelled with mAb and detected with antirat-IgG-Alexa488 (green) and nuclei counter labelled with DAPI (blue). Sections viewed
under ×4 magnification, scale bars are equal to 500 µm. All sections viewed with an Olympus
BX-51 fluorescent microscope, 100 W mercury arc lamp. Representative of 3 independent in
vitro experiments.
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3.3.9 In vivo assessment of MZ and sub-capsular integrity
It is known that CD169 is able to bind in trans to sialic acids present on adjacent cells
(Crocker and Redelinghuys, 2008), potentially contributing to the formation of a molecular
barrier. It is possible that CD169-/- mice have an abnormal MZ or SCS that is non-specifically
permeable to microparticles due to the loss of these interactions. In order to determine
whether the aberrant binding pattern of Apo-V in CD169-/- mice is a result of abnormal MZ or
sub-capsular physiology in this mouse strain, fluorescent microspheres were administered
and the draining lymph nodes and spleen removed for analysis. This also served as a model
for an investigation into the behaviour of small non-sialylated particles within the blood and
lymphatics.
Figure 3.15 shows both the CD169-/- and wild-type mice displayed a similar trapping pattern
of fluorescent microspheres within the sub-capsular region as seen in previous in vivo
experiments; however, in contrast to the Apo-V, these microspheres penetrated much deeper
into the lymph nodes and the signal was not as intense in the SCS as seen in the Apo-V
(Figure 3.6). In these spleen sections it can be seen that these microspheres were bound
within the MZs in a similar manner as Apo-V, but diffused into the red-pulp to a much
greater extent. Thus capture and diffusion of these microspheres was similar within the MZ in
either wild-type or CD169-/- mice indicating that in the absence of selective molecular
retention in the MZ of either animals these particles infiltrate further into the lymphoid
organs.
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Figure 3.15: Capture of 1 μm fluorescent microspheres within lymph node and spleen.
C57BL/6 wild-type (WT) mice were subcutaneously (LN) or intravenously (SP) injected
with 5 × 108 1 μm fluorescent microspheres and sacrificed after 30 (LN) or 5 (SP) minutes
and lymph nodes or spleen removed respectively. Nuclei were counter labelled with DAPI
(blue). Sections viewed under ×4 magnification (LN) or ×20 magnification (SP), scale bars
are equal to 500 µm (SP) or 200 µm (LN). All sections are viewed with an Olympus BX-51
fluorescent microscope, 100 W mercury arc lamp. Representative of 2 individual experiments
with 3 animals per group.
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3.4 Investigation into functional role of Apo-V

3.4.1 Investigating the immune response to EL4 derived apoptotic vesicles
As previously mentioned CD169+ MZ macrophages have been documented to be essential for
cross-presentation of blood-borne antigens by splenic DCs (Backer et al., 2010) and that this
process can yield antigens for presentation to T lymphocytes (Bellone et al., 1997). Cytotoxic
lymphocytes classically recognise antigens that are localised in the cytoplasm of target cells,
processed and presented as peptide complexes with MHC-I (Townsend and Bodmer, 1989).
However, there is also an alternate pathway in the form of cross-priming in which antigens
from donor cells are acquired by bone-marrow-derived host antigen-presenting cells (APCs)
and presented on MHC class I molecules (Belz et al., 2002). Studies have shown that
dendritic cells, but not macrophages, can efficiently present antigen derived from apoptotic
cells, stimulating MHC-I-restricted CD8+ CTLs (Albert et al., 1998b).

As the EL4 cell line is derived from a T lymphoma this line lacks MHC-II and thus the ability
to stimulate CD4+ T lymphocytes and therefore so do the apoptotic vesicles generated from
this cell line. Previous work in our laboratory has shown that EL4-derived Apo-V do
however possess MHC-I (Coutinho, 2013). This experiment utilised adoptively transferred
OT-I which express T lymphocyte receptors specific for ovalbumin peptides presented by
MHC-I. These target cells were labelled with CFSE (OT-I) to track cell division. Fifty
micrograms of Apo-V, PBS, or 5 x 105 OVA257-264-pulsed DC was administered
subcutaneously into the left forelimb or 50 μg intravenously into the caudal vein of C57BL/6
and CD169-/- mice. Dosages were chosen based upon results previously observed with
exosomes within our laboratory (Saunderson and McLellan, 2012). Mice were sacrificed five
days later and draining lymph nodes and spleen cells were harvested and measured using a
BD LSRFortessa cell analyser.

Figure 3.16 shows that Apo-V pulsed with OVA257-264 administration stimulates a more
vigorous cell division in the subcutaneously administered mice compared to the intravenously
administered group; however, there is no significant difference in the ability of Apo-V pulsed
with OVA257-264 to stimulate CD8+ T lymphocyte proliferation between wild-type and
CD169-/- mice.
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It is important to note that vesicles prepared for these experiments and all subsequent
experiments were obtained from cell samples treated with 50 μg/ml of doxorubicin instead of
staurosporine. This was due to the lack of clinical relevance of staurosporine in treating
cancers due largely to its rapid uptake by healthy cells resulting in toxicity (Akinaga et al.,
1991; Fuse et al., 1998)

in addition to its ability to enhance toxicity of other

chemotherapeutic agents (Sigmond et al., 2010). Previous data has shown no difference in
binding pattern between staurosporine treated vesicles and doxorubicin-treated vesicles
(Black, 2011).
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Figure 3.16: Effect of EL4 derived apoptotic vesicles on CD8+ T lymphocyte
proliferation.
C57BL/6 wild-type (WT) or CD169-/- (KO) mice were injected (A) intravenously with 50 μg
of EL4 Apo-V pulsed with OVA257-264 peptide, 100 μl PBS (negative control); 5 x 105 DC
(DC) pulsed with OVA257-264 peptide (positive control), or (B) subcutaneously with 50 μg of
EL4 Apo-V pulsed with OVA257-264 peptide, 50 μl PBS (negative control); 5 x 105 DC (DC)
pulsed with OVA257-264 peptide (positive control). Proliferation of adoptively transferred
CD8+ (OT-I: CFSE) was measured in the lymph nodes and spleen by flow cytometry five
days post-immunisation. Analysed using a BD LSRFortessa cell analyser. Proliferation index
calculated using FlowJo (Appendix E). Representative of 3 experiments with 3 animals per
group.
72

3.4.2 Effect of apoptotic vesicles on dendritic cell priming of cytotoxic lymphocytes
It is known that DC, but not macrophages, efficiently phagocytose apoptotic cells and crosspresent viral, tumour, and self-antigens to CD8+ T cells (Albert et al., 1998b). Macrophages
have been reported to engulf apoptotic cells more efficiently than DC, and express many
receptors that mediate this uptake, but lack the αvβ5 integrin important in the crosspresentation of these antigens (Albert et al., 1998a). In addition to the co-localisation of ApoV and CD169+ macrophages observed in this study (cf. Figures 3.7–3.14), the importance of
CD169+ macrophages in responses to dead-cell associated antigen that have been previously
reported cannot be ignored (Asano et al., 2011; Miyake et al., 2007).

In order to investigate the functional role of Apo-V and to extend our knowledge about both
Apo-V involvement on DC priming in vivo and the contribution of CD169+ macrophages to
cytotoxic response a cytotoxic killing assay was performed. This assay determines the level
of antigen-specific killing by the host in response to various immunisations. To determine the
tolerogenic/immunosuppressive properties of these vesicles 200 μg of EL4 Apo-V was coadministered with 1 × 104 OVA257-264 -‘pulsed’ DC (DC-SIIN) and compared with controls.
Despite Figure 3.16 indicating a higher rate of proliferation from subcutaneous administration
previous experiments from within our laboratory have yielded poor results from
subcutaneously administered cytotoxicity assays using exosomes compared to those
intravenously administered (Saunderson and McLellan, 2012). Because of this all
cytotoxicity assay were performed using intravenous administration. These previous
experiments indicated that the optimal dose require to observed an effect was 100 μg of
exosomes. A pilot experiment using 100 μg of Apo-V indicated that the optimal dose using
Apo-V was required to be much higher resulting in the 200 μg dose used in subsequent
experiments. As can be seen in Figure 3.17A, the intravenous administration of Apo-V-OVA
was capable of stimulating a significant cytotoxic response to the target cells. These results
also show that this response was significantly higher in CD169-/- mice. Interestingly the ApoOVA257-264 was unable to generate any significant cytotoxic response.
Microparticles

have been shown

to have both immunostimulatory effects

and

immunosuppressive effects. Our laboratory has previously shown the tolerogenic effect of
exosomes (Saunderson and McLellan, 2012). Figure 3.17B shows the results of an
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experiment designed to investigate whether Apo-V possessed similar properties. Figure
3.17B indicates co-administration of Apo-V with DC-OVA257-264 results in a significant
reduction in the cytotoxic response to the target cells. In the groups that were only
administered DC-OVA257-264 it can be seen that there is almost complete killing of the target
cells. However when the Apo-V are administered at the same time this vigorous killing is
almost completely nullified.
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Figure 3.17: Effect of Apo-V on antigen-specific cytotoxic response.
Wild-type (C57BL/6) and CD169-/- mice were intravenously injected with 200 μg EL4 ApoV-OVA257-264, EL4 Apo-V-OVA, Apo-V + DC-OVA257-264, or 1 × 104 DC-OVA257-264. CFSE
labelled target (CFSEHi: Pulsed with OVA257-264, CFSELO: Unpulsed) lymphocytes were
intravenously administered on day 7 post-immunisation. Spleens were removed the following
day and prepared for analysis via flow cytometry. The ratio of pulsed to unpulsed and killing
percentage relative to PBS control was then calculated as total killing percent. A) Data for
groups that were administered with either Apo-V-OVA, Apo-V-OVA257-264, or DC-OVA257264.

B) Data for groups that had co-administration of Apo-V and DC-OVA257-264, or DC-

OVA257-264.Analysed using a BD LSRFortessa cell analyser. For Gating strategy see appendix
1 Representative of 3 individual experiments with a total of 3 animals per group.
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3.4.3 Effect of apoptotic vesicles on endogenous T lymphocyte activation.

The immune system relies upon a tightly regulated and concerted effort of multiple immune
cell subsets in order to respond to pathogens and clear both exogenous and endogenous
debris. In order to determine the cellular basis for the differences observed in Figure 3.17 an
investigation into the splenic influx of endogenous immune cell populations was carried out
using a range of lymphocyte markers. This investigation was carried out on the cells retrieved
from mice used in cytotoxic killing experiments in order to maximise experimental output
during a period of animal shortage in our facility.
These results indicate an increase in CD4+ T lymphocyte infiltration into the spleen in both
wild-type and CD169-/- animals in response to intravenous administration with Apo-Vovalbumin (Apo-OVA; Figure 3.18). An increase in CD8+ T lymphocytes (Figure 3.18) and
CD8+ DC (Figure 3.19) was observed in the Apo-OVA: CD169-/- group. Of those animals
administered with Apo-SIIN an increase in both CD4+ and CD8+ T lymphocytes was
observed only in the wild-type mice (Figure 3.18) in addition to an increase in CD4+ DC in
the wild-type mice compared to an increase in CD8+ DC in the CD169-/- animals (Figure
3.19). Any observed increase in CD8+ lymphocytes in the CD169-/- animals may reflect a
naturally higher baseline number of CD8+ cells in these animals (Oetke et al., 2006).

Figure 3.20 indicates a significant increase in NK cells was observed in wild-type mice
compared to both CD169-/- and control in those animals immunised with Apo- OVA. No
significant increase of NK cells was observed in CD169-/- mice. In both mouse strains treated
with Apo-OVA257-264 significant increases in NK cells were observed though there was no
significant difference found between the two groups. Additionally no significant increase in
CD49bHi/TCRβHi T lymphocytes was observed in either strain. CD49bHi/TCRβHi were
previously reported to be NK T cells; however CD49bHi/TCRβHi was later found to be an
unreliable marker for NK T cells (Pellicci et al., 2005)

A significant increases in B lymphocytes was observed in the wild-type groups compared to
CD169-/- and control in those groups immunised with Apo-OVA257-264 with no increase in
CD169-/- mice observed (Figure 3.21). Additionally there was no increase in B lymphocyte
populations in any group observed with immunisation with Apo-OVA.
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Figure 4.18: Changes in endogenous T lymphocyte populations in response to Apo-V
immunisation.
C57BL/6 wild-type and CD169-/- mice were intravenously injected with 200 μg EL4 Apo-VOVA257-264 (Apo-SIIN) or EL4 Apo-V-OVA (Apo-OVA) or a PBS control (WT only). CFSE
labelled target (CFSEHi: Pulsed with OVA257-264, CFSELO: Unpulsed) lymphocytes were
intravenously administered on day 7 post-immunisation. Spleens were removed the following
day and prepared for analysis via flow cytometry. CD4+ cells were detected with αCD4-APC,
CD8+ cells were detected with αCD4-APC. A) Data for animals that were treated with ApoOVA. B) Data for animals treated with Apo-OVA257-264. Analysed using a BD LSRFortessa
cell analyser. For gating strategy see appendix 2. Representative of 3 individual experiments
with a total of 3 animals per group.
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Figure 3.19: Changes in endogenous dendritic cell populations in response to Apo-V
immunisation.
Wild-type (C57BL/6) and CD169-/- mice were intravenously injected with 200 μg EL4 ApoV-OVA257-264 (Apo-SIIN) or EL4 Apo-V-OVA (Apo-OVA) or a PBS control (WT only).
CFSE labelled target (CFSEHi: Pulsed with OVA257-264, CFSELO: Unpulsed) lymphocytes
were intravenously administered on day 7 post-immunisation. Spleens were removed the
following day and prepared for analysis via flow cytometry. Dendritic cells were detected
with CD11c-PE,then gated into CD4-APC or CD8-PerCP-positive subsets. A) Data for
animals that were treated with Apo-OVA. B) Data for animals treated with Apo-OVA257-264.
Analysed using a BD LSRFortessa cell analyser. For gating strategy see appendix 2.
Representative of 3 individual experiments with a total of 3 animals per group.
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Figure 3.20: Changes in endogenous natural killer and natural killer T cell populations
in response to Apo-V immunisation.
Wild-type (C57BL/6) and CD169-/- mice were intravenously injected with 200 μg EL4 ApoV-OVA257-264 (Apo-SIIN) or EL4 Apo-V-OVA (Apo-OVA) or a PBS control (WT only).
CFSE labelled target (CFSEHi: Pulsed with OVA257-264, CFSELO: Unpulsed) lymphocytes
were intravenously administered on day seven post-immunisation. Spleens were removed the
following day and prepared for analysis via flow cytometry. NK cells detected using DX5PE/TCRβ-Bio:SA-APC and gated to discriminate for DX5Hi/TCRβLo. A) Data for animals
that were treated with Apo-OVA. B) Data for animals treated with Apo-OVA257-264. Analysed
using a BD LSRFortessa cell analyser. For gating strategy see appendix 3. Representative of
3 individual experiments with a total of 3 animals per group.
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Figure 3.21: Changes in endogenous B cell populations in response to Apo-V
immunisation.
Wild-type (C57BL/6) and CD169-/- mice were intravenously injected with 200 μg EL4 ApoV-OVA257-264 (Apo-SIIN) or EL4 Apo-V-OVA (Apo-OVA) or a PBS control (WT only).
CFSE labelled target (CFSEHi: Pulsed with OVA257-264, CFSELO: Unpulsed) lymphocytes
were intravenously administered on day seven post-immunisation. Spleens were removed the
following day and prepared for analysis via flow cytometry. B lymphocytes were detected
using CD19-PE. Analysed using a BD LSRFortessa cell analyser. For gating strategy see
appendix 4. Representative of 3 individual experiments with a total of 3 animals per group.
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4. Discussion
Since the discovery of apoptosis over 40 years ago (Kerr, 1971; Kerr et al., 1994; Kerr et al.,
1972) much has been elucidated about the role of apoptosis and its effect on the immune
system. Despite many years of research in this field there is still much to discover. In
particular the role of the extracellular membrane vesicles released from apoptotic cells is
largely unknown. There have been many discoveries made about antigen presentation and
cross-presentation of dead-cell associated antigens (Albert et al., 1998a; Bellone et al., 1997;
Belz et al., 2002; Henry et al., 1999) in addition to immunosuppressive (Taylor and GercelTaylor, 2011; Voll et al., 1997) and immunostimulatory (Henry et al., 1999; Obeid et al.,
2007; Tesniere et al., 2010; Winau et al., 2006; Zitvogel et al., 2010) effects of these vesicles.
Yet the relationship between macrophage sialoadhesin (CD169) and the trapping of dead-cell
associated products is a relatively new area of research (Asano et al., 2011; Barral et al.,
2010; Chen et al., 2012). The aims of this thesis were to probe what is currently known about
this relationship and broaden the horizons of this field in order to build upon the current
knowledge and provide a stepping stone on which subsequent research can used to further our
understanding of both the function of Apo-V and the relationship between Apo-V and
CD169.

4.1 Characterisation of Apo-V preparations
This study confirmed the fact that apoptotic vesicle preparations contain a heterogeneous
population of vesicles with a density in sucrose of approximately 1.16 – 1.28 g/cm2 (Thery et
al., 2009). The Apo-V preparations used in throughout this study have been shown to be
heterogeneous in density. These preparations ranged in density from approximately 1.1 g/cm2
to 1.3 g/cm2 (Figure 3.1A) which agrees with the accepted standard in the literature (Thery et
al., 2009). The uniformity of Apo-V preparation is further supported by the TEM data in
Figure 3.2. The lack of larger vesicles does not discount the theory that vesicles can range up
to 500 nm (Thery et al., 2001), as at this size they are likely to be less stable than the smaller
sizes vesicles and may lyse during preparation for viewing under the TEM. It might be
suggested that this sample may contain other vesicles such as microvesicles which purify at
similar centrifugation speeds (Heijnen et al., 1999; Thery et al., 2009); however, the protocol
used to purify the Apo-V utilised various differential centrifugation steps designed to exclude
such vesicles. This ensured that the overwhelming majority of vesicles in the preparation are
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derived from apoptotic cells. In addition, previous proteomic analyses have shown a set of
proteins uniquely expressed in Apo-V vs. exosomes (Coutinho, 2013).

The important role that the presence of sialic acids on the surface of Apo-V play in mediating
selective binding by CD169+ macrophages is illustrated in Figure 1.5. This figure indicates
the ligands to which CD169 binds. Recent data from our laboratory has shown that EL4 ApoV possess surfaces enriched with both α2,3 and α2,6 linked sialic acids (Coutinho, 2011;
Saunderson and McLellan, 2009) further confirmed by experiments in this study (Figure 3.3).
It is known that CD169 binds 3-fold more strongly to α2, 3 linked sialic acids than α2 6
linkages (Crocker et al., 1991). The apparent higher concentration of α2, 6 sialic acids on the
vesicle surface may provide an avidity effect which overcomes its weaker interaction with
CD169.
The results in Figure 3.4 indicate that OVA257-264 is present on the surface of the Apo-V-SIIN.
It also confirms the presence of ovalbumin protein on the surface of the Apo-V-OVA. The
fact that the MHC class I restricted ovalbumin peptide cannot be detected on the surface of
the Apo-V-OVA indicates that exogenous OVA in Apo-V-OVA EL4 culture medium is not
leaking into MHC class I pathway or that this is below the limit of detection. (Reimann et al.,
1994; Sigal et al., 1999).

Previous reports of degradation resistant miRNAs, circulating in plasma, saliva and breast
milk (Kosaka et al., 2010) have suggested that this resistance is mediated via lipid or
lipoprotein complexes such as vesicles (El-Hefnawy et al., 2004). Thus an investigation into
the plasma half-life of vesicles and their effect on the half-life of other molecules was
planned out. Figure 3.5 indicates the inability to characterise a method that is sensitive
enough to detect the Apo-V in the plasma and thus this avenue of investigation was
disbanded in favour of other research paths.
4.2 Characterisation of Apo-V binding within secondary lymphatic organs
This report has shown that Apo-V localise to an area of CD169+ macrophages and that T
lymphocyte EL4 Apo-V bind specifically to the CD169 sialoadhesin molecule. Through the
use of in vitro binding assays this report shows that this binding is not purely a result of
preferential lymph or blood flow to these areas. Additionally, this report demonstrates that
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CD169+ macrophages act to trap EL4 Apo-V at the inner MZ and prevent diffusion into the
red-pulp, as indicated by the level of red-pulp penetration in CD169-/- mice (Figure 3.8). In
the lymph node of CD169-/- mice there was an absence of Apo-V signal in the SCS following
subcutaneous administration of EL4 Apo-V. The overexposure of the immunofluorescent
signal on frozen sections of CD169-/- tissue revealed a diffuse signal of EL4 Apo-V
throughout the lymph node cortex and medulla. This suggests that in absence of CD169 the
vesicles access deeper into the lymph node, although due to the exposure differences this
cannot be certain (Figure 3.7: KO).

The trapping of Apo-V within the MZ of the spleen and the diffusion into the red-pulp
(Figure 3.8) highlight a difference in the handling of Apo-V within the splenic MZ of the
CD169-/- mice. These knockout mice have been shown to possess only subtle differences in
the MZ mostly in an increase in numbers of MZ B cells (Oetke et al., 2006). It is important to
note this increase in MZ B cell populations has been shown to influence MZ function (Nolte
et al., 2004) albeit the differences in Nolte et al. were due to more drastic changes in MZ
composition resulting from complete destruction of these cells via uptake of diphtheria toxin.

The co-localisation experiments in Figure 3.9 show that in the presence of CD169 the Apo-V
are preferentially localised to SIGNR-1+ macrophages in wild type mice compared to CD169/-

mice. This is perhaps due to retention by CD169+ MФ and translocation to adjacent

SIGNR-1 macrophages. Apo-V are able to access both SIGNR-1+ and CD169+ MФ readily,
however they are unable to access F4/80+ MФ as easily – possibly due to size exclusion.
Additionally an absence of the CD169 molecule resulted in lack of Apo-V retention by
CD169+ MФ in CD169-/- mice and a subsequent increase in quantity of Apo-V bound to
SIGNR-1+ MФ.
The results in Figure 3.10 indicate that the parental lineage of Apo-V may indeed play a role
in the capture within the MZ. As the progeny of lymph borne cell line EL4 Apo-V may
possess qualities such as those that allow it to grow in a suspended culture that aid in its
diffusion and solubility in bodily fluids. In comparison, B16-F10 melanoma is a highly
adherent cell line derived from cutaneous tissue. This also may indicate that B16-F10 Apo-V
possess coagulative qualities that aid in establishment of metastasis that would result in the
greater retention at the sub-capsular sinus in CD169-/- mice as seen in Figure 3.10. This may
result in retention of B16-F10 Apo-V in the lungs (Hart and Fidler, 1980) or elsewhere in the
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vasculature (Kramer and Nicolson, 1979) resulting in a decreased amount of B16-F10 Apo-V
observed in the MZ. Indeed, results in our laboratory (Remy Muhsin, unpublished data) have
confirmed that B16-F10 Apo-V represents the most coagulative fraction of dying cells.

It has been previously reported that CD169 mediates the binding of lymphocytes to
macrophages and that the strength of this interaction varies between lymphocyte type (van
den Berg et al., 1992). In this paper it was demonstrated that TK-1 lymphoma cells had the
highest binding affinity to both the MZ of the spleen and sub-capsular region of the lymph
nodes.

It was suggested that this could be related to aberrant gene expression and/or

metastatic potential of this tumour cell line. Combined with the evidence presented in Figures
3.7, 3.8 and 3.10 this suggests that the cell line, and even the type of cancer, dictates the
binding affinity of these cells and their apoptotic debris to lymphoid structures. This
highlights potential problems when administering apoptosis inducing chemotherapeutic
agents. This induction of apoptosis and release of Apo-V may result in immune dysregulation
and tolerance to the tumour, promoting tumour growth rather than clearing the malignancy.
It was thought possible that CD169-/- mice may possess an abnormal MZ or SCS that is nonspecifically permeable to microparticles. It is known that CD169 is able to bind in trans to
sialic acids present on adjacent cells (Crocker and Redelinghuys, 2008), potentially
contributing to barrier function; however this is unlikely, as intravenously and
subcutaneously administered inert-microspheres resulted in similar anatomical distribution in
the spleen and lymph node of both wild-type and CD169-/- mice (Figure 3.15). Moreover the
binding pattern of B16-F10 melanoma and whole apoptotic cell debris was found to be
similar in the SCS and the MZ of both CD169-/- and wild-type mice. In contrast EL4 Apo-V
displayed distinct distribution patterns in CD169-/- and wild-type mice.
CD169+ macrophages have been implicated in the clearance of lymph-borne viral antigens
(Junt et al., 2007) and in the presentation of lipid-bound antigens to iNKT cells (Barral et al.,
2010). The levels of co-localisation seen in the present study suggest that CD169 also
mediates the capture of host material, presumably for subsequent clearance and/or antigen
presentation. This is further supported by the results in Figure 3.8. This high degree of colocalisation of the CD169+ macrophages and the Apo-V within the MZ of the spleen was
similar to that seen when administering exosomes, perhaps suggesting a similar mechanism
of trapping (Saunderson et al., 2013).
84

The fact that CD169-/- mice displayed an altered distribution of injected vesicles within both
the MZ and SCS, compared to wild-type mice, strengthens the notion that CD169+
macrophages act to trap vesicles at the inner MZ to prevent their movement into the red-pulp.
This is supported by the level of red-pulp diffusion of Apo-V in the CD169-/- mice compared
to wild-type (Figure 3.8). Although results in Figure 3.9 suggests there is no difference in the
localisation of Apo-V with F4/80+ macrophages between the two strains, this may be due to
the much larger population of these macrophages compared to the MZ macrophages skewing
the results.

It was anticipated that whole EL4 apoptotic cells should have a similar binding pattern in
both lymph nodes and spleen to Apo-V (Figure 3.7 and 3.8); this was confirmed as shown in
Figure 3.11, though reduced fluorescence intensity of apoptotic cells was noted in the spleen
following IV administration, compared to signals obtained with Apo-V from either EL4 or
B16-F10 cells (cf. Figures 3.7, 3.8, 3.10 and 3.11).

4.3 Investigation into functional role of Apo-V
Extracellular vesicles such as exosomes and apoptotic vesicles have previously been reported
to display MHC-I and MHC-II molecules on their surfaces (Raposo et al., 1995; Schaible et
al., 2003; Winau et al., 2006). Antigen-presenting surface molecules confer on these vesicles
the potential to inform the immune system to elicit protective or suppressive responses
(Raposo et al., 1995; Van Niel et al., 2003). The experiments in Figures 3.16 and 3.17 indeed
confirm the ability of Apo-V to present antigen and stimulate proliferation of lymphocytes in
vivo. The enhanced ability of these vesicles to stimulate lymphocyte proliferation when
administered subcutaneously potentially reflects a superior T cell response compared to
intravenously administered antigens (Lagrange et al., 1974).

Asano et al. have shown that activation and subsequent antitumor immunity are severely
impaired in mice depleted of CD169+ macrophages which contradict the findings of this
current report (Asano et al., 2011). Figure 3.17A indicates that there is a significant increase
in antigen-specific cytotoxic response in the CD169-/- animals that have been immunised with
Apo-V-OVA. These contradictions may be explained by the use of irradiated cells in Asano
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et al. compared to the doxorubicin-induced apoptosis used in this study. In addition, Asano et
al. utilised the subcutaneous route of administration which can elicit more powerful
responses compared to the intravenous route utilised in this thesis (Lagrange et al., 1974).
The reason for the preference of the intravenous route of administration used in this study in
favour of a subcutaneous administration was the already optimised cytotoxicity assay
protocols shown to be ideal for use with microvesicles that had been established within our
laboratory (Saunderson, 2007; Saunderson et al., 2013). Irradiation of EG7 has been shown to
up-regulate tumour growth factor beta (TGF-β; (Xie et al., 2009) which regulates tolerance to
apoptotic cells (Ravishankar et al., 2012). This combined with the unknown effects of the
sudden disruption of the MZs cellular distribution (diphtheria-toxin ablation of CD169+
macrophages), which may result in alterations to bystander cells. The cellular composition of
the MZ has been shown to have a great effect on both the proper development and the
maintenance of a functioning MZ (Nolte et al., 2004). Depletion of B cells (Nolte et al.,
2004) and MZ macrophages (McGaha et al., 2011) have been shown to drastically alter the
trapping capability of the MZ which might result in altered effects compared to the selective
deletion of the CD169 molecule as shown in this thesis.

Some chemotherapeutic drugs are known to possess immunogenic properties (Obeid et al.,
2007). This raises the question of how the treatment with other immune activating drugs such
as oxaliplatin compared to doxorubicin might alter the results of individual experiments. Both
of these drugs have been shown to induce immunogenic cell death, a property governed
largely by the exposure of calreticulin on the surface of the cells (Obeid et al., 2007; Tesniere
et al., 2010; Zitvogel et al., 2010). A direct comparison of the immunogenicity of the two
drugs is unavailable at the time of writing and could perhaps be an avenue for future
investigation.

Mature dendritic cells pulsed with exosomes have been observed to stimulate efficient
cytotoxic T-lymphocyte responses and anti-tumour immunity (Hao et al., 2007). In contrast
co-administration of Apo-V resulted in the attenuation of the DC priming as observed in
Figure 3.17B. Perhaps the observed attenuation results from TGF-β contained in the Apo-V
(Chen et al., 2001) or phosphatidylserine-induced TGF-β secretion (Huynh et al., 2002)
contributing to an immunosuppressive milieu. This effect may be compounded via
macrophage ingestion of apoptotic cells stimulating TGF-β secretion in addition to the
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release of prostaglandins and platelet-activating factor which inhibits proinflammatory
cytokine production (Fadok et al., 1998). Interestingly CD169 does not seem to play any role
in this suppression as no difference between the wild-type and CD169-/- mice was observed.
Perhaps the effect from the other immunosuppressive modulators is far too strong for any
noticeable effect to be detected from the absence of CD169. It is quite possible that these DC
are dying upon co-administration with the Apo-V due to lack of endogenous adjuvant signals
(Gallucci et al., 1999). However, based upon the data represented in this thesis it is not
possible to say. This would be an interesting experiment to perform in the future perhaps with
the inclusion of some mild adjuvant in the DC culture medium.

Winau et al. reported that apoptotic vesicles from mycobacterium-infected macrophages can
stimulate CD8+ T lymphocytes in vivo, and that administration of Apo-V from
Mycobacterium tuberculosis infected cells can protect from

M. tuberculosis infection

(Winau et al., 2006). These results taken with the discoveries of this thesis suggest that
CD169 plays an important role in induction of immunity from dead cell-associated antigens
(Figure 3.17A), but not in mediating suppression of DC-priming by Apo-V (Figure 3.17B).
The data in Figure 3.17A indicates a higher cytotoxicity toward target cells in the CD169-/mice. Studies have shown that in autoimmune BXD2 mice, there is a progressive reduction
in the function and numbers of MZ macrophages (Li et al., 2013). Absence of these MZ
macrophages results in increased loading of apoptotic cell debris antigens on MZ B cells and
MZ-precursor B cells – cells that are capable of translocating the apoptotic cell antigens into
the follicular zone and stimulating T cells. Li et al. suggested that MZ macrophages may act
as a barrier to entry of circulating apoptotic debris into the follicles of secondary lymphoid
organs much like the ‘flypaper’ proposed by Junt el a.l (Junt et al., 2007; Li et al., 2013).
Sequestration of apoptotic cell debris such as Apo-V into MZ macrophages allows time for
the proper management and immune response to these antigens. The absence of this
sequestration results in faster loading of antigen in the CD169-/- mice resulting in a higher
cytotoxic response.
The increase in CD8+ T cells and CD8+ DC observed in Figures 3.18 and 3.19 may be a due
to the fact that the CD169-/- mice have been reported to have slightly higher CD8+ T cells
(Oetke et al., 2006). Future experiments will benefit from the inclusion of a PBS CD169-/experimental group which would reveal whether is the steady state of these CD169-/- animals
or a true reflection of higher numbers of these cells infiltrating the spleen.
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An increase in NK cells such as that observed in Figure 3.20 has previously been shown to be
mediated via CD169+ macrophages in the subcapsular sinus of the lymph nodes (Garcia et al.,
2012); however the lack of CD169 expression in the CD169-/- animals does not prevent this
increase in NK cells (Figure 3.20) perhaps indicating that the macrophages are still capable of
mediating this response in the absence of CD169.

Small but significant increases in B lymphocyte populations in groups immunised with ApoV-OVA (Figure 3.21) is interesting as Oetke et al. reported slight decreases in B cells in the
CD169-/- mice (Oetke et al., 2006). The significant increase in B cells observed in the ApoOVA254-267 groups could potentially reflect the expansion of an Apo-V-SIIN-specific set of
plasma and memory B cells reacting to proteins on the surface of the administered Apo-V but
not directly to the OVA254-267 peptide itself. It is interesting that this expansion does not occur
in the CD169-/- mice. Further research will need to be carried out in order to fully elucidate
the mechanisms behind this change in B cell populations.

Recent evidence shows that CD169 is up regulated in circulating monocytes in response to
both type I (York et al., 2007) and II (Rempel et al., 2008) interferons. These cytokines are
expressed in response to bacterial and viral infections (Perry et al., 2005), which points to a
role in mediating capture of pathogen associated material as mentioned above. The functional
extension of this molecule to capturing apoptotic debris and vesicles in order to suppress the
immune response to self-antigen is therefore a logical one. The CD169+ macrophages are
positioned ideally to capture both pathogen and dead cell material.

In conclusion, this work extends the potential role of the MZ and SCS in the capture of
bacteria (Heikema et al., 2010; Junt et al., 2007; Lanoue et al., 2004) and viruses (Seiler et
al., 1997), and identifies a novel role for CD169+ macrophages in the capture and antigen
presentation of host material. Further investigation is needed in order to fully interpret the
role of individual cell subsets on antigen-specific responses to Apo-V.
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5. Appendices

Appendix A: FlowJo gating strategy for cytotoxic killing assays.
Gating strategy for OVA257-264 pulsed and unpulsed target cells. Initial discrimination of
doublets was achieved via both side and forward scatter single cell gating. Subsequent gating
for cells of interest was achieved via known lymphocyte population. Auto fluorescent cells
were gated out via the use of two fluorescent channels that were outside of the fluorescent
range of CFSE and CPD670. The OVA257-264 pulsed target cells were discriminated via
CFSEhi/CPD670lo and the unpulsed target cells via CFSEloCPD670lo.
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Appendix B: FlowJo gating strategy for dendritic cells and CD8+ and CD4+
lymphocytes.
Gating strategy for CD8+ and CD4+ T cells and dendritic cells. Initial discrimination of
doublets was achieved via both side and forward scatter single cell gating. Subsequent gating
for cells of interest was achieved via known lymphocyte population. Auto fluorescent cells
were gated out via the use of two fluorescent channels that were outside of the fluorescent
range of CFSE and CPD670. Endogenous cells were discriminated from the CFSE/CPD670
labelled target cells. CD4hiCD11clo/CD8hiCD11clo T cells were subsequently discriminated
from CD4hiCD11chi/CD8hiCD11chi DC cells.
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Appendix C: FlowJo gating strategy for natural killer cells and CD49bHi/TCRβLo T
cells.
Gating strategy for NK and CD49bHi/TCRβLo

T lymphocytes. Initial discrimination of

doublets was achieved via both side and forward scatter single cell gating. Subsequent gating
for cells of interest was achieved via known lymphocyte population. Auto fluorescent cells
were gated out via the use of two fluorescent channels that were outside of the fluorescent
range of CFSE and CPD670. Endogenous cells were discriminated from the CFSE/CPD670
labelled target cells. Natural kill and CD49bHi/TCRβHi T cells were discriminated via CD49b
and TCRβ expression.
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Appendix D: FlowJo gating strategy for B lymphocytes.
Gating strategy for B lymphocytes. Initial discrimination of doublets was achieved via both
side and forward scatter single cell gating. Subsequent gating for cells of interest was
achieved via known lymphocyte population. Auto fluorescent cells were gated out via the use
of two fluorescent channels that were outside of the fluorescent range of CFSE and CPD670.
Endogenous cells were discriminated from the CFSE/CPD670 labelled target cells. B cell
population was discriminated by CD19 expression.
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Appendix E: FlowJo proliferation index calculations.
Strategy used for calculating the proliferation index used in Figure 3.16. Proliferation
Index is the total number of divisions divided by the number of cells that went into division.
The proliferation index only takes into account the cells that underwent at least one division
that is, only responding cells are reflected in the proliferation index. This is probably a more
useful value to compare from sample to sample, as it considers only the fraction of
responding cells. The proliferation index more faithfully reflects what the biology of the
responding system is; the division index reflects what the entire system is doing.
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