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Abstract 

Exosomes are lipid bound nanovesicles that are formed via the inward budding of the 

endosomal membrane, then released upon fusion of the endosomal limiting membrane 

with the plasma membrane.  The majority of exosome studies involve the use of 

exosomes from bone marrow-derived dendritic cells or immortalised cell lines.  This 

research project has focused on exosomes derived from primary B cells in response to  

T cell signalling, in particular via the CD40 and the interleukin-4 receptors.  The fate of 

exosomes following their release is largely unknown.  However as we have previously 

identified that B cell-derived exosomes are enriched in the antigen presenting molecules 

major histocompatibility complex class I (MHC-I), MHC-II and immunoglobulin, this 

may implicate B cell-derived exosomes in the transfer of antigen.  We have sought to 

address the physiological role of primary B cell-derived exosomes and their interactions 

with other cells within secondary lymphoid tissue in vivo. 

We identified sialoadhesin (CD169; Siglec-1) as a novel mechanism for the specific 

capture of B cell-derived exosomes via surface expressed α2,3-linked sialic acids.  In 

particular, exosomes were captured by marginal metallophilic and subcapsular sinus 

macrophages within the spleen and lymph node respectively.  In vitro binding assays 

performed on naïve spleen and lymph node tissue sections confirmed that exosome 

binding to CD169 was not solely due to preferential fluid flow to these areas.  Despite 

the presence of this specific capture mechanism, the circulation half-life of exosomes in 

the blood of wild-type and CD169-/- mice was similar, with a short half-life of 

approximately two minutes.  This likely indicated the presence of CD169-independent 

capture and uptake mechanisms.  However immunofluorescent microscopy revealed 

intravenously or subcutaneously administered exosomes displayed altered distribution 

within CD169-/- compared to wild-type mice.  In vivo, exosomes freely accessed the 

outer marginal zone rim of SIGN-R1+ marginal zone macrophages and to a lesser 

degree also the F4/80+ macrophages in the spleen.  In the lymph node, exosomes 

appeared less well contained to the subcapsular sinus and had migrated into the 

medullary sinus.  In vivo exosomes were efficiently captured in a CD169-independent 

manner by Kupffer cells within the liver of both wild-type and CD169-/- mice, but this 
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capture was not observed in vitro indicating this capture to be purely a physiological 

response.  Interestingly, although the human splenic marginal zone contains relatively 

few CD169+ macrophages, a pilot experiment involving one human spleen sample 

revealed that B cell-derived exosomes were also specifically captured in a marginal 

zone binding pattern using an in vitro binding assay.  While this capture within the 

human spleen sample was likely CD169-independent, the striking similarity between 

exosome binding within murine and human splenic tissue, implicates the splenic 

marginal zone as a conserved mediator of exosome capture across species. 

We next established a role for B cell-derived exosomes in the promotion of  

in vivo T cell proliferative and cytotoxic responses.  In vivo endogenous cytotoxic  

T lymphocyte (CTL) responses to exosomal antigen showed an absolute dependence on 

the presence of CD4+ T cells, CD8+ T cells and natural killer (NK) cells, where the loss 

of any one of these subsets led to the complete loss of CTL response.  Furthermore,  

NK cell involvement appears independent of interferon-gamma.  Interestingly, in the 

absence of CD169, exosomal antigen induced an enhanced CTL response.  This 

implicates CD169+ macrophages in suppression of the immune response to exosomal 

antigen, possibly via limiting exosome access to potent antigen presenting cells.  While 

the precise pathway for exosome induced in vivo CTL responses still remains to be 

determined, we have identified that CD4+ T cells, CD8+ T cells and NK cells each play 

a critical role in the response to exosomal antigen. 
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1.0 Introduction 

 

1.1 Immune system overview 

The immune system is essential for the protection against numerous pathogens 

encountered throughout life.  The immune system consists of both innate and adaptive 

immune defences.  Innate immune responses are crucial for the initial rapid defence 

against pathogens via relatively ‘non-specific’ mechanisms requiring minimal 

differentiation and activation of effector cells.1,2  Innate immune responses primarily 

include, but are not limited to, phagocytosis by neutrophils or macrophages, release of 

pro-inflammatory cytokines for upregulated production of neutrophils or acute phase 

reactants, release of vasoactive mediators for inflammation and activation of the 

alternative or lectin complement pathways.3–5  In contrast, the initiation of adaptive 

immune responses is highly regulated and specific, involving extensive cell:cell 

communication and cellular differentiation.6 

The ability to mount antigen specific immune responses is reliant upon presentation of 

endogenous or exogenous antigen on major histocompatibility complex (MHC) 

molecules MHC-I and MHC-II respectively.  While MHC-I is expressed by all 

nucleated cells, MHC-II expression is restricted to antigen presenting cells (APC), 

namely macrophages, dendritic cells (DC) and B cells.7  Following T cell and 

MHC:peptide complex interaction, polarisation of T helper cells (CD4+) is mediated by 

the surrounding microenvironment, often being a fine balancing act of secreted 

cytokines.8,9  Differentiation of T helper cells was classically described by the  

TH1/TH2 model.10,11  The presence of TH1 polarising cytokines secreted by DC or 

natural killer (NK) cells such as interferon-gamma (IFNγ), interleukin-12 (IL-12) or 

IL-18 skew T helper cells towards a TH1 phenotype.9,12,13  This subsequently promotes 

cell-mediated responses such as cytotoxic T lymphocyte (CTL; CD8+) activation, as 

well as enhancing the antigen presenting ability of macrophages.14  In comparison,  

TH2 polarisation is promoted by cytokines such as IL-4, IL-5 and IL-13.  Therefore 

mediating B cell activation and antibody secretion, particularly for anti-helminth or 

allergic responses.9,15,16  Ongoing research has challenged the original TH1/TH2 model 



3 

 

and has since been refined to include TH17, T regulatory (Treg) and T follicular  

helper (TFH) cells, important for pro-inflammatory, regulatory or immunosuppressive, or 

B cell germinal centre formation respectively.9,17–20 

Lymphoid tissue is divided into primary and secondary lymphoid tissue.  Primary 

lymphoid tissues are sites of immune cell development and maturation from 

haematopoietic stem cells, as well as central tolerance induction in auto-reactive B cells 

or T cells within the bone marrow or thymus respectively.21–24  In comparison, 

secondary lymphoid tissues are highly organised sites where various mature immune 

cells reside and initiate primary and secondary immune responses.  Secondary lymphoid 

tissues are also important sites for the induction of tolerogenic or suppressive immune 

responses, as well as strategically distributed throughout the body for capture of foreign 

antigen from blood, tissue or mucosal surfaces.25–27  These include the spleen for 

capture of blood-borne antigen, tissue lymph nodes situated at optimal points of lymph 

drainage, and mucosa associated lymphoid tissue (MALT), such as the Peyer’s patches 

within the small intestine lining.28–30  

In addition to cellular and soluble effectors, extracellular vesicles released from immune 

cells have been suggested to mediate cellular communication or antigen transfer.31  One 

such example of extracellular vesicles are exosomes, these are lipid bound nanovesicles 

(40-100 nm) that are fundamentally distinct from other extracellular vesicles due to 

their endocytic origin.32  Specifically the inward budding of the endosomal membrane 

results in the formation of intraluminal vesicles (ILV) contained within a multivesicular 

body (MVB).  Multivesicular bodies normally function to sequester and package 

proteins into ILV for lysosome degradation.33  However, an alternative path for MVB is 

fusion with the plasma membrane and subsequent release of ILV (then termed 

exosomes) into the extracellular milieu.34 

The existence of exosomes derived from a variety of cell types has been known for 

some time, these include both non-immune and immune cells such as reticulocytes, 

epithelial cells, B cells and DC.34–37  Exosomes have been proposed to have roles in cell 

signalling, immunoregulation, or the transfer of antigen or ribonucleic acid (RNA).38–41  

However their precise fate and function in vivo remains largely undetermined and may 
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vary depending on their parental cell origin.  We have previously shown that primary  

B cells do not release exosomes unless stimulated by potent T helper cell activation 

signals, specifically via the CD40 and IL-4 receptors.42  As such, B cell-derived 

exosomes may be released to specifically aid cellular communication and enhance the 

immune response. 

1.2 Antigen presenting cells 

1.2.1 Dendritic cells 

Dendritic cells are well-known as professional APC, highly efficient at antigen uptake 

and its subsequent presentation on MHC-II, as well as cross-presentation on MHC-I.  

Moreover, DC are potent activators of both naïve and antigen-experienced T cells.43,44  

Dendritic cells within the spleen were shown to be fundamental for the generation of  

in vivo CTL responses to blood-borne antigen, where their loss can result in the failure 

to induce protective IFNγ-secreting CTL responses.45  In particular, CD8α+ DC are 

primarily responsible for the promotion of CTL responses.46,47  Batf3-/- mice lacking 

CD8α+ DC displayed significantly impaired anti-viral and anti-tumour responses, hence 

indicating the functional importance of this DC subset.48  This was further attributed to 

the ability of CD8α+ DC to efficiently cross-present both soluble and particulate 

antigen.47,49,50  In contrast, while there was no discernible difference in antigen uptake 

or retention between the CD8+, CD4+ and CD4- CD8- DC subsets, the CD8- DC subsets 

(both CD4+ and CD4- CD8- DC) were relatively poor inducers of cytotoxic T cell 

activation.49–51  While efficient MHC-I cross-presentation appears to be relatively 

restricted to the DC subset in question, the majority of DC subsets have the capacity to 

activate T helper cells via MHC-II.  CD8- DC however have shown a trend for inducing 

greater T helper cell proliferation than CD8+ DC.49,50 

Splenic CD8+ DC can be further subdivided based on their expression of langerin.  The 

reported phagocytic ability of langerin+ CD8+ DC has been varied, from low (3-10%) to 

moderately high (25-80%) for the uptake of particulate antigen such as inert beads and 

bacteria.52,53  Interestingly Farrand et al. showed that langerin+ CD8+ DC were 

responsible for the cross-presentation of soluble ovalbumin protein, while the 

langerin- CD8+ DC subset were only poor activators of CD8+ T cells.54  Furthermore, 
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langerin+ CD8+ DC were also found to be the primary producers of IL-12p40, required 

by invariant natural killer T (iNKT) cells for the release of IL-12p70 and the subsequent 

transactivation of NK cells.54 

Plasmacytoid DC (pDC; CD11clow B220+), although a relatively minor DC subset 

present within the splenic red pulp and periarteriolar lymphoid sheath (PALS), are 

important mediators in anti-viral responses.55,56  Under steady state conditions, pDC 

also present in blood circulation, were found to constitutively migrate into the splenic 

white pulp via the marginal zone bridging channels.57  Migration was in response to 

fibroblast reticular cell chemokines, as well as dependent on pDC expression of the 

chemokine receptors CCR7 and CXCR4.57  In comparison, pDC can be efficiently 

recruited to inflamed lymph nodes in a CXCL9- and E-selectin-dependent manner, 

entering lymph nodes via transmigration across high endothelial venules.58  

Plasmacytoid DC are proficient producers of type 1 interferons such as IFNα and IFNβ 

in response to toll-like receptor 7 (TLR7) and TLR9 signalling.55,59,60  Interestingly, 

TLR7 or TLR9 signalling also induces efficient cross-presentation for naïve T cell 

activation, without which cross-presented soluble or particulate antigen by pDC is 

limited.61  These findings corresponded with in vivo functional studies where mice 

depleted of pDC had increased viral titres (murine cytomegalovirus or  

vesicular stomatitis virus) at early time points, as well as decreased activation of 

specific CD8+ T cells.56 

An additional DC subset, the follicular DC, are quite distinct from other subsets, both in 

origin, as well as functional capacity.62  Follicular DC are derived from a mesenchymal, 

rather than haematopoietic origin.  Interestingly, unlike typical DC, follicular DC are 

poorly phagocytic and unable to synthesise MHC-II.63,64  Instead, follicular DC residing 

within B cell follicles of the white pulp appear to be adept at the capture and display of 

immune complexes, as well as B cell-derived MHC-II peptide complexes.63,64  The 

secretion of chemokine CXCL13 by follicular DC mediates the shuttling of  

marginal zone B cells (MZ B cells) into the white pulp, thus providing a mechanism for 

blood-borne captured antigen or immune complexes to be transported and transferred to 

follicular DC within B cell follicles.65,66  Immune complex capture by follicular DC 

appears primarily dependent on complement receptor 1 (CR1; CD35) and 2 (CR2; 
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CD21), as well Fc receptors.67  As such, native antigen in the context of immune 

complexes can be displayed by follicular DC as a means to promote germinal centre  

B cell proliferation.68  It has been shown that complement coated immune complexes 

captured via CR2 were subsequently internalised and sequestered into cycling 

endosomes.69  These non-degradative endosomes allowed complement coated immune 

complexes to remain intact and undergo several rounds of re-surfacing to the cell 

membrane.69  In addition to promoting B cell responses via the retention of immune 

complexes, follicular DC also play an important role in the organisation and structure of 

primary B cell follicles, as well as B cell clustering and germinal centre survival.70 

1.2.2 Macrophages  

Macrophages, like DC, are members of the mononuclear phagocyte system.  While 

there has been much controversy and confusion with regard to nomenclature, definition 

and as such, the ability to correctly distinguish macrophages and DC subsets from one 

another.71,72  A new nomenclature for the mononuclear phagocyte system has recently 

been proposed, where mononuclear cells are defined using a two-tier system; initially 

based on ontology, and then subsequently by their anatomical location, function and 

phenotype.72  Although resident tissue macrophages are classically described as derived 

from blood monocytes, this long-standing dogma was challenged in recent years.73–75  

Hashimoto et al. demonstrated local re-population of resident tissue macrophages 

following depletion, or steady state tissue macrophage population maintenance of 

parabiotic CD45.1+ and CD45.2+ mice, was predominantly independent of circulating 

monocytes.75  Moreover, major tissue resident macrophages such as splenic, alveolar 

and peritoneal macrophages, as well as Kupffer cells within the liver were shown to be 

of embryonic origin.76–78  Thus the primary macrophage criteria was proposed to be a 

mononuclear phagocyte of embryonic origin.72 

Macrophages are a particularly heterogeneous population of immune cells residing 

within numerous tissues, often in prime locations for the capture of particulate 

antigen.28,79–81  The liver, known for its ability to remove lipoproteins from the blood 

circulation via the liver sieve, also contains a substantial number of macrophages 

(Kupffer cells; F4/80+).82  Due to the sheer size of the liver, Kupffer cells play a major 
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role in the removal of particulate antigen from circulation, primarily in a complement-

dependent manner.83–85   

Macrophage subsets within the splenic marginal zone are readily distinguished by the 

surface expression of specific receptors; ‘marginal metallophilic macrophages’ express 

high levels of CD169, also known as sialoadhesin or Siglec-1 (sialic acid-binding 

Ig-like lectin-1),86 while ‘marginal zone macrophages’ express MARCO (macrophage 

receptor with collagenous structure) and the C-type lectin SIGN-R1 (specific 

intracellular adhesion molecule (ICAM)-3-grabbing non-integrin related 1).87,88  These 

specialised macrophages are particularly efficient at the capture of blood-borne 

particulate antigen.28  This is partially due to their ideal placement within the marginal 

zone, the entry site of blood into the spleen, as well as expression of the receptors 

CD169 or SIGN-R1, highly specific for sialic acids or polysaccharides respectively,88–90 

or the scavenger receptor MARCO which binds a broad range of macromolecules such 

as lipoproteins, polysaccharides and phospholipids (see section 1.4.3 for further 

discussion).80,87,91 

In a similar manner to the spleen, macrophages are also strategically placed at fluid flow 

entry site of the lymph node.  Lymph entering the lymph node first encounters 

subcapsular sinus macrophages (CD169+) lining the subcapsular sinus of the  

lymph node.86  Interestingly, subcapsular sinus macrophages have been shown to play 

an important role in the capture of inert beads, immune complexes and virus particles, 

as well as their subsequent presentation and/or transfer to B cells (see section 1.5.2 for 

further discussion).92–95 

The functional response of a macrophage is largely dependent on the particular 

antigenic stimulus, as well as the microenvironment.  Macrophage responses were 

classically defined as M1 or M2, often being considered analogous to TH1 or TH2 

responses respectively.96,97  However macrophages characteristically demonstrate high 

plasticity, as well as a wide spectrum of activation states based on the 

microenvironment.98  Thus macrophages cannot be simply confined to M1 or M2 

activation states.  A new nomenclature has recently been proposed for describing the 

polarisation state of a macrophage, here macrophages are described based on their 
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stimulus or the activation conditions e.g. M(IFNγ) or M(IL-4) or M(IL-10).99  

Pro-inflammatory macrophage responses occur primarily during acute infections in 

response to TLR signalling and/or pro-inflammatory cytokines such as IFNγ.100,101  

While anti-inflammatory responses often occur in response to chronic infections or in 

response to TH2 cytokines such as IL-4, IL-10 and IL-13.101  Such responses are 

particularly important for immunosuppression and the prevention of prolonged 

inflammation leading to tissue damage.  Macrophages are particularly adept at  

the capture and phagocytosis of apoptotic cells, as such, the promotion of 

immunosuppressive responses prevents unnecessary responses against self-

antigen.102,103 

1.2.3 B cells 

1.2.3.1  Overview 

Humoral immune responses involve the production of specific antibody against 

pathogens.  The antibodies secreted by B cells are generally classed as either 

T-dependent or T-independent responses.104  The latter being further divided based on 

the antigen signalling in question; T-independent 1 responses require TLR signalling, 

while T-independent 2 responses require complement-mediated (CR2) signalling.104–106  

Mature B cells are one of three types based on their developmental lineage and 

anatomical location.  The majority of B cells are contained within B cell follicles of the 

spleen and lymph nodes (follicular B cells) and are of B-2 lineage with precursors 

residing within the bone marrow.107,108  Follicular B cells are known for their highly 

diverse B cell receptor (BCR) repertoire, as well as their ability to isotype switch, 

undergo somatic hypermutation and to produce memory B cells (see section 1.2.3.3 for 

further discussion).109 

Smaller populations of B cells also reside within the pleural and peritoneal cavities  

(B-1 cells) and characteristically are self-renewing,  largely T-independent and produce 

high levels of IgM antibody.110,111  Moreover, B-1 cells although having a limited BCR 

repertoire, their low affinity IgM allows polyreactivity, predominantly recognising 

microbial polysaccharides and lipids.111–113  B-1 cells were further subdivided based on 

CD5 expression; B-1a (CD5+) and B-1b cells (CD5-).114  Interestingly, Haas et al. 
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showed B-1a cells were essential for the development of natural antibody, whilst  

B-1b cells were required for long term protection via isotype switching and production 

of IgG3 during pneumococcal infection.  Hence B-1a and B-1b cells play important 

roles in the innate and adaptive response respectively.113 

Splenic MZ B cells, although of B-2 lineage, in fact share both phenotypic and 

functional characteristics with B-1 cells.115,116  In particular, both naive MZ B cells and 

B-1 cells are CD9+ CD23-/low IgMhigh IgDlow, whilst follicular B cells are CD9- CD23high 

IgM int IgDhigh.107  Functionally, MZ B cells, like B-1 cells have limited recirculation 

ability (rodent), marked longevity and rapidly differentiate into plasmablasts in a 

T-independent manner (see section 1.2.3.4 for further discussion).111,117,118  

Interestingly, in contrast to the murine or rat system, human peripheral blood circulation 

contains a pool of B cells expressing MZ B cell phenotype, thought to be involved in 

early responses against encapsulated bacteria.119 

1.2.3.2  Development and maturation 

The development of B lymphocyte precursor cells from haematopoietic stem cells 

occurs predominantly in the bone marrow.120  However this does not hold true for  

B-1a cells, with the foetal liver, spleen and bone marrow all contributing toward 

haematopoiesis of B-1a cell precursors during gestation.108  In contrast, B-1b and 

conventional B-2 precursor cells are predominantly developed within adult bone 

marrow.  The adult developmental pathway appears distinct from foetal B cell 

development, with the expression of CD138 and MHC-II which the latter do not 

express, nor do they transition through a CD138+ stage during later maturation.108 

Extensive gene rearrangement of immunoglobulin (Ig) heavy chains during 

development necessitates tolerance induction of auto-reactive B cells.121  Central 

tolerance occurs within the bone marrow and accounts for the majority of autoreactive 

B cells, however peripheral tolerance may also occur within secondary lymphoid 

organs.  Three central tolerance mechanisms have been described; receptor editing, 

clonal deletion and anergy.21,122  Interestingly, tolerance induction to membrane bound 

self-antigen predominantly induced receptor editing, while soluble self-antigen induced 

both receptor editing and anergy of auto-reactive B cells.22  Furthermore, while receptor 
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editing was the predominant mechanism for central tolerance, upon exhaustion of 

alternative gene rearrangements, B cells remaining auto-reactive underwent clonal 

deletion.22,123  Immature transitional B cells released from the bone marrow are also 

subject to selection and peripheral tolerance prior to maturation, primarily occurring 

within the spleen.121,124 

1.2.3.3  Follicular B cells 

The production of both extrafollicular and follicular T-dependent B cell responses is 

important for efficient humoral responses.125,126  Interestingly the strength of BCR 

binding with native antigen epitopes plays a major contributing factor in directing the 

humoral response.127,128  High or strong affinity BCR recognition and/or increased 

epitope density skews B cells towards extrafollicular responses, important for 

short-lived early antibody production.  While weak affinity BCR recognition and/or 

decreased epitope density skews B cells towards follicular germinal centre responses, 

important for somatic hypermutation.127,128  Additionally, antigen targeted to marginal 

zone CD8- DC via the C-type lectin receptor DC-inhibitory receptor 2, efficiently 

promoted extrafollicular T-dependent B cell responses.  In particular, this DC subset 

primed B cells to be efficient APC for CD4+ T cell activation, as well as promotion of 

IgG1 class switching.125  The migration of plasmablasts via bridging channels to the 

marginal zone and red pulp border is dependent on the upregulation of the chemokine 

receptor CXCR4.129  Thus mediating plasmablast responsiveness to CXCL12 secreted 

within the red pulp or medullary cords of the spleen or lymph nodes respectively.  In 

conjunction, the downregulation of CCR7 and CXCR5 facilitates movement away from 

the white pulp due to decreased responsiveness to T and B cell chemokines 

respectively.129 

In general, following exposure to native antigen, naïve B cells upregulate chemokine 

receptor CCR7.  As such, B cells then migrate towards the B and T cell border in 

response to CCL19 and CCL21.130  In contrast, TFH cells upregulate CXCR5 and 

downregulate CCR7 expression, thus facilitating migration towards B cell follicles.131  

Priming of both follicular and extrafollicular T-dependent B cell responses required 

CD40 and IL-4 stimulation, but was also dependent on Bcl-6 expression by  
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T cells.132,133  The importance of IL-21 was emphasised by studies using IL-21 receptor 

deficient mice, in particular although IL-21 was not an absolute requirement during 

early B cell responses, a marked reduction in the number of activated B cells was 

noted.133  Interleukin-21 was however essential for the maintenance of B cell responses, 

with reduced survival of germinal centres observed within IL-21 receptor deficient 

compared to wild-type mice.20 

Proliferation of germinal centre B cells (also known as centroblasts) is crucial for the 

production of high affinity B cells.  It has recently been estimated that centroblasts 

undergo one to six cell divisions prior to migrating out of the germinal centre dark 

zone.134  Moreover, the extent of cell division and subsequent somatic hypermutation 

was shown to be directly proportional to the quantity of specific antigen captured and 

presented by germinal centre B cells to TFH cells.134  The differentiation and migration 

of centroblasts into the light zones as centrocytes is essential for the selection and 

survival of high affinity clones.  Within the light zones both follicular DC and TFH cells 

provide crucial signalling to B cells via CD40 ligand, integrins and CD21 

co-stimulation, as well as cytokines such as IL-4 and IL-21.20,135–138  While somatic 

hypermutation is crucial for the development of high affinity antibody responses, 

regulation to prevent selection of self-reactive B cells is essential.  In particular,  

Foxp3+ T follicular regulatory cells promote self-tolerance via suppressing the TFH cell 

population.139,140 

As previously mentioned in section 1.2.1, immune complexes captured by follicular DC 

play an important role in the survival of B cells.70,141  Follicular DC carrying immune 

complexes in a complement-dependent manner were found to be crucial for effective 

production of specific IgG during late primary, or secondary B cell responses, but were 

not required for early IgM production.141,142  Maintenance of high IgG levels 

corresponded with the retention of immune complexes by follicular DC for extended 

periods of time.69  The depletion of follicular DC results in noticeable dispersal of  

B cells, such that primary B cell follicles and T cell zones (PALS) were less distinct 

from one another.  While depletion subsequent to germinal centre formation led to  

B cell death and the complete loss of germinal centres.  Thus indicating the importance 

of follicular DC in germinal centre survival.70  Interestingly, Nikbakht et al. showed by 
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clodronate liposome depletion of marginal zone and marginal metallophilic 

macrophages, that these macrophage subsets were essential for the development of 

antibody producing B cells and their subsequent germinal centres.143  However as noted 

by the authors, clodronate liposomes have been previously shown to also deplete 

CD11c+ DC from the marginal zones of the spleen, as such the contribution of marginal 

zone DC in promotion of germinal centre formation cannot be ruled out.143,144  

Nonetheless it was clear that marginal zone APC were indeed important, likely due to 

their capacity to capture blood-borne antigens. 

The antigen presenting ability of B cells has long been a controversial topic.  Although 

B cells have been reported to activate CD4+ T cells in vivo.145,146  Evidence generally 

suggests that B cells are poor inducers of naïve CD4+ T cell activation,147,148 they are 

however efficient at re-stimulating primed CD4+ T cells.147  Interestingly, the ability to 

prime CD4+ T cells may be dependent on the B cell location.  In particular, mice 

depleted of B cells resulted in the loss of T cell proliferative response within the lymph 

node but not the spleen.  Hence B cells may be a primary APC within the lymph node, 

whilst its antigen presenting function was either not present or redundant within the 

spleen.149,150  A recent report has shown the antigenic context may play an important 

role.  While B cells did not efficiently prime CD4+ T cell responses or TFH cell 

differentiation to ovalbumin peptide or protein immunisation.  Following viral infection, 

B cells alone preferentially induced TFH cell differentiation, however optimal T cell 

responses required the presence of both B cells and DC; B cells for inducing TFH cell 

differentiation and DC for effector CD4+ T cell differentiation.126   

1.2.3.4  Marginal zone B cells 

Marginal zone B cells play a crucial role in the early development of IgM secreting 

plasmablasts in response to blood-borne antigen via the T-independent pathway.  In 

particular T-independent responses have been observed occurring in as little as the first 

three days of a primary response.111  Blood-derived CD11clow DC were found to be the 

primary instigator of T-independent activation of MZ B cells in response to a 

Streptococcus pneumoniae bacteraemia model.151  This was further attributed to the DC 
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secretion of transmembrane activator and calcium-modulator and cyclophilin ligand 

interactor (TACI) ligands, which provide crucial survival signals to MZ B cells.151 

In addition to blood-derived DC, marginal zone macrophages were also shown to 

mediate the MZ B cell T-independent pathway.  Marginal zone macrophage receptor 

SIGN-R1 has the capacity to capture specific Streptococcus pneumoniae 

polysaccharides.152  Furthermore, in the absence of SIGN-R1, a reduced level of IgM 

against the polysaccharide epitope phosphorylcholine was noted.  It was suggested that 

marginal zone macrophages may therefore promote the transfer or presentation of 

phosphorylcholine antigen to MZ B cells.152  However it was noted that SIGN-R1 

deficient mice also showed a reduced level of MZ B cells, although this would provide 

a simple explanation for the reduced anti-phosphorylcholine IgM secreted, in fact the 

total level of early IgM secreted was unchanged compared to wild-type mice.152  Thus 

the mechanism behind their findings remains unclear, but perhaps the lack of SIGN-R1 

led to increased antigen availability for blood CD11clow DC, in turn compensating for 

the reduced MZ B cell number due to their high efficiency to promote T-independent 

early IgM responses.151 

The high expression of CR2 promotes more efficient capture of complement-opsonised 

particulate antigen, whilst CD1d expression aids microbial lipid recognition.153,154  

Furthermore, iNKT cells were recruited in a CD1d-dependent manner, providing 

cognate help for enhanced MZ B cell proliferation and antibody production.155,156   

The importance of CD1d for iNKT cell help was emphasised in a spirochaete  

Borrelia hermsii infection model, where specific IgM secretion by MZ B cells was 

impaired within CD1d-/- mice.157 

Unlike other lymphocytes, MZ B cells have limited ability to enter the blood 

circulation.  Their retention within the marginal zone appears integrin-dependent, in 

particular MZ B cells express high levels of lymphocyte function associated-1 (LFA-1; 

αLβ2) and α4β1.158  Moreover, upon inhibition of LFA-1 and α4β1, the level of  

MZ B cells within the marginal zone showed a marked decrease.  This decrease 

corresponded with the appearance of high numbers of MZ B cells within the blood 

circulation.158  Interestingly, it has been found that the scavenger receptor MARCO 
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expressed by marginal zone macrophages can bind directly to MZ B cells.  However, in 

contrast to integrins, blocking of MARCO with neutralising antibody did not lead to 

circulating MZ B cells, rather MZ B cells migrated into the white pulp.159  Similar white 

pulp migration patterns of MZ B cells have also been noted following intravenous 

administration of Staphylococcus aureus and Escherichia coli.159,160 

It has since been discovered that MZ B cells are in fact continuously migrating to and 

from the marginal zone and the white pulp follicles, with approximately 20% of the  

MZ B cell population migrating per hour.65,161  This observed migration is likely an 

important mechanism for the transfer of native antigen in the context of immune 

complexes to follicular DC.65,66  In particular, MZ B cells captured IgM and IgG3 

immune complexes in a CR1- and CR2-dependent manner.66,162  Their role in immune 

complex transfer was emphasised within MZ B cell-deficient mice (CD19-/-), where 

follicular DC showed impaired capture of IgM and IgG3 immune complexes compared 

to wild-type mice.66,162 

Migration of MZ B cells to follicles was found to be induced via follicular DC release 

of chemokine CXCL13.65  While initiation of return migration of MZ B cells was 

dependent on the upregulation of sphingosine 1-phosphate (S1P)-1 and -3 receptors 

(S1P1 and S1P3), while retention within the marginal zone relied upon the previously 

mentioned integrin interaction.65,161  Overall MZ B cell shuttling between the marginal 

zone and follicles appears to be regulated by a constant balance between S1P1 and S1P3 

receptors, and CXCL13 secretion, where generally the marginal zones can be classed as 

high S1P environments due to the high level of S1P present within the blood of the 

marginal zone, whilst follicular regions are low S1P environments.65,163,164  As such 

exposure of MZ B cells to lipopolysaccharide (LPS) resulted in the downregulation of 

receptors S1P1 and S1P3 and subsequent migration out of the marginal zone towards 

CXCL13.163 
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1.3 T cells 

1.3.1 Overview 

T cells are key players in the adaptive immune response and are broadly divided into 

subtypes based on CD4 or CD8 co-receptor expression.165  Thymocytes originating 

from bone marrow haematopoietic cells migrate to the thymus to undergo selection and 

maturation.23,24,166  Mature T cells exhibit an absolute dependence on the upregulation 

of S1P1 receptor for migration from the thymus.167  While CCR7 expression allows 

homing to secondary lymphoid organs in response to CCL19 and CCL21 chemokine 

gradients.168  Interestingly, the development of the splenic PALS was found to be 

dependent on the presence of B cells.  Whilst in comparison, the formation of T cell 

zones within the lymph nodes was B cell independent.169  In particular, early splenic  

B cell expression of lymphotoxin α1β2 promotes the maturation of T cell zone stromal 

cells for CCL19 and CCL21 secretion.169 

Naïve and memory T cells are known for their ability to recirculate in response to the 

abundant S1P levels within the blood circulation.170  Interestingly, S1P1 receptor 

expression was found to be cyclic.  In particular, S1P1 receptor expression was 

upregulated following T cell entry into the spleen or lymph node, while downregulated 

when T cells were within the blood or lymph.171  However upon T cell activation, a 

100-fold decrease of the S1P1 receptor was noted, thus allowing retention within 

secondary lymphoid organs during initial proliferation.167 

T helper cells (CD4+) provide crucial signalling for the initiation and regulation of 

humoral and cell-mediated responses, while cytotoxic T cells (CD8+) mediate the 

specific killing of cells.20,172  Polarisation of naïve T helper cells during activation is 

primarily reliant on the surrounding microenvironment for their differentiation.   

T helper cell subsets are constantly being refined, but are generally classified by their 

cytokine secretion profile.9  Cell-mediated and pro-inflammatory responses primarily 

require TH1 and/or TH17 differentiation,12,18 while humoral responses require TH2 or 

TFH differentiation.16,20  In contrast, immunosuppressive or regulatory responses can be 

mediated by Foxp3+ Treg differentiation.19 
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1.3.2 T helper cells 

Activation and proliferation of naïve T helper cells first requires T cell receptor (TCR) 

recognition of specific MHC-II:peptide complexes.  Individual T cells require multiple 

TCR-MHC-II:peptide interactions for initiation of activation, with the signal threshold 

found to decrease dramatically upon co-stimulation.173  Furthermore, MHC-II:peptide 

complexes were found to serially trigger multiple TCR, thus reducing the physical 

number of MHC-II:peptide complexes required to be generated.174  CD4 co-receptors 

were suggested to play a role in the stabilisation of TCR:MHC-II interactions,175 

however it has since been demonstrated that this is not the case, rather enhanced TCR 

signalling with respect to CD4 was a consequence of Lck recruitment.176,177  In 

conjunction with TCR signalling, T cells require CD28:CD80/CD86 co-stimulation 

from APC.178,179  Co-stimulation via CD28 consequently upregulates IL-2 production, 

in turn upregulating IL-2 receptor expression for autocrine signalling.180,181  While the 

presence of specific cytokines in the microenvironment is essential for directing  

T helper cell differentiation.9 

Briefly, the presence of IL-2 and transforming growth factor-beta (TGF-β) polarise 

towards Treg differentiation, with subsequent release of IL-10 and TGF-β for the 

regulation of immune and inflammatory responses through suppression.182,183  In 

contrast, the presence of polarising cytokines IL-12, IL-18 and IFNγ, or IL-1, IL-6, 

IL-23 and TGF-β promote TH1 or TH17 differentiation respectively.13,184–187  Both TH1 

and TH17 cells are important for the induction of pro-inflammatory responses, the 

former predominantly secretes IFNγ and tumour necrosis factor alpha (TNFα) and aids 

CTL responses, while the latter specifically results in IL-17 and IL-22 

production.13,185,188  Interestingly, pDC and not conventional DC preferentially induce 

TH17 polarisation of CD4+ T cells via the secretion of IL-6 and TGF-β.  However, 

polarisation by pDC was also reliant on either pre-treatment with TGF-β, or the 

presence of Tregs.189,190 

Humoral immune responses require TH2 or TFH cell differentiation.  In particular, the 

presence of IL-4 polarises towards a TH2 phenotype required for anti-helminth 

responses via IL-4, IL-5 and IL-13 secretion.15,16  Whilst IL-6 and IL-21 presence 
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results in TFH cell differentiation essential for germinal centre formation via the 

secretion of IL-4 and IL-21.138,191 

1.3.3 Cytotoxic T cells 

The activation and proliferation of naïve cytotoxic T cells generally occurs in a similar 

manner to that of T helper cells.  That is, TCR recognition of specific MHC-I:peptide 

complex, co-stimulation via CD28 and IL-2 cytokine signalling from activated T helper 

cells.179,192,193  However it has been shown that CD40:CD40 ligand signalling from APC 

can act as an efficient substitute for T helper cell signalling.194  Unlike the CD4 

co-receptor, CD8 has been shown to play a minor role in aiding stabilisation of weak 

TCR:MHC-I interactions.177,195  However the predominant CD8 role, like CD4 was the 

recruitment of Lck to enhance TCR signalling.177  Interestingly, LFA-1 expressed by 

cytotoxic T cells, although not critical for activation, was found to decrease the antigen 

quantity required to initiate activation by approximately 100-fold.196  Following clonal 

expansion, effector cells recirculate and screen MHC-I:peptide complexes expressed by 

somatic cells.  Recognition of specific antigen consequently signals effector cells to 

induce apoptosis of intracellularly infected or tumour cells.  The mechanism by which 

cytotoxic T cells induce apoptosis is predominantly mediated by Fas ligand:Fas 

signalling, the release of cytolytic granules such as perforin or granzyme into the target 

cell, or to a lesser degree the production of TNF.197,198 

The exact signalling required for directing the CTL response is still not entirely clear, it 

has been found that Fas- and granule-mediated cytotoxicity are controlled by distinct 

signalling pathways.199  Fas-mediated cytotoxicity specifically requires novel isoforms 

of protein kinase C while utilising the phosphatidylinositol 3-kinase (PI3K) pathway, 

whilst granule-mediated cytotoxicity was dependent on classical isoforms of protein 

kinase C and independent of the PI3K pathway.200  Interestingly, the presence of either 

IL-4, or low affinity peptides and thus weak TCR signalling, results in the rapid 

upregulation of Fas ligand from intracellular stores, thus skewing CTL responses 

towards Fas-mediated cytotoxicity while away from perforin-mediated killing.201,202  

Equally, blocking of the CD8 co-receptor led to decreased TCR signalling, and thus 
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predominantly Fas-mediated cytotoxicity.203  In contrast, strong TCR signalling 

predominantly results in granule-mediated cytotoxicity.199,203 

Release of perforin into target cells leads to pore formation within the plasma 

membrane in a calcium-dependent manner.198,204  Interestingly, perforin pores allow the 

subsequent transfer of granzymes into the target cell, however the precise mechanism is 

still debated.  Studies by Thiery et al. proposed a two-step process where perforin pores 

allowed the influx of granzymes, as well as additional perforin which was endocytosed 

upon entry into target cells.  Endocytosed perforin then mediated pore formation within 

the endosomal membrane for the subsequent release of granzymes into the 

cytoplasm.205  In contrast, Lopez et al. reported perforin pores allowed the direct 

transfer of granzymes into the target cell cytoplasm, without granzyme endocytosis 

within target cells.206  Apoptosis initiation following Fas signalling or the presence of 

granzymes is often mediated via caspase signalling.  However caspase-independent 

apoptosis has also been reported.207–209  In particular, granzyme A was found to increase 

the presence of reactive oxygen species, thus causing mitochondrial damage.210  Whilst 

granzyme B has been shown to directly cleave protein kinase ROCK II, which in turn 

initiates the rapid blebbing of cells.211 

1.4 Spleen 

1.4.1 Background 

The spleen is a major secondary lymphoid organ of the blood circulatory system, as 

such it plays a predominant role in the capture and processing of blood-borne particulate 

antigen.212  Additionally, the spleen has an important role in the capture and destruction 

of senescent erythrocytes,213–215 as well as platelet sequesteration.216,217  Interestingly, 

prior to this knowledge the spleen was deemed a non-essential or redundant organ.218,219  

Epidemiological studies later demonstrated the importance of the spleen in the 

protection against infections.  A notable early study involved long-term followup of 

veterans who received splenectomies as a result of trauma during World War II.220  

Retrospectively, they found asplenic individuals were at significantly increased 

mortality risk from infections such as pneumonia.220  Numerous studies have since 
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highlighted the importance of the splenic immune response against blood-borne 

infections, particularly encapsulated bacteria.221–224 

1.4.2 Splenic structure 

The bulk of the murine spleen is composed of red pulp (70-80%), but also contains 

numerous lymphoid follicles known as the white pulp.225,226  These follicles although 

embedded within the red pulp, are physically separated by the presence of the marginal 

zone immediately surrounding the white pulp (see figure 1.1).226,227  The marginal zone 

is a specialised area that is efficient in the capture of blood-borne particulate antigen, as 

well as providing lymphocytes with a transitional area for migration between the blood 

circulation and the white pulp.28,228,229  It is comprised of resident cells including 

marginal metallophilic and marginal zone macrophages, located on either side of the 

marginal sinus, as well as MZ B cells and specific DC subsets.51,107,230,231  While the 

white pulp contains B cell follicles, as well as T cell-enriched zones known as the 

PALS.  The latter is named due to the characteristic sheath the PALS forms surrounding 

the centriole arterioles (see figure 1.1).226,232 

Efficient APC are crucial for the development of both cell-mediated and humoral 

immune responses.  As such the spleen contains a number of DC subsets interspersed 

throughout the white pulp, red pulp and marginal zones.226  Namely conventional DC 

(CD4+ DC, CD8α+ DC and CD4- CD8- DC), follicular DC and pDC.51,60,233,234  The 

predominant DC subset, CD4+ DC, is present in high numbers within both the marginal 

zone and PALS.51  In comparison, the minor subset of CD8α+ DC is found primarily 
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Figure 1.1:  Murine spleen structure 
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within the outer marginal zone and red pulp, with CD8α+ DC further divided based on 

langerin (CD207) and CD103 expression.51–53  While low numbers of CD4- CD8- DC 

were found scattered throughout the red pulp, marginal zone and PALS.51 

The spleen also contains a large reservoir of resident monocytes within the marginal 

zones and the subcapsular region of the red pulp, outnumbering circulating monocytes 

by 10-fold.235  Interestingly, splenic monocytes can be specifically recruited to 

inflammatory sites such as cardiac tissue following ischemic myocardial injury, 

accounting for 75% of the total recruited monocytes in this model.235 

Blood circulation within the spleen has a branching structure; blood enters via central 

arterioles through the PALS, while smaller arterioles branch off ending at either the 

marginal sinus or within the cords of the red pulp, before passing into the red pulp 

venous sinuses (see figure 1.1).229,236  The red pulp structure is comprised of a highly 

intricate network of splenic cords and sinusoids that aid in the sequestering of senescent 

erythrocytes (see figures 1.1 and 1.2).214  Ultimately erythrocytes collect in the venous 

sinuses of the red pulp, hence leading to the characteristic red colour of the red pulp  

Figure 1.2:  Human splenic tissue.  Serial sections of human splenic tissue were stained with 
antibodies against human CD19 (blue; B cells), CD11b (green; neutrophils and monocytes) or 
CD14 (red; sinusoidal network).  Primary antibodies were detected with anti-mouse 
IgG-Alexa-488 and visualised under ×10 objective.  CD19 and CD14 staining was 
pseudocoloured blue and red respectively.  Serial sections were then overlaid.   
Scale bar = 250 µm 
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that is reflected in its name.  The red pulp is also abundant in red pulp  

macrophages (F4/80+), which are essential for efficient phagocytosis of senescent 

erythrocytes, and subsequent recycling of iron from haemoglobin.213 

1.4.3 Marginal zone 

The marginal zone is a transitional region separating the red and white pulp.  The 

marginal zone is well defined by the presence of a dense inner ring of marginal 

metallophilic macrophages (CD169+), physically located on the outer edge of the white 

pulp, directly under the sinus-lining cells expressing MAdCAM-1 (mucosal vascular 

addressin cell adhesion molecule 1) of the marginal sinus (see figure 1.3).86,226,227,230  

Whilst the outer marginal zone contains numerous marginal zone macrophages 

(SIGN-R1+), MZ B cells, and DC subsets including CD4+ and langerin+ CD8α+ DC 

regularly interspersed within the reticular fibroblast network (see figure 1.3).51,52,229,231 

Dendritic cells resident within the marginal zone consist primarily of CD4+ DC, but  

also langerin+ CD8α+ DC and CD4- CD8- DC.51,52  Interestingly, early reports showed 

DC residing within the marginal zone mediated the phagocytosis of circulating 

apoptotic cells.237  This subset was later identified as langerin+ CD8+ DC, moreover they 

were implicated in tolerance induction against apoptotic cells.53,238,239  While 

langerin+ CD8+ DC are generally absent within the white pulp, they have been observed 

migrating into the PALS following exposure to apoptotic cells, particulate antigen or 

microbial stimuli such as LPS.52,53  Migration was shown to be dependent on the 
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expression of chemokine receptor XCR1.240,241  Moreover, XCR1 was found to be 

essential for the cross-priming of specific CD8+ T cells during Listeria monocytogenes 

infection.241  Interestingly, this pathway is highly specific with respect to both the 

abundant XCR1 expression exclusively by CD8+ DC, but also the specific release of the 

XCR1 ligand, lymphotactin (XCL1) from specific CD8+ T cells following TCR antigen 

recognition.242 

The splenic marginal zone contains large populations of both marginal metallophilic 

and marginal zone macrophages lining either side of the marginal sinus.231  As such, 

these macrophages are strategically positioned for the capture of blood-borne particulate 

antigen as it enters the spleen.  Moreover, the expression of a variety of receptors makes 

them ideal for the capture of a range of pathogens.28  Marginal metallophilic 

macrophages express CD169 for the specific capture of α2,3-linked sialylated 

molecules (and to a lesser extent α2,6-linked sialic acid).86,89 

Interestingly, despite macrophages being well-known for their phagocytic ability, this 

key distinguishing receptor (CD169) of marginal metallophilic macrophages in fact 

lacks endocytosis motifs.86,243  This potentially indicates that marginal metallophilic 

macrophages play a role in the capture but not the processing of antigen.  This was 

supported by Backer et al., where antigen targeted to CD169 was efficiently transferred 

to CD8+ DC for cross-presentation.244  Furthermore, both marginal metallophilic and 

marginal zone macrophages were found to be essential in the capture Listeria 

monocytogenes, but neither were required for antigen processing and the subsequent 

activation of T cells.28  Of particular importance during encapsulated bacterial 

infections is the C-type lectin SIGN-R1, as well as the mannose receptor expressed by 

marginal zone macrophages.  While this is often simply attributed to physical capture 

and uptake following SIGN-R1 and mannose receptor recognition of capsular 

polysaccharides.90,245  It was also found that SIGN-R1 efficiently binds complement 

protein C1q, which was later utilised to mediate C3 complement fixation via an 

Ig-independent classical pathway following capture of an encapsulated organism.246 

While the majority of splenic B cells reside within the white pulp (follicular B cells), a 

small subset of B cells are resident within the splenic marginal zone (MZ B cells).107  
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Importantly, MZ B cells are able to initiate rapid responses to captured blood-borne 

antigen, differentiating into IgM secreting plasmablasts in a T-independent manner both 

in vitro and in vivo.111,153  In addition to T-independent responses, MZ B cells also 

induce T-dependent responses, moreover their ability to activate naïve CD4+ T cells is 

far more effective than follicular B cells.247  These T-dependent responses are aided by 

the continual shuttling of MZ B cells into the white pulp for the transfer of antigen 

and/or immune complexes to follicular DC (as discussed in section 1.2.3.4).65  

Interestingly, marginal zone macrophages and MZ B cells were found to be 

co-dependent.  In particular, mice genetically deficient of MZ B cells, or following 

transient migration of MZ B cells out of the marginal zone within wild-type mice, 

resulted in the absence or transient reduction of SIGN-R1 expression respectively on 

marginal zone macrophages.248  Hence indicating SIGN-R1 expression on marginal 

zone macrophages is largely dependent on the presence of MZ B cells.248  Conversely, 

SIGN-R1-deficient mice showed significantly reduced numbers of MZ B cells.152 

Unlike the murine spleen, where blood enters via a marginal sinus defined by the inner 

marginal metallophilic (CD169+) and outer marginal zone macrophages, the human 

spleen does not possess a marginal sinus, nor does the marginal zone contain  

CD169+ macrophages.249–251  Rather the human spleen contains an additional 

compartment known as the perifollicular zone that surrounds the marginal zone where 

numerous open capillary ends exist.250,252,253  Here CD169+ perifollicular macrophages 

form sheaths surrounding the capillary endings in the perifollicular zone.  As such, 

CD169 expression within the human spleen is considerably less than that of the murine 

spleen.251 

1.4.3 White pulp 

The white pulp of the murine spleen is highly regulated with respect to the entry of cells 

and particulate antigen.254,255  The majority of the white pulp is covered by marginal 

metallophilic macrophages that form an exterior wall separating it from the marginal 

sinus.226  However small areas of the white pulp border are devoid of macrophages, 

instead bridging channels connecting the red pulp, marginal sinus and PALS have been 

observed.228  In particular, a network of reticular fibroblasts forms conduits, as well as 
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secreting chemokine CCL21 to aid T cell migration into the PALS, while B cells were 

observed entering the PALS via bridging channels, prior to migrating through the PALS 

to reach B cell follicles in a CXCR5-dependent manner.228,256 

Smaller blood-borne molecules are also able to enter the white pulp via a conduit 

system composed of a similar reticular fibroblast network.255  Access of molecules to 

the white pulp appears largely dependent on the molecular weight, where  

≤70 kDa dextran readily permeated into the white pulp, while 150 kDa immunoglobulin 

and 500 kDa dextran did not.255  However the conduit system was not solely based on 

molecular weight, since 70 kDa dextran entered the white pulp but 68 kDa bovine 

serum albumin (BSA) did not.  This indicated that the three dimensional conformation 

or electrostatic charge of the molecule may also be an important determinant for entry 

into the white pulp.255 

Due to the strict regulation of antigen entry into the white pulp, a substantial proportion 

of antigen is transported into the white pulp via continual MZ B cell shuttling.65,255  

Native antigen, often in the form of immune complexes, can be efficiently transferred to 

follicular DC for subsequent presentation to B cells.65  Follicular B cell activation 

largely relies on T-dependent activation, however T-independent activation has also 

been observed.  The migration of T cells into the B cell follicles was shown to rely 

primarily on CD40-dependent maturation of DC; in particular, T cell accumulation 

within B cell follicles was defective in CD40-deficient mice, but could be restored upon 

adoptive transfer of wild-type DC.257  More specifically, CD40 maturation of DC led to 

OX40L upregulation and the subsequent signalling of CXCR5 upregulation on activated 

T cells.257  T-dependent B cell responses are reliant upon CCR7- and CXCR5-

dependent migration of B and T cells.130,131  Following T cell help, activated B cells 

may follow either extrafollicular or follicular pathways for the development of either 

short-lived plasmablasts and antibody production, or germinal centres for somatic 

mutation and production of long-lasting high affinity clones respectively (as discussed 

in section 1.2.3.3).20,127,133 
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1.5 Lymph node 

1.5.1 Lymph node structure 

Lymph nodes are essential secondary lymphoid organs for the monitoring of antigen 

derived from peripheral and mesenteric tissues.  Antigen capture within the lymph node 

occurs primarily via tissue lymphatic drainage or migration of APC carrying antigen 

through the afferent lymph vessels.29,258  Whereas circulating lymphocytes migrate into 

lymph nodes via the high endothelial venules and egress via the efferent lymphatic 

vessel in a S1P-dependent manner.167,259  The homing of B and T cells to lymph nodes 

during development is largely dependent on their expression of chemokine receptors 

CXCR5 and CCR7 respectively.168,256  Their importance emphasised within double 

knockout mice deficient for both CXCR5 and CCR7, which resulted in the complete 

failure of peripheral lymph node formation.168 

The lymph node is contained by an outer capsule, afferent lymphatic vessels allow 

lymph drainage into the subcapsular sinus surrounding the periphery of the lymph node.  

Lymph fluid flows towards the hilum, either via the subcapsular or cortical sinus  

which connects to the medullary sinus and efferent lymphatic vessel at the hilum (see 

figure 1.4).29,260,261  The subcapsular sinus of the lymph node is lined with a dense 

network of CD169+ subcapsular sinus macrophages.  The lymph node additionally 

contains a number of medullary macrophages, that can be subdivided based on their 

location and CD169 expression.  Those lining the medullary sinus express CD169 and 
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are referred to as medullary sinus macrophages, whilst those resident within the 

parenchyma of the medulla do not express CD169 and are referred to as medullary cord 

macrophages.86,230,262  The bulk of the lymph node is comprised of the B cell follicles 

within the cortex, T cell areas within the paracortex, while the medulla contains a 

complex medullary sinus network comprised of medullary macrophages as mentioned 

above (see figure 1.4).263–265  Additionally, various DC subsets reside primarily 

interspersed within the paracortex or T cell areas.263,266  In particular follicular DC can 

be found in close association with the conduit system, which allows them access to 

soluble antigen draining from B cell follicles.267 

1.5.2 Lymph node immune responses 

Both subcapsular sinus and medullary macrophages are strategically located for the 

capture of particulate antigen from the passing lymph fluid.95,268,269  Interestingly, like 

marginal metallophilic macrophages, subcapsular sinus macrophages, as well as some 

medullary macrophages, also express CD169 for the specific capture of α2,3-linked 

sialic acid.86  Comparatively, subcapsular sinus macrophages express far greater levels 

of unmasked CD169 than marginal metallophilic macrophages.268  Thus implicating 

subcapsular sinus macrophages with a greater role in the capture of passing antigen than 

their splenic counterparts. 

Subcapsular sinus macrophages possess both poor phagocytic and degradative ability.94  

However due to the retention of particulate antigen on their surface, subcapsular sinus 

macrophages have been observed to efficiently present and transfer particulate antigen 

to both cognate and non-cognate B cells.92–95  In particular, vesicular stomatitis virus 

subcutaneously injected into mice was efficiently captured by subcapsular sinus 

macrophages.95  Virus particles were subsequently transferred to migrating anti-viral  

B cells for the initiation of an anti-viral humoral response.  While CD169+ macrophage 

depletion resulted in the impaired B cell activation, as well as the systemic 

dissemination of the virus.95,270  Interestingly, non-cognate B cells have been observed 

interacting with subcapsular sinus macrophages for the acquisition of immune 

complexes in a complement-dependent manner.  Furthermore, immune complexes were 
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then shuttled by B cells to B cell follicles for transfer to cognate B cells, as well as the 

periphery of the paracortex for transfer to follicular DC.93,94 

Initial T cell activation within the lymph node has been observed to take place near high 

endothelial venules.271  Interestingly, following migration of antigen-bearing DC to the 

lymph node, DC preferentially localised near high endothelial venules, resulting in the 

subsequent clustering of antigen-specific T helper cells for interaction with 

antigen-bearing DC.  Hence, it was proposed that antigen-bearing DC were in fact, 

strategically located to scan for antigen-specific T cells as they entered the lymph 

node.271 

1.6 Exosomes 

1.6.1 Background 

Exosomes were first described during in vitro studies investigating the maturation of 

sheep reticulocytes.34,272,273  Reports showed maturing reticulocytes lost surface 

transferrin receptors.  This process was followed via electron microscopy and revealed 

loss occurred via endocytosis.  Subsequently receptors were transferred to vesicles 

within MVB and released on lipid-bound nanovesicles which they termed 

‘exosomes’.34,272,273  

Early studies remained focused on reticulocyte-derived exosomes.  Their release being 

shown from several species including sheep, pig, rat and rabbit reticulocytes, as well as 

extending to in vivo evidence.34,274,275  Furthermore the primary function for exosome 

formation was hypothesised to be a mechanism for the removal of membrane proteins 

from cells.274,275  It was not until the mid-1990s that research of exosomes derived from 

other cell types began to be published.  In particular, intracellular MHC-II within  

B cells, DC and macrophages was predominantly contained within MHC-II-enriched 

compartments and were referred to as ‘MIIC’.276–278  Later studies on B cells revealed 

MIIC contained internal vesicles that were released upon fusion of the MIIC and plasma 

membranes.36  These B cell-derived vesicles, enriched in MHC-II, were considered 

analogous to reticulocyte-derived exosomes, and were the first reports of exosomes 

derived from APC.  Furthermore these B cell-derived exosomes were shown to promote 
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antigen-specific CD4+ T cell responses.36  This provided the first evidence that 

exosomes may serve a functional purpose, as opposed to simply being a cellular rubbish 

disposal system.  That said, it is likely that the functional potential of any particular 

exosome would be largely dependent on the parental cell origin. 

1.6.2 Defining extracellular vesicles 

Cells are capable of releasing a variety of lipid-bound vesicles, as such distinguishing 

exosomes from other extracellular vesicles requires accurate definitions.  Extracellular 

vesicles are primarily defined based on their mechanism of formation, but also their 

size.  The key distinguishing feature of exosomes is their endocytic origin.32  In 

particular they are formed via the inward budding of the endosomal membrane and 

released upon fusion of the MVB limiting membrane with the plasma membrane (see 

figure 1.5).34  Characteristically exosomes are homogeneous vesicles with a diameter of 

50-100 nm, they are able to be pelleted via ultracentrifugation at 100,000 ×g and have a 

density in sucrose of 1.13-1.18 g/mL.32,42  Their morphology is typically described as 

‘cup-shaped’ when visualised by negative staining under conventional transmission 

electron microscopy (TEM), but in fact this is an artefact caused by exosome collapse 

due to dehydration.36,279  Visualisation by cryo-electron microscopy where hydration 

remains unaffected, showed exosomes were round and thus likely spherical.280–282  

Exosomes are enriched in endocytic markers such as Alix and tumour susceptibility 

gene-101 (Tsg101), tetraspanins CD9, CD63 and CD81, as well as MHC 

molecules.283,284   

Extracellular vesicles formed via outward budding of the plasma membrane of living 

cells are termed microvesicles (also referred to as microparticles) and ectosomes.  The 

former are characteristically heterogeneous in both shape and size (100-1,000 nm), 

whilst the latter are homogeneous round bilamellar vesicles that are smaller in  

size (50-200 nm).285,286  In contrast to extracellular vesicles released from living cells, 

apoptosis of dying cells results in the outward budding (or ‘blebbing’) of the plasma 

membrane to form histone containing apoptotic vesicles (50-500 nm).283,287,288  As both 

microvesicles and apoptotic vesicles are generally larger than exosomes they can be 
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pelleted at slower speeds.  However due to their heterogeneous size, the chosen speed 

(generally 10,000 or 25,000 ×g) will reflect the size of vesicles yielded.32 

1.6.3 Exosome biogenesis 

The exosome pathway was originally described by Harding et al. and Pan et al. using 

fundamental immuno-gold tracing experiments.34,272  Clathrin-mediated endocytosis of 

surface transferrin receptors of reticulocytes was observed via electron microscopy.34,272  

Following fusion of endocytic vesicles and early endosomes, proteins can be targeted to 

recycling or late endosomes.  The maturation process of late endosomes leads molecules 

and proteins to be sorted and packaged into ILV.289,290  Importantly it is this second 

inward budding step of the endosomal membrane that allows ILV to express proteins in 

the correct membrane orientation.291–293  This was clearly noted as transferrin receptors 

lined the inner surface of early endosomes, however following ILV formation, very few 

receptors remained on the inner MVB limiting membrane, instead they were expressed 

on the outer surface of ILV.34 
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The formation of ILV is primarily dependent on the endosomal sorting complexes 

required for transport (ESCRT) pathway.289  The ESCRT pathway has proven to be a 

highly complex pathway.  In general ESCRT complexes are sequentially activated but 

involve a number of regulators.  The protein Hrs was shown as an important regulator 

of ESCRT-I recruitment to early endosomes via binding to ESCRT-I subunit Tsg101.294  

In particular, a 50% reduction in both localisation of ESCRT-I to the endosomal 

membrane and subsequent MVB formation was observed within Hrs-knockdown 

compared to control cells.294  It has been proposed that ESCRT-I and -II form a 

‘supercomplex’ at the endosomal membrane, for the binding and sorting of 

ubiquitinated proteins, as well as stabilising the neck of membrane buds.  Additionally, 

ESCRT-II as well as Alix aid in the recruitment and formation of the ESCRT-III 

complex for membrane scission.295–299  Furthermore, Tsg101 and Alix were shown to be 

important positive and negative regulators respectively, both working in unison to 

regulate ILV formation.291   

Inward budding and scission of the endosomal membrane is generally a poorly 

understood mechanism.  Studies have led to two models, the ‘dome model’ suggested 

that ESCRT-III protein Snf7 formed curved filamentous polymers in circular 

arrangements on the membrane.300  This subsequently caused membrane deformation, 

which when lined with ESCRT-III proteins Vps24 and Vps2 leads to formation of 

‘domes’.300,301  This was suggested to either naturally promote narrowing of the neck 

and spontaneous fission, or subsequently active scission through the recruitment of 

ESCRT-III protein Vps4 for disassembly of the Vps24/Vps2 dome structure.302–304 

It has recently been shown that Snf7 proteins alone assembled into flat spiral-shaped 

protofilaments on lipid monolayers, or ring structures in the presence of ESCRT-II and 

Vps20.  Interestingly, Snf7 protofilaments further assembled into 3D helical structures 

in the presence of the ESCRT-III proteins Vps24 and Vps2.305  This led to the proposed 

‘helical model’ whereby Snf7 protofilaments are initially recruited to the endosome 

forming a ring structure surrounding the ESCRT-II/Vps20 complex, thus aiding capture 

of ubiquitinated proteins.  Finally the recruitment of Vps24 and Vps2 leads to Snf7 

helix formation, likely via a ‘spring-like’ mechanism for inward budding of the 

endosomal membrane.305  Like the ‘dome model’ the mechanism of scission is not clear, 
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but may also be due to spontaneous fission due to narrowing of the neck and subsequent 

collapse at the base of the helix, or disassembly of the helix via Vps4.304,305 

While much evidence for ESCRT-dependent ILV formation exists, other pathways, 

including an ESCRT-independent mechanism have been described.  This ESCRT-

independent pathway was dependent on ceramide derived from sphingolipid-enriched 

microdomains within the endosomal membrane.292,306  Further analysis of ceramide-

dependent ILV formation revealed the ceramide metabolite S1P provides S1P receptor 

activation, consequently resulting in protein loading and formation of ILV.307 

Multivesicular bodies have two possible fates; fusion with lysosomes for protein 

degradation, or exocytosis for the release of exosomes.34  Exocytosis initially requires 

MVB docking at the plasma membrane, followed by fusion of the MVB limiting 

membrane with the plasma membrane in a calcium-dependent manner.  This results in 

the release of ILV (hereafter referred to as exosomes) into the extracellular milieu.34,308  

The presence of several Rab GTPase proteins such as Rab11, Rab27a, Rab27b and 

Rab35, were shown to be involved with targeting of MVB to the plasma membrane, or 

membrane docking for exocytosis.309–311  In particular, exosome yield was reduced by 

approximately 60% in Rab27a knockdown compared to control cells.  This was 

attributed to the significantly reduced level of MVB docking noted at the plasma 

membrane.  Furthermore, increased MVB size as well as greater levels of tetraspanin 

CD63 within MVB was also observed, likely indicative of increased ILV number.310  

This was potentially a direct consequence of the decreased exosome secretion leading to 

increased accumulation of ILV, or alternatively it was speculated that MVB may fuse 

with one another.310 

The final protein expression profile of exosomes largely reflects their endocytic origin 

e.g. Alix and Tsg101, as well as their parental cell of origin e.g. MHC-II on 

APC-derived exosomes.283,284  As previously mentioned, the predominant ESCRT-

dependent sorting mechanism allows the recruitment of ubiquitinated proteins, resulting 

in a large proportion of ubiquitinated proteins expressed by exosomes.289,312  

Interestingly, lysosome degradation of MHC-II:peptide complexes within immature DC 

is ubiquitin-dependent, but ceases upon DC maturation for the upregulation of surface 
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expressed MHC-II.  As such, the sorting of MHC-II into the exosome pathway of 

mature DC appears ubiquitin-independent.313,314  Tetraspanin proteins such as CD9, 

CD63 and CD81 are commonly enriched in exosomes, potentially reflective of their 

proposed role in endosomal protein sorting.284,290,315,316  Interestingly, exosomes have 

been shown to contain both messenger and micro RNA, therefore they have been 

proposed to play a role in the transfer of RNA to other cells.41,317,318 

1.6.4 B cell-derived exosomes 

B cell-derived exosomes were first identified from Epstein-Barr virus 

(EBV)-transformed human B cell lines.36  While the majority of studies have since 

focused on DC-derived exosomes, a number of other studies have investigated  

B cell-derived exosomes.  However the majority of these utilised EBV-transformed or 

lymphoma B cells as parental cells.312,318–322  In contrast, a select number have elected 

to utilise primary B cells due to their ability to secrete high yields of exosomes.42,322,323  

This potentially indicates B cells as a major source of exosomes in vivo. 

Our laboratory has extensively studied primary B cell-derived exosomes.  In particular, 

we have shown the greatest exosome yield results from stimulating primary splenic  

B cells or whole splenocyte preparations with T cell signals via the CD40 and IL-4 

receptors (anti-CD40 monoclonal antibody and IL-4).42  These signals are known for 

their ability to induce B cell proliferation, upregulation of immunoglobulin secretion, as 

well as isotype switching.  The kinetic profile of exosome release revealed their highest 

level of release occurred between 24-72 h following B cell stimulation.  Interestingly, 

while exosome release correlated with B cell proliferation, it was later shown that 

exosome release was independent of proliferation.  In particular, stimulation of 

splenocytes with dextran sulphate and LPS induced extensive B cell proliferation, yet 

little exosome release.42  Thus emphasising that the production of exosomes is not 

simply constitutive, but rather likely controlled by more complex cellular signals.  Upon 

characterisation of parental B cells, it was found they possessed CD40 and MHC-II 

expression.  Moreover, parental B cells remained responsive to CD40 and IL-4 receptor 

signalling, rapidly proliferating in spherical clusters.324  Therefore parental B cells most 

likely resemble centroblasts.  However it should be noted that splenic newly formed, 
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MZ and follicular B cells all possessed the capacity to produce exosomes in response to 

CD40 and IL-4 signalling, although follicular B cells produced at least three-fold 

greater exosome yield than MZ B cells.42 

Interestingly, although bone marrow-derived dendritic cells (BMDC) readily secrete 

exosomes during culture, we have previously shown that splenic DC stimulated via the 

CD40 and IL-4 receptors does not result in exosome release (Assoc. Prof. McLellan, 

personal communication).37,315  This is despite the known role of the CD40 and IL-4 

receptors in the activation of DC.325–327  Extensive characterisation of exosomes derived 

from CD40/IL-4 stimulated splenocytes indicated exosomes to be of B cell in origin.  

Furthermore, a comparison of these exosomes with BMDC-derived exosomes clearly 

showed two distinct surface marker profiles.42 

B cell-derived exosomes express many surface markers in common with the B cell 

plasma membrane.  Of particular interest was the BCR complex, including the 

expression of immunoglobulin, CD19 and CD81, but not CD21.  In addition to 

immunoglobulin, B cell-derived exosomes also expressed the crucial antigen presenting 

molecules MHC-I and MHC-II, each of which may mediate the transfer of 

antigen.42,321,322  The regulation of MHC molecule expression in B cell-derived 

exosomes was shown to depend on B cell activation via CD4+ T cell contact.  

Moreover, the crosslinking of the BCR and TLR9 signalling can also sufficiently 

upregulate MHC expression on exosomes.323 

1.6.5 Exosomes as mediators within the immune response 

Antigen presenting cell-derived exosomes express a variety of molecules and proteins 

that may promote cellular activation and/or antigen transfer.  In particular, the presence 

of MHC-I and MHC-II may indicate exosomes are involved in priming of T cell 

responses.42,283,322,328  The ability of APC-derived exosomes to directly interact and 

stimulate T cells remains controversial due to mixed findings.  In particular,  

DC-derived exosomes have been shown to directly stimulate both CD4+ and  

CD8+ T cell proliferation in vitro.329–333  Interestingly, activated T cells captured 

DC-derived exosomes in a predominantly LFA-1-dependent manner.332,334  

Furthermore, CD4+ T cell uptake of exosomes derived from protein-cultured DC, 
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resulted in transfer of exosomal MHC-I:peptide complex, enabling CD4+ T cells to 

promote CD8+ T cell proliferation both in vitro and in vivo.332,333 

Interestingly, Thery et al. found DC-derived exosomes required DC presence for  

CD4+ T cell proliferation in vitro.335  While another report indicated MHC-II+ exosomes 

were unable to directly stimulate T cells unless an excessive quantity was utilised.336  

Interestingly, wild-type DC-derived exosomes incubated with MHC-II-/- DC remained 

capable of inducing CD4+ T cell proliferation, but at a reduced level.335,337  Furthermore 

paraformaldehyde fixation of DC to prevent exosome uptake, only partially inhibited 

the CD4+ T cell response.338  This capture was largely attributed to ICAM-1:LFA-1 

interactions as shown by the substantial drop in T cell response in vitro with the use  

of either ICAM-1-/- exosomes or LFA-1-/- DC.337,338  Alternatively, exosome-coated 

beads also sufficiently promoted CD4+ T cell proliferation.40,336  These findings 

indicated exosomes captured on the DC surface then directly interacted with  

CD4+ T cells, although does not rule out the endocytosis of exosomes or transfer of 

exosome MHC-II:peptide complexes to DC. 

In contrast to in vitro experiments, immunisation of MHC-II-/- mice with peptide-pulsed 

exosomes from wild-type DC led to the complete loss of CD4+ T cell proliferation  

in vivo compared to wild-type mice.40  While immunisation of LFA-1-/- mice reduced 

the efficiency of the CD4+ T cell response in vivo.338  Wild-type lymph node CD8+ DC 

preferentially captured DC-derived exosomes compared to CD8- DC in vivo.  Moreover, 

corresponding with the high LFA-1 expression on CD8+ DC, capture of wild-type 

exosomes was substantially reduced within LFA-1-/- mice.338  Thus indicating 

DC-derived exosomes required the presence of host APC, likely DC, as mediators for 

the induction of CD4+ T cell responses in vivo.  Far fewer previous studies of  

B cell-derived exosomes exist, however they have been shown to directly stimulate 

CD4+ T cell proliferation in vitro.36,320  Interestingly, exosomes derived from B cells 

cultured with hen egg lysozyme protein induced only weak proliferation of naive  

CD4+ T cell, but extensive division of primed CD4+ T cells in vitro.322   

Several important studies have highlighted the potential for exosomes to promote 

functional immune responses.  In particular, DC-derived exosomes either directly 
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loaded with antigen, or indirectly loaded via the addition of antigen to the parental  

cell culture, efficiently induced CTL responses in vivo or ex vivo following 

restimulation.339–342  Moreover, they have also shown substantial ability to elicit 

anti-tumour responses within animal models.37,330,339,341–344  As such, DC-derived 

exosomes as a cancer immunotherapy are currently undergoing human clinical  

trials.345–347  In addition to the induction of in vivo CTL responses, B cell-derived 

exosomes have been shown to promote TH2 polarisation of allergen specific T cells, 

while DC-derived exosomes showed the specific induction of antibody production  

in vivo.320,329 

Interestingly, MHC-II+ exosomes were observed to be captured by follicular DC within 

inflamed human tonsillar tissue.348  These exosomes were likely of B cell in origin due 

to the similarity between their protein profile and that of B cell-derived exosomes, 

moreover follicular DC and B cells were found to be in close association.348  As such, 

this study by Denzer et al. provided fundamental evidence of the in vivo presence of 

exosomes, as well as their capture within lymphoid tissue.348 
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1.7 Study overview 

The exosome pathway was initially suggested to be mechanism for the removal of 

unwanted membrane proteins from the plasma membrane.274,275  However the precise 

function of exosomes is likely to be largely influenced by the parental cell of origin, as 

well as the conditions under which they were released.  Our laboratory has previously 

shown that primary B cells release high yields of exosomes in response to T cell 

signalling via the CD40 and IL-4 receptors.  Moreover, exosomes express high levels of 

the antigen presenting molecules MHC-I, MHC-II and immunoglobulin.42  Thus 

implicating exosomes with the potential to transfer antigen and promote or aid immune 

responses. 

This study has been divided into two parts with the results presented within separate 

chapters.  The first half of this study (Chapter Three) aimed to investigate the cellular 

target and capture of B cell-derived exosomes within secondary lymphoid organs.  

Emphasis was placed on both the in vivo capture of exosomes within the spleen or 

lymph node following exosome administration, as well as the identification of a specific 

exosome receptor using both in vivo techniques and an in vitro binding assay.  While 

the second half of this study (Chapter Four) aimed to investigate the potential of  

B cell-derived exosomes to transfer antigen for the induction of T cell proliferation and 

cytotoxicity in vivo.  Functional experiments utilised exosomes loaded with the model 

antigen ovalbumin; either directly with ovalbumin peptide pulsing, or indirectly via the 

culture of parental B cells with ovalbumin protein.  Immunised mice were adoptively 

transferred with either fluorescently stained ovalbumin-specific T cells or ovalbumin 

peptide-pulsed targets cells, with proliferation or cytotoxicity analysed via flow 

cytometry.  Additionally, antibody depletion or genetically deficient mice were utilised 

to address the role of specific immune cells or the receptor CD169 within exosome 

induced functional immune responses. 



 

 

 

Chapter Two 

Materials and methods 
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2.0 Materials and methods 

2.1 Media and buffers 

All media, buffers and solutions were made volumetrically unless otherwise stated. 

2.1.1 RPMI Medium 1640 

For 1 L: 1 sachet of RPMI Medium 1640 (Gibco #31800-022) 

 2 g of NaHCO3 

 100 U/mL penicillin (Gibco #15140-122) 

 100 µg/mL streptomycin (Gibco #15140-122) 

 55 µM β-mercaptoethanol (Gibco #21985-023) 

 Total volume made up to 1 L with milliQ H2O, pH 7.3 

 0.22 µm filter sterilised 

2.1.2 R10 

 90% RPMI Medium 1640 

 10% foetal calf serum (FCS; PAA Laboratories, Austria) 

2.1.3 Iscove’s Modified Dulbecco’s Media (IMDM) 

IMDM (Gibco #12440-061) supplemented with: 

 0.1% Bovine Serum Albumin (BSA; Gibco #30063-572) 

 100 U/mL penicillin (Gibco #15140-122) 

 100 µg/mL streptomycin (Gibco #15140-122) 

 55 µM β-mercaptoethanol (Gibco #21985-023) 

 5 µg/mL holo-transferrin (Sigma #T4132) 

 5 µg/mL insulin (Sigma #I5500) 

 0.22 µm filter sterilised 

2.1.4 Dulbecco’s Phosphate Buffered Saline (PBS) 

For 1 L: 1 sachet of PBS (Gibco #21600-010) 

 Total volume made up to 1 L with milliQ H2O, pH 7.3 

 0.22 µm filter sterilised 
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2.1.5 10× Hanks Buffered Salt Solution (HBSS) 

For 1 L: 0.48 g of Na2HPO4 

 4 g of KCl 

 0.6 g of KH2PO4 

 80 g of NaCl 

 10 g of glucose 

 Total volume made up to 1 L with milliQ H2O 

 0.22 µm filter sterilised 

2.1.6 1× HBSS 

For 1 L: 100 mL of 10× HBSS 

 7.5g of NaHCO3 

 Total volume made up to 1 L with milliQ H2O, pH 7.3-7.4 

 0.22 µm filter sterilised 

2.1.7 Red Cell Lysis (ACK) Buffer 

For 1 L: 0.79 g of NH4HCO3 

 7.72 g of NH4Cl 

 0.74 g of KCl 

 0.037 g of ethylenediaminetetraacetic acid (EDTA) 

 Total volume made up to 1 L with milliQ H2O 

 0.22 µm filter sterilised 

2.1.8 NuPAGE MOPS-SDS Running Buffer 

 5% NuPAGE MOPS-SDS (Invitrogen #NP0001) 

 95% milliQ H2O 

2.1.9 1× NuPAGE Transfer Buffer 

 5% 20× NuPAGE Transfer Buffer (Invitrogen #NP0006) 

 10% methanol 

 85% milliQ H2O 
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2.1.10 Coomassie Blue G-250 

 0.25% Brilliant Blue G-250 

 40% methanol 

 10% glacial acetic acid 

 49.75% milliQ H2O 

2.1.11 Coomassie Blue Destain 

 10% acetic acid 

 25% methanol 

 65% milliQ H2O 

2.1.12 Permeabolisation Buffer 

 0.2% Tween20 

 1% BSA 

 0.02% azide 

 5% rat serum (sourced from HTRU, University of Otago, Dunedin, NZ) 

 Total volume made up with PBS 

2.1.13 Sialidase Buffer 

For 100 mL: 14.7 mg of CaCl2 dihydrate 

 580 mg of NaCl 

 Total volume made up to 100 mL with 0.1 M sodium acetate, pH 5.5 

 0.22 µm filter sterilised 

2.1.14 Lysis Buffer 

 100 mM Tris pH 8.0 

 150 mM NaCl 

 0.25% CHAPS 

 0.5% Triton-X100 

 0.02% azide 

Immediately prior to use, dissolve ¼ of a cOmplete™ protease inhibitor cocktail tablet 

(Roche #11-697-498-001) per 2.5 mL of lysis buffer. 
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2.2 Antibodies 

Target Reactivity Clone Format Host & Isotype Source 

CD4 Mu. YTS191.1.2 Purified Rat IgG2b 
Hybridoma: Dr. U. Dittmer 
Universitätsklinikum Essen, 

Essen, Germany 

CD4 Mu. RM4-5 APC Rat IgG2a BD #553051 

CD8α Mu. 53-6.7 FITC Rat IgG2a BD #553031 

CD8α Mu. 53-6.7 BV605 Rat IgG2a Biolegend #100743 

CD8β Mu. 53-5.8 Purified Rat IgG1 
Hybridoma: Prof. G. Hill 

QIMR, Brisbane, Australia 

CD9 Mu. KMC8 Purified Rat IgG2a BD #553758 

CD11b Mu. M1/70 Biotin Rat IgG2b BD #553309 

CD11c Mu. HL3 Biotin Arm. Ham. IgG1 BD #553800 

CD11c Mu. HL3 FITC Arm. Ham. IgG1 BD #553801 

CD11c Mu. HL3 APC Arm. Ham. IgG1 BD #550261 

CD16/CD32 
(Fc receptor) 

Mu. 2.4G2 Purified Rat IgG2b Hybridoma: ATCC 

CD19 Mu. 1D3 PE Rat IgG2a BD #557399 

CD20 Mu. 18B12 Purified Mu. IgG2a 
Dr. J. Browning 

Biogen Idec, Cambridge, US 

CD21/CD35 Mu. 7G6 Purified Rat IgG2b BD #553817 

CD24 Mu. 30-F1 Purified Rat IgG2c Biolegend #138501 

CD40 Mu. FGK45 Purified Rat IgG2a 
Hybridoma: Prof. A. Rolink 

Basel Institute of Immunology, 
Basel, Switzerland 

CD43 Mu. 1B11 Purified Rat IgG2a Biolegend #121202 

CD45.1 Mu. A20 PE Rat IgG2a BD #553776 

CD45R  
(B220) 

Mu. RA3-6B2 BV421 Rat IgG2a Biolegend #103239 

CD49b Mu. DX5 PE Rat IgM BD #553858 

CD147 Mu. OX-114 Purified Rat IgG1 Biolegend #123701 

CD169 Mu. MOMA-1 CSN Rat IgG2a 
Hybridoma: Prof. G. Kraal 

VU Medical Center, 
Amsterdam, Netherlands 

CD169 Mu. MOMA-1 Biotin Rat IgG2a Abcam #ab51814 
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Target Reactivity Clone Format Host & Isotype Source 

CD169 Mu. SER-4 Purified Rat IgG2a 
Prof. P. Crocker 

University of Dundee,  
Dundee, Scotland 

CD209a  
(SIGN-R1) 

Mu. ER-TR9 CSN Rat IgM 
Hybridoma: Prof. G. Kraal 

VU Medical Center, 
Amsterdam, Netherlands 

AsialoGM1 Mu./Rat - Purified Rab. Ig 
Wako Pure Chemical 

Industries, Ltd. #986-10001 

F4/80 Mu. CI:A3-1 Purified Rat IgG2a 
Hybridoma: Prof. S. Gordon 
University of Oxford, UK 

F4/80 Mu. CI:A3-1 Biotin Rat IgG2a 
Purified & biotinylated 

in-house 

MOMA-2 Mu. MOMA-2 CSN Rat IgG2b 
Hybridoma: Prof. G. Kraal 

VU Medical Center, 
Amsterdam, Netherlands 

TCRβ Mu. H57-597 Biotin Arm. Ham. IgG2 BD # 553169 

TCRβ Mu. H57-597 FITC Arm. Ham. IgG2 BD #553170 

H-2 (MHC-I) Mu. M1/42 PE Rat IgG2a Biolegend #125506 

H2kb:Ova257 Mu. 25D1.16 PE Mu. IgG1 eBioscience #12-5743-82 

Histone H3 Mu. A3S Purified Rab. IgG 

Millipore #05-928 
Dr. J. Horsfield 

University of Otago, 
Dunedin, NZ 

I-Ab,d,q/I-Ed,k 
(MHC-II) 

Mu. M5/114 Purified Rat IgG2b Hybridoma: ATCC 

I-Ab,d,q/I-Ed,k 
(MHC-II) 

Mu. M5/114 FITC Rat IgG2b 
Purified & FITC-conjugated 

in-house 

I-Ab,d,q/I-Ed,k 
(MHC-II) 

Mu. M5/114 PE Rat IgG2b BD #557000 

I-Ad 

(MHC-II)  Mu. AMS-32.1 Biotin Mu. IgG2b BD #553546 

I-Aβ 
(MHC-II;  

Batch #JV2) 
Mu. - CSN Rab. Ig 

Dr. J. Villadangos 
WEHI, Melbourne, Australia 

IL-4 Mu. 11B11 Purified Rat IgG1 
Hybridoma: Dr. J. Kirman 

Malaghan Institute of Medical 
Research, Wellington, NZ 

Ig (H+L) Mu. - Purified Goat IgG Southern Biotech. #1010-01 

IgG (H+L) Mu. - PE Donkey Ig 
Jackson ImmunoResearch 

#715-116-151 
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Target Reactivity Clone Format Host & Isotype Source 

IgG (H+L) Mu. - Alexa-488 Goat Ig Molecular Probes #A-11029 

IgG (H+L) Rat - PE Goat IgG Southern Biotech #3052-09 

IgG (H+L) Rat - Alexa-594 Donkey Ig Molecular Probes #A-21209 

IgG (H+L) Rat - Alexa-488 Donkey Ig Molecular Probes #A-21208 

IgG (H+L) Rabbit - Alexa-546 Goat Ig Molecular Probes #A-11010 

IgG Rabbit - HRP Goat Ig Sigma #A0545 

CD11b Hu. OKM1 CSN Mu. IgG2b Hybridoma: ATCC 

CD19 Hu. FMC-63 CSN Mu. IgG2a 
Hybridoma: Prof. H. Zola 

WCHRI, Adelaide, Australia 

CD20 Hu. 2B8 Purified Mu. IgG2a 
Dr. J. Browning 

Biogen Idec, Cambridge, US 

CD40 Hu. G28.5 Purified Mu. IgG1 Hybridoma: ATCC 

Granzyme B Hu. GB12 APC Mu. IgG1 Invitrogen #MHGB05 

HLA-DP,DQ,DR 
(MHC-II) 

Hu. WR18 Purified Mu. IgG2a AbD Serotec #MCA477 

HLA-DRα 
(MHC-II) 

Hu. L243 Biotin Mu. IgG2a 
Hybridoma: ATCC 

Biotinylated in-house 

Ovalbumin - - Purified Rab. IgG Polysciences Inc. #23744 

Fluorescein - - HRP Sheep IgG Roche #11-426-346-910 

 
Table 1.  Antibodies utilised for this study.  Antibody details stated: target; species reactivity; 
clone name (n.b. if no clone is specified then the indicated antibody is polyclonal); format; host 
& isotype; source.  Mu.: mouse; Rab.: rabbit; Arm. Ham.: Armenian hamster; Hu.: human; 
FITC: fluorescein isothiocyanate; PE: phycoerythrin; perCP: peridinin chlorophyll;  
APC: allophycocyanin; BV: brilliant violet;  Alexa: Alexa Fluor®; HRP: horse radish 
peroxidase; CSN: cell supernatant; BD: BD Biosciences; QIMR: Queensland Institute of 
Medical Research; VU: Vrije Universiteit; WEHI: Walter and Eliza Hall Institute of Medical 
Research; HTRU: Hercus Taieri Resource Unit; ATCC: American Type Culture Collection; 
WCHRI: Women’s & Children’s Health Research Institute. 
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2.3 Mice 

2.3.1 Animal use 

Animal studies were approved by the University of Otago Animal Ethics Committee.  

All mice were bred at the Hercus Taieri Resource Unit (HTRU), University of Otago, 

Dunedin, NZ, under specific pathogen free conditions. All mice used were between 

7-14 weeks of age and naïve unless otherwise stated; mice used in experiments: donor, 

recipient or group comparisons were congenic, as well as sex and age matched. 

2.3.2 Mouse strains 

The following mouse strains were obtained from The Jackson Laboratory, Bar Harbor, 

ME, USA; wild-type C57BL/6 (B6; CD45.2+) or BALB/c mice; transgenic OT-I and 

OT-II mice expressing a TCR specific for either ovalbumin-derived peptide  

SIINFEKL (Ova257-264), or ISQAVHAAHAEINEAGR (Ova323-339) respectively;  

mutant B6.C-H2bm1/ByJ (bm1; CD45.2+) mice expressing a mutant MHC-I that binds 

Ova257-264 yet is unable to present this MHC-I:peptide complex to OT-I T cells. 

B6.SJL-Ptprca Pep3b/BoyJArc (Ptp; CD45.1+) mouse strain was obtained from the 

Animal Resources Centre, Canning Vale, WA, Australia.  Ptp (CD45.1+) mice were 

crossed with either OT-I or OT-II (CD45.2+) mice; F1 offspring expressed a 

heterozygous phenotype CD45.1+/CD45.2+ (co-dominant alleles) and were used in 

adoptive T cell transfer experiments. 

The CD169-/- mouse strain, genetically deficient for the CD169 receptor, yet still 

retaining marginal metallophilic and subcapsular sinus macrophages (C57BL/6 

background; CD45.2+) was kindly provided by Prof. Paul Crocker from the University 

of Dundee, Dundee, Scotland.349 

C57BL/6-Ifngtm (IFNγ-/-) and C57BL/6-Pfptm1Sdz (Pfp-/-) mouse strains, genetically 

deficient for IFNγ and perforin were kindly provided by Prof. Franca Ronchese from 

the Malaghan Institute of Medical Research, Wellington, NZ; IFNγ-/- and Pfp-/- mice 

were originally obtained respectively from the WEHI, Melbourne, Australia and The 

Jackson Laboratory, Bar Harbor, ME, USA. 
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2.3.3 Animal procedures 

2.3.3.1 Euthanasia 

Mice were euthanised via CO2 asphyxiation or cervical dislocation. 

2.3.3.2 Immunisation 

All intravenous or subcutaneous injections were to the lateral tail vein or forelimb 

respectively unless otherwise stated; maximum injected volumes intravenously or to the 

forelimb were 100 µL or 50 µL respectively using a 31 G, 8 mm insulin needle. 

2.3.3.3 Anaesthesia 

Mice were anaesthetised with a combination of 1 mg/kg medetomidine and 75 mg/kg 

ketamine, administered subcutaneously in the flank using a 27 G, 12.7 mm needle and 

kept on a warming tray at 37°C.  Their level of consciousness was monitored 

throughout the experiment by the loss of righting reflex.350 

2.3.3.4 Blood sampling 

Blood samples (15-20 µL) from anaesthetised mice were removed through a 1 mm 

scalpel incision to the lateral tail vein (end of tail); subsequent blood samples were 

taken following dislodgement of the blood clot. 

2.4 Human tissue 

Human splenic tissue was sourced from a healthy normal donor (the author) who 

required a splenectomy as a result of trauma.  Approval for study was sought from the 

University of Otago Human Ethics Committee for use of the tissue for research 

purposes.  The tissue represents one donor, as such results were not subjected to any 

statistical analysis. 



46 

 

2.5 Cell isolation and preparation 

2.5.1 Isolation of cells from murine lymphoid tissue 

Mice were sacrificed and the spleen or lymph nodes (inguinal, axillary, brachial, 

cervical, auricular, mesenteric, lumbar, sacral and renal) were aseptically removed as 

required and placed into a Petri dish containing 10 mL of 1× HBSS.  Tissue was pierced 

and teased out using curved watchmaker forceps.  Contents of the Petri dish were 

passed through a 70 µm nylon mesh filter and washed in 0.1% BSA/PBS/2 mM EDTA 

at 453 ×g for five minutes at room temperature.  Splenocyte pellets were resuspended in 

5-10 mL of ACK buffer for three minutes at room temperature to lyse red blood cells.  

Cells were then washed in 0.1% BSA/PBS/2 mM EDTA as previous described, counted 

using a Neubauer haemocytometer slide (1:1 ratio cell suspension to 0.3% trypan blue 

dye) and resuspended at the appropriate concentration for the required procedure. 

2.5.2 Preparation of murine bone marrow-derived dendritic cells 

Femurs and tibias from naïve mice were excised and bones freed from tissue using 

scissors.  Bones were sterilised in 70% ethanol for two minutes and then washed in 

PBS.  Bone marrow was flushed out using a 27 G, 12.7 mm needle with R10, before 

passed through a 70 µm nylon mesh filter and pelleted at 453 ×g for five minutes.  Cells 

were then plated at 5 × 106 cells in 10 mL of R10 supplemented with 5% cell culture 

supernatant (CSN) from murine Granulocyte Macrophage-Colony Stimulating  

Factor (GM-CSF) Ag8653 myeloma line in Petri dishes and incubated at 37°C with  

5% CO2.
351  Bone marrow-derived dendritic cells (BMDC) were fed on day three by the 

addition of 10 mL of fresh R10 supplemented with 5% GM-CSF and further incubated 

until day seven when harvested. 

2.5.3 Splenic macrophage culture 

Naïve BALB/c splenocytes were isolated as described in method 2.5.1, however  

after ACK buffer treatment cells were washed twice in warm R10 at 453 ×g for five 

minutes at room temperature.  Splenocytes were then cultured in R10 supplemented 

with 20% L929 CSN as a source of M-CSF at 1 × 106 cells/mL in six well  

plates (Nunc #140675) at 37°C with 5% CO2.
352  Non-adherent cells were removed on 
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days three and six by replacing culture media with fresh R10 supplemented with  

20% L929 CSN.  Macrophages were harvested on day seven with a cell scraper, passed 

through a 70 µm nylon mesh filter with 0.1% BSA/PBS and pelleted at 453 ×g for five 

minutes.352 

2.5.4 Isolation of human splenic mononuclear cells 

Human splenic tissue was initially collected into 1× HBSS.  Tissue was cut into smaller 

pieces with a scalpel, before gently pushed through a 70 µm nylon mesh filter with 

sterile PBS and a 5 mL syringe plunger.  Each gradient consisted of approximately  

30 mL of splenocyte single cell suspension in PBS, gently overlaid onto 15 mL of 

Histopaque®-1077 (density = 1.077; Sigma #10771).  Gradients were centrifuged at  

800 ×g with slow acceleration and no brake for 20 min at room temperature.  

Mononuclear cells were removed from the interface using a sterile Pasteur pipette, 

before washing three times with sterile PBS by pelleting cells at 200 ×g (with full 

acceleration and brake) for 15 min at room temperature and supernatant discarded.  

Splenic mononuclear cells were then washed once in 0.1% BSA/PBS/2 mM EDTA and 

resuspended at 50 × 106 cells/mL in 90% FCS/10% dimethyl sulfoxide (Sigma #D2650; 

cell culture grade) in cryotubes (Nunc #366656).  Cells were then cooled at a rate 

of -1°C per minute using a Mr. Frosty™ freezing container (Nalgene #5100-0001) in 

a -80°C freezer overnight before transferred to liquid nitrogen for cryopreservation. 

2.6 Stimulation of vesicle release 

2.6.1 Exosome-depleted media 

Cell supernatant from GM-CSF secreting Ag8653 myeloma or Chinese hamster ovary 

(CHO)-IL-4 secreting cell-lines were ultracentrifuged at 120,000 ×g for one hour at 4°C 

to deplete media of exosomes (for use in methods 2.5.2 or 2.6.2 respectively). 
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2.6.2 Murine splenic B cell-derived exosome release 

Naïve C57BL/6, Ptp or BALB/c splenocytes were resuspended at 2 × 106 cells/mL  

in R10 plus 5 µg/mL anti-mouse CD40 monoclonal antibody (mAb) and  

50 ng/mL recombinant murine IL-4 (BD #550067) or exosome-depleted CSN from 

CHO-IL-4 secreting cell-line at the appropriate concentration for equivalent exosome 

release.42,353  Splenocytes were then incubated in Petri dishes for three days at 37°C 

with 5% CO2; if additional supernatant was required, splenocytes were cultured in fresh 

media for a further two days.  The initial number of splenocytes cultured was dependent 

on the exosome yield required and is summarised in figure 2.1; levels of exosome 

release were higher at later time points, hence greater yields were observed from d3-5 

CSN.42  Exosomes were purified from CSN as described in method 2.7.1.  All 

experimental research involved the use of exosomes with cells, tissue or recipient hosts 

of a congenic strain. 

2.6.3 Murine BMDC-derived exosome release 

Naïve BALB/c BMDC were cultured as described in method 2.5.2 using 

exosome-depleted GM-CSF.  On day seven cells were then harvested and re-plated at  

2 × 106 cells/mL with fresh R10 supplemented with 5% exosome depleted GM-CSF in 

Petri dishes.  Cells were cultured for a further two days before CSN containing 

spontaneously released exosomes was harvested.  Exosomes were purified as described 

in method 2.7.1.  

Figure 2.1:  Murine splenic B cell-derived 
exosome release.  Summary of exosome 
yield (determined prior to sucrose 
purification) purified from either CSN of 
splenocytes stimulated at 2 × 106 cells/mL 
with anti-CD40/IL-4 for three days  
(d0-3 CSN), or from splenocytes stimulated 
for a further two days with fresh media  
(d3-5 CSN).  x-axis indicates the initial (d0) 
absolute number of splenocytes in each 
culture. 
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2.6.4 Human splenic B cell-derived exosome release 

Optimisation of human splenic B cell-derived exosome release was first required; 

human splenic mononuclear cells were incubated at 2 × 106 cells/mL, with a titration of 

anti-human CD40 mAb (doubling dilution; 8-1 µg/mL, or nil) and recombinant human  

IL-4 (doubling dilution; 8-1 ng/mL, or nil; BD #554605) in R10 for five days at 37°C 

with 5% CO2.  B cell-derived exosome release was measured by a human soluble 

MHC-II enzyme-linked immunosorbent assay (ELISA; see method 2.8.9); optimal  

B cell stimulation was determined to be 4 µg/mL anti-CD40 and 2 ng/mL IL-4.  Cell 

supernatant was harvested and exosomes purified as described in method 2.7.1. 

2.6.5 Raji B cell-derived exosome release 

The Raji cell-line, an immortalised human Burkitt’s lymphoma (originally sourced from 

ATCC) spontaneously releases exosomes when cultured.354  Raji cells were cultured 

and maintained at approximately 1 × 105 cells/mL in R10 at 37°C with 5% CO2.  Cell 

supernatant was harvested and exosomes purified as described in method 2.7.1. 

2.6.6 B cell-derived apoptotic vesicle release 

Naïve murine BALB/c or human splenocytes were anti-CD40/IL-4 stimulated to induce 

B cell activation and proliferation as described in method 2.6.2 for two days, or  

method 2.6.4 for five days respectively.  Raji cells or anti-CD40/IL-4 stimulated B cells 

were harvested, pelleted at 453 ×g for five minutes at room temperature and supernatant 

discarded to remove any exosomes.  Apoptosis was induced by incubating cells with 

0.25 µM staurosporine (LC Laboratories #S-9300) diluted in R10 (using equivalent 

volume as original suspension) for 30 min at room temperature, followed by a further 

24 h at 37°C with 5% CO2.  Cell supernatant was then harvested and apoptotic vesicles 

were purified as described in method 2.7.4. 
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2.7 Vesicle purification 

2.7.1 Exosome purification via differential centrifugation 

Harvested CSN was centrifuged at 453 ×g for five minutes to pellet cells.  Supernatant 

was transferred to fresh tubes, debris pelleted at 2000 ×g for 20 min at 4°C and the 

resulting supernatant 0.22 µm filtered.  Exosomes were then pelleted from filtered 

supernatant and washed once in PBS via ultracentrifugation at 120,000 ×g for one hour 

at 4°C.  Finally exosomes were resuspended in 100-200 µL of PBS and any remaining 

debris pelleted at 17,000 ×g for five minutes in a microfuge.  Exosome concentration 

was determined using a Coomassie blue protein spot test as described in method 2.8.1. 

2.7.2 Exosome purification via sucrose cushion 

Exosomes purified by ultracentrifugation were resuspended in 12 mL of PBS, overlaid 

onto 4 mL of 30% sucrose/200 mM Tris/D2O cushion (pH 7.4) and ultracentrifuged at  

100,000 ×g for 75 min at 4°C.279  Exosomes were located 1 mL above to 2 mL below 

the interface (as determined by sMHC-II ELISA; Figure 3.15A,B,D).  These fractions 

were removed and pooled together.  Where stated, sucrose pellets were resuspended in 

the final 0.5 mL of sucrose and treated identically to exosome fractions.  Sucrose was 

removed by washing twice in PBS by ultracentrifugation at 120,000 ×g for one hour  

at 4°C.  To ensure equivalent quantities were used in in vivo assays regardless of 

purification technique, exosomes were resuspended based on the protein concentration 

as determined prior to sucrose cushion purification; sucrose pellets were resuspended in 

an identical volume as the corresponding exosome sample. 

2.7.3 Exosome purification via linear sucrose gradient 

Exosomes purified by ultracentrifugation were resuspended in one millilitre of  

2.5 M sucrose/20 mM HEPES (4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid), 

pH 7.2.  A linear sucrose gradient (0.25-2 M sucrose/20 mM HEPES, pH 7.2) was then 

overlaid onto the exosome suspension using a gradient mixer and ultracentrifuged at 

100,000 ×g for 18 h at 4°C.  Fractions of 1.5 mL each were removed and their refractive 

index determined with an Abbe refractometer.  Fractions of density 1.13-1.18 g/mL 
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were pooled and sucrose removed by washing twice in PBS by ultracentrifugation at 

120,000 ×g for one hour at 4°C.42,279 

2.7.4 Apoptotic vesicle purification via differential centrifugation 

Harvested CSN was centrifuged at 453 ×g for five minutes to pellet cells.  The 

supernatant was transferred to a fresh tube and debris pelleted at 2000 ×g for 20 min  

at 4°C.  Apoptotic vesicles were then pelleted from the remaining supernatant via 

centrifugation at 25,000 ×g for one hour at 4°C.  Finally apoptotic vesicles were 

resuspended in 100-200 µL of PBS.  Apoptotic vesicle concentration was determined 

using a Coomassie Blue protein spot test as described in method 2.8.1. 

2.8 Exosome analysis 

2.8.1 Coomassie blue protein concentration spot test 

Exosome or apoptotic vesicle protein was diluted in PBS using 1-in-3 dilutions.  A 

standard was prepared from BSA with dilutions ranging from 2 mg/mL to 62.5 µg/mL 

in PBS.  The standard and vesicle protein dilutions were pipetted onto Whatman filter 

paper (Grade 4; Sigma #1004-185) in one microlitre spots and allowed to air dry at 

room temperature.  Samples were flooded with Coomassie blue G-250, excess stain 

removed and then incubated rocking with Coomassie blue destain for 30 min at room 

temperature.  Protein concentration was determined by eye by comparison to standard. 

2.8.2 Coupling of exosomes to aldehyde-sulphate beads 

Ten micrograms of exosomal protein (or 2 mg/mL BSA/PBS) in 100 µL was added to 

25 µL of aldehyde-sulphate microspheres (beads; 4 µm diameter; 1.4 × 109 beads/mL; 

Invitrogen #A37304) and incubated rotating overnight at 4°C.  Non-specific binding of 

beads was blocked by the addition of 0.5 mL of 0.05% BSA/PBS for 15 min on ice.  

Beads were pelleted using a microfuge at 10,000 ×g for five minutes and the 

supernatant discarded.  The reaction was stopped by quenching with 0.5 mL of  

100 mM glycine/PBS for 30 min on ice.  Beads were pelleted and then washed by 

resuspending in one millilitre of 0.05% BSA/PBS and pelleting.  Finally beads were 

resuspended in 100 µL of 0.05% BSA/PBS (3.5 × 108 beads/mL) and stored at 4°C.42 
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2.8.3 Flow cytometric analysis 

Due to the inherently small size of exosomes, they cannot be resolved by forward and 

side scatter detectors on modern flow cytometers.  Exosomes were coupled to  

4 µm diameter aldehyde-sulphate beads (Exo-beads) prior to antibody labelling.42  All 

staining incubations of Exo-beads for flow cytometry were performed using  

0.05% BSA/PBS as the diluent, followed by a wash step by the addition of one millilitre 

of 0.05% BSA/PBS.  Beads were then pelleted at 10,000 ×g for five minutes, 

supernatants then discarded and samples resuspended in 0.05% BSA/PBS prior to flow 

cytometric analysis.  Controls were aldehyde-sulphate beads conjugated to BSA or 

unbiotinylated exosomes as appropriate. 

Exosome quality was assessed by incubating Exo-beads for 15 min on ice with 

PE-conjugated antibodies, 1 µg/mL anti-H-2 (MHC-I), or 5 µg/mL anti-mouse Ig or 

anti-I-Ab,d,q/I-Ed,k (MHC-II; clone M5/114), or with unconjugated antibodies  

10 µg/mL anti-CD9, 2 µg/mL anti-CD19, or 5 µg/mL anti-CD21, anti-CD24, 

anti-CD43 or anti-CD147.  Unlabelled primary antibodies were detected with  

5 µg/mL goat anti-rat Ig-PE for 15 min on ice.  Alternatively, biotinylated Exo-beads 

were stained with 1.25 µg/mL PE-conjugated streptavidin (BD #554061) for 15 min  

on ice. 

To assess α2,3- or α2,6-linked sialic acid expression Exo-beads were incubated for  

30 min at room temperature with biotinylated lectins, 5 µg/mL Maackia amurensis 

lectin II (MAL-II; Vector #B-1265) or 0.6 µg/mL Sambucus nigra agglutinin (SNA; 

Vector #B-1305) respectively.  Biotin was detected with 1 µg/mL allophycocyanin-

conjugated streptavidin (streptavidin-APC; BD #554067) for 15 min on ice. 

2.8.4 Polyacrylamide gel electrophoresis 

Polyacrylamide gel electrophoresis (PAGE) was used for the compare protein profiles 

of B cell-derived exosomes and apoptotic vesicles.  Five microgram vesicle samples in 

10 µL of PBS were added to four microlitres of lysis buffer and six microlitres of 

NuPAGE LDS sample buffer (Invitrogen #NP0007).  For protein profiles (or where 

stated for Western blots), samples were reduced by the addition of one microlitre of 

NuPAGE sample reducing agent (Invitrogen #NP0009) and boiled for five minutes 
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before placing on ice.  Samples (or three microlitres of SeeBlue Plus2 pre-stained 

protein standard; Invitrogen #LC5925) were then run on a NuPAGE 12% Bis-Tris  

gel (Invitrogen #NP0342BOX) in NuPAGE MOPS-SDS running buffer on ice for 

approximately two hours at 150 V and 126 mA. 

2.8.5 Coomassie blue staining of electrophoresed proteins 

The following steps were performed at room temperature while rocking. NuPAGE  

12% Bis-Tris gels containing electrophoresed proteins were stained for 10 min with 

heated Coomassie blue G-250 (microwaved on high for 30 s).  The gel background was 

then destained twice with Coomassie blue destain for 15 min, or until desired 

band-to-background contrast was reached.  Gels were then rinsed with milliQ H2O and 

visualised using a Bio-Rad Chemi-Doc XRS machine under trans white light. 

2.8.6 Proteomic analysis 

B cell-derived exosomes and apoptotic vesicles that had been gel electrophoresed as 

described in method 2.8.4 were further analysed by mass spectrometry (MS) at the 

Centre for Protein Research (University of Otago, Dunedin, NZ).  Each lane was 

divided into two molecular weight fractions and underwent an in-gel digestion with 

trypsin.  A centrifugal concentrator was used to dry eluted tryptic peptides, following 

this samples were re-solubilised in 1% acetonitrile (ACN)/0.2% formic acid (FA)  

in H2O. 

Samples were injected into an Ultimate 3000 nano-flow LC-System (Dionex Co, CA, 

USA) coupled to the nano-electrospray source of the LTQ-Orbitrap XL hybrid mass 

spectrometer (Thermo Scientific, San Jose, CA, USA).  Tryptic peptides were then 

separated on an in-house packed emitter-tip column (75 µm inside diameter, fused silica 

tubing packed with C-18 material on a length of 8-9 cm) by an ACN gradient  

(1% ACN/0.2% FA to 80% ACN/0.2% FA in H2O) with a flow rate of 200-300 nL/min.  

An Orbitrap mass analyser with a resolution of 60,000 at m/z 400 was used to perform 

full MS with a mass range of m/z 300-2000.  The strongest five signals were selected 

for CID (collision induced dissociation)-MS/MS in the LTQ ion trap at a normalised 

collision energy of 35%. 
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Proteins were identified from the MS/MS spectra by searching against the National 

Center for Biotechnology Information (NCBI) muridae amino acid sequence database 

using the Mascot search engine (http://www.matrixscience.com).  The performed search 

setup was for full tryptic peptides with a maximum of four missed cleavage sites; 

carboxyamidomethyl cysteine, oxidised methionine, and pyroglutamate (E, Q) were 

included as variable modifications; the precursor mass tolerance threshold was 10 ppm 

and the maximum fragment mass error was 0.8 Da.  A significance threshold with 

individual ion scores required to be greater than 36 was applied (P < .05). 

2.8.7 Western blot analysis 

Murine B cell-derived exosomes and apoptotic vesicle samples were boiled and 

reduced.  Proteins were electrophoresed as described in method 2.8.4 and then 

equilibrated by soaking in 1× NuPAGE transfer buffer for two minutes.  Proteins  

were transferred to Hybond™-C Extra nitrocellulose membrane (Amersham 

Biosciences #RPN203E) using 1× NuPAGE transfer buffer on ice for one hour at 30 V 

and 170 mA.  After transfer was complete, the membrane was incubated with 

approximately one millilitre of PBS overnight at 4°C. 

The following steps were all performed at room temperature while rocking.  Membranes 

were first blocked with 1% BSA/PBS for one hour, before incubated with primary 

antibodies for two hours; a 1-in-500 dilution of rabbit anti-I-Aβ hybridoma CSN 

(MHC-II cytoplasmic domain; polyclonal batch #JV2), or 1-in-2000 dilution of 

anti-histone H3 diluted in 1% BSA/PBS.  Following this, membranes were washed 

twice for five minutes and then once for 10 min with 0.02% Tween20/PBS.  Primary 

antibodies, anti-I-Aβ and -histone H3 were detected with 1-in-1000 dilution of goat 

anti-rabbit IgG-HRP diluted in 0.1% caseinate (Arotech, Wellington, NZ)/PBS and 

incubated with membranes for one hour.  Membranes were washed three times as 

described above, before rinsed once with milliQ H2O for five minutes.  Horse radish 

peroxidase signal was developed with one tablet of each, diaminobenzidine and H2O2 

(Sigma-Aldrich #D-4293) dissolved in milliQ H2O.  The reaction was stopped by 

rinsing membrane with milliQ H2O once an appropriate colour change was observed. 
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2.8.8 Soluble murine MHC-II ELISA for sucrose purified Exo-bio 

Biotinylated B cell-derived exosomes were captured via MHC-II and biotin directly 

detected with streptavidin by ELISA.  In brief, 96-well flat bottom maxisorp  

plates (Thermoscientific #442404) were coated for one hour at 37°C or overnight at 4°C 

with 2 µg/mL anti-mouse I-Ab,d,q/I-Ed,k mAb (MHC-II; clone M5/114; 50 µL/well) 

diluted in PBS.  Plates were then washed three times in 0.05% Tween20/PBS, blocked 

with 0.05% caseinate/PBS (100 µL/well) for 10 min at room temperature and the 

blocking solution flicked out.  Biotinylated exosomes were sucrose cushion purified and  

0.5-1 mL fractions removed (including pellet), before directly loaded into wells and 

serially diluted 1-in-4 in 0.05% caseinate/PBS (50 µL/well).  Samples were incubated 

for one hour at 37°C or overnight at 4°C and then plates washed.  Biotinylated 

exosomes were detected with HRP-conjugated streptavidin (DAKO #P0397) diluted 

1-in-5000 in 0.05% caseinate/PBS (50 µL/well) for one hour at 37°C.  Finally plates 

were washed and developed with 3,3’,5,5’-Tetramethylbenzidine (50 µL/well; TMB;  

Invitrogen #00-2023).  The reaction was stopped by addition of 2N H2SO4 (25 µL/well) 

and the plates read using a Biorad 559 Microplate reader at 450 nm. 

2.8.9 Soluble human MHC-II ELISA 

Optimal release of B cell-derived exosomes from human splenocytes was analysed by a 

soluble MHC-II ELISA.42,354  In brief, 96-well flat bottom maxisorp plates were coated 

with 1 µg/mL anti-human HLA-DP/DQ/DR mAb (MHC-II; clone WR18; 50 µL/well) 

diluted in PBS for one hour at 37°C or overnight at 4°C.  Plates were then washed as 

described in method 2.8.8, blocked with 0.1% caseinate/PBS (100 µL/well) for five 

minutes at room temperature and the blocking solution flicked out.  Neat CSN samples, 

or a standard, Raji lysate (from 1 × 107 cells/mL) was serially diluted 1-in-3 in  

0.1% caseinate/PBS into wells (50 µL/well) and incubated overnight at 4°C.  Plates 

were then washed before incubation with 5 µg/mL biotinylated anti-human HLA-DRα 

mAb (MHC-II; clone L243; 50 µL/well) diluted in 0.1% caseinate/PBS for one hour  

at 37°C.  Biotin was then detected with HRP-conjugated streptavidin and plates 

developed as described in method 2.8.8. 
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2.8.10 Transmission electron microscopy of exosomes 

Carbon-coated copper mesh grids were exposed to plasma-discharge using an Edwards 

E306 vacuum coater for one minute to generate a hydrophilic surface.  Sucrose cushion 

purified exosomes (10 µL) were then applied to the carbon grid for one minute before 

blotting with filter paper.  Exosomes were negatively stained by the addition and then 

immediate removal of 10 µL of phosphotungstic acid pH 6.5 (Agar Scientific Limited, 

Stansted, United Kingdom).  Carbon grids were then blotted, allowed to air dry and then 

viewed using a Philips/FEI CM100 transmission electron microscope at an accelerating 

voltage of 100 kV. 

2.9 Vesicle labelling 

2.9.1 Biotinylation 

Purified vesicles (or BSA) were incubated in 1 mg/mL sulfo-NHS-LC-biotin 

(Pierce #21335; Exo-bio, ApoV-bio or BSA-bio) in PBS for 10 min at 4°C.  Vesicles 

were washed twice with 100 mM glycine/PBS to quench and remove excess biotin 

before washing once in PBS; exosomes and apoptotic vesicles pelleted respectively at 

120,000 ×g or 25,000 ×g for one hour at 4°C.  Biotinylated BSA was dialysed against 

10 mM Tris/PBS once, followed by three times with PBS; the extent of amine-linked 

biotin conjugation was determined by coupling BSA-bio to aldehyde-sulphate beads 

and detecting with streptavidin-APC by flow cytometry as described in methods 2.8.2 

and 2.8.3 respectively. 

2.9.2 Fluorescein coupling 

Purified exosomes were incubated with 1 mg/mL NHS-fluorescein (Pierce #46100) or 

fluorescein isothiocyanate (FITC; Pierce #46425) diluted in PBS for 10 min at  

room temperature.  Exosomes were quenched and washed three times in  

100 mM glycine/PBS at 120,000 ×g for one hour at 4°C. 
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2.9.3 Lipophilic dye staining 

Purified exosomes or Exo-beads were stained with lipophilic dyes; 5 µM DiO 

(Invitrogen #V22889) or CMDiI (Invitrogen #V22888) diluted in PBS, or  

8.2 µM FM4-64 (Invitrogen #T13320) diluted in 1× HBSS for one hour at 37°C in the 

dark.  Exosomes or Exo-beads were then washed twice in the incubation diluent, either 

PBS (DiO and CMDiI stain) or 1× HBSS (FM4-64 stain); purified exosomes or 

Exo-beads were pelleted respectively at 120,000 ×g for one hour or 10,000 ×g for five 

minutes, both at 4°C.  Stained Exo-beads were directly analysed by flow cytometry to 

assess the level of staining, while exosomes washed by ultracentrifugation required 

subsequent coupling to aldehyde-sulphate beads before analysis.  DiO and CMDiI was 

detected with B 585/42 BP, while FM4-64 was detected with B 670 LP using a  

BD FACSCalibur flow cytometer. 

2.10 Sialidase digestion 

2.10.1 Sialidase treatment of exosomes 

Purified exosomes (or Exo-beads) were treated with 0.1 U/mL or 0.5 U/mL of  

sialidase derived from Vibrio cholerae (SIAL-V; Roche #11-080-725-001) or 

Arthrobacter ureafaciens (SIAL-A; Roche #10-269-611-001) respectively; enzymes 

were diluted in sialidase buffer and incubated for 30 min at 37°C.  Exosomes were then 

washed twice in 0.1% BSA/PBS by ultracentrifugation at 120,000 ×g for one hour 

(purified exosomes), or 10,000 ×g for five minutes in a microfuge (Exo-beads).  

Alternatively, Exo-beads were washed twice in 1× HBSS prior to treatment with  

25 U/mL of sialidase derived from Macrobdella decora (SIAL-L; V-Labs #L-1006) 

diluted in 1× HBSS for two hours at 37°C.  Exo-beads were then washed three times 

with 1× HBSS at 10,000 ×g for five minutes in a microfuge.  α2,3- and α2,6-linked 

sialic acid expression was analysed by flow cytometry as described in method 2.8.3. 
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2.10.2 Sialidase treatment of cells 

Naïve C57BL/6 splenocytes were isolated as described in method 2.5.1, sialidase 

treated with SIAL-V, SIAL-A or SIAL-L as described in method 2.10.1 and α2,3- and 

α2,6-linked sialic acid expression was analysed as described in method 2.8.3, however 

all spins were performed of 453 ×g for five minutes.  B and T cells were identified by 

staining with anti-mouse CD19-PE (2 µg/mL) and TCRβ-FITC (5 µg/mL) mAb 

respectively for 15 min on ice following lectin staining; washes pre- and post-cell stain 

were as previously described. 

2.11 Flow cytometric analysis of exosome capture in vitro 

2.11.1 Surface marker analysis of ex vivo cultured splenic macrophages 

Splenic macrophages were cultured ex vivo as described in method 2.5.3.  Macrophages 

were then blocked for two minutes on ice with 5 µg/mL anti-Fc receptor mAb or  

10% mouse serum (or unblocked).  Surface marker expression of macrophages was then 

analysed by incubation for 30 min on ice with 5 µg/mL biotinylated mAb against 

CD169 (clone MOMA-1), I-Ad (MHC-II; clone AMS-32.1), CD11b, CD11c, or control 

polyclonal rat IgG (sourced from naïve rat serum, HTRU, University of Otago, 

Dunedin, NZ; biotinylated in-house) diluted in 0.1% BSA/PBS.  Cells were washed in 

0.1% BSA/PBS and pelleted at 453 ×g for five minutes at 4°C.  Biotin was then 

detected with 1 µg/mL streptavidin-APC diluted in 0.1% BSA/PBS for 30 min on ice, 

cells washed as described above and analysed by flow cytometry. 

2.11.2 Capture of exosomes by ex vivo cultured splenic macrophages 

Splenic macrophages were cultured as described in method 2.5.3, then incubated for one 

hour at 4°C with 50 µg/mL Exo-bio ± SIAL-V treatment.  Alternatively, macrophages 

were incubated with 10 µg/mL of neutralising antibody against CD169 (clone SER-4), 

or control antibody anti-IL-4 (clone 11B11) diluted in IMDM for 15 min at 4°C, prior to 

the direct addition of Exo-bio for a final concentration of 50 µg/mL for one hour at 4°C.  

Cells were washed by resuspending in 0.1% BSA/PBS and pelleting at 453 ×g for five 

minutes at 4°C, before fixing with 1% paraformaldehyde (PFA)/PBS for five minutes at 

room temperature.  After washing, biotin was detected with streptavidin-APC as 
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described in method 2.8.3, cells were again washed as described above and analysed by 

flow cytometry. 

2.11.3 Specificity of exosome capture by splenocytes in vitro 

Biotinylated B cell-derived exosomes were unpulsed (Exo-bio), or pulsed with  

1 µM ovalbumin derived OT-I peptide Ova257-264 (Genscript; Exo-bio257) for four hours 

at 37°C.  Peptide-pulsed exosomes were then washed twice by ultracentrifugation as 

described in method 2.7.1.  Naïve OT-I splenocytes were isolated and prepared as 

described in method 2.5.1.  A titration of Exo-bio257 (0.2, 1, 5 or 10 µg), 10 µg of 

unpulsed Exo-bio, or nil exosomes was each incubated with 2.5 × 105 OT-I splenocytes 

in PBS for one hour at room temperature.  Cells were washed twice by resuspending in 

0.1% BSA/PBS/2 mM EDTA and pelleting at 453 ×g for five minutes at 4°C.   

Biotin was detected with 1 µg/mL streptavidin-APC and cells stained with  

5 µg/mL anti-mouse CD8α-FITC mAb diluted in 0.1% BSA/PBS/2 mM EDTA for  

15 min on ice.  Cells were then washed as described above, resuspended in  

0.1% BSA/PBS/2 mM EDTA and analysed by flow cytometry. 

2.12 Fluorescent microscopy 

2.12.1 Preparation and cryostat sectioning of tissue 

Tissue to be frozen was first blotted on Whatman filter paper to remove excess fluid.  

Following this tissue was then transferred into pre-cooled plastic moulds containing 

Optimal Cutting Temperature (OCT) compound freezing medium (Tissue-Tek #4583).  

Tissue was then fully covered with OCT and further cooled by placement on dry ice and 

stored at -80°C.  Tissues were incubated at -20°C for at least one hour immediately 

prior to sectioning.  A cryostat (-20°C; Leica CM1850UV) was used to cut frozen 

splenic or lymph node tissue into seven or five micron thin sections respectively and 

transferred to HistoBond® glass slides (Marienfeld #0810001).  Before use of tissue 

sections, slides were dried for a minimum of two hours in moving air, or preferably 

overnight at room temperature.  Tissue sections were then drawn around using either a 

diamond tipped pen or wax stick. 
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2.12.2 Modified Stamper-Woodruff assay 

All incubation steps were performed in a humid box at room temperature unless 

otherwise stated.  Naïve spleen or lymph node tissue sections were rinsed with PBS and 

blocked with 1% BSA/PBS for 10 min at room temperature.  Biotinylated  

exosomes (± SIAL-V treatment), apoptotic vesicles or BSA were diluted to 50 µg/mL in 

IMDM media (initial optimisation: doubling dilutions of 200-6.25 µg/mL Exo-bio) and 

incubated directly on top of sections for two hours at 37°C (initial optimisation: 4°C, 

room temperature and 37°C).355  Sections were then rinsed with PBS, fixed with  

1% PFA/PBS for 10 min and rinsed again with PBS.  Paraformaldehyde was quenched 

with 100 mM glycine/PBS for 10 min, after which sections were blocked with  

1% goat serum (GS; sourced from HTRU, University of Otago, Dunedin, NZ) diluted in 

PBS for 10 min and incubated with 5 µg/mL streptavidin-Alexa-488 or -Alexa-594 

(Molecular Probes #S-11223 and #S-11227) and nuclei counterstained with  

25 ng/mL DAPI (4’,6 diamidino-2-phenylindole; Molecular Probes #D3571) diluted in 

1% GS/PBS for one hour in the dark.  Sections were then rinsed with PBS, coverslips 

mounted with Prolong Gold anti-fade (Molecular Probes #P36930) and slides stored in 

the dark at room temperature. 

2.12.3 Blocking and cold inhibition of exosome binding in vitro 

Blocking experiments were performed by first incubating sections with  

10 µg/mL neutralising antibody anti-CD169 (clone SER-4)86 or negative control 

antibody anti-IL-4 (clone 11B11) diluted in 1% BSA/PBS for one hour at room 

temperature; initial optimisation 1, 5, 10 or 2000 µg/mL anti-CD169 or neutralising 

SIGN-R1 antibody (neat ER-TR9 CSN).  Alternatively, cold inhibition experiments 

were performed by first incubating sections with 500 µg/mL of unlabelled ‘cold’  

B cell-derived exosomes for two hours at 37°C.  For both assays, biotinylated vesicles 

(B cell-derived Exo-bio or ApoV-bio, or DC-derived Exo-bio for the former;  

B cell-derived Exo-bio for the latter) were then added directly to sections (without 

removal of blocking antibody or cold exosomes) for a final concentration of  

50 µg/mL (10:1 ratio of cold exosomes to Exo-bio) for two hours at 37°C, and the 

modified Stamper-Woodruff assay continued as per normal. 
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2.12.4 Immunofluorescent staining of tissue sections 

All incubation steps were performed in a humid box at room temperature unless 

otherwise stated.  Tissue sections from modified Stamper-Woodruff assays following 

Exo-bio incubation or those from in vivo capture experiments, were rinsed with PBS, 

fixed, quenched and blocked with 1% GS/PBS as described in method 2.12.2.  Sections 

were then incubated with primary antibodies for one hour; antibodies were either 

applied directly as a neat CSN (anti-mouse CD169, MOMA-2 or SIGN-R1), or diluted 

in 1% GS/PBS, 5 µg/mL anti-mouse F4/80 or 1-in-50 CSN (anti-human CD11b or 

CD19).  Primary antibodies were detected by incubation for one hour in the dark with 

10 µg/mL goat anti-mouse IgG-Alexa-488, or donkey anti-rat IgG-Alexa-488  

or -Alexa-594 diluted in 1% GS/PBS; if required Exo-bio were detected simultaneously 

with 5 µg/mL streptavidin-Alexa-488 or -Alexa-594 and nuclei counterstained with  

25 ng/mL DAPI.  Sections were then rinsed with PBS, coverslips mounted using 

Prolong Gold anti-fade and slides stored in the dark at room temperature. 

2.13 Fate of exosomes in vivo 

2.13.1 In vivo exosome capture 

C57BL/6 and CD169-/-  mice were injected intravenously or subcutaneously with 100 µg 

or 50 µg of B cell-derived Exo-bio respectively, and 2 × 1011 or 1 × 1011 fluorescent 

beads (diameter 100 nm; excitation maximum 441 nm; emission maximum 485 nm; 

Polysciences #17150) respectively.  For intravenous or subcutaneous routes 

respectively, mice were euthanised at 5, 60 or 120 min with spleen and liver harvested, 

or at 5, 30 or 60 min with draining lymph nodes (axillary and brachial) harvested.  

Organs were cryosectioned as described in method 2.12.1 and Exo-bio and/or 

macrophages stained as described in method 2.12.4; marginal metallophilic, marginal 

zone or red pulp macrophages, or subcapsular sinus macrophages within the spleen or 

draining lymph nodes stained respectively.  Co-localisation analysis of microscopy 

images of Exo-bio or fluorescent beads with macrophage markers was performed as 

described in method 2.15.3. 



62 

 

2.13.2 Circulation half-life of exosomes 

C57BL/6 or CD169-/- mice were anaesthetised as described in method 2.3.3.3.  After the 

loss of righting reflex, a pre-Exo-bio blood sample was taken from the lateral tail vein 

as described in method 2.3.3.4; blood samples were mixed immediately with  

5 mM EDTA.  Mice were then intravenously injected in the contralateral tail vein 

(relative to vein used for blood sampling) with 100 µg of B cell-derived Exo-bio.  Total 

mouse blood volume was estimated to be 5.5% of their body mass 

(http://www.informatics.jax.org/mgihome/other/mouse_facts1.shtml).  Further blood 

samples were taken at 5, 15, 30 and 60 min post-Exo-bio administration as described in 

method 2.3.3.4.  Mice were euthanised at 120 min and the total remaining blood volume 

removed by cardiac puncture.  The concentration of MHC-II+ exosomes in plasma at 

different time points was determined by ELISA as described in method 2.13.3;  

where briefly, Exo-bio were captured by streptavidin and detected with anti-mouse 

MHC-II mAb. 

2.13.3 Soluble murine MHC-II ELISA for detecting Exo-bio in plasma 

Flat bottom 96-well maxisorp plates were coated with 1 µg/mL of purified  

streptavidin (Jackson ImmunoResearch #016-000-084; 100 µL/well) in PBS overnight 

at 4°C.  Plates were then washed three times in 0.05% Tween-20/PBS, blocked for  

10 min at room temperature with 0.1% caseinate/PBS (200 µL/well) and blocking 

solution flicked out.  A standard was prepared from naïve C57BL/6 mouse plasma 

spiked with a known quantity of Exo-bio (2 µg/mL).  Spiked plasma, or plasma samples 

from experimental mice was serially diluted 1-in-3, or diluted 1-in-20 in  

0.1% caseinate/PBS (100 µL/well) respectively; plates were then incubated overnight  

at 4°C and washed as described above.  Captured exosomes were detected by incubation 

with 1 µg/mL FITC-conjugated anti-I-Ab,d,q/I-Ed,k mAb (MHC-II; clone M5/114) 

diluted in 0.1% caseinate/PBS (100 µL/well) for one hour at 37°C.  Plates were then 

washed before incubated with anti-FITC-HRP (Roche #1426346) diluted 1-in-5000 in  

0.1% caseinate/PBS (100 µL/well) for one hour at 37°C.  Finally plates were washed, 

developed with 100 µL/well of TMB and the reaction stopped with H2SO4 (50 µL/well).  

Plates were read using a Tecan Infinite M200 microplate reader at 450 nm. 
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2.14 In vivo functional assays 

2.14.1 Peptide and protein pulsing of exosomes 

For in vivo experiments requiring peptide-pulsed exosomes, purified B cell-derived 

exosomes were pulsed with 1 µM ovalbumin derived OT-I peptide Ova257-264 

(Genscript; Exo257), 1 µM OT-II peptide Ova323-339 (Genscript; Exo323), or 

simultaneously with both peptides (Exo257/323) for four hours at 37°C.  Alternatively, 

exosomes were derived from anti-CD40/IL-4 stimulated B cells that had been incubated 

as described in method 2.6.2, but with the addition of 200 µg/mL ovalbumin  

protein (Sigma #A5503) for the final two days of culture (Exo-pro).  Peptide- or 

protein-pulsed exosomes were washed twice by ultracentrifugation as described in 

method 2.7.1; where stated exosomes were further purified using a sucrose cushion as 

described in method 2.7.2. 

2.14.2 Peptide and protein pulsing of DC and parental B cells 

For in vivo experiments, BMDC were cultured as described in method 2.5.2, matured 

overnight on day six with 200 ng/mL LPS (Salmonella Typhimurium; Sigma #L6511), 

and harvested on day seven; parental B cells were cultured as described in method 2.6.2.  

Dendritic cells on day seven, or parental B cells on day three were then pulsed with  

1 µM ovalbumin peptide Ova257-264 (DC257; B cell257), 1 µM Ova323-339 (DC323) or 

simultaneously with both peptides (DC257/323; B cell257/323) for four hours at 37°C.  

Alternatively, DC or parental B cells were incubated for the final two days of their 

culture with 200 µg/mL ovalbumin protein (DC-pro; B cell-pro).  Cells were harvested, 

washed twice with PBS at 453 ×g for five minutes at room temperature and resuspended 

in PBS for immunisation. 

2.14.3 Exosome-associated H2kb:Ova257 and ovalbumin protein 

Peptide-pulsed exosomes, DC and parental B cells were analysed by flow cytometry for 

their expression level of MHC-I-bound peptide (H2kb:Ova257), whilst those that were 

protein-pulsed were analysed for levels of both H2kb:Ova257 and ovalbumin protein.  

For exosome analysis, Exo257 and Exo-pro were first conjugated to aldehyde-sulphate 

beads as described in method 2.8.2; DC and parental B cells were washed once in  
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0.1% BSA/PBS/2 mM EDTA.  Exo-beads or cells were stained as described in  

methods 2.8.3 and 2.14.5 respectively, by incubation for 15 min on ice with  

2 µg/mL anti-mouse H2kb:Ova257-PE mAb, or 30 min on ice with 1 µg/mL rabbit 

polyclonal anti-ovalbumin antibody.  Primary antibodies were detected with  

10 µg/mL anti-rabbit Ig-Alexa-546 for 30 min on ice; DC were additionally stained 

with 1 µg/mL anti-mouse CD11c-APC. 

2.14.4 Intracellular staining of cells with proliferation dyes 

Splenocytes (and lymph node cells where stated) were isolated and prepared as 

described in method 2.5.1.  Cells were resuspended at 5 × 107 cells/mL in PBS and 

mixed at a 1:1 volume ratio with a 2× stock of carboxyfluorescein diacetate 

succinimidyl ester (CFSE; Invitrogen #C34554), cell proliferation dye (CPD) V450 

(BD #562158) or CPD eFluor 670 (eBioscience #65-0840-90) diluted in PBS for seven 

minutes at room temperature (the working concentration differs based on the 

experiment; please refer to methods 2.14.7, 2.14.8 and 2.14.10 for the specific 

concentration).  Cells were then quenched by the addition of five millilitres of FCS, 

pelleted at 453 ×g for five minutes, before cells were resuspended in 10% FCS/PBS in a 

fresh tube.  Finally cells were washed twice in PBS at 453 ×g for five minutes and 

resuspended in PBS at the appropriate concentration for the assay. 

2.14.5 Cell surface marker staining for in vivo assays 

All splenocytes or lymph node cells requiring labelling for flow cytometry were 

processed as described in method 2.5.1.  Splenocyte preparations were resuspended in 

one millilitre of 0.1% BSA/PBS/2 mM EDTA and 50 µL of cell suspension removed 

for staining (approximately 5 × 106 cells); alternatively entire lymph node preparations 

were stained.  All washes were performed by resuspending cells in one millilitre of  

0.1% BSA/PBS/2 mM EDTA, pelleting cells at 453 ×g for five minutes at 4°C and 

discarding supernatant.  Cells were washed prior to incubation with fluorescently 

conjugated or biotinylated antibodies, diluted to the required concentration in  

0.1% BSA/PBS/2 mM EDTA for 15 min on ice unless otherwise stated.  If required, 

after washing biotinylated antibodies were detected by incubation for 15 min on ice 

with fluorescently conjugated streptavidin diluted in 0.1% BSA/PBS/2 mM EDTA, 
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before a final wash was performed.  For flow cytometric analysis, cells were 

resuspended in 0.1% BSA/PBS/2 mM EDTA if analysed within four hours, or fixed 

with 1% PFA/1% BSA/0.02% azide/PBS if analysed at a later time point. 

2.14.6 Intracellular granzyme B staining 

Initial cell surface staining was performed as described in method 2.14.5, prior to their 

fixation in 1% PFA/1% BSA/0.02% azide/PBS for 20 min at room temperature.  Cells 

were then washed in 0.1% BSA/PBS at 453 ×g for five minutes. To detect intracellular 

granzyme B, cells were resuspended in 4 µg/mL anti-human granzyme B-APC (mouse 

cross-reactive antibody) diluted in permeabolisation buffer for 20 min at room 

temperature.  Finally cells were washed as described above and resuspended in  

0.1% BSA/PBS for flow cytometric analysis. 

2.14.7 In vivo T cell proliferation 

Adoptive transfer of OT-I and/or OT-II cells 

One day prior to immunisation, spleen and lymph nodes were aseptically removed from 

naïve CD45.1+ OT-I and/or OT-II mice as described in method 2.5.1.  Cells were then 

stained with a final concentration of 2.5 µM CFSE or 2 µM CPD V450 as described in 

method 2.14.4.  Naïve host mice (C57BL/6, CD169-/- or bm1) were then adoptively 

transferred intravenously with 1 × 107 OT-I or OT-II cells as stated; where simultaneous 

adoptive co-transfers were required, cells were labelled with different proliferation dyes 

and pooled at a 1:1 ratio for equal numbers to be transferred (1 × 107 of each). 

Immunisation 

Adoptively transferred mice were then intravenously or subcutaneously immunised with 

PBS, 100 µg or 50 µg of exosomes respectively, 1 × 105 DC or 1 × 105 parental B cells 

as stated; exosomes, or DC and parental B cells were prepared as described in  

methods 2.14.1 or 2.14.2 respectively with either ovalbumin peptide or protein  

as stated. 
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Analysis 

Five days post-immunisation, intravenously or subcutaneously immunised mice were 

euthanised, spleens or ipsilateral draining lymph nodes (axillary and brachial) were 

aseptically removed respectively and processed as described in method 2.5.1.  

Adoptively transferred CD45.1+ OT-I or OT-II T cells were labelled by incubating with 

fluorescently conjugated mAb; 1 µg/ml anti-CD4-APC, 0.13 µg/mL CD8α-BV605 or  

1 µg/mL anti-CD45.1-PE as required.  Where stated, OT-I cells were additionally 

stained for granzyme B as described in method 2.14.6.  Proliferation of cells was 

detected via the dilution of CFSE or CPD V450 fluorescence intensity. 

2.14.8 Analysis of cell adoptive transfer survival within bm1 mice 

Naïve C57BL/6 or bm1 splenocytes were isolated and prepared as described in  

method 2.5.1, before each was divided into two populations; the former were stained 

with 0.2 µM CFSE or 0.2 µM CPD V450, whilst the latter with 0.2 µM CPD eFluor670 

or 0.2 µM CPD V450 as described in method 2.14.4.  Cells were pooled at a 1:1:1 ratio 

to create two combinations of targets, both containing all three fluorescent dyes with 

one C57BL/6 and one bm1 population, with the third being syngeneic to one of the 

former.  Target cells were intravenously injected into naïve C57BL/6 or bm1 mice,  

such that each host mouse received a set of three target populations containing two 

syngeneic (1:1 control) and one MHC-I mismatched congenic population.  Host mice 

were euthanised 18 h later with splenocytes isolated and prepared as described in 

method 2.5.1.  Target cell survival was then analysed by flow cytometry.  The ratios of 

control syngeneic to syngeneic, or MHC-I mismatched congenic to syngeneic target 

cells were calculated and represented on a Log2 scale. 

2.14.9 In vivo cell depletion 

Naïve C57BL/6 mice were depleted of CD8+ or CD4+ T cells with three consecutive 

intravenous injections (24 h apart) of 100 µg of anti-mouse CD8β (clone 53-5.8) or 

anti-mouse CD4 (clone YTS191.1.2) antibodies respectively; injections were performed 

on days -8, -7 and -6 with respect to time of immunisation (day 0).  Alternatively, mice 

were depleted of NK cells on day -2, or B cells on day -6 by a single intravenous 

injection with 20 µL of anti-asialoGM1 or 250 µg of anti-mouse CD20 (clone 18B12) 
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antibodies respectively.  As a control, mice were mock depleted on day -6 with  

250 µg of anti-human CD20 antibody (isotype control for B cell depletion). All 

antibodies were diluted in PBS.   

Depletion efficacy was determined from spleens at the conclusion of the in vivo 

cytotoxicity (CTL) assay.  CD4+ T cells (CD4+ TCRβ+), CD8+ T cells (CD8α+ TCRβ+), 

NK cells (CD49b+ TCRβ-) and B cells (B220+) were identified from the CFSE negative 

(endogenous) population.  Splenocytes were stained as described in method 2.14.5 with 

fluorescently conjugated or biotinylated anti-mouse mAb; 2.5 µg/mL anti-TCRβ-biotin, 

1 µg/mL anti-CD4-APC and -CD49b-PE (clone DX5), 0.25 mg/mL anti-B220-BV421 

and 0.13 µg/mL anti-CD8α-BV605.  Following washing, biotin was detected with  

1 µg/mL perCP-conjugated streptavidin (BD #554064). 

2.14.10 In vivo cytotoxicity assay 

Immunisation 

Peptide-pulsed exosomes (purified by ultracentrifugation), DC or parental B cells were 

prepared as described in methods 2.14.1 and 2.14.2.  C57BL/6 or CD169-/- mice were 

then intravenously or subcutaneously immunised with PBS, 100 µg or 50 µg of Exo257 

respectively, 100 µg of Exo257/323 (intravenous only), 1 × 105 DC257 or 1 × 105 parental 

B cell257.  Where stated, one day prior to immunisation, mice were supplemented 

intravenously with 1 × 107 naïve OT-I cells (prepared as described in method 2.5.1). 

Protein-pulsed exosomes (purified as stated), DC and parental B cells were prepared as 

described in methods 2.14.1 and 2.14.2.  For optimisation, C57BL/6 mice were 

intravenously immunised with a titration of Exo-pro (sucrose cushion purified; 100, 50, 

25 or 12.5 µg).  Using optimal amounts, C57BL/6 or CD169-/- mice were then 

intravenously or subcutaneously immunised with PBS, 50 µg of Exo-pro (sucrose 

cushion purified), 100 µg of Exo-pro (ultracentrifugation purified; intravenous only),  

1 × 105 DC-pro, 1 × 105 parental B cell-pro or sucrose pellet.  Alternatively, C57BL/6 

mice were undepleted, mock depleted or depleted of CD8+ T cells, CD4+ T cells,  

NK cells or B cells as described in method 2.14.9.  Undepleted C57BL/6 mice were 
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intravenously immunised with PBS, whilst mice depleted of cells, IFNγ-/- or Pfp-/- mice 

were intravenously immunised with 50 µg of Exo-pro (sucrose cushion purified). 

Adoptive transfer of target cells 

Seven days post-immunisation mice were adoptively transferred with targets cells 

consisting of two populations, cells unpulsed or pulsed with CD8+ T cell peptide Ova257.  

Naïve C57BL/6 mice were euthanised and splenocytes isolated and prepared as 

described in method 2.5.1.  Cells were resuspended at 2 × 107 cells/mL in R10 and 

incubated either unpulsed, or pulsed with 1 µM Ova257 for one hour at 37°C with  

5% CO2 (lids loosened).  Cells were then washed in 0.1% BSA/PBS/2 mM EDTA at 

453 ×g for five minutes.  Unpulsed and pulsed target cells were stained respectively at a 

final concentration of 0.2 µM or 2 µM CFSE as described in method 2.14.4.  Unpulsed 

and pulsed target cells were resuspended in PBS, pooled at a 1:1 ratio and 1.5 × 107 

total cells intravenously injected. 

Analysis 

Mice were euthanised 18 h later and splenocytes (and draining lymph nodes where 

stated) were isolated and prepared as described in method 2.5.1.  Target cell survival 

was then analysed by flow cytometry and the percent of CTL killing determined using 

the following equation: 

�������	�	

	�� = 100 −

�
�
�
�
�
�
�
�
�		����	���:	

�#	��
���	�������#	����
	������� �
�#	����
���	�������#	����
	������� �

�� 		����	���:	
�#	��
���	�������#	����
	������� �

�#	����
���	�������#	����
	������� �!
"
"
"
"
"
"
#

× 100 

2.14.11 IFNγ and anti-ovalbumin antibody ELIspot assay 

In conjunction with in vivo CTL assays, where stated, splenocytes were additionally 

used for enzyme-linked immunosorbent spot (ELIspot) assays for analysis of IFNγ or 

anti-ovalbumin antibody secretion.  Multiscreen 96-well plates with immobilon-P 

membrane (Millipore #MAIPS4510) were pre-wet with 70% ethanol (50 µL/well) and 

flicked out immediately, then washed five times with sterile milliQ  
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H2O (200 µL/well).  To capture IFNγ or anti-ovalbumin antibody, plates were coated 

with 2 µg/mL anti-mouse IFNγ mAb (clone R4-6A2) or goat anti-mouse IgG diluted in 

PBS (100 µL/well) respectively, and then incubated overnight at 4°C.  Plates were 

washed as described above in milliQ H2O to remove unbound antibody and then 

blocked with R10 for 30 min at room temperature. 

C57BL/6 or CD169-/- mice immunised intravenously with PBS or 100 µg Exo-pro for  

in vivo CTL assays were carried out as described in method 2.14.10.  Triplicate 

splenocyte samples per mouse of 2 × 105 cells/well diluted in R10 (100 µL/well) were 

plated; for IFNγ detection incubations were in the presence or absence of 1 µM Ova257 

peptide, or for anti-ovalbumin antibody detection incubation was without peptide.  

Plates were incubated for 16-18 h in a humidified incubator at 37°C with 5% CO2.  

Samples were flicked out and then washed five times with PBS (200 µL/well). 

To detect secreted IFNγ or anti-ovalbumin antibodies, plates were incubated for two 

hours with 1 µg/mL biotinylated anti-IFNγ mAb (clone XMG1.2) or ovalbumin protein 

(biotinylated in-house) respectively, diluted in 0.5% FCS/PBS (100 µL/well) and  

0.22 µm filtered before use.  Plates were washed as described above with PBS and 

biotin detected with alkaline phosphatase-conjugated streptavidin (Mabtech #3310-10) 

diluted 1-in-1000 with 0.5% FCS/PBS (100 µL/well) by incubation for one hour at 

room temperature.  After washing with PBS as described above, plates were then 

developed at room temperature in the dark with the substrate BCIP/NBT-plus 

(5-Bromo-4-Chloro-3-Indolyl Phosphate/Nitro Blue Tetrazolium; 0.45 µm filtered prior 

to use; Mabtech #3650-10).  Following formation of distinct spots, the reaction was 

stopped by removing the plate tray and rinsing the membrane extensively with tap H2O.  

Membranes were allowed to dry overnight at room temperature in the dark before spots 

were counted by eye. 

2.14.12 Endogenous cell influx and/or expansion in vivo 

Naïve C57BL/6 or CD169-/- mice were intravenously or subcutaneously immunised 

with PBS or 50 µg of sucrose cushion purified Exo-pro (prepared as described in 

method 2.14.1).  Five days post-immunisation intravenously or subcutaneously, mice 

were euthanised and spleen or draining lymph nodes harvested respectively as described 
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in method 2.5.1.  Absolute numbers of B cells, CD4+ T cells, CD8+ T cells, double 

negative DC, CD4+ DC, CD8+ DC, plasmacytoid DC or NK cells were calculated from 

flow cytometry. 

Dendritic cell subsets were identified as CD4+ DC (CD11chigh CD4+ CD8α-),  

CD8+ DC (CD11chigh CD4- CD8α+), double negative DC (CD11chigh CD4- CD8α-), or 

plasmacytoid DC (CD11clow B220+).  Cells were stained as described in  

method 2.14.5 with fluorescently conjugated anti-mouse monoclonal antibodies;  

2.5 µg/mL anti-CD11c-FITC, 1 µg/mL anti-CD4-APC, 0.13 µg/mL anti-CD8α-BV605 

and 0.25 µg/mL anti-B220-BV421.  The CD11c negative population were further 

identified as B220+ B cells, CD4+ T cells or CD8α+ T cells.  Whilst NK cells were 

identified as CD49b+ TCRβ- by staining cells with 1 µg/mL anti-CD49b-PE  

(clone DX5) and 2.5 µg/mL anti-TCRβ-FITC. 

2.15 Imaging, data analysis and technical notes 

2.15.1 Centrifugation 

Cells were pelleted at 453 ×g for five minutes at room temperature unless stated 

otherwise.  All centrifugation and ultracentrifugation was performed using full 

acceleration and brake settings unless specifically stated otherwise. 

Ultracentrifugation was performed using either a Beckman Coulter Optima L-90K or 

L-80K ultracentrifuge; all speeds reported are RCFmax (relative centrifugal force).  Cell 

supernatant and wash spins, final purification spins, or sucrose cushion/gradient spins 

were performed using SW32 Ti, SW55 Ti or SW32.1 Ti rotors with swing buckets 

respectively. 

2.15.2 Flow cytometry 

Acquisition 

Cell acquisition was performed using either a BD FACSCalibur or BD LSRFortessa 

flow cytometer with CellQuest Pro or BD FACSDiva software respectively.  The  

BD FACSCalibur held a 488 nm blue and 635 nm red laser; whilst the BD LSRFortessa 

held a 488 nm blue, 561 nm yellow-green, 640 nm red and 405 nm violet laser.  
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For Exo-bead or general cell staining experiments a minimum of 10,000 or 200,000 

gated events were acquired respectively; for in vivo T cell proliferation or CTL assays a 

preferably a minimum of 2,000 adoptively transferred or 5,000 unpulsed target cells 

were acquired respectively. 

Setup 

Flow cytometer voltages (and compensation where required) were set using a 

combination of unstained, single stained or fluorescence-minus-one cell, Exo-bead or 

BSA-bead controls as was appropriate for the individual experiment.  In addition, 

anti-mouse Ig or anti-rat/hamster Ig compensation beads (BD #55284 and BD #552845 

respectively) were routinely utilised; in brief, one microlitre of antibody (or titrated 

amount for an approximately equivalent fluorescence intensity to that of cells) was 

diluted in 200 µL of 0.1% BSA/PBS/2 mM EDTA, before incubation with two drops of 

negative beads and two drops of the appropriate anti-Ig beads for 10 min on ice.  Where 

appropriate, in particular for the staining of macrophages, isotype control (or purified 

polyclonal IgG) antibodies were utilised. 

Analysis 

Analysis of flow cytometric data was performed using FlowJo software. Data was 

subjected to both forward scatter (FSc) and side scatter (SSc) doublet discrimination, 

prior to FSc versus SSc gating of lymphocytes; for multi-colour flow cytometry 

performed, voltages were set appropriately for negative populations of two empty 

channels (where no fluorophores were excited); auto-fluorescent double-positive cells 

were then excluded from lymphocyte populations by gating.  For in vivo T cell 

proliferation experiments, the division index, defined as the average number of cell 

divisions (including the undivided peak) was calculated with FlowJo software. 

2.15.3 Fluorescent microscopy 

Tissue sections were viewed with an Olympus BX-51 upright fluorescent microscope 

with UPlanSApo objective lenses (FN26.5).  A 100 W mercury lamp (USH-103OL) 

with NIBA, WIY and WU filter sets were used to visualise Alexa-488, Alexa-594  

and DAPI signal respectively.  Images were captured with an Olympus DP70  
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camera (ISO-200) with identical exposure settings for each fluorescent stain within an 

experiment, using Olympus DP Controller software. 

Images were corrected for background auto-fluorescence, fluorescent channel bleed 

through, brightness and contrast modification, and image merging using  

Olympus DP Manager software (version 2.2.1.195); all corrections, modifications and 

merges were performed identically within each experiment.   

Co-localisation between exosome signal (red, Alexa-594) or fluorescent beads (green, 

excitation 488 nm) and macrophage marker signal (green, Alexa-488;  

red, Alexa-594) was determined from intravenously injected C57BL/6 or CD169-/- mice 

euthanised at five minutes.  Co-localisation was calculated from ten individual  

photos (×20 objective lens) per mouse, using the Manders’ co-efficient (fraction of 

exosome or bead signal overlapping with macrophage signal) with ImageJ software and 

JaCoP plugin using auto-thresholding.356 

2.15.4 Graphing and statistical analysis 

Graphing and statistical analysis of all data was performed with GraphPad Prism 6 

software; paired two-tailed parametric T test, or one-way or two-way ANOVA with 

Bonferroni post-correction was performed as indicated in figure legends. 

Due to the limited nature of exosome yield, in places it was required to pool data from 

individual experiments performed identically for in vivo experiments.  In particular, 

Exo-pro groups (and corresponding negative control group) from Figure 4.12A 

represent pooled data (two data points from each, Sucr. Pellet and 50 µg of B6 Exo-pro 

were pooled from Figure 4.11 optimisation experiment). 

Please note, Figures 4.12A and 4.18 both contain groups that were in fact performed in 

the same physical experiment; however for simplicity of figure presentation and ease of 

interpretation, groups were split over two graphs; as such control mice data points 

shown (B6 IV PBS and B6 IV Exo-pro) are duplicated and presented in both of the 

aforementioned figures. 
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3.0 Results Part One:  Exosome capture within lymphoid organs 

3.1 Introduction 

B cell-derived exosomes have been shown to express the crucial antigen presentation 

molecules MHC-I, MHC-II and immunoglobulin.42  Moreover, their release from 

primary B cells occurs only upon stimulation by potent activation signals, in particular, 

through the CD40 and IL-4 receptors.42  Such specific release begs the question if the 

intended role of B cell-derived exosomes is to enhance the immune response through 

antigen transfer.  Alternatively, exosomes may be a mechanism by which cells dispose 

of intracellular and plasma membrane molecules and proteins during cellular activation 

and proliferation.275,357 

3.2 Marginal zone and subcapsular sinus binding pattern of exosomes within 

the spleen and lymph node 

Irrespective of function, the lack of exosome associated MHC-II found in normal mice 

and men likely indicate the presence of an uptake or capture mechanism.354  Thus we 

first sought to determine the fate of B cell-derived exosomes upon release into 

circulation.  In particular their capture or interaction with other cells, which may in turn 

provide insight into their potential function. 

To mimic exosome release in vivo, biotinylated B cell-derived exosomes (Exo-bio) 

were intravenously injected into wild-type (C57BL/6) mice and spleens and livers 

harvested after five minutes.  Interestingly, exosomes localised in a distinct marginal 

zone pattern within the spleen (Figure 3.1).  However it could not be determined 

whether this pattern was due to specific capture or simply the anatomical constraints of 

blood flow entry into the spleen. 

In order to address whether a specific capture mechanism for exosomes within the 

spleen exists, an in vitro Stamper-Woodruff assay was modified and optimised for use 

with exosomes.  This assay, originally established to study lymphocyte homing within 

lymph nodes, is now frequently used to determine the sites and specific receptors and/or 

ligands involved with cell adherence to different organs.355  Briefly, biotinylated 
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exosomes were incubated directly on naïve tissue sections, fixed and biotin detected 

with fluorescently labelled streptavidin.  An increasing marginal zone binding pattern 

was noted when naïve splenic tissue was incubated with higher exosome concentrations. 

However, increasing the exosome concentration to 100 µg/mL or above yielded high 

levels of non-specific binding to the spleen section.  Hence the optimal exosome 

concentration was determined to be the greatest marginal zone binding with the least 

non-specific binding.  Optimal exosome binding to tissue sections was observed with  

50 µg/mL biotinylated exosomes incubated on non-fixed sections at 37°C (Figure 3.2). 

Surprisingly, despite the absence of preferential blood flow, utilising the optimised 

concentration (50 µg/mL), exosomes bound to naïve spleen sections in an identical 

manner to that observed in vivo.  In addition to the marginal zone binding pattern, when 

this assay was extended to naïve lymph node sections, we observed exosomes in a 

subcapsular sinus pattern (Figure 3.3).  Moreover, subcapsular sinus binding was 

uniform irrespective of the lymph node origin i.e. peripheral or mesenteric (data not 

shown). 

The biotin linker (sulfo-NHS-LC) has the potential to form a novel antigenic binding 

structure (biotin-NHS ester – lysine).  As such, it was essential to determine if binding 

of exosomes to tissue sections was artefactual due to the biotin linker.  Bovine  

serum albumin was biotinylated as a control as its protein sequence contains 

approximately one hundred potential biotinylation sites (free amines and lysine 

residues; http://www.uniprot.org/uniprot/P02769).  Biotinylation of BSA was confirmed  

by immobilisation of BSA to beads and subsequent flow cytometric analysis  

(Figure 3.4A).  Biotinylated BSA was then incubated with naïve spleen sections.   

No binding was observed and likely indicated marginal zone binding of biotinylated 

exosomes was not an artefact due to biotin linkage (Figure 3.4B). 

Alternative exosome labelling strategies were employed to confirm biotin was the 

optimal label to be used in further experiments.  A pilot experiment utilising lipophilic 

dyes showed promise with Exo-beads stained with DiO and CMDiI, however a high 

background staining of beads was also noted (Figure 3.5A).  Subsequent experiments 

staining uncoupled exosomes proved problematic, as aggregated excess DiO and 
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CMDiI dyes were found to co-pellet with exosomes.  A subsequent low speed spin 

(5,000 ×g for five minutes) successfully pelleted the dyes (Figure 3.5B).  However the 

resulting supernatant, although containing exosomes (as determined by Coomassie blue 

protein spot test) did not have any detectable fluorescence (Figure 3.5A,C).  In contrast, 

exosomes stained with the lipophilic dye FM4-64 were weakly fluorescent, but 

unfortunately were only detectable via flow cytometry (Figure 3.5A,C). 
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Figure 3.1:  In vivo capture of exosomes within the marginal zone of the spleen.  C57BL/6 
mice were intravenously (IV) injected with 100 µg of biotinylated  
B cell-derived exosomes (Exo-bio) and spleens harvested after five minutes.  Biotinylated 
exosomes were detected with streptavidin-Alexa-594 (red) and nuclei counterstained with 
DAPI (blue).  Visualised under ×10 objective; scale bar = 500 µm.  Representative of six mice. 
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Figure 3.2:  Optimisation of a modified Stamper-Woodruff assay for in vitro exosome 
binding.  Frozen naïve BALB/c splenic tissue was sectioned (7 µm), mounted onto Histobond 
slides and air-dried overnight.  Optimisation of a modified Stamper-Woodruff assay was 
performed by direct application of Exo-bio to sections for two hours. Biotin was detected with 
streptavidin-Alexa-488 (green) and nuclei counterstained with DAPI (blue).  (A) Optimisation 
of exosome concentration (doubling dilutions; 200-6.25 µg/mL).  (B) Optimisation of exosome 
incubation temperature (4°C, RT or 37°C).  (C) Control; no exosomes. Sections visualised 
under ×20 objective; scale bar = 200 µm.  Pilot experiment. 
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Figure 3.3:  Exosome capture by the spleen and lymph node in the absence of blood  
or lymph flow.  Naïve C57BL/6 spleen or lymph node (LN) sections were incubated with 
Exo-bio using a modified Stamper-Woodruff assay.  Biotin was detected with 
streptavidin-Alexa-488 (green) and nuclei counterstained with DAPI (blue). Spleen and LN 
sections visualised under ×4 and ×10 objective respectively; scale bar represents  
500 µm (spleen) or 250 µm (LN).  Results representative of at least five experiments;  
lymph nodes from at least four anatomically distinct locations. 
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Figure 3.4:  Sulfo-NHS-LC biotin does not mediate marginal zone binding within  
the spleen.  (A) Bovine serum albumin (BSA) was biotinylated, bound to aldehyde-sulphate 
beads and the biotin level determined with streptavidin-allophycocyanin (SA-APC) via flow 
cytometry (black line). Shaded peak indicates negative control; non-biotinylated BSA bound to 
beads.  (B) Biotinylated BSA was incubated with naïve BALB/c spleen sections using a 
modified Stamper-Woodruff assay, biotin detected with streptavidin-Alexa-488 (green) and 
nuclei counterstained with DAPI (blue).   Visualised under ×20 objective; scale bar = 200 µm.  
Results representative of two experiments. 
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Figure 3.5:  Lipophilic dye labelling of exosomes.  Exosomes were stained with lipophilic 
dyes FM4-64, DiO or CMDiI either (A) post- or pre-coupling to aldehyde-sulphate beads and 
fluorescence determined via flow cytometry.  Black line indicates stained exosomes; dashed line 
indicates stained BSA-conjugated beads; shaded peak indicates unstained exosomes; y-axis 
represents percent of max.  (B) Ultracentrifugation purified lipophilic dye stained exosomes 
further spun at 5,000 ×g.  Arrows indicate pellets of dye aggregates.  (C) Modified  
Stamper-Woodruff assay of stained exosomes (FM4-64: red; DiO: green; CMDiI: orange) on 
naïve BALB/c spleen sections.  Nuclei counterstained with DAPI (blue).  Sections visualised 
under ×20 objective; scale bar = 200 µm.  Results representative of two experiments. 
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Figure 3.6:  Alternative exosome labelling.  Naïve BALB/c spleen sections were incubated 
with exosomes labelled with NHS-biotin, NHS-Fluorescein (green), FITC (green) or  
unlabelled using a modified Stamper-Woodruff assay.  Biotin was detected with 
streptavidin-Alexa-488 (green) and nuclei counterstained with DAPI (blue). Visualised under 
×20 objective; scale bar = 200 µm.  Results representative of two experiments. 
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Lastly exosomes were labelled with FITC or NHS-Fluorescein, the latter showed clear 

marginal zone binding, whilst the former labelled only poorly (Figure 3.6).  

Biotinylation in comparison remained superior, allowing both greater signal-to-noise 

ratio (when used in conjunction with fluorescently conjugated streptavidin), as well as 

versatility with reference to fluorescence colour. 

3.3 Specific capture of exosomes by the CD169 receptor 

To assess the specificity of exosome binding a cold inhibition assay was performed in 

conjunction with a modified Stamper-Woodruff assay.  A marked reduction in binding 

was observed when sections were incubated with unlabelled ‘cold’ exosomes prior to 

the addition of biotinylated exosomes at a 10:1 ratio (Figure 3.7).  This specificity 

implicates exosome capture as receptor-mediated in nature.  Further investigation was 

then sought to identify the particular cell expressing this receptor. 

The splenic marginal zone is complex in nature with a number of cell types residing in 

close confinement with one another.  We therefore examined splenic sections for areas 

of co-localisation between exosomes and a panel of antibodies to surface markers 

known to be expressed by splenic leukocytes.  Strikingly, distinct overlap of exosomes 

and the marginal metallophilic macrophage marker CD169 was observed within the 

spleen, whilst no overlap with either marginal zone (SIGN-R1) or red pulp (F4/80) 

macrophage markers was observed (Figure 3.8A).   

In contrast to the marginal zone, the lymph node subcapsular sinus is much simpler in 

cell composition, with predominantly subcapsular sinus macrophages residing within 

this area.  Interestingly this macrophage subset, like the marginal metallophilic 

macrophages of the spleen also expresses the CD169 molecule.  Thus not surprisingly 

there was considerable overlap of exosomes with CD169 within lymph nodes  

(Figure 3.8B).  Staining with MOMA-2 mAb (pan-tissue macrophage marker), allowed 

visualisation of all lymph node macrophages present within the tissue section.  Overlap 

of exosomes with only a small proportion of MOMA-2+ macrophages located in the 

subcapsular sinus further emphasised exosome capture as specific to subcapsular sinus 

macrophages (Figure 3.8B).  
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The distinguishing feature of marginal metallophilic and subcapsular sinus macrophages 

is the surface expressed sialoadhesin molecule CD169, hence their collective and more 

common name as ‘CD169+ macrophages’.86,89  This receptor, with the ability to bind 

sialic acid, was then the primary target for blocking experiments with the neutralising 

antibody anti-CD169 (clone SER-4).86  Exosome binding ability was lost in a  

dose-dependent manner, as such, this confirmed CD169 as the receptor mediating 

exosome capture within the spleen (Figure 3.9).  Despite seeing no overlap of exosomes 

with SIGN-R1 (Figure 3.8A), due to the close proximity of marginal metallophilic and 

marginal zone macrophages, neutralising antibody against the receptor SIGN-R1 

expressed by marginal zone macrophages was also tested in conjunction with the 

modified Stamper-Woodruff assay.  No reduction of in vitro exosome capture was 

observed (Figure 3.9A), this further emphasised the role of CD169 in the specific 

capture of exosomes.  We next extended this CD169 blocking experiment to lymph 

node tissue; complete loss of exosome binding to the subcapsular sinus in the presence 

of CD169 neutralising antibody was observed (Figure 3.10A).  

CD169-mediated binding was found to extend beyond that of B cell-derived exosomes, 

with B cell-derived apoptotic vesicles also demonstrating CD169-dependent  

binding (Figure 3.10B).  Moreover, vesicle binding was not limited to only B cell 

origin, as DC-derived exosomes bound in a similar CD169-dependent manner within 

the spleen (Figure 3.10C).  However upon careful observation, although almost the 

complete loss of DC-derived exosome binding in the presence of CD169 neutralising 

antibody, an extremely faint and sparse ring of exosomes remained, an occurrence that 

was not observed in those of B cell origin (Figure 3.10A,C). 

The similar binding pattern of B cell-derived exosomes and apoptotic vesicles raised 

queries regarding exosome purity.  The protein profiles of both vesicle types were 

compared by Coomassie blue staining of gel electrophoresed lysates, prior to their 

analysis by mass spectrometry, results showed the samples were in fact distinct from 

one another (Figure 3.11A; Appendix A).  Additionally, Western blot analysis 

confirmed expected similarities with MHC-II expressed by both vesicle types, but also 

indicated they were distinct entities.  In particular, apoptotic vesicles expressed  

histone H3 while exosomes did not (Figure 3.11B). 
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Figure 3.7:  Cold inhibition of in vitro exosome binding to spleen.  Naïve BALB/c spleen 
sections were incubated with 500 µg/mL unlabelled ‘cold’ exosomes for two hours prior to 
direct addition of 50 µg/mL biotinylated exosomes (10:1 ratio of ‘Cold’ Exo to Exo-bio) using a 
modified Stamper-Woodruff assay.  Biotin was detected with streptavidin-Alexa-488 (green) 
and nuclei counterstained with DAPI (blue). Visualised under ×20 objective; 
scale bar = 200 µm.  Results representative of two experiments. 
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Figure 3.8:  Marginal zone and subcapsular sinus exosome capture in vitro. Naïve C57BL/6 
(A) spleen or (B) LN sections were incubated with Exo-bio using a modified Stamper-Woodruff 
assay.  (A) Spleen sections were co-labelled for marginal metallophilic, marginal zone or  
red pulp macrophages with anti-CD169 (clone MOMA-1), anti-SIGN-R1 (clone ER-TR9) or 
anti-F4/80 (clone CI:A3-1) respectively.  (B) Lymph node sections were co-labelled for 
subcapsular sinus or MOMA-2+ macrophages with anti-CD169 (clone MOMA-1) or  
anti-MOMA-2 (clone MOMA-2) respectively. Biotinylated exosomes were detected with 
streptavidin-Alexa-594 (red), primary antibodies detected with anti-rat IgG-Alexa-488  
(green) and nuclei counterstained with DAPI (blue).  Visualised under ×20 objective;  
scale bar = 200 µm.  Results representative of three experiments. 
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Figure 3.9:  CD169 mediates exosome binding to spleen in vitro.  Naïve BALB/c spleen 
sections were incubated for one hour with control or neutralising antibodies against 
(A) SIGN-R1 (neat CSN from clone ER-TR9), CD169 (2 mg/mL; clone SER-4) or 
(B) CD169 (clone SER-4; titration).  Sections were further incubated with Exo-bio in the 
presence of neutralising antibodies using a modified Stamper-Woodruff assay.  Biotin was 
detected with streptavidin-Alexa-488 (green) and nuclei counterstained with DAPI (blue). 
Visualised under (A) ×10 objective or (B) ×20 objective; scale bar = 200 µm.  Results 
representative of (A) two or (B) one optimisation experiment. 
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Figure 3.10:  CD169 mediates marginal zone binding of B cell-derived exosomes and 
apoptotic vesicles in vitro.  Naïve BALB/c spleen or LN sections were incubated for one hour 
with control or neutralising antibodies against CD169 (10 µg/mL; clone SER-4).  Sections were 
further incubated with biotinylated (A) B cell-derived exosomes, (B) B cell-derived apoptotic 
vesicles (ApoV) or (C) DC-derived exosomes in the presence of neutralising antibodies using a 
modified Stamper-Woodruff assay.  Biotin was detected with streptavidin-Alexa-488 (green) 
and nuclei counterstained with DAPI (blue). Visualised under ×20 objective;  
scale bar = 200 µm.  Results representative of (A) three and (B,C) two experiments. 
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Figure 3.11:  B cell-derived exosomes and apoptotic vesicles express distinct protein 
profiles.  BALB/c B cell-derived exosome (Exo) and apoptotic vesicle (ApoV) lysate was  
run on a NuPage 12% Bis-Tris gel.  Proteins were stained with Coomassie blue (A) and  
further analysed by mass spectrometry (Appendix A).  (B) Alternatively, proteins were 
transferred to nitrocellulose paper for Western blotting with antibodies against the  
MHC-II β chain (batch JV2; ~29 kDa) or histone H3 (~16 kDa).  Primary antibodies were 
detected with goat anti-rabbit IgG-HRP and developed with DAB.  Results representative of 
two experiments. 
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3.4 Exosome capture is mediated by α2,3-linked sialic acid 

The discovery of CD169 (sialoadhesin) as a specific exosome receptor within spleen 

and lymph node indicated the exosomal ligand was sialic acid.  To confirm this,  

we therefore attempted to cleave sialic acid from the exosome surface.  Vibrio 

cholerae-derived sialidase (SIAL-V) successfully cleaved almost all α2,3-linked sialic 

acid while having only a minimal effect on α2,6-linked sialic acid expression compared 

to untreated exosomes (Figure 3.12).  In contrast, Arthrobacter ureafaciens-derived 

sialidase (SIAL-A) cleaved the majority of α2,3-linked sialic acid and partially cleaved 

α2,6-linked sialic acid (Figure 3.12).  Lastly we attempted the use of leech Macrobdella 

decora-derived sialidase (SIAL-L), an enzyme reported to cleave only α2,3-linked sialic 

acid while leaving α2,6-linked sialic acid completely unscathed.358  Unfortunately initial 

SIAL-L tests revealed no sialidase activity towards exosomes, with no difference 

between treated and untreated exosomes observed (Figure 3.12). 

To optimise and confirm the sialidase activity of SIAL-L, splenocytes were sialidase 

treated and B and T cell sialic acid expression analysed by flow cytometry.  Similar 

results with SIAL-V and SIAL-A were yielded compared to exosomes, however the 

efficacy was of a lesser degree (Figure 3.13).  Unfortunately, SIAL-L again showed no 

sialidase activity (Figure 3.13).  Additionally it was noted that following SIAL-L 

incubation, large numbers of cells had died and those remaining resembled dying cells 

under brightfield observation (data not shown). 

It is noteworthy to mention that while SIAL-V and SIAL-A require incubations with  

0.1 U/mL and 0.5 U/mL of enzyme respectively, SIAL-L had an unusually high 

recommended working concentration of 25 U/mL with an incubation time four-fold 

longer than required for SIAL-V and SIAL-A treatment.  Hence any impurities present 

in the original enzyme preparation would presumably be introduced to samples at 

greater quantities for a longer time period, in turn having a higher potential to be 

problematic.  With this in mind, upon Coomassie blue staining of gel electrophoresed 

SIAL-L enzyme, multiple bands of various sizes were observed, some staining with 

higher intensity than the size appropriate SIAL-L band (data not shown).  This likely 

indicated the enzyme was relatively impure and potentially accounts for the observed 
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toxicity to living cells.  Furthermore, cross-referencing enzyme lot numbers with the 

supplied datasheet and certificate of analysis revealed they did not correspond. 

The consequence of cleaving α2,3-linked sialic acid ligands from the exosome surface 

with SIAL-V was tested in conjunction with a modified Stamper-Woodruff assay.  

Interestingly, despite predominantly cleaving only one sialic acid type (α2,3-linked) 

from exosomes, we saw the complete abolishment of binding to naïve spleen and lymph 

node sections (Figure 3.14).  To ensure this lack of binding was not simply due to 

disruption or damage to the exosome structure as a result of sialidase treatment, 

necessary quality control analysis was performed.  Biotinylated exosomes ± SIAL-V 

treatment were purified by density using a 30% sucrose/D2O cushion, exosome 

presence in fractions was analysed by ELISA for both biotin and MHC-II.  

Additionally, sucrose cushion purified exosomes were visualised by TEM.  No obvious 

morphological or size differences were observed regardless of their treatment, thus 

confirming exosomes remained intact (Figure 3.15). 

Further analysis by flow cytometry confirmed exosome integrity, with no change in the 

expression level of known B cell-derived exosome markers MHC-II, immunoglobulin 

or tetraspanin CD9 after SIAL-V treatment, while CD21 expression remained  

negative (Figure 3.16).42  Interestingly, SIAL-V treated exosomes compared to those 

untreated showed markedly increased levels of CD19 and CD24, and to a lesser degree 

CD147, while a decrease was noted with MHC-I (Figure 3.16).  The exosome biotin 

label decreased slightly following SIAL-V treatment, however the final biotin level was 

still greater than 3 Log10 above the unbiotinylated exosome control (Figure 3.16). 
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Figure 3.12:  Sialic acid cleavage from exosomes.  Exosomes (C57BL/6) were bound to 
aldehyde-sulphate beads and then treated with sialidase derived from Vibrio  
cholerae (SIAL-V), Arthrobacter ureafaciens (SIAL-A) or Macrobdella decora (SIAL-L).  
α2,3- and α2,6-linked sialic acid was labelled with biotinylated lectins MAL-II and SNA 
respectively.  Biotin was detected with streptavidin-APC and analysed by flow cytometry.  
Dashed line indicates sialidase treated exosomes; black line indicates untreated exosomes; 
shaded peak indicates streptavidin-APC only control; y-axis represents percent of max.  Results 
representative of three experiments (SIAL-V and SIAL-A) and one experiment (SIAL-L). 
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Figure 3.13:  Sialic acid cleavage from lymphocytes.  Naïve C57BL/6 spleens were treated 
with sialidase derived from Vibrio cholerae (SIAL-V), Arthrobacter ureafaciens (SIAL-A) or 
Macrobdella decora (SIAL-L).  α2,3- and α2,6-linked sialic acid was labelled with biotinylated 
lectins MAL-II and SNA respectively.  B and T cells were labelled with CD19-PE and 
TCRβ-FITC respectively.  Biotin was detected with streptavidin-APC and cells analysed by 
flow cytometry.  Dashed line indicates sialidase treated cells; black line indicates untreated 
cells; y-axis represents percent of max.  Results representative of two experiments. 
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Figure 3.14:  Sialic acid mediates binding of exosomes to spleen and lymph node.  
Biotinylated exosomes were untreated or treated with Vibrio cholerae-derived sialidase 
(SIAL-V).  Naïve C57BL/6 spleen and LN sections were then incubated with 
Exo-bio ± SIAL-V treatment using a modified Stamper-Woodruff assay.  Biotin was detected 
with streptavidin-Alexa-488 (green) and nuclei counterstained with DAPI (blue). Visualised 
under ×20 objective; scale bar = 200 µm.  Results representative of three experiments. 
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Figure 3.15:  Exosome purification and quality control.  C57BL/6 (A) Exo-bio or 
(B) SIAL-V treated Exo-bio were sucrose cushion purified.  Fractions were removed as 
indicated and analysed for biotin and MHC-II+ exosome presence by ELISA. Red dashed line 
indicates the interface position; black dotted line indicates fractions above and below the 
interface that were pooled for use.  (C) Pooled fractions were negatively stained and visualised 
under TEM.  No apparent differences in morphology were observed between samples;  
diameter range 70-120 nm.  Photos representative of the preparations as a whole.  Original 
magnification ×24,500 (Exo-bio) and ×17,500 (Exo-bio SIAL-V treated).  Scale bars = 500 nm 
(or inset 100 nm).  (D) Sucrose cushion purification of Exo-pro for use in vivo CTL assays.  
Exosome fraction clearly observed as a white band at the interface (indicated by arrow). 
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Figure 3.16:  Surface marker expression of SIAL-V-treated exosomes.  Biotinylated 
exosomes (C57BL/6) were untreated or SIAL-V treated, sucrose cushion purified and 
conjugated to aldehyde-sulphate beads.  Exo-beads were stained with antibodies against 
MHC-I, MHC-II or Ig (PE-conjugated), or CD9, CD19, CD21, CD24, CD43 or  
CD147 (unlabelled).  Unlabelled primary antibodies detected with anti-rat Ig-PE and biotin 
detected with streptavidin-PE; Exo-beads analysed by flow cytometry.  Unbiotinylated  
Exo-beads used as control for biotin stain; BSA-conjugated beads used for control for all  
other stains.  Dashed line indicates SIAL-V treated exosomes; black line indicates untreated 
exosomes; shaded peak indicates control. 
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3.5 Ex vivo culture of splenic macrophages 

Experimental procedures for the capture of exosomes thus far were predominantly 

microscopy based.  Therefore an alternative flow cytometric based assay utilising  

ex vivo cultured splenic CD169+ macrophages was attempted.  It has been reported that 

splenocytes cultured with M-CSF for seven days resulted in upregulation of CD169 

expression on macrophages.352  Cultured macrophages were incubated with biotinylated 

exosomes in the presence or absence of anti-CD169 neutralising antibody (clone 

SER-4), or alternatively with biotinylated exosomes ± SIAL-V treatment.  Exosomes 

were captured by a low percentage of macrophages (11-15%), furthermore contrary to 

previous results the addition of neutralising antibody enhanced exosome capture and 

was notably increased for SIAL-V treated exosomes (Figure 3.17). 

Assessment of macrophage quality showed CD11b expression, hence cells were likely 

macrophages, however they were in fact negative for CD169 (Figure 3.18).  Upon 

closer evaluation of the original protocol, it was noted that the displayed negative 

control in flow cytometric plots was not stated, thus it was not known if they 

represented isotype or unstained controls.  Macrophages, being particularly renowned 

for their ability to non-specifically bind to antibodies can be problematic without the 

correct controls.359  This was clearly demonstrated by the substantial but comparable 

shifts in fluorescence of both negative control and anti-CD169 antibodies with respect 

to unstained macrophages (Figure 3.18). 

Two approaches were utilised to counter non-specific binding of antibodies to the 

macrophages.  Firstly, macrophages were blocked with a specific mAb against the  

Fc receptor (clone 2.4G2).  Unfortunately this had little or no effect at blocking  

non-specific binding of all antibodies, with the exception of anti-CD169 mAb, where a 

slight decrease was noted (Figure 3.18).  Secondly, macrophages were incubated with 

naive mouse serum to allow the non-specific binding of the natural antibodies present 

within the serum, thus blocking non-specific binding sites prior to staining.  While this 

second approach successfully decreased the non-specific binding of the isotype control, 

thus resulting in greater shifts in fluorescence between the isotype control antibody  

and anti-CD11b, -CD11c and -F4/80 mAb, no shift in fluorescence was noted for  
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anti-CD169 mAb (Figure 3.18).  These findings confirmed the cultured macrophages as 

negative for CD169 expression. 

With the inability to successfully culture CD169+ macrophages and the inherent 

difficulty of isolating and sorting viable macrophage populations, we obtained 

CD169-/- mice.  These mice, although genetically deficient for the CD169 receptor, still 

retain marginal metallophilic and subcapsular sinus macrophages.349  This allowed 

definitive modified Stamper-Woodruff assays utilising tissue from CD169-/- mice, with 

results confirming CD169 as a specific receptor for mediating exosome capture within 

spleen and lymph node (Figure 3.19). 

  



99 

 

Figure 3.17:  Splenic macrophage binding of exosomes in vitro.  BALB/c splenocytes were 
cultured for seven days with R10 supplemented with 20% L929 CSN (M-CSF). Macrophages 
were then incubated with (A) control or neutralising antibody anti-CD169 (clone SER-4) for  
15 min before the addition of 50 µg/mL Exo-bio for one hour, or (B) 50 µg/mL untreated or 
SIAL-V treated Exo-bio for one hour.  The level of exosome binding was detected with 
streptavidin-APC via flow cytometry.  Dashed line indicates unstained control; shaded peak 
indicates biotinylated isotype control with streptavidin-APC; black line indicates macrophages 
incubated with Exo-bio.  Pilot experiment. 

  



100 

 

Figure 3.18:  Surface marker expression of splenic macrophages cultured ex vivo.   
BALB/c splenocytes were cultured for seven days with R10 supplemented with 20% L929 CSN 
(M-CSF).  Macrophages were blocked with anti-Fc antibody (clone 2.4G2), 10% mouse serum 
(or unblocked) prior to staining with biotinylated antibodies against CD169 (clone MOMA-1), 
CD11b, CD11c or MHC-II (clone AMS-32.1).  Biotin was detected with streptavidin-APC and 
analysed by flow cytometry.  Dashed line indicates unstained control; shaded peak indicates 
biotinylated isotype control; bold line indicates cell stain; y-axis represents percent of max.  
Pilot experiment. 
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Figure 3.19:  Absence of marginal zone and subcapsular sinus binding in vitro in mice 
deficient of CD169.  Naïve C57BL/6 and CD169-/- spleen and LN sections were incubated  
with Exo-bio using a modified Stamper-Woodruff assay.  Biotin was detected with  
streptavidin-Alexa-488 (green) and nuclei counterstained with DAPI (blue). Spleen visualised 
under ×20 objective; scale bar = 200 µm.  Lymph node visualised under ×40 objective; 
scale bar = 100 µm.  Results representative of two experiments. 

 
 

  



102 

 

3.6 Aberrant distribution of exosomes in vivo in the absence of CD169 

The discovery of marginal metallophilic and subcapsular sinus macrophages expressing 

the exosome receptor CD169 within the spleen and lymph node respectively, led to 

intriguing questions as to the fate of exosomes within both wild-type (C57BL/6) and 

CD169-/- mice in vivo.  Initial in vivo capture experiments were investigated with 

spleens harvested five minutes following intravenous injection of biotinylated 

exosomes, prior to sections analysed by fluorescent microscopy. Distinct co-localisation 

between biotinylated exosomes and marginal metallophilic macrophages (CD169+) was 

observed within wild-type mice, with little to no overlap with marginal zone 

(SIGN-R1+) or red pulp (F4/80+) macrophages (Figure 3.20).  Strikingly, within 

CD169-/- mice, exosomes were poorly retained within the inner marginal zone.  Instead 

exosomes appeared to ‘bleed’ into the outer marginal zone with greater co-localisation 

of exosomes and marginal zone macrophages compared to wild-type mice  

(Figure 3.20). 

Experiments to study the in vivo capture of exosomes were then extended to investigate 

the lymph nodes.  Biotinylated exosomes were subcutaneously injected into mice and 

their draining lymph nodes harvested at the indicated time points (Figure 3.21A).  

Interestingly this revealed brighter and a greater fluorescence intensity at an earlier time 

point (30 min) within CD169-/- mice compared to wild-type (Figure 3.21A).  Moreover, 

exosomes appeared more well contained within the subcapsular sinus of draining lymph 

nodes of wild-type compared to CD169-/- mice.  In contrast, after 30 min exosomes 

appeared to have migrated into the lymph node medullary sinus within CD169-/- mice 

(Figure 3.21A).  Co-labelling of wild-type lymph node sections showed distinct overlap 

between exosomes and CD169 indicating exosome capture by subcapsular sinus 

macrophages (Figure 3.21B). 

Marginal metallophilic and subcapsular sinus macrophages appear strategically 

positioned at critical blood or lymph flow entry points.  Their common receptor, 

CD169, is able to mediate binding in trans to sialylated molecules on neighbouring 

cells.  This raised questions if the absence of the CD169 within CD169-/- mice could 

result in altered barrier function to particulate antigen, regardless of their sialylation 

status.  To examine this, non-sialylated 100 nm diameter fluorescent beads were 
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intravenously or subcutaneously injected into wild-type or CD169-/- mice, with spleens 

or draining lymph nodes harvested respectively.  Initial results showed no apparent 

differences between the strains with respect to the pattern or depth within which beads 

were located (Figure 3.22).  Furthermore, co-labelling of spleen sections showed 

non-sialylated beads easily reached the outer marginal zone, with their capture 

predominantly by marginal zone macrophages regardless of mouse strain (Figure 3.23). 

Quantification of co-localisation between biotinylated exosomes and macrophage 

marker fluorescent signal emphasised the previously observed aberrant distribution in 

the absence of the CD169 receptor.  Exosomes were preferentially captured by marginal 

metallophilic (CD169+) macrophages compared to other macrophage subsets in 

wild-type mice.  In contrast, significantly higher percentages of exosomes co-localised 

with marginal zone and red pulp macrophages in CD169-/- mice compared to wild-type 

mice (Figure 3.24).  Moreover, co-localisation analysis of non-sialylated beads with 

macrophage subsets confirmed no significant difference regardless of the presence or 

absence of CD169 (Figure 3.24). 
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Figure 3.20:  Aberrant distribution of exosomes in vivo in the absence of CD169.  C57BL/6 
or CD169-/- mice were IV injected with 100 µg of Exo-bio and spleens harvested after five 
minutes.  Biotinylated exosomes were detected with streptavidin-Alexa-594 (red).  Sections 
were co-labelled for (A) marginal metallophilic, (B) marginal zone or (C) red pulp macrophages 
with anti-CD169 (clone MOMA-1), anti-SIGN-R1 (clone ER-TR9) or anti-F4/80 
(clone CI:A3-1) respectively.  Primary antibodies were detected with anti-rat IgG-Alexa-488 
(green) and nuclei counterstained with DAPI (blue).  Visualised under ×20 objective; 
scale bar = 200 µm.  Results representative of 4-6 mice per group. 
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Figure 3.21:  Lymph node capture of exosomes in vivo.  (A) C57BL/6 or CD169-/- mice were 
SC injected with 50 µg of Exo-bio and draining lymph nodes harvested at indicated time points.  
Biotinylated exosomes were detected with streptavidin-Alexa-594 (red) and nuclei 
counterstained with DAPI (blue).  (B) Additionally C57BL/6 sections (30 min) were co-labelled 
for CD169 (clone MOMA-1) and detected with anti-rat Alexa-488 (green).  Visualised under 
×10 objective; scale bar = 500 µm.  Results representative of 4-6 mice per group. 
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Figure 3.22:  Capture of non-sialylated beads in vivo.  C57BL/6 or CD169-/- mice were  
IV or SC injected with 2 × 1011 or 1 × 1011 fluorescent beads (100 nm; green) respectively.  
Spleen or draining lymph nodes (dLN) were removed at five or thirty minutes respectively, 
sectioned and nuclei counterstained with DAPI (blue).  Spleen and dLN sections visualised 
under ×10 or ×20 objective respectively; scale bar = 250 µm.  Results representative of four 
mice per group. 
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Figure 3.23:  In vivo capture of non-sialylated beads within the spleen.  C57BL/6 or 
CD169-/- mice were IV injected with 2 × 1011 fluorescent beads (100 nm; green) and spleens 
harvested after five minutes. Sections were co-labelled for (A) marginal metallophilic, 
(B) marginal zone or (C) red pulp macrophages with anti-CD169 (clone MOMA-1),  
anti-SIGN-R1 (clone ER-TR9) or anti-F4/80 (clone CI:A3-1) respectively.  Primary antibodies 
were detected with anti-rat IgG-Alexa-594 (red) and nuclei counterstained with DAPI (blue).  
Visualised under ×20 objective; scale bar = 200 µm.  Results representative of four mice per 
group. 



108 

 

 
Figure 3.24:  Aberrant distribution of exosomes in vivo in the absence of CD169.  
C57BL/6 or CD169-/- mice were IV injected with 100 µg of Exo-bio or 2 × 1011 fluorescent 
beads and spleens harvested after five minutes. Percent co-localisation was calculated from 
fluorescent microscopy photos of spleen sections (Figures 3.20 & 3.23).  Data from four mice 
per group with ten individual photos per mouse (visualised under ×20 objective) were analysed 
for co-localisation of green (Alexa-488) and red (Alexa-594) signal using the Manders’ 
co-efficient with ImageJ.  Each point represents an individual photo; line  
indicates mean.  Circles = Exosomes; Squares = Beads; Closed symbols = C57BL/6 mice; 
Open symbols = CD169-/-.  One-way ANOVA with Bonferroni post-correction test performed: 
ns = not significant; * P < .05; ** P < .01; **** P < .0001 

  



109 

 

3.7 In vivo clearance of exosomes from circulation 

The paucity of exosome-associated MHC-II present within the circulation of normal 

mice and men provides, in part, the basis for another intriguing question.354  That being, 

is the receptor CD169 primarily responsible for the lack of circulating exosomes?  

Moreover, in the absence of this receptor are circulation clearance rates significantly 

altered?  To address these questions wild-type or CD169-/- mice were intravenously 

injected with biotinylated exosomes and mice tail bled at the indicated time points.  The 

level of biotinylated exosomes was determined using a streptavidin capture-MHC-II 

detection ELISA.  Unexpectedly, exosome clearance was marginally faster in the 

absence of CD169 at early time points, however this difference was not significant 

(Figure 3.25A).  Interestingly, the exosome half-life in circulation was extremely rapid 

and was calculated to be approximately two minutes (Figure 3.25A). 

Using fluorescence microscopy it was surprising to still observe exosomes within the 

marginal zones as late as two hours (Figure 3.25B).  Co-labelling of tissue sections 

revealed that within wild-type mice, marginal metallophilic macrophages retained the 

vast majority of exosomes (mean = 76%; Figures 3.26 and 3.27).  Moreover, consistent 

with the previous five minute time point, CD169-/- mice showed significantly higher 

co-localisation of exosomes and marginal zone macrophages compared to wild-type 

mice (Figures 3.26 and 3.27). 

Similar circulation clearance rates regardless of CD169 presence likely indicate the 

existence of additional uptake mechanisms in vivo.  One of the most probable being the 

liver sieve, where fenestrated sinusoids are known to filter macromolecules such as 

lipoproteins, as well as the capture of smaller particulate antigen by Kupffer cells.83,360  

It was therefore of interest to investigate harvested livers from wild-type and CD169-/- 

mice that had been intravenously injected five minutes prior with biotinylated 

exosomes.  Interestingly, Kupffer cells were clearly observed capturing exosomes in 

both mouse strains (Figure 3.28A).  To identify if this capture was specific in nature, 

biotinylated exosomes were applied to naïve liver sections (wild-type) using a modified 

Stamper-Woodruff assay, however no binding was observed (Figure 3.28B). 
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Figure 3.25:  Exosome clearance and distribution in vivo.  (A) C57BL/6 or CD169-/- mice 
were anaethetised and then IV injected with 100 µg of Exo-bio.  Mice were tail bled at the 
indicated time points.  MHC-II+ exosome concentration was analysed by ELISA from  
plasma samples; Exo-bio spiked plasma was used as a standard.  The circulation half-life of 
Exo-bio was calculated to be two minutes.  (B) Alternatively, mice were euthanised at the 
indicated time points and spleens harvested.  Biotinylated exosomes were detected with 
streptavidin-Alexa-594 (red) and nuclei counterstained with DAPI (blue).  Visualised under  
×10 objective; scale bar = 500 µm.  Results representative of six mice (A,B:120 min) and  
3-6 mice (B:5 min and 60 min). 
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Figure 3.26:  Exosomes retained by CD169+ macrophages within the spleen in vivo.  
C57BL/6 or CD169-/- mice were IV injected with 100 µg of Exo-bio (C57BL/6) and spleens 
harvested after two hours.  Biotinylated exosomes were detected with streptavidin-Alexa-594 
(red). Sections were co-labelled for (A) marginal metallophilic, (B) marginal zone or  
(C) red pulp macrophages with anti-CD169 (clone MOMA-1), anti-SIGN-R1 (clone ER-TR9) 
or anti-F4/80 (clone CI:A3-1) respectively.  Primary antibodies were detected with 
anti-rat IgG-Alexa-488 (green) and nuclei counterstained with DAPI (blue).  Visualised under 
×20 objective; scale bar = 200 µm.  Representative of six mice per group. 
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Figure 3.27:  Exosomes retained by CD169+ 
macrophages within the spleen in vivo. 
C57BL/6 or CD169-/- mice were IV injected with 
100 µg of Exo-bio and spleens harvested after 
two hours.  Percent co-localisation was 
calculated from fluorescent microscopy photos 
of spleen sections (Figure 3.26).  Data from four 
mice per group with ten individual photos per 
mouse (visualised under ×20 objective) were 
analysed for co-localisation of green (Alexa-488) 
and red (Alexa-594) signal using the Manders’ 
co-efficient with ImageJ.  Each point represents 
an individual photo; line indicates mean.  Closed 
circles = C57BL/6; Open circles = CD169-/-.  
One-way ANOVA with Bonferroni post-
correction test performed:  ns = not significant; 
**** P < .0001 
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Figure 3.28:  Exosome capture by Kupffer cells is CD169-independent. (A) C57BL/6 or 
CD169-/- mice were IV injected with 100 µg of Exo-bio and livers harvested after five minutes. 
Biotinylated exosomes were detected with streptavidin-Alexa-594 (red). Sections were  
co-labelled for Kupffer cells with anti-F4/80 (clone CI:A3-1).  Primary antibody was detected 
with anti-rat IgG-Alexa-488 (green) and nuclei counterstained with DAPI (blue).  (B) C57BL/6 
naïve liver sections were incubated with Exo-bio using a modified Stamper-Woodruff assay.  
Biotin was detected with streptavidin-Alexa-488 (green) and nuclei counterstained with 
DAPI (blue).  Visualised under (A) ×40 objective or (B) ×20 objective; scale bar = 50 µm.  
Representative of (A) 4-6 mice per group or (B) two experiments. 
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3.8 In vitro capture of B cell-derived exosomes in a marginal zone pattern of the 

spleen in a human model. 

The release of high levels of B cell-derived exosomes expressing MHC-II from human 

peripheral blood mononuclear cells (PBMC) in response to anti-CD40/IL-4 stimulation 

has previously been demonstrated by our group.42  However, whether CD169 is a 

universal receptor for the capture of exosomes across species is unknown. 

During the course of this study, a strangely coincidental and opportune situation was 

presented, wherein splenic tissue of human origin became readily available from the 

author as a result of trauma.  We were aware that results obtained from tissue of a single 

donor could not be subjected to statistical analysis.  However the opportunity to provide 

initial insight, through extending the current mouse model to a human system would 

have been a great shame if overlooked. 

To translate our mouse model of in vitro exosome capture to a human model, it was first 

necessary to optimise human splenic B cell-derived exosome release.  Exosome release 

in response to a titration of anti-CD40/IL-4 stimulation was monitored via soluble 

MHC-II ELISA (Figure 3.29).  While the titration of anti-CD40 mAb showed a 

minimum of 4 µg/mL was required for high levels of MHC-II+ exosome release, there 

was no clear difference noted with the IL-4 titration (Figure 3.29).  These results, in 

conjunction with our previous laboratory knowledge of anti-CD40/IL-4 stimulation of 

human PBMC, it was concluded that a concentration of 4 µg/mL anti-CD40 and  

2 ng/mL IL-4 was to be utilised.42 

Autologous human B cell-derived exosomes or apoptotic vesicles were then 

biotinylated and incubated with spleen sections using a modified Stamper-Woodruff 

assay.  Surprisingly, human B cell-derived exosomes bound in a similar marginal zone 

pattern to that observed within the mouse model (Figure 3.30).  Exosomes appeared to 

be captured by CD11b+ cells within the marginal zones that surrounded CD19+ B cell 

areas of the white pulp (Figure 3.30).  Conversely, human B cell-derived apoptotic 

vesicles unlike those from the mouse model, showed no areas of binding (Figure 3.30). 
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Moreover, biotinylated exosomes derived from the human cell-line Raji (Burkitt’s 

lymphoma; B cell), also bound in a marginal zone pattern to human spleen sections 

using a modified Stamper-Woodruff assay.  However this binding was greatly reduced 

in comparison to that observed with autologous exosomes (data not shown).  

Raji-derived apoptotic vesicles, like that of autologous apoptotic vesicles showed no 

areas of binding to splenic tissue (data not shown). 
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Figure 3.29:  Optimisation of exosome release from human splenic B cells.  Whole 
mononuclear cells were isolated from human splenocytes via Ficoll-hypaque separation.   
B cell-derived exosome release was optimised by stimulating cells with a titration of anti-CD40 
mAb (αCD40) and IL-4 for five days.  Supernatant was analysed for the presence of exosomes 
using a sMHC-II ELISA; standard represented with RAJI units/mL.  Bars indicate the mean of 
two individual wells containing the same donor splenocytes stimulated with CD40/IL-4; error 
bars indicate standard error of the mean.  Pilot experiment. 
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Figure 3.30:  Marginal zone binding of primary B cell-derived exosomes to human splenic 
tissue in vitro.  Biotinylated autologous human primary B cell-derived exosomes (Exo-bio) or 
apoptotic vesicles (ApoV-bio) were bound to human spleen sections using a modified  
Stamper-Woodruff assay.  Sections were co-labelled for (A) CD11b or (B) CD19 with OKM1 
or FMC-63 hybridoma CSN respectively.  Biotinylated vesicles and primary antibodies  
were detected with streptavidin-Alexa-594 (red) and anti-mouse IgG-Alexa-488 (green) 
respectively.  Visualised under ×10 objective (or inset under ×40 objective); scale bar = 250 µm 
(or inset scale bar = 50 µm).  Pilot experiment; multiple tissue sections from same donor spleen. 
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3.9 Summary 

The first part of this study sought to identify exosome targets and their interaction with 

immune cells within lymphoid organs.  Here we observed exosome capture by marginal 

metallophilic and subcapsular sinus macrophages of the spleen and lymph node 

respectively.  Moreover, this finding was true regardless of the presence or absence of 

blood or lymph flow.  This then led the study to identify CD169 as a specific exosome 

receptor present within the splenic inner marginal zone and lymph node subcapsular 

sinus.  In agreement with CD169 receptor specificity, exosome capture was observed to 

be sialic acid-dependent. 

Interestingly, the absence of this specific capture mechanism in vivo led to aberrant 

distribution within the spleen of CD169-deficient mice, with exosomes easily reaching 

the outer marginal zone to the red pulp borders.  Further insight was then obtained upon 

discovering the circulation half-life of exosomes was merely two minutes.  Moreover, 

the absence of CD169 did not significantly alter this half-life.  This likely indicated the 

presence of physiological (non-specific) capture mechanisms in vivo.  Such examples of 

this were observed by marginal zone macrophages of the spleen and Kupffer cells 

within the liver. 

 
 



 

 

 

Chapter Four 
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4.0 Results Part Two:  Exosomes: functional vesicles or cellular rubbish? 

4.1 Introduction 

The protein profile of B cell-derived exosomes, with high levels of antigen presenting 

molecules MHC-I, MHC-II and immunoglobulin is consistent with a role in antigen 

presentation and transfer.42  Whether such a functional role exists in vivo is debatable.  

Alternatively, exosome release may simply be a means to an end, that is, a mechanism 

for the disposal of intracellular and plasma membrane molecules and proteins during 

times of cell activation and proliferation.275,357  The proposed functional role however is 

supported by our previous findings, where exosomes were not simply constitutively 

released as a consequence of B cell division, rather high level exosome release was 

specifically in response to potent CD4+ T cell signalling via the CD40 and IL-4 

receptors.42  In light of our recent finding with regard to specific exosome capture 

within lymphoid organs, it stands to reason that the functional capacity of exosomes, 

could in fact be directed or modulated by marginal metallophilic and subcapsular sinus 

macrophages (CD169+).  In this chapter we have focused on identifying the functional 

capabilities of B cell-derived exosomes to mediate T cell immune responses in vivo.   

In particular T cell proliferation and CTL responses; in addition to addressing if 

immune responses are altered in the absence of the exosome capture mechanism, the 

receptor CD169. 

4.2 Exosomal-antigen induced T cell proliferation in vivo 

We first investigated the potential of B cell-derived exosomes pulsed with either MHC-I 

or MHC-II ovalbumin peptides (Ova257-264 or Ova323-339 respectively) to activate 

OT-I (CD8+) or OT-II (CD4+) T cells in vivo.  Interestingly, results revealed that 

peptide-pulsed exosomes induced CD8+ but not CD4+ T cell proliferation in vivo.  The 

lack of CD4+ T cell proliferation led us to question the stability of individual exosome 

batches in vivo.  To address this issue, exosomes were pulsed simultaneously with both 

OT-I and OT-II ovalbumin peptides.  While host mice were adoptively co-transferred 

with both OT-I and OT-II cells prior to immunisation.  In agreement with initial 

findings, exosomes stimulated CD8+ but not CD4+ T cell proliferation (Figure 4.1A).  
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This indicated that the CD4+ T cell non-response was not due to exosome lysis or 

destruction in vivo.  Subcutaneous lymph node responses to 50 µg of peptide-pulsed 

exosomes induced greater levels of CD8+ T cell proliferation than intravenous splenic 

responses to 100 µg of exosomes (Figure 4.1A).  This likely indicated subcutaneous 

lymph node responses in the forelimb as a more sensitive immunisation route for 

exosome induced T cell proliferation. 

Due to the high speed ultracentrifugation protocol required to pellet exosomes, it was 

necessary to ensure our observed results were not simply due to pelleted non-exosomal 

material, such as peptides or particulate protein antigens.  To address this we further 

purified exosomes based on density with a 30% sucrose/D2O cushion.  It was 

demonstrated in two independent ways that the observed T cell proliferative response 

was due to exosomes and not aggregated contaminants.  Firstly, no difference in the 

peptide-pulsed exosome response was observed regardless of purification method 

(Figure 4.1A).  Secondly, immunisation via the more sensitive route (subcutaneously) 

with the debris pellet from the sucrose purification step of peptide-pulsed exosomes 

showed no proliferative response (debris pellet resuspended in an equivalent volume to 

the exosome fraction; Figure 4.1B). 

Incidentally, throughout this study it was noted that the absolute protein yield of 

exosome preparations differed based on the purification method employed.361  In 

particular, the exosome protein yield following sucrose cushion or linear sucrose 

gradient purification was approximately 50% or 10% respectively, of the pre-sucrose 

purification protein concentration (i.e. ultracentrifugation alone; data not shown).  

Interestingly, when sucrose purified exosomes were resuspended according to their 

pre-sucrose purified protein concentration, immunisations with substantially lower 

protein quantities could be carried out with no loss of in vivo T cell responses noted.  

This indicated, firstly, differing levels of protein contaminants are present based on 

purification method.  This was likely due to the fact that the sucrose cushion relies 

solely on a maximum density cut-off, while the linear sucrose gradient allows a narrow 

band of sucrose densities to be collected (minimum and maximum density cut-offs).  

Hence the linear sucrose gradient yields purer exosome preparations than the sucrose 

cushion.  Secondly, little to no loss of exosomes was incurred through additional 
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purification.  For consistency, exosome quantities utilised in experimental protocols are 

listed based on their original protein concentration (pre-sucrose purification). 

We next investigated if marginal metallophilic and subcapsular sinus macrophages were 

able to direct exosome-associated T cell responses via CD169:exosome interactions.  

However no difference in T cell proliferation to peptide-pulsed exosomes was observed 

regardless of the presence or absence of CD169 (Figures 4.1A and 4.2).  Following a 

more in depth analysis of the CD8+ T cell response with regard to granzyme B 

production, again no difference was observed between wild-type and CD169-/- mice 

(Figure 4.3).  Interestingly, it was noted that granzyme B production was not induced 

until CD8+ T cells had reached approximately seven cell divisions.  As such, 

exosome-induced granzyme B production was only observed within subcutaneously 

immunised mice as opposed to intravenously, likely due to the greater extent of cell 

division (Figure 4.3). 

To more closely resemble in vivo conditions where B cells encounter native protein 

antigen, exosomes were derived from B cells cultured with whole ovalbumin protein 

(Exo-pro).  To monitor MHC:peptide mediated responses, wild-type or CD169-/- mice 

were adoptively co-transferred with both OT-I (CD8+) and OT-II (CD4+) cells prior to 

immunisation with 50 µg of sucrose cushion purified Exo-pro.  Surprisingly, in contrast 

to peptide-pulsed exosomes, Exo-pro induced extensive T cell proliferation of both 

CD8+ and CD4+ T cells (Figures 4.4 and 4.5).  In particular Exo-pro induced similar 

levels of CD8+ T cell proliferation for both immunisation routes, whilst CD4+ T cell 

proliferation was greater via intravenous compared to subcutaneous immunisation 

(Figures 4.4 and 4.5).  Moreover, Exo-pro induced proliferative responses far above that 

of protein-pulsed DC (Figures 4.4 and 4.5). 

Dendritic cells, well-known as professional APC, were used as a positive control for 

these in vivo functional experiments.  However it was particularly interesting to 

compare exosomes to their parental B cells.  Surprisingly, parental B cells were poor 

inducers of CD8+ T cell proliferation, with only low numbers of cells proliferating 

(Figure 4.6).  Similar to B cell-derived exosomes, peptide-pulsed parental B cells  

did not induce CD4+ T cell proliferation in vivo (Figure 4.2).  Whilst in contrast  
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to Exo-pro, protein-pulsed parental B cells did not induce CD4+ T cell proliferation  

in vivo (Figure 4.5).  Overall, regardless of the antigenic type (peptide or protein), 

parental B cells induced only low levels of CD8+ T cell proliferation (Figure 4.6). 
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Figure 4.1:  In vivo CD8+ but not CD4+ T cell proliferation in response to exosomal-peptide 
immunisation.  (A) C57BL/6 or CD169-/- mice were immunised IV or SC in the forelimb with 
PBS, 100 µg or 50 µg of Exo257/323 respectively, or 105 DC257/323; Exosomes and DC pulsed with 
1 µM ovalbumin peptides Ova257-264 and Ova323-339.  (B) Alternatively C57BL/6 mice were 
immunised SC with the pellet from an Exo257/323 sucrose purification spin (Sucr. pellet).  T cell 
proliferation of adoptively co-transferred CD45.1+ OT-I (CD8+) and OT-II (CD4+) cells (CFSE 
or CPD V450) from spleen or dLN were analysed five days post-immunisation by flow 
cytometry.  Black line indicates test group; shaded peak indicates PBS immunised mice; y-axis 
represents percent of max.  Results representative of (A) at least six or (B) four mice per group. 
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Figure 4.3:  Granzyme B expression by CD8+ T cells is not affected by the absence of 
CD169.  C57BL/6 or CD169-/- mice were adoptively transferred with CFSE labelled OT-I 
(CD8+) T cells, one day later mice were immunised IV or SC in the forelimb with 100 µg or 
50 µg of Exo257 respectively, or 105 DC257; exosomes and DC pulsed with 1 µM ovalbumin 
peptide Ova257-264.  Spleen or dLN were harvested five days post-immunisation and cells fixed, 
permeabilised and stained with anti-granzyme B-APC.  T cell proliferation and granzyme B 
expression was analysed by flow cytometry.  Results representative of four mice per group. 
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Figure 4.4:  In vivo CD4+ and CD8+ T cell proliferation in response to exosomal-protein 
immunisation.  C57BL/6 or CD169-/- mice were immunised IV or SC in the forelimb with 
PBS, 50 µg of sucrose cushion purified exosomes derived from B cells cultured with 
200 µg/mL ovalbumin protein for two days (Exo-pro), or 105 DC cultured with 
200 µg/mL ovalbumin protein for two days (DC-pro).  T cell proliferation of adoptively 
co-transferred CD45.1+ OT-I (CD8+) and OT-II (CD4+) cells (CFSE or CPD V450) from spleen 
or dLN were analysed five days post-immunisation by flow cytometry.  Black line indicates test 
group; shaded peak indicates PBS immunised mice; y-axis represents percent of max.  Results 
representative of at least six mice per group. 
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Figure 4.6:  Parental B cells induce CD8+ but not CD4+ T cell proliferation in vivo.  
C57BL/6 mice were immunised IV or SC in the forelimb with PBS or 105 parental B cells 
pulsed with 1 µM ovalbumin peptides Ova257-264 and Ova323-339 for four hours (A; B cell257/323), 
or cultured with 200 µg/mL ovalbumin protein for two days (B; B cell-pro).  T cell proliferation 
of adoptively co-transferred CD45.1+ OT-I (CD8+) and OT-II (CD4+) cells (CFSE or  
CPD V450) from spleen or dLN were analysed five days post-immunisation by flow cytometry.  
Black line indicates test group; shaded peak indicates PBS immunised mice; y-axis represents 
percent of max. Results representative of at least six mice per group. 
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B cell-derived exosomes, parental B cells and DC, each differed in their ability to 

induce T cell proliferation.  This led us to question the level of surface antigen 

expressed on exosomes or cells.  When pulsed directly with peptide, both exosomes and 

DC expressed surface H2kb:Ova257; exosomes at low levels and DC at moderately high 

levels (Figure 4.7A).  Surprisingly, exosomes derived from B cells cultured with 

ovalbumin protein displayed high levels of surface ovalbumin protein with subtle shifts 

in cross-presented H-2kb:Ova257 peptide complexes (Figure 4.7B).  In comparison, only 

a small proportion of DC expressed either intact ovalbumin protein or H-2kb:Ova257 

peptide complexes on their surface (Figure 4.7B).  Parental B cells were poor across the 

board, with only small shifts in H-2kb:Ova257 peptide complexes or ovalbumin protein 

levels (Figure 4.7). 

Exosome surface expressed H2kb:Ova257 suggests their potential to directly interact and 

activate CD8+ T cells.  To address the possibility that exosomes may bind antigen 

specific T cells, an in vitro pilot experiment was devised where biotinylated exosomes 

pulsed with PBS or 1 µM peptide (Ova257) were incubated with OT-I splenocytes.  Only 

minimal exosome binding by CD8+ T cells was noted (approximately 4%).  Incidentally 

it was noted that exosomes bound in an antigen specific manner to a large proportion 

(approximately 47%) of CD8 negative cells (Figure 4.8).  As transgenic OT-I mice 

possess very few CD4+ T cells, this likely implicates the splenic CD8 negative 

population as B cells,362 however due to time constraints this was not further 

investigated. 

Alternatively, rather than direct interaction of exosomes with T cells, they may be 

captured and transfer antigen to APC, hence leading to indirect T cell activation.  We 

utilised bm1 mice expressing mutant MHC-I that binds Ova257, but is unable to present 

this H2kbm1:Ova257 complex to OT-I T cells.  Interestingly, bm1 mice immunised with 

peptide-pulsed exosomes resulted in marked reduction in CD8+ T cell proliferation 

compared to wild-type mice (Figure 4.9A).  Unexpectedly, bm1 mice also showed 

reduced CD8+ T cell proliferation to peptide-pulsed DC (Figure 4.9A).  It was noted 

however, that the OT-I adoptively transferred splenocyte population (both CD8+ and 

CD8-), was markedly reduced within bm1 mice (data not shown).  This suggests that 

bm1 hosts may have rejected the adoptively transferred OT-I population due to the 
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MHC-I mismatch.  To investigate this, wild-type (C57BL/6) and bm1 mice were 

adoptively transferred with naive splenocyte targets from wild-type and bm1 mice at a 

1:1 ratio.  A reduced ratio of MHC-I-mismatched to syngeneic targets in both wild-type 

and bm1 hosts was noted 18 h later.  This likely indicated rejection of MHC-I 

mismatched congenic cells (Figure 4.9B).  Hence our in vivo T cell proliferation results 

within bm1 hosts were likely not reliable. 

4.3 Exosomal-antigen induced cytotoxicity in vivo 

We have shown B cell-derived exosomes can promote in vivo T cell proliferation; 

however the phenotype and function of responding T cells was unknown.  Moreover, 

the substantial number of precursor T cells adoptively transferred for proliferation 

studies, does not represent an endogenous system where only low precursor numbers 

normally exist.  To investigate if exosome activated T cells exhibited an effector 

function, we performed in vivo cytotoxicity assays to examine the endogenous 

response.363  Initial results showed wild-type mice intravenously immunised with 

Ova257 peptide-pulsed exosomes (Exo257), exhibited a small but not significant level of 

cytotoxicity above that of PBS immunised mice (Figure 4.10A).  This low level 

cytotoxicity was not significantly increased by the addition of helper epitope Ova323 to 

the exosome surface.  However, increasing the CD8+ T cell precursor frequency by 

OT-I cell supplementation (one day prior to immunisation) resulted in significantly 

increased cytotoxicity (Figure 4.10A). 

Subcutaneous immunisation was previously shown to be the more sensitive route for 

exosome induced T cell proliferation (Figure 4.1).  However, even when utilising 

subcutaneous immunisation, no endogenous cytotoxicity was noted with peptide-pulsed 

exosomes (Figure 4.10B).  Upon OT-I cell supplementation of exosome immunised 

mice, significant cytotoxicity was observed (Figure 4.10B).  Moreover, this cytotoxicity 

was greater via subcutaneous compared to intravenous immunisation of OT-I 

supplemented mice (Figure 4.10).  To validate our CTL assay in response to 

subcutaneous immunisation, we compared target survival within both the spleen and 

draining lymph nodes.  No differences could be observed, thus validating our splenic 

analysis for subcutaneously immunised mice (Figure 4.10C). 
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We next investigated if exosome capture by marginal metallophilic or subcapsular sinus 

macrophages could direct T cell functional responses.  Interestingly, in the absence of 

the CD169 exosome receptor, we observed a significantly increased cytotoxic response 

to intravenous immunisation with peptide-pulsed exosomes (Figure 4.10A).  This 

difference however did not extend to subcutaneous immunisation (Figure 4.10B).  In 

comparison to exosomes, peptide-pulsed parental B cells were not able to induce  

in vivo cytotoxicity in wild-type mice, nor did CD169 receptor absence have any 

significant effect (Figure 4.10).  Unexpectedly, significantly greater cytotoxicity was 

observed within CD169-/- mice subcutaneously immunised with peptide-pulsed  

DC (Figure 4.10B). 

One of the most interesting observations from in vivo T cell proliferation assays was the 

extensive division of both CD8+ and CD4+ T cells in response to Exo-pro (exosomes 

derived from B cells cultured with ovalbumin protein).  Moreover, this response was 

considerably greater than observed with peptide-pulsed exosomes.  Hence it was 

intriguing to investigate how Exo-pro, with the incorporation of ovalbumin protein, as 

well as potentially a variety of MHC:peptide complexes, would fare in an in vivo 

cytotoxicity assay. 

Dose-dependent cytotoxicity was demonstrated via titration of Exo-pro (Figure 4.11).  

Surprisingly, Exo-pro induced endogenous cytotoxicity at far greater levels than 

equivalent quantities of peptide-pulsed exosomes, both intravenously and 

subcutaneously (Figure 4.10 and 4.12).  To ensure Exo-pro responses were not due to 

contaminating protein aggregates, exosomes were sucrose cushion purified.  

Cytotoxicity was observed with exosome fractions but not with the sucrose debris pellet 

(Figures 4.11 and 4.12A).  This confirmed exosomes purified by ultracentrifugation 

alone were not contaminated with aggregated ovalbumin protein.  Hence the observed 

cytotoxicity was exosome associated.  The endogenous cytotoxic response to Exo-pro 

exceeded both protein-pulsed DC and parental B cells, the latter inducing little or no 

response.  Interestingly, the absence of the CD169 receptor significantly increased  

in vivo cytotoxicity regardless of the Exo-pro immunisation route (Figure 4.12).  

Moreover, an intravenous immunisation dose of 50 µg of Exo-pro was found to be 

optimal for observing differences in CTL killing (Figure 4.12A). 
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Figure 4.7:  Exosome associated ovalbumin peptide and protein.  Peptide- and protein-
pulsed exosomes (Exo257 and Exo-pro respectively) were conjugated to aldehyde-sulphate 
beads.  Exosomes, in addition to equivalently pulsed parental B cells or DC were analysed  
for H2kb:Ova257 (A,B; clone 25D1; PE-conjugated), or ovalbumin (B; rabbit polyclonal  
anti-ovalbumin detected with anti-rabbit-Alexa-546) expression by flow cytometry.   
Black line indicates antigen-pulsed exosomes or cells; shaded peak indicates unpulsed 
exosomes or cells.  Exo257 and Exo-pro results representative of two and five preparations 
respectively.  Parental B cells and DC representative of two experiments.  
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Figure 4.8:  Minimal antigen specific binding of exosomes by CD8+ T cells in vitro.  
Biotinylated exosomes (C57BL/6) were pulsed with 1 µM Ova257 peptide for four hours.   
A titration of Exo-bio257 (Exo257; 0.2-10 µg) was each incubated with 2.5 × 105 splenocytes from 
OT-I mice for one hour.  Alternatively, splenocytes were incubated with unpulsed  
Exo-bio (Exo) or nil Exo as controls.  Splenocytes were then labelled with CD8-FITC and 
Exo-bio257 detected with streptavidin-APC and analysed by flow cytometry.  Data from one 
experiment. 
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Figure 4.9:  B cell-derived exosomes can directly activate CD8+ T cells in vivo.  (A) C57BL/6 or 
bm1 mice were immunised IV or SC with PBS, 100 µg or 50 µg of Exo257 respectively, or 105 DC257; 
exosomes and DC pulsed with 1 µM ovalbumin peptide Ova257-264.  T cell proliferation of adoptively 
transferred CD45.1+ OT-I (CD8+; CFSE labelled) from spleen or dLN were analysed five days post-
immunisation by flow cytometry.  Black line indicates test group; shaded peak indicates PBS 
immunised mice; y-axis represents percent of max.  Results representative of 4-6 mice per group.   
(B) C57BL/6 or bm1 mice were adoptively transferred intravenously with a 1:1:1 ratio of naïve 
splenocytes from C57BL/6 (CFSE), bm1 (CPD eFluor670) and additional cells from the appropriate 
syngeneic mouse strain (CPD V450).  Ratios of control syngeneic to syngeneic, or MHC-I mismatched 
congenic to syngeneic target cells present in the spleen were analysed 18 h later.  Line indicates mean; 
y-axis represents target ratio on a Log2 scale.  Results show data from two mice per group. 
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Figure 4.10:  Enhanced cytotoxic response to intravenous exosomal-peptide in 
CD169-/- mice.  C57BL/6 or CD169-/- mice were immunised (A) IV or (B) SC with PBS, 
100 µg or 50 µg of Exo257 respectively, 100 µg of Exo257/323, 105 DC257, or 105 parental B cell257.  
Where stated, mice were supplemented IV with 107 OT-I splenocytes prior to immunisation.  
Seven days post-immunisation, mice were adoptively transferred with unpulsed (CFSE low), or 
Ova257-264 pulsed (CFSE high) target cells.  In vivo killing within the spleen (A,B) was analysed 
18 h later by flow cytometry.  Results show pooled data of at least six mice  
per group using exosomes purified by ultracentrifugation.  Line indicates mean.  One-way 
ANOVA with Bonferroni post-correction was performed:  ns = not significant; ** P < .01;  
**** P < .0001  (C) To ensure cytotoxicity did not differ between the site of analysis for SC 
immunisation, both spleen and dLN were analysed;  a representative positive SC CTL response 
group from (B) is shown with the paired spleen and dLN responses from each mouse indicated 
by connecting lines (B6 Exo257 + OT-I); a paired two-tailed parametric T test was performed 
with no significant difference noted between spleen and dLN. 
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Figure 4.11:  Optimisation of exosomal-protein 
induced cytotoxicity in vivo.  C57BL/6 mice were 
IV immunised with PBS, sucrose cushion purified 
Exo-pro (titration as indicated) or pellet from 
Exo-pro sucrose cushion purification (Sucr. pellet).  
Seven days post-immunisation, mice were adoptively 
transferred with unpulsed (CFSE low), or Ova257-264 
pulsed (CFSE high) target cells.  In vivo killing was 
analysed 18 h later by flow cytometry.  Results show 
data from two mice per group.  Line indicates mean.  
Optimisation experiment.  Please note due to 
limitations on exosome yield, Sucr. Pellet and  
50 µg of Exo-pro data points were pooled with 
additional data and represented in Figure 4.12.  
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Figure 4.12:  Enhanced cytotoxic responses to exosomal-protein in CD169-/- mice.  
C57BL/6 or CD169-/- mice were immunised (A) IV or (B) SC with PBS, pellet from exosome 
sucrose-cushion purification (IV: B6 Sucr. Pellet), 50 µg of sucrose-cushion purified Exo-pro or 
100 µg of Exo-pro (purified by ultracentrifugation), 105 DC-pro, or 105 parental B cell-pro.  
Seven days post-immunisation, mice were adoptively transferred with unpulsed (CFSE low), or 
Ova257-264 pulsed (CFSE high) target cells.  In vivo killing was analysed 18 h later by flow 
cytometry.  Results show data of at least six mice per group; due to the limited nature of 
exosome yield, Exo-pro groups (and their corresponding negative control groups) represent 
pooled data (two data points from each, (A) Sucr. Pellet and 50 µg of B6 Exo-pro were pooled 
from Figure 4.11).  Line indicates mean.  One-way ANOVA with Bonferroni post-correction 
was performed:  * P < .05; **** P < .0001. 

Please note, some experimental groups presented in (A) were from an experiment carried out 
with the additional groups shown in Figure 4.18; however for the simplicity of figure 
presentation, groups were split over two graphs; as such control mice data points shown here 
(B6 PBS and B6 Exo-pro) are duplicated and presented in the aforementioned figure.  
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4.4 Endogenous immune response to exosomal-protein in vivo 

The striking in vivo cytotoxic response to Exo-pro, in addition to the marked increase 

within CD169-/- mice, led us to question how exosomal antigen activates endogenous 

CD8+ T cells.  In particular, what other immune cells are key players for this response 

and how are marginal metallophilic and subcapsular sinus macrophages participating? 

Initial investigations looked broadly at the effect of Exo-pro immunisation on the 

absolute numbers of a variety of immune cell subsets within both wild-type and 

CD169-/- mice.  Total splenocyte or draining lymph node cell numbers were 

significantly increased in response to Exo-pro compared to PBS, regardless of 

immunisation route.  This comprised predominantly of increases in absolute numbers  

of B cells, CD4+ T cells and CD8+ T cells regardless of mouse strain (Figures 4.13  

and 4.14). 

In general, both splenic and lymph node responses to Exo-pro led to minor increases in 

DC subsets and NK cell numbers.  Observed lymph node DC and NK cell responses to 

Exo-pro tended to be more significant than in the spleen.  Notable examples included 

lymph node NK cells and splenic double negative and plasmacytoid DC (Figure 4.13 

and 4.14).  No differences were noted between wild-type and CD169-/- mice for DC and 

NK cells. 

Interestingly, splenic responses of wild-type mice showed significantly greater  

CD4+ T cell numbers compared to CD169-/- mice in response to Exo-pro (Figure 4.13).  

In contrast, lymph node responses revealed higher numbers of CD8+ T cells and  

CD8+ DC within CD169-/- mice compared to wild-type, however these strain differences 

were not significant (Figure 4.14).  To ensure the results were not simply reflective of 

natural strain differences, absolute cell numbers of naïve wild-type and CD169-/- mice 

were compared, with no discernible differences noted (Figure 4.15). 

With generalised cell influx and/or proliferative responses observed, a more definitive 

approach was required to elucidate the key players in the response to exosomal antigen.  

Wild-type mice were therefore depleted of CD4+ T cells, CD8+ T cells, NK cells or  

B cells prior to Exo-pro immunisation (Figure 4.16).  Surprisingly, it was found that 

intravenous immunisation with Exo-pro induced cytotoxicity with absolute dependence 
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on CD4+ and CD8+ T cells, as well as NK cells.  Moreover the single loss of any one of 

these cell types led to complete abolishment of any cytotoxicity.  In contrast, no 

difference was noted upon B cell depletion (Figure 4.16). 

For a more mechanistic understanding, splenocytes from mice intravenously immunised 

with Exo-pro were re-stimulated ex vivo overnight with Ova257.  Cells responded in a 

peptide-specific manner leading to IFNγ secretion as observed by ELIspot assays 

(Figure 4.17).  To further investigate this, IFNγ- or perforin-deficient mice were 

intravenously immunised with Exo-pro.  Findings showed cytotoxicity was neither 

perforin-, nor IFNγ-mediated (Figure 4.18).  Interestingly, increased cytotoxicity was 

observed within IFNγ-deficient mice compared to wild-type mice (Figure 4.18). 

Finally, as the exosomes in question were of B cell origin, it was of interest to 

investigate if exosomes were capable of directing the humoral immune response.  

Splenocytes from mice intravenously immunised with Exo-pro for in vivo CTL assays 

were additionally analysed via ELIspot assay.  Indeed, anti-ovalbumin specific  

B cells were present within splenocyte suspensions, however no difference between 

wild-type and CD169-/- mice was observed (Figure 4.19). 

4.5 Summary 

In this chapter, we focused on identifying functional abilities of B cell-derived 

exosomes within the immune response, in particular T cell responses.  We showed that 

B cell-derived exosomes were able to carry antigen and induce T cell proliferation  

in vivo.  Particular differences were noted based on the antigenic context, that is, 

exosomes derived from B cells cultured with whole ovalbumin protein (Exo-pro) 

induced extensive CD8+ and CD4+ T cell proliferation.  Whilst exosomes pulsed 

directly with ovalbumin peptides resulted in only CD8+ T cell responses.  Furthermore, 

potent endogenous CTL responses were again observed only with Exo-pro and weakly 

or not at all with peptide-pulsed exosomes.  The lack of CD169 did not alter T cell 

proliferation in response to either Exo257 or Exo-pro.  However, the absence of CD169 

significantly enhanced CTL responses to exosomes, regardless of antigenic type 

(peptide or protein). 
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Lastly, to address how exosomes induced potent CTL responses, cell depletion 

experiments uncovered a triad of cells, CD4+ T cells, CD8+ T cells and NK cells.  Each 

completely dependent on one another, where removal of any one of these cell types led 

to the abolishment of cytotoxicity.  Furthermore, although exosomes were able to 

induce IFNγ production in a specific manner, it was not in fact required, nor was 

perforin, for exosome induced CTL responses. 
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Figure 4.13:  Endogenous cell influx/expansion within spleen in response to 
exosomal-protein in vivo.  C57BL/6 or CD169-/- mice were IV immunised with PBS or 50 µg 
of sucrose-cushion purified Exo-pro.  Five days post-immunisation spleens were analysed by 
flow cytometry for absolute numbers of B cells, CD4+ T cells, CD8+ T cells, DN DC, CD4+ DC, 
CD8+ DC, pDC and NK cells.  Results show data from 3-6 mice per group.  Line indicates 
mean.  One-way ANOVA with Bonferroni post-correction was performed:  ns = not significant; 
* P < .05; ** P < .01; *** P < .001; **** P < .0001 
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Figure 4.14:  Endogenous cell influx/expansion within draining lymph nodes in response to 
exosomal-protein in vivo.  C57BL/6 or CD169-/- mice were SC immunised with PBS or 
50 µg of sucrose-cushion purified Exo-pro.  Five days post-immunisation dLN were analysed 
by flow cytometry for absolute numbers of B cells, CD4+ T cells, CD8+ T cells, DN DC, 
CD4+ DC, CD8+ DC, pDC and NK cells.  Results show data from 3-6 mice per group.   
Line indicates mean.  One-way ANOVA with Bonferroni post-correction was performed:  
ns = not significant; * P < .05; ** P < .01; *** P < .001; **** P < .0001 

  



144 

 

 
Figure 4.15:  Splenic and lymph node profiles are not altered in CD169-/- mice.  Absolute 
numbers of B cells, CD4+ T cells, CD8+ T cells, NK cells, DN DC, pDC, CD4+ DC and  
CD8+ DC from (A) LN or (B) spleen of naive C57BL/6 or CD169-/- mice were analysed by flow 
cytometry.  Results show data from six mice per group.  Line indicates mean.  One-way 
ANOVA with Bonferroni post-correction was performed; no significant difference was found 
between C57BL/6 and CD169-/- mice for all cell types, both LN and spleen. 
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Figure 4.16:  Absolute dependence of NK cells, CD4+ T cells and CD8+ T cells for 
exosomal-protein induced cytotoxicity in vivo.  C57BL/6 mice were IV immunised with  
50 µg of sucrose-cushion purified Exo-pro following the depletion of CD4+ T cells, CD8+ T cells, 
NK cells or B cells (or mock depleted with isotype control antibody).  Undepleted mice were IV 
immunised with PBS.  Seven days post-immunisation, mice were adoptively transferred with 
unpulsed (CFSE low), or Ova257-264 pulsed (CFSE high) target cells.  (A) In vivo cytotoxicity 
was analysed 18 h later by flow cytometry.  (B) Additionally, endogenous populations (CFSE-) 
of CD4+ T cells, CD8+ T cells, B cells or NK cells within the spleen were analysed by flow 
cytometry for absolute numbers.  Percentage of population depleted (compared to mock 
depleted) as stated. Results show data from six mice per group.  Line indicates mean.  
One-way ANOVA with Bonferroni post-correction was performed:  ns = not significant;  
**** P < .0001 
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Figure 4.17:  Exosomal-protein induced IFNγ secretion.  C57BL/6 or CD169-/- mice were 
immunised IV with PBS or 100 µg of Exo-pro (purified by ultracentrifugation) for an in vivo 
CTL assay.  Seven days post-immunisation, mice were adoptively transferred with CTL target 
cells.  Eighteen hours later, in addition to CTL killing, splenocytes were analysed for  
IFNγ secretion by ELIspot in the presence or absence of Ova257 peptide overnight.  Results 
show data from three mice per group. Line indicates mean; results reported as spot forming 
units (SFU) per 106 cells.  One-way ANOVA with Bonferroni post-correction was performed:  
ns = not significant; ** P < .01 

  



147 

 

Figure 4.18:  Exosomal-protein induced in vivo cytotoxicity is not dependent on IFNγ or 
perforin.  C57BL/6, IFNγ-/- or Pfp-/- mice were immunised IV with PBS or 50 µg of 
sucrose-cushion purified Exo-pro.  Seven days post-immunisation, mice were adoptively 
transferred with unpulsed (CFSE low), or Ova257-264 pulsed (CFSE high) target cells.  In vivo 
killing was analysed 18 h later by flow cytometry. 

Please note, this experiment was carried out in conjunction with groups shown in Figure 4.12; 
however for the simplicity of figure presentation, groups were split over two graphs; as such 
control mice data points shown here (B6 PBS and B6 Exo-pro) are in fact duplicates of those 
presented in the aforementioned figure. Results show data from 3-6 mice per group.   
Line indicates mean.  One-way ANOVA with Bonferroni post-correction was performed:  
ns = not significant; * P < .05 
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Figure 4.19:  Ovalbumin-specific antibody secretion 
in response to exosomal-protein immunisation.  
C57BL/6 or CD169-/- mice were immunised IV with PBS 
or 100 µg of Exo-pro (purified by ultracentrifugation) for 
an in vivo CTL assay.  Seven days post-immunisation, 
mice were adoptively transferred with CTL target cells.  
Eighteen hours later, in addition to CTL killing, 
splenocytes were analysed by ELIspot overnight for the 
release of ovalbumin-specific antibody.  Results show 
data from three mice per group. Line indicates mean; 
results reported as spot forming units (SFU)  
per 106 cells.  One-way ANOVA with Bonferroni 
post-correction was performed:  ns = not significant;  
* P < .05; ** P < .01 
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5.0 Discussion 

5.1 Synopsis 

The diversity of cell types identified as capable of exosome release is ever increasing 

due to the expanding efforts in this research field.  In turn, new findings are slowly 

coming to light with regard to their functionality.  Despite this, the precise in vivo fate 

and function of exosomes is still largely unknown.  However it is likely the functional 

potential of any one exosome is largely dependent on the parental cell of origin, as well 

as the conditions under which they were released.  We have previously shown that 

primary B cells release high yields of exosomes in response to T cell signalling via the 

CD40 and IL-4 receptors.42  B cell-derived exosomes expressed high levels of  

crucial antigen presenting molecules MHC-I and MHC-II, in addition to the 

co-stimulatory molecule CD86 and B cell receptor components Ig, CD19 and CD81.42  

This potentially implicates B cell-derived exosomes with a role in antigen presentation 

and transfer.  

This study has identified a novel pathway for the capture of B cell-derived exosomes 

from blood or lymph flow.  Capture was mediated by the receptor CD169 expressed on 

strategically placed macrophage subsets, marginal metallophilic and subcapsular sinus 

macrophages within the spleen and lymph node respectively.  In the absence of this 

specific capture mechanism, exosomes displayed an aberrant distribution pattern in the 

spleen and were not sufficiently contained within the inner marginal zone.  Similar 

circulation clearance rates were observed regardless of the presence or absence of 

CD169, this likely indicated the presence of redundant capture mechanisms.  

Furthermore, we have provided fundamental data with regards to their basic 

physiological presence in vivo, with a short half-life of approximately two minutes. 

We next established a role for B cell-derived exosomes to promote T cell responses.  

This included efficiently stimulating in vivo T cell proliferation and CTL-mediated 

killing.  Surprisingly, cytotoxicity showed absolute dependency on the interaction of 

CD4+ T cells, CD8+ T cells and NK cells.  Moreover without the sialic acid specific 

capture, exosomes induced enhanced CTL killing, potentially implicating CD169+ 

macrophages in suppressing vesicle-mediated immune responses. 
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5.2 Exosome capture within lymphoid organs 

In vivo localisation or capture of inert nano-particles e.g. liposomes and beads within 

the splenic marginal zone following intravenous administration has long been 

observed.28,364,365  Similarly, intravenously administered DC-derived exosomes also 

localised to the marginal zone,315 thus it was not surprising that we observed  

B cell-derived exosomes localised in a similar pattern (Figure 3.1).  Likewise 

subcapsular sinus localisation of B cell-derived exosomes following subcutaneous 

administration was not completely unexpected (Figure 3.21B), with similar patterns of 

preferential capture of particulate antigen within lymph node at early time points (≤ 24 h) 

previously reported.366,367  Whether this localisation was due to specific capture, or 

simply a result of anatomical and physiological constraints of blood or lymph flow into 

the spleen or lymph node respectively, was initially undetermined. 

This question was addressed by employing an in vitro modified Stamper-Woodruff 

assay.355  In this assay the absence of blood or lymph flow ensured exosomes had 

unimpeded access to entire spleen or lymph node sections.  Nonetheless, similar to the 

in vivo results, distinct inner marginal zone or subcapsular sinus binding patterns were 

observed within the spleen and lymph nodes respectively (Figure 3.3).  Interestingly, an 

early study by Demoy et al. observed marginal zone binding of polystyrene beads to 

spleen sections using a similar in vitro binding assay.365  Marginal zone binding 

observed by Demoy et al., although similar to that of exosomes’, was in fact subtly 

different.365  Exosomes consistently bound to the inner marginal zone (Figure 3.8), 

whist the beads bound to the outer marginal zone where marginal zone macrophages 

(SIGN-R1+) reside.365  Later studies by the same group determined bead binding was 

mediated via the scavenger receptor expressed on marginal zone macrophages and was 

dependent on the presence of serum (FCS).368  This was further attributed, in part, to 

serum albumin by the substitution of FCS with purified BSA.368  This was somewhat 

surprising as our own assay included approximately 20-fold more purified BSA, yet no 

observable exosome binding to marginal zone macrophages was noted.  However this 

difference may simply be a result of less albumin binding to exosomes compared to 

polystyrene beads, or due to differences in exosome and bead concentration. 
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The specific nature of our observed exosome capture was indicated by cold inhibition 

assays (Figure 3.7).  Co-labelling of spleen and lymph node sections implicated 

marginal metallophilic and subcapsular sinus macrophages respectively, as responsible 

for the observed binding (Figure 3.8).  The unique feature of these two macrophage 

subsets is their expression of CD169 (or sialoadhesin) with the specific binding capacity 

for α2,3-linked sialic acid.89  CD169 was determined as an exosome receptor via three 

distinct approaches, all of which resulted in the complete abolishment of exosome 

binding; cleavage of the sialic acid ligand from the exosome surface with sialidase, 

blocking of binding with neutralising antibody anti-CD169 (clone SER-4), and finally 

the use of tissue from mice genetically deficient of CD169 (Figures 3.9, 3.10, 3.14 and 

3.19).  Interestingly, a recent report has shown LPS-matured monocyte-derived DC 

(cultured from human PBMC) led to upregulation of CD169.369  In correspondence with 

our results, these DC captured Jurkat T cell-derived exosomes in a CD169-dependent 

manner.369 

Marginal zone binding extended to DC-derived exosomes as well as B cell-derived 

apoptotic vesicles (Figure 3.10B-C).  This suggested that CD169 may be a generic 

vesicle receptor.  Interestingly, although the vast majority of DC-derived exosome 

capture was blocked by the CD169 neutralising antibody, a faint and sparse ring of 

binding remained within the marginal zone. This likely indicated an additional capture 

mechanism was present for exosomes of DC origin.  Dendritic cell-derived exosomes 

were reported to express high levels of ICAM-1, necessary to mediate in vivo capture by 

CD8+ DC via LFA-1:ICAM-1 interactions.338  In addition, an early study showed 

DC-derived exosomes were captured by BMDC in vitro.315  This capture was partially 

inhibited via blocking exosome expressed milk fat globule-E8/lactadherin or its ligand 

αvβ3 integrin, either of the previously mentioned ligand pair LFA-1 or ICAM-1, or the 

tetraspanins CD9 or CD81 that form complexes with integrins.315,370  Of these reports 

LFA-1:ICAM-1 capture appears particularly important, having been reported on several 

occasions by different groups.  Moreover, LFA-1:ICAM-1 capture was not limited to 

the above mentioned DC capture of DC-derived exosomes, but also for DC capture of  

T cell-derived exosomes and T cell capture of DC-derived exosomes.334,343 



153 

 

The precise identity of the sialylated ligand mediating exosome capture is still 

unknown.  Exosomes possess several sialoglycoproteins including, but not limited to 

CD22, CD43, CD45R (B220) and MHC molecules (Figure 3.16).42,371–374  Thus it 

would not be surprising if capture was the combined effect of one or two predominant 

ligands, in addition to other less abundant and/or weaker ligands.  The inability of 

Vibrio cholerae-derived sialidase (SIAL-V) treated exosomes to be captured within  

in vitro binding assays was attributed to the almost complete and exclusive loss of 

α2,3-linked sialic acid, while only subtle decreases in α2,6-linked sialic acid noted 

compared to untreated exosomes (Figure 3.12).375  This correlated with the known 

CD169 specificity of preferential recognition of α2,3-linked sialic acid over that of 

α2,6-linked sialic acid.89  Thus implicating the sialylated exosome ligand to have an 

α2,3-linked conformation, however α2,6-linked sialic acid cannot be unequivocally 

ruled out.  The CD169 molecule possesses a low millimolar binding affinity, a 

characteristic that consequently causes high avidity stable binding when either the 

receptor or ligand is present in high numbers.376,377  The former is potentially accounted 

for as CD169 is one of the most highly expressed macrophage restricted surface 

markers, with approximately 5 × 105 CD169 molecules per cell.86  Whilst the latter 

indicates more heavily sialylated ligands will bind at greater efficiency. 

To ensure the lack of binding observed with SIAL-V treated exosomes was not simply 

due to destruction or disruption of exosome structure, quality control experiments were 

performed.  Variable expression of markers was observed when comparing untreated to 

SIAL-V treated exosomes.  Whilst some molecules were not altered by SIAL-V 

treatment (MHC-II, Ig and CD9), a substantial decrease in MHC-I and increases in 

CD19 and CD24 were noted, in addition to subtle increases in CD43 and CD147 

compared to untreated exosomes (Figure 3.16).  As SIAL-V treated exosomes were 

visualised as intact by TEM and the reduction in marker expression was a single case, it 

was likely the anti-MHC-I monoclonal antibody bound to an epitope that was partially 

sialic acid-dependent.  Increases however, were likely attributable to particular 

monoclonal antibodies having increased epitope availability or affinity when sialic acid 

residues were removed, a phenomenon that has been previously described and should be 

kept in mind when interpreting results.378,379  This close physical locality of sialic acid 
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with an antibody epitope was also apparent during a separate experiment.  Simultaneous 

incubation of splenocytes with both MAL-II lectin (α2,3-linked sialic acid specific) and 

anti-CD19 monoclonal antibody (clone 1D3) led to inhibition of lectin binding; thus 

dual staining in fact required these steps to be performed individually. 

A promising report of a protocol for the in vitro culture of CD169+ macrophages offered 

an alternative approach to the modified Stamper-Woodruff assay used for investigating 

exosome capture.352  Unfortunately, we were unable to reproduce this method, with 

little or no CD169 upregulation noted (Figure 3.18).  Not surprisingly, with no 

detectable CD169 expression, SIAL-V treatment of exosomes did not decrease exosome 

capture by cultured macrophages (Figure 3.17).  On the contrary, an increase in 

exosome binding was observed, an effect potentially attributed to the loss of negative 

surface charge or decreased steric hindrance.  B cell molecule CD22 (Siglec-2; 

α2,6-linked sialic acid specific) has been previously described as binding to sialylated 

molecules present on its own plasma membrane, a process leading to the masking of 

ligands.380  Although SIAL-V treatment only marginally decreased levels of α2,6-linked 

sialic acid on the exosome surface, the overall resulting number of available ligands 

unmasked was likely to be particularly limited, nonetheless it cannot be ruled out as a 

contributing factor.  An additional in vitro protocol for the upregulation of CD169 

expression on bone marrow-derived macrophages following M-CSF and IFNα 

treatment was later published,381 however our laboratory was similarly unable to 

replicate these results.382 

A number of studies have investigated the in vivo fate of exosomes,383–385  

liposomes386–388 or inert beads85 with regard to whole organ distribution.  However far 

fewer have focused specifically on the individual cell subsets responsible for capture 

within the spleen.28,365,389  Splenic capture of exosomes from the blood of wild-type 

mice, only five minutes following intravenous administration, resulted in substantial 

exosome signal within the marginal zone.  In particular, exosomes were predominantly 

co-localised with marginal metallophilic macrophages, but also with marginal zone 

macrophages (Figures 3.20 and 3.24).  The extent that sialylation affected exosome 

capture was clearly emphasised when compared to non-sialylated 100 nm beads, with 

considerably different capture profiles observed (Figures 3.23 and 3.24). 
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Splenic capture of DC-derived exosomes in vivo has been previously observed within 

the marginal zone, in particular co-localisation was predominantly with CD8+ DC.315   

In addition, but to a lesser extent, co-localisation with marginal metallophilic and 

marginal zone macrophages was noted, however this appeared few and far between.315  

As we have shown DC-derived exosomes specifically bind to the CD169 molecule  

in vitro (Figure 3.10C), one would speculate that at a minimum, a similar dense CD169 

binding pattern would be observed (Figure 3.20 and 3.26).  Hence the reported finding 

by Morelli et al. was somewhat surprisingly.  A manuscript discrepancy regarding the 

reported time of organ harvest following intravenous administration was noted,  

however upon clarification with the author, this time point was confirmed as  

six hours (Assoc. Prof. Morelli, personal communication).  Therefore this substantially 

lower marginal metallophilic macrophage co-localisation may be explained by the 

observers missing the optimal window for observation of CD169-mediated capture.  

Moreover, by six hours exosomal antigen captured by marginal metallophilic 

macrophages may have been transferred to CD8+ DC.244 

Macrophages of the marginal zone play a substantial role in limiting the entry of 

particulate antigen into the red pulp of the spleen.  In particular, marginal zone 

macrophages have been shown to capture inert beads from the circulation.28,364,365,389  

Moreover, liposome clodronate depletion of macrophages within the marginal zones of 

the spleen led to loss of barrier function and considerable diffusion of beads into the red 

pulp.  This indicated their importance in controlling entry of particulate antigen into the 

red pulp of the spleen.28,389  However the extent that each macrophage subset 

contributed to the marginal zone barrier against non-sialylated beads could not be 

determined from these experiments. 

Particles, whether liposomes or inert beads, are well-known to acquire plasma proteins 

via passive adsorption.390,391  Subsequently particles are captured via a number of 

mechanisms, including the previously mentioned scavenger receptor on marginal zone 

macrophages, or via opsonisation with immunoglobulin or C3b and capture via Fc or 

C3b receptors respectively.368,392–394  Overall it is reasonable to assume exosomes in 

blood will likely accumulate a variety of plasma proteins on their surface, either 

receptor-mediated and/or via passive adsorption, potentially accounting for the observed 
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exosome co-localisation with marginal zone macrophages.  In addition to passive 

adsorption of complement proteins, murine macrophages and B cells pre-treated with 

mouse serum acquired C3b on their plasma membrane and subsequently released 

exosomes containing C3b.  This transfer was confirmed via electron microscopy where 

C3b was observed on exosomes within multi-vesicular bodies.395 

Due to the highly specific CD169 capture mechanism, we next investigated whether the 

absence of CD169 altered the circulation clearance rate of exosomes.  Surprisingly, the 

circulation half-life of B cell-derived exosomes was only two minutes; moreover 

clearance rates appeared similar with no significant difference regardless of CD169 

presence or absence (Figure 3.25A).  In contrast, Chen et al. found liposomes 

conjugated to the CD169 ligand 3ʹ-BPCNeuAc (9-N-biphenylcarboxyl-NeuAcα2-3Galβ1-

4GlcNAc-ethyl amine) containing α2,3-linked sialic acid, led to targeted liposome 

capture by CD169+ macrophages, with circulation clearance rates considerably faster in 

wild-type compared to CD169-/- mice.381  This difference was likely reflective of the 

highly complex nature of exosomes, in comparison to the limited surface complexity of 

liposomes with a single type of glycoprotein.  Exosomes consist of a large array of 

surface expressed proteins and molecules with the potential to be host receptors or 

ligands, as well as promoting passive adsorption of plasma molecules.  Additionally the 

3ʹ-BPCNeuAc liposomes were specifically modified to inhibit binding of plasma proteins 

via polyethylene glycol.386,391  As previously mentioned passive adsorption of plasma 

proteins have long been known to promote particle capture and removal from 

circulation, with the quantity of bound protein inversely related to the circulation 

clearance half-life.396–398  Thus similar exosome clearance rates despite the presence or 

absence of CD169, indicates non-specific capture and uptake mechanisms were likely  

in play.  

To date, only a select number of comparable circulation clearance studies have been 

reported.  Takahashi et al. also reported a two minute half-life for B16 

melanoma-derived exosomes.  Additionally reticulocyte-derived microvesicles 

exhibited a similar clearance rate with a decrease of 80% over the first five minutes 

observed.360,385  In contrast, Lai et al. reported human embryonic kidney cell 

(HEK293T)-derived exosomes had an initial circulation half-life of 19.9 min.383  
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However it should be noted that the corresponding half-life graph showed that 30 min 

following administration (the earliest quantified time point), only approximately 0.45% 

of the initial dose was present in blood.383  This indicated that at 30 min, 99.5% of 

exosomes had been cleared from the circulation.  As such the reported half-life, if held 

constant prior to 30 min, appears theoretically impossible.383  Clarification with the 

authors confirmed the reported half-life was calculated from data points 30 min 

onwards only (Dr. Lai, personal communication).  Thus the half-life of exosomes during 

the initial distribution phase immediately following administration does not hold true 

when nearing the plateau.  As such the reported half-life was not comparable to our 

own.  

Our investigations of exosome fate in the absence of the specific CD169 capture 

mechanism revealed aberrant distribution of exosomes within the spleen. Exosomes 

appeared less well contained to the inner marginal zone of CD169-/- compared to 

wild-type mice.  This was reflected by significant increases in the co-localisation of 

exosomes with marginal zone and red pulp macrophages in CD169-/- compared to 

wild-type mice (Figure 3.20 and 3.24).  These differences in co-localisation of 

exosomes and macrophage subset also remained consistent at the later time point of two 

hours (Figures 3.26 and 3.27).  CD169-/- mice, although genetically deficient for the 

CD169 molecule, still possess both marginal metallophilic and subcapsular sinus 

macrophage populations within the spleen and lymph node respectively.349  However, as 

CD169 binds sialylated molecules expressed on neighbouring cells,268 it was possible 

that the absence of CD169 may result in altered barrier function.  To evaluate this, 

wild-type and CD169-/- mice were intravenously injected with 100 nm non-sialylated 

beads.  No apparent differences in distribution within the spleen were noted, this likely 

indicated there was no loss of marginal zone barrier function in the absence of CD169 

(Figure 3.23 and 3.24).   

Interestingly, two hours following intravenous exosome administration, wild-type mice 

showed a higher proportion of exosomes co-localised with marginal metallophilic 

macrophages, while a marked reduction in co-localisation with marginal zone 

macrophages (SIGN-R1+) was observed (Figures 3.26 and 3.27).  These changes to 

exosome distribution likely represents greater exosome uptake within marginal zone 
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macrophages, whilst retention of surface bound exosomes on marginal metallophilic 

macrophages.  In particular, CD169 lacks any signalling motifs required for 

clathrin-dependent endocytosis.  To date this has been found to be consistent across 

species, thus CD169 is generally thought to be non-phagocytic.86,243  Despite this, 

porcine CD169 has been reported to internalise anti-CD169 antibody via 

clathrin-mediated endocytosis, as such porcine CD169 may contain an as yet 

undiscovered endocytic motif.399  However it was noted that the observed endocytosis 

was particularly slow and only accounted for a fraction of the bound antibody.399  In 

contrast, murine CD169 failed to show any internalisation of anti-CD169 antibody 

(clone 3D6),400 although interestingly it has been implicated in the phagocytosis of 

Neisseria meningitidis.401  It is apparent there is a lack of understanding surrounding the 

phagocytic capacity of CD169, but evidence points towards an inefficient endocytic 

activity that may be dependent on the antigenic context. 

In addition to the spleen, the liver is also well-known for its ability to capture inert 

nano-particles and liposomes from the blood circulation.85,402  Numerous groups have 

evaluated the ability of different organs to capture particulate antigen.  Data when 

reported as total capture per organ, often showed the liver to have greater capture of 

liposomes and microvesicles.360,387,402  In contrast, Lai et al reported splenic and liver 

capture of exosomes to be equal,383 potentially indicating additional exosome capture 

mechanisms within the spleen.  Alternatively, data reported as particle capture per gram 

of tissue, generally showed splenic capture of particulate antigen considerably exceeded 

liver capture, including a recent exosome study by Takahashi et al.385,397  However the 

most useful insights came from simultaneous reports of data in both forms, where 

spleen and liver comparisons showed total capture was greater for the liver, presumably 

due to its sheer physical size; yet on a per gram basis splenic capture was greater, 

potentially indicating greater capture efficiency.85,396,403  The efficiency of splenic 

exosome capture was emphasised in our own study, where high fluorescent signal 

reflected the exosome density within the marginal zone (Figure 3.20), and was likely 

due to the small exosome size leading to less steric hindrance and greater receptor 

access, as well as high levels of the CD169 molecule on marginal metallophilic 

macrophages (5 × 105 per cell).86 
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Due to the importance of the liver in particulate antigen capture, it was of interest to 

investigate this within our own study.  Interestingly, despite low level CD169 

expression by liver Kupffer cells,86 exosomes intravenously administered were observed 

co-localising with Kupffer cells regardless of the presence or absence of CD169  

(Figure 3.28).  This likely indicated capture was CD169-independent, possibly mediated 

via complement or Fc receptors.392,394  Moreover, no exosome binding to liver sections 

was observed via modified Stamper-Woodruff assays.  This lack of Kupffer cell binding 

in vitro is potentially explained via the low affinity binding capacity of the CD169, 

where stable binding is often only observed when the receptor or ligand is expressed at 

high levels.376,377 

Lymph nodes contain subcapsular sinus macrophages, that like marginal metallophilic 

macrophages are CD169+ and also captured exosomes in a sialic acid-dependent manner 

in vitro (Figures 3.10A, 3.14 and 3.19).  Denzer et al. has observed follicular DC 

isolated from human tonsils as carrying MHC-II+ exosomes on their surface.348  

Importantly this indicated the in vivo presence and capture of exosomes.  Marker 

expression of captured MHC-II+ exosomes indicated their origin was likely B cell.348  

We investigated the in vivo capture of subcutaneously administered exosomes within 

draining lymph nodes of wild-type mice, in particular exosome co-localisation with 

subcapsular sinus macrophages was observed (Figure 3.21B). 

We next compared the distribution of exosomes following subcutaneous administration 

in the presence or absence of CD169.  Within CD169-/- mice, exosomes appeared less 

well contained to the subcapsular sinus and were observed deeper, likely within the 

medullary sinus of the lymph node, in comparison this was not observed with wild-type 

mice (Figure 3.21A).  However the lymph node subcapsular sinus is particularly 

complex with sinuses able to penetrate inwards towards the medullary sinus, as such 

whether this distribution of exosomes is due to the normal complex anatomical structure 

of the subcapsular sinus,261,269,404 or in fact due to CD169 absence is not able to be 

determined without further investigation.  It was noted that the overall exosome 

fluorescence intensity at early time points was generally greater within 

CD169-/- compared to wild-type mice (Figure 3.21A).  This potentially indicated faster 

acquisition of exosomes in the absence of CD169.  Therefore to ensure the structural 
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integrity of the subcapsular sinus within CD169-/- mice, non-sialylated 100 nm beads 

were administered subcutaneously with no observable difference in the distribution of 

beads noted compared to wild-type mice (Figure 3.22). 

In addition to murine-derived exosomes, a variety of human cell types have been shown 

to release exosomes.  In particular, in vitro cultured EBV-immortalised B cell-line 

RN,36,328 Burkitt’s B cell lymphoma cell-line Raji354 and leukaemic T cell line Jurkat369 

all release exosomes.  Our laboratory has previously shown that in vitro cultured human 

PBMC with anti-CD40 and IL-4, stimulates the release of MHC-II+ B cell-derived 

exosomes.42  Hence it was not surprising that human splenocytes responded to 

anti-CD40 and IL-4 in a similar manner (Figure 3.29). 

The in vivo presence of circulating MHC-II+ exosomes within healthy human 

individuals has been the subject of controversy.  While some groups have reported 

detection of MHC-II+ exosomes in the plasma of healthy individuals.405,406   

MacKay et al. showed MHC-II present in plasma was of lower molecular mass than 

exosome associated MHC-II.  Moreover, MHC-II present in plasma was not susceptible 

to detergent treatment, with no observable decrease in the molecular mass following 

size exclusion filtration noted (as would be expected with exosome-associated MHC-II).  

These results further indicated soluble MHC-II present in plasma was non-exosomal.354  

In addition, although distinct MHC classes (I and II) and isotypes (DR, DP and DQ) 

were physically linked on classical exosome structures released from the immortalised 

B cell line Raji, MHC molecules within plasma were not.354 

This lack of exosome associated MHC-II in plasma suggests the presence of an 

exosome uptake mechanism within humans.  It was therefore particularly interesting to 

observe primary human B cell-derived exosomes, but not apoptotic vesicles bound to 

human splenic tissue in a marginal zone pattern (Figure 3.30).  This was somewhat 

surprising due to the anatomical differences between murine and human splenic tissue.  

Whereas murine marginal zones contain a dense network of CD169+ macrophages,86 

human splenic marginal zones do not, rather CD169 is expressed by perifollicular 

macrophages that form sheaths surrounding the capillary endings within the 

perifollicular zone.251  This indicates our observed marginal zone and perifollicular 
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binding of exosomes within the human spleen was likely mediated via a non-CD169 

mechanism (Figure 3.30A).  Co-labelling of spleen sections with antibodies against 

complement receptor 3 (CR3; CD11b/CD18) showed exosomes co-localised with 

CD11b+ cells (Figure 3.30).  This monoclonal antibody (clone OKM1) has previously 

been demonstrated to label human monocytes, macrophages and neutrophils.407,408  The 

human marginal zone, composed primarily of B cells and neutrophils with few 

macrophages present, likely implicates the marginal zone CD11b+ cells as 

neutrophils.251,409  Moreover, our observed staining pattern and cell morphology 

resembled that of splenic resident neutrophils termed ‘B cell-helper’ neutrophils.410  

Exosome binding also appeared to extend into the perifollicular zone, however further 

analysis would be required to confirm this.  Both macrophages and monocytes 

(CD11b+) have been observed within the perifollicular zone, as such their contribution 

to exosome binding cannot be ruled out.250,251,407,409 

One potential capture mechanism is via complement receptors, in particular 

complement factors (C3b, C3bi and C5a) have been shown to enhance phagocytosis of 

liposomes by human neutrophils.411  The importance of complement in exosome 

mediated responses remains unclear due to contrasting reports.  Papp et al. showed that 

in vitro T cell proliferation was significantly reduced if exosome cultures contained 

C3-deficient compared to wild-type serum, thus indicating C3 was essential for optimal 

exosome induced T cell responses.395  In contrast, wild-type DC-derived exosomes 

incubated with CR3-deficient DC had no effect on subsequent CD4+ T cell activation  

in vitro, indicating in this system C3b or C3bi were not mediating exosome capture by 

DC.338  Human neutrophils also express Siglec-5 and Siglec-9 receptors with specificity 

towards both α2,3- and α2,6-linked sialic acid.412,413  Hence it is not unreasonable to 

speculate that human exosome capture may be either complement- or sialic 

acid-mediated.  Nonetheless, regardless of mechanism, the striking similarity of 

exosome binding within murine and human splenic tissue, likely implicates the splenic 

marginal zone as a conserved mediator of exosome capture across species. 

Human B cell-derived apoptotic vesicles, in contrast to those of murine origin, did not 

bind to the human marginal zone (Figure 30).  This was surprising as phagocytosis of 

apoptotic neutrophils by human monocytes and macrophages is able to be mediated by 
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C3bi.414  However this lack of apoptotic vesicle binding may be due to higher shear 

forces exerted on larger particles during assay washing steps, or greater lipid-to-protein 

ratios may lead to sparser ligand availability, consequently the overall binding affinity 

of apoptotic vesicles compared to exosomes may be less.415,416 

5.3 Exosomes:  functional vesicles or cellular rubbish? 

The functional role of exosomes is likely dependent on the parental cell of origin.  

Although a number of exosome functional studies have been performed, very few 

represent exosomes derived from primary cell cultures.  Rather the majority involve 

exosomes derived from either in vitro differentiated bone marrow stem cells  

(e.g. BMDC), tumour cells or immortalised cell-lines.320,336,341  This study therefore 

provides novel data regarding the functional potential of primary B cell-derived 

exosomes. 

We have previously shown primary B cells release high yields of exosomes specifically 

in response to CD40 and IL-4 receptor signalling.42  B cell-derived exosomes contained 

key antigen presentation molecules MHC-I, MHC-II and immunoglobulin.42  Moreover, 

although CD40/IL-4 signalling induced extensive B cell proliferation, exosomes were 

not constitutively released upon B cell division, as dextran/LPS treatment also induced 

extensive B cell proliferation with little or no exosome production.42  CD40/IL-4 

stimulated B cells secreting exosomes resembled rapidly proliferating T cell-dependent 

germinal centre B cells, also known as centroblasts.42,132,417,418  This controlled release 

of exosomes in response to T cell signalling may implicate exosomes in aiding B cell 

differentiation.  Follicular DC do not synthesise their own MHC-II, instead they have 

been shown to passively acquire MHC-II-peptide complexes from B cells.64  

Furthermore, follicular DC also acquire immune complexes via Fc or complement 

receptors.419  As follicular DC have been observed to capture of B cell-derived 

exosomes on their surface, this further implicates exosomes with a role to aid B cell 

differentiation.348,418  Alternatively, B cell-derived exosomes may promote T cell 

responses, either indirectly following DC capture, or via the direct interaction  

with T cells.331,336 
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Whether exosomes derived from APC are capable of directly stimulating T cells 

remains controversial.  Numerous in vitro studies with DC-derived exosomes have led 

to varied findings.  These included direct interaction of exosomes alone with  

CD4+ T cells,329–334 their direct interaction only after capture on the surface of DC or 

beads,40,336,338 or indirect activation via cellular mediators, in particular DC following 

either uptake and processing of exosomal antigen or transfer of exosomal 

MHC-II:peptide complex to the DC.335,336,420  However studies reporting indirect 

responses included groups who observed extremely weak CD4+ T cell responses to 

exosomes alone, but only when non-physiological quantities were used to overcome the 

inefficient direct interactions.336,420  Interestingly, in vitro incubation of wild-type 

DC-derived exosomes with MHC-II-/- DC still induced CD4+ T cell proliferation, albeit 

at a reduced level compared to incubation with wild-type DC.335,337  Despite these 

findings, immunisation of MHC-II-/- or LFA-1-/- mice with DC-derived exosomes, either 

completely abolished or reduced CD4+ T cell proliferation in vivo compared to 

wild-type mice respectively.40,338  Hence although in vitro findings indicated exosomal 

MHC-II:peptide complex must interact with T cell receptors, in vivo findings indicated 

host APC processing of exosomal antigen was essential for exosome induced  

CD4+ T cell responses.  While the majority of these studies utilised DC-derived 

exosomes, few have focused on the functional role of B cell-derived exosomes.  It has 

however been reported that B cell-derived exosomes alone directly stimulate  

CD4+ T cell responses in vitro without the need of a cellular mediator.36,320  

To investigate if B cell-derived exosomes were able to directly activate CD8+ T cells  

in vivo, we utilised bm1 mice that possess mutant MHC-I that binds Ova257-264, yet is 

unable to present this MHC-I:peptide complex to OT-I cells.  Proliferation of OT-I cells 

in response to Exo257 was substantially reduced within bm1 compared to wild-type mice 

(Figure 4.9A).  However it was subsequently found that bm1 mice had rejected the 

MHC-I mismatched congenic OT-I cells (Figure 4.9B).  The extent by which this 

contributed to the reduced proliferation is unknown.  Nonetheless the fact that any 

proliferation was observed indicated that exosomal MHC-I:peptide complexes were 

presented to CD8+ T cells.  Whether this was via exosomes alone, captured on the 
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surface of host APC, or via transfer of their MHC-I:peptide complexes to host APC 

requires further investigation. 

The majority of T cell activation studies with B cell-derived exosomes utilised either 

lymphoma or EBV-transformed B cells.  Thus it was of interest to investigate the 

potential of exosomes derived from CD40/IL-4 activated primary B cells to activate  

T cells.  B cell-derived exosomes pulsed with ovalbumin peptides Ova257-264 and 

Ova323-339 (Exo257/323) were able to promote CD8+ T cell, but not CD4+ T cell 

proliferation in vivo (Figure 4.1).  CD8+ T cell proliferative responses to Exo257/323 

within the lymph node were greater than splenic responses (Figure 4.1), potentially 

reflective of the exosome dose reaching the lymph node compared to the spleen.  That 

is, forelimb lymph flow was limited to the axillary and brachial lymph nodes, whilst 

intravenous antigen could be captured by multiple organs e.g. spleen, liver and 

lungs.366,387  This greater T cell proliferative response to peptide-pulsed exosomes 

within the lymph node was reflected when mice supplemented with OT-I precursors 

exhibited greater in vivo CTL killing via subcutaneous compared to intravenous  

routes (Figure 4.10).  However this trend did not extend to endogenous CTL responses 

(Figure 4.10). 

It has also been reported that DC-derived exosomes pulsed with ovalbumin peptide 

were unable to promote CD4+ T cell proliferation in vivo.329  However in contrast, 

several groups utilising alternative model antigen systems with DC-derived exosomes 

have observed CD4+ T cell responses in vivo, these included male antigen H-Y (Marilyn 

T cells) and alloantigen (1H3.1 T cells) systems.40,335,337,338  Reports on exosome ability 

to induce CD8+ T cell proliferation in vivo are also inconsistent, but differing 

immunisation routes, as well as minor differences in peptide pulsing protocols may 

account for this.330,339  OT-I cells have been reported as far more sensitive than  

OT-II T cells in response to the intravenously injected soluble ovalbumin peptide.  In 

particular the proliferative response of OT-I cells was approximately 500-fold greater 

than OT-II T cells.421  As the OT-I and OT-II peptides were used at equivalent 

concentrations, we cannot rule out if the lack of OT-II response to peptide-pulsed 

exosomes in our own assays, was in fact a result of insufficient peptide quantity and/or 

the antigen presentation efficiency of the model system employed. 
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Strikingly, exosomes derived from B cells cultured with ovalbumin protein (Exo-pro) 

induced far greater proliferation than peptide-pulsed exosomes (Figure 4.1 and 4.4).  

Furthermore, Exo-pro induced proliferation of both CD8+ and CD4+ T cells  

(Figure 4.4).  Similarly, it has been reported that DC-derived Exo-pro also efficiently 

stimulated both CD4+ and CD8+ T cell proliferation in vivo.329,332,341  Cell-associated 

protein has previously been shown to promote greater OT-I and OT-II T cell 

proliferative responses in vivo compared to soluble protein.421,422  Thus it was 

interesting to observe the presence of ovalbumin protein as well as low level 

cross-presented H2kb:Ova257-264 expressed on Exo-pro (Figure 4.7B).  This finding was 

similar to the results of Qazi et al. where ovalbumin protein was detected on purified 

exosomes derived from DC cultured with ovalbumin protein.329  Moreover, unpublished 

data cited by the same group indicated this ovalbumin protein was not bound to 

exosome receptors, rather it was located within the exosomal membrane.339   

Although B cells are not generally associated with the ability to directly interact with 

CD8+ T cells.  They have on occasion been reported to cross-present antigen for 

priming of CD8+ T cells,423–425 but not surprisingly they were less efficient than 

DC.425,426  This was reflected by the poor CD8+ T cell proliferation induced by parental 

B cells in comparison to DC (Figures 4.1, 4.4 and 4.6).  Parental B cells however 

promoted no CD4+ T cell proliferation, this may have been due to residual anti-CD40 

monoclonal antibody on the B cell surface preventing co-stimulation of CD4+ T cells.427  

Alternatively, although controversial, B cells are generally considered poor inducers of 

naïve CD4+ T cell responses.126,147,148  Interestingly, splenic and lymph node B cells 

were shown to possess distinctly different antigen presenting abilities.149  That is, whilst  

B cells were found to be the primary APC within the lymph node, their antigen 

presenting function was either not present or redundant within the spleen.149  Thus as 

our parental B cells were splenic in origin, this may have contributed to the poor T cell 

proliferative responses observed.  As a side note, it was surprising to observe 

LPS-matured DC promoted far weaker T cell proliferative and cytotoxic responses 

when pulsed with ovalbumin protein compared to peptide (Figures 4.1, 4.4, 4.10 and 

4.12).  This weaker T cell proliferative response to protein- compared to peptide-pulsed 

DC was supported by previous findings by Constant et al..145,428 
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When considered in isolation, the finding that parental B cells were poor inducers of  

T cell proliferation in vivo was not particularly surprising.  However this finding was 

interesting when compared to the substantial response induced by B cell-derived 

exosomes (especially Exo-pro).  Although it could be argued that the responses were 

not comparable due to a lower number of B cells administered (1 × 105), compared to 

the number of B cells required to generate an exosome preparation (approximately  

7 × 107 B cells; Figure 2.1).  The most apparent difference observed when protein 

antigen was utilised was that Exo-pro induced substantial CD4+ T cell proliferation, 

whilst parental B cells produced no CD4+ T cell response (Figures 4.1, 4.4 and 4.6).   

It could be speculated that as B cells stimulate only poor T cell responses directly, 

perhaps in response to CD40 and IL-4 signalling, B cells release exosomes as a 

mechanism to indirectly promote T cell responses. 

Dendritic cell-derived exosomes have been shown to promote pro-inflammatory 

cytokine release such as IFNγ and TNFα.329,331,339,342,429  Similarly, we observed  

B cell-derived Exo-pro also induced specific T cell release of IFNγ (Figure 4.17).322   

As such, this implicated exosomes in promoting Th1 responses.  Numerous groups have 

investigated the role of DC-derived exosomes to induce cytotoxic responses, however 

few, if any, have focused on B cell-derived exosomes.  In particular, immunisation of 

mice with DC-derived Exo-pro or DC-derived exosomes pulsed with tumour peptide 

induced cytotoxic responses either in vivo or ex vivo upon re-stimulation.37,339,341,342  

Moreover, using in vivo tumour models, immunisation with DC-derived exosomes was 

shown to decrease B16 melanoma lung metastases and suppress primary tumour 

growth.37,339,341,342 

The ability of B cell-derived exosomes to promote endogenous T cell responses was 

next investigated.  We utilised an in vivo cytotoxicity assay to analyse MHC-I:peptide 

(Ova257-264) restricted killing of target cells.  Despite the fact that peptide-pulsed 

exosomes stimulated OT-I proliferation in vivo, no endogenous cytotoxicity was 

observed within wild-type mice regardless of immunisation route (Figure 4.10).  This 

lack of cytotoxicity was not overcome by the addition of helper epitope Ova323-339.  

However, increasing the precursor frequency via OT-I supplementation resulted in 

significant killing (Figure 4.10).  In contrast, B cell-derived Exo-pro induced significant 
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cytotoxicity via both subcutaneous and intravenous immunisation (Figure 4.12).  

Similar to these results, it has been reported that DC-derived Exo-pro induced greater 

cytotoxicity and tumour protection than DC-derived exosomes pulsed directly with 

ovalbumin peptide.339  In comparison to the single ovalbumin epitope carried by Exo257, 

Exo-pro immunisation would likely result in in vivo APC uptake of Exo-pro and the 

cross-priming of multiple ovalbumin epitopes.  In turn, Exo-pro immunisation likely 

leads to the activation of multiple CTL and T helper cell clones, thus promoting a 

generalised pro-inflammatory immune response.422,430,431  Additionally, the high level of 

ovalbumin protein detected on the surface of Exo-pro (Figure 4.7) may aid natural 

antibody or complement opsonisation by increasing binding site numbers and/or the 

binding efficacy, thus enhancing phagocytosis via Fc and complement 

receptors.339,432,433 

To understand the cellular interactions required for B cell-derived exosomes to induce 

specific CTL responses, we performed crucial in vivo cell depletion experiments.   

CD4+ T cells play an important role during priming of cytotoxic CD8+ T cell 

responses.172,193,194  In particular, DC-derived exosomes are dependent on CD4+ T cells 

for the efficient induction of CD8+ T cell proliferation, IFNγ secretion and specific CTL 

killing.339,342  Hence the loss of in vivo MHC-I:peptide specific cytotoxicity (in response 

to Exo-pro) within CD8+ or CD4+ T cell depleted mice was not unexpected  

(Figure 4.16A).  In vivo CTL killing has previously been shown as dependent on more 

than one mechanism, however often a predominant mechanism can be identified,  

e.g. perforin-mediated killing in response to acute lymphocytic choriomeningitis or 

polyoma virus infection363,434  The mechanism by which CD8+ T cells were inducing 

cytotoxicity in response to Exo-pro remains to be determined, but was found to be 

perforin-independent (Figure 4.18).  Although Exo-pro induced substantial specific 

CTL killing in vivo, parental B cells induced little or none (Figures 4.12).  This lack of 

killing was possibly reflective of the inability of parental B cells to promote CD4+ T cell 

proliferation in vivo (Figure 4.6).172,193,194 

Surprisingly, NK cell depletion of mice also resulted in the complete abolishment of 

any specific CTL killing (Figure 4.16A).  In addition to NK cells, basophils are also 

asialoGM1+, while NKT cells and γδ T cells show heterogeneous expression and only a 
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very low percentage of CD8+ T cells are asialoGM1+.435  Despite this, the depletion 

specificity of anti-asialoGM1 was confined to the depletion of only NK cells, and 

surprisingly also basophils.435  While basophil cross-presentation has been observed, the 

resulting activated CD8+ T cells were of a Th2 phenotype.436  As such, basophil loss 

was highly unlikely to have contributed to the absence of CTL killing, rather it was 

more likely due to NK cell loss. 

Murine and human DC-derived exosomes have been reported to promote NK cell 

activation and proliferation via an NKG2D-dependent mechanism, as well as 

IL-15Rα.346,429  However, in contrast, Gehrmann et al. observed no difference in  

NK cell proliferation within mice immunised with DC-derived exosomes compared to 

PBS.344  Rather the incorporation of α-galactosylceramide into DC-derived exosomes 

led to significant NK cell proliferation in an iNKT cell-dependent manner.344  To our 

knowledge, ours is the first report of the fundamental collaborative role between  

NK cells, CD4+ T cells and CD8+ T cells for responses to exosomal antigen, with each 

subset demonstrating absolute dependence on one another for the induction of specific 

CTL killing. 

The cytotoxic abilities of NK cells are well-known, however they have also been 

attributed with ‘helper’ functions with regard to CD8+ T cell activation.  In particular, 

NK cell-derived IFNγ leads to upregulated membrane-bound IL-15 on DC, in turn 

promoting CD8+ T cell proliferation – even in the absence of DC-derived IL-12.437  

Furthermore, IL-2 and IL-15, or IL-18 was reported to upregulate CD137 or CCR7 

expression respectively on NK cells.  Subsequent stimulation through either CD137 

ligation, or via IFNα, IL-12 or IL-2 respectively, led to extensive IFNγ production.438,439  

With these reports in mind, it was surprising to observe increased CTL killing within 

IFNγ-/- compared to wild-type mice in response to Exo-pro (Figure 4.18).  Whether 

IFNγ-/- mice exhibit any off-target effects with regard to their development of an 

otherwise normally functioning immune system was unclear.  However no obvious 

difference in findings was noted during an unrelated project by our group, regardless of 

utilising wild-type mice treated with neutralising anti-IFNγ monoclonal antibody or 

IFNγ-/- mice.440  The exact mechanism by which NK cells are interacting with CD4+ and 

CD8+ T cells to induce specific CTL killing in vivo requires further investigation. 
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Interestingly, a role for B cells in the immune response to DC-derived exosome has 

been previously described.  In particular, DC-derived Exo-pro induced the secretion of 

ovalbumin specific IgG in vivo, whilst the absence of B cells resulted in both reduced 

CD8+ T cell proliferation, as well as the number of T cells secreting IFNγ.329,339  Our 

findings clearly showed B cell-derived Exo-pro promoted both B cell proliferation and 

secretion of anti-ovalbumin IgG (Figures 4.13 and 4.19), however B cells were 

dispensable for in vivo CTL killing (Figure 4.16). 

The involvement of APC such as DC to capture and subsequently directly present 

exosomes, or to endocytose and cross-present exosomal antigen to CD8+ T cells  

was highly likely and supported by the literature.  As previously mentioned,  

Montecalvo et al. observed peptide-pulsed DC-derived exosomes induced CD4+ T cell 

responses in vivo within wild-type but not MHC-II-/- mice, this indicated the 

requirement of host MHC-II.  Moreover, Hao et al. has shown CD11c diphtheria toxin 

receptor knock-out (DTR-KO) mice immunised with DC-derived Exo-pro were unable 

to induce both CD8+ T cell proliferation and CTL killing in vivo, whilst wild-type mice 

induced substantial responses.341  However it should be noted that diphtheria toxin 

treatment of CD11c DTR-KO mice, results in the loss of splenic marginal metallophilic 

and marginal zone macrophages as well as CD11c+ DC.441  Therefore the APC subset 

responsible for uptake of exosomal antigen and cross-priming of CD8+ T cells cannot be 

conclusively identified as DC.  An early report of ovalbumin protein loaded liposomes 

showed induction of specific cytotoxicity within wild-type mice.  This cytotoxicity was 

lost upon clodronate liposome depletion of macrophages from the marginal zone.442  

However, this depletion method has been reported as non-specific, with losses in 

marginal metallophilic, marginal zone and red pulp macrophages, as well as marginal 

zone DC noted.144,443  As such it cannot be specifically determined which cell subset 

was responsible for the induced CTL response.  Unfortunately, due to time constraints, 

we were not able to investigate the role of different DC subsets in the response to  

B cell-derived exosomes.  

We have discovered CD169 as a specific exosome capture mechanism, however in vivo 

experiments clearly showed that marginal zone macrophages (SIGN-R1+) capture 

exosomes in the outer marginal zone of the spleen.  Therefore the contribution of each 
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subset towards the observed T cell responses is not known.  Despite the aberrant 

distribution of exosomes within the spleen and lymph node in CD169-/- mice, in the 

absence of CD169 no discernable difference in CD8+ or CD4+ T cell proliferation was 

noted compared to wild-type (Figures 4.1 and 4.4).  Nor were any differences noted for 

T cell production of granzyme B or IFNγ (Figures 4.3 and 4.17).  Strikingly in 

CD169-/- mice, enhanced in vivo CTL killing was observed compared to wild-type mice.  

This finding was true for splenic responses to both peptide-pulsed exosomes and 

Exo-pro, as well as lymph node responses to Exo-pro (Figures 4.10 and 4.12). 

Of relevance, splenic marginal metallophilic macrophages have been implicated in 

suppressing the immune response.  Wild-type mice immunised with apoptotic cells 

responded with a tolerogenic phenotype, furthermore this was diminished upon 

clodronate liposome depletion, or the use of CD169-DTR-KO mice.239,389,444  However 

as both clodronate depletion and CD169-DTR-KO mice result in the loss of  

marginal metallophilic and marginal zone macrophages, initial reports were 

inconclusive in distinguishing which macrophage subset was responsible for the 

observed effects.144,239,443  Interestingly, Ravishankar et al. recently published evidence 

implicating marginal metallophilic macrophages in tolerance induction.445  In particular, 

circulating apoptotic cells induced the expression of CCL22 on marginal  

metallophilic but not marginal zone macrophages.445  Subsequently this rapidly 

recruited Foxp3+ Tregs for tolerance induction and could be abrogated by the presence 

of CCL22 neutralising antibody.445 

In contrast to the previously discussed immunosuppressive effects, wild-type mice 

subcutaneously immunised with apoptotic tumour cells resulted in efficient 

cross-priming of CD8+ T cells by subcapsular sinus macrophages.446  However the 

subsequent anti-tumour response observed within wild-type mice was significantly 

reduced in CD169-DTR-KO mice.446  Interestingly, rapid pro-inflammatory cytokine 

release to sialylated pathogens such as Campylobacter jejuni was shown to be 

CD169-dependent.447  Moreover, antigen targeted specifically to CD169 expressed on 

marginal metallophilic macrophage was effectively transferred to CD8+ DC; in turn DC 

efficiently cross-primed CD8+ T cells for anti-tumour responses in vivo.244  Hence 



171 

 

CD169+ macrophage function is likely dependent of the antigenic context, or the 

presence of inflammatory mediators. 

The mechanism leading to enhanced cytotoxicity in response to Exo-pro in 

CD169-/- mice compared to wild-type mice remains to be determined.  It could however 

be speculated that CD169+ macrophages function to actively suppress exosome induced 

immune responses.  Alternatively, CD169+ macrophages may function primarily as a 

mechanism to capture and remove exosomes from blood circulation or lymph flow.  As 

such, although marginal metallophilic macrophages effectively promote transfer of 

antigen to splenic CD8+ DC for Th1 responses,244 they may in fact be incidentally 

limiting the level of exosomal antigen reaching more potent APC.  Furthermore, 

whether the observed difference in cytotoxicity was only apparent due to the use of 

non-physiological levels of exosomes, or conversely if the use of lower physiological 

exosome levels would result in a physiologically relevant functional difference is 

debatable. 

5.4 Future directions 

Investigation with regard to the primary APC responsible for the cross-presentation of 

exosomal antigen would aid our understanding of exosome induced responses.  

However particular care should be taken while selecting DTR-KO mouse strains, as 

commonly utilised strains such as CD11c-DTR-KO mice have been reported to also 

deplete macrophage subsets, thus potentially rendering results as inconclusive.  Of 

relevance are CD207+ CD8α+ DC due to their close association with marginal 

metallophilic macrophages within the spleen.52  Moreover, while CD207+ CD8α+ DC 

are effective in capture and uptake of apoptotic cells, they are relatively poor at the 

capture of soluble and particulate antigen, however they were shown to be crucial for 

cross-priming and IL-12 production in response to blood-borne antigen.52,54,448  

Conversely, marginal metallophilic macrophages are efficient at the capture of 

particulate antigen but are inefficient at direct cross-presentation, however they are 

indirectly involved in cross-presentation through their effective collaboration with 

cross-presenting CD207+ CD8α+ DC.244  This implicates splenic CD207+ CD8α+ DC as 
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key players in cross-presentation of exosomal antigen, therefore the utilisation of mouse 

strains such as lang-DTREGFP or Batf3-/- may prove invaluable to further study.48,449   

Interestingly, B cells have been implicated as primary APC within lymph nodes.149,247  

Moreover, B cells have been observed acquiring particulate antigen and immune 

complexes from subcapsular sinus macrophages within the lymph node.92,93  Bearing 

this in mind, it would be interesting to determine the contribution of different cell 

subsets, particularly B cells, in the induction of CTL responses to subcutaneously 

administered exosomes. 

Although exosome capture was predominantly mediated via CD169 expressed by 

marginal metallophilic macrophages, in vivo they were additionally captured by 

marginal zone macrophages (SIGN-R1+), and potentially via CD169-independent 

mechanisms by marginal metallophilic macrophages.  While our own study involved 

the use of CD169-/- mice, it would be of interest to examine the effect of complete 

depletion of both marginal metallophilic and marginal zone macrophages on Exo-pro 

induced cytotoxicity.  In particular, the CD169-DTR-KO mouse strain generated by the 

Tanaka group effectively depletes both macrophage subsets whilst retaining DC 

subsets.239 

Unexpectedly, Exo-pro induced MHC-I restricted cytotoxicity with an absolute 

dependence on NK cell presence in vivo.  Furthermore using IFNγ-/- mice, one of the 

most well-known mechanisms of NK cell induced Th1 polarisation was ruled out.  To 

confirm that this result was not due to an unforeseen developmental immune system 

defect within IFNγ-/- mice, it would be necessary to utilise neutralising antibodies 

against IFNγ within wild-type hosts.  Additional mechanisms worth investigating 

include the role of TNFα in in vivo CTL assays, as well the expression level of 

membrane bound IL-15 on DC in the presence or absence of NK cells following 

Exo-pro immunisation.437,450  The direct contact between NK cells and DC has been 

previously shown as an important factor to induce CTL responses, therefore in vitro 

transwell experiments or blocking of NK cell receptor NKp30, may prove useful to 

address contact-dependent activation of DC.450,451 
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A number of studies have investigated the use of exosomes as a tumour 

immunotherapy.342,347,452  As we have observed enhanced CTL killing in response to 

exosomal antigen in the absence of CD169 compared to wild-type mice, it may be 

useful to replicate our results within wild-type mice with and without blocking of the 

CD169 pathway.  While sialidase treatment of exosomes may also be a viable option, 

this may hinder pathways other than CD169-mediated uptake in vivo.  The 

administration of a neutralising antibody or other antagonist against CD169 prior to 

exosome immunisation to enhance cytotoxicity, if successful could be used in 

conjunction with exosome-based tumour immunotherapies. 

We have previously shown that marginal zone, follicular and newly formed B cells  

of the spleen are all capable of exosome release.42  The antigen presenting ability  

of B cells differs for each subset, in particular splenic marginal zone and lymph node  

B cells possess greater antigen presenting potential than other subsets.149,247  It would 

therefore be of interest to determine if exosomes derived from distinct B cell subsets 

have different functional properties. 

Finally it would be particularly interesting to further investigate the capture of human  

B cell-derived exosomes in the marginal and perifollicular zone of the human spleen.  

Key areas to address would be the cell type and mechanism responsible for human  

B cell-derived exosome capture.  As our pattern of binding and morphology of  

CD11b+ cells resembled that of ‘B cell-helper’ neutrophils, it would be essential to 

co-label sections against specific neutrophil markers such as elastase.410  The most 

probable capture mechanisms are sialic acid- (non-CD169) and complement-

mediated.411–413  These could be easily addressed via sialidase treatment of exosomes, or 

exclusion of serum from both B cell cultures and modified Stamper-Woodruff assays 

respectively.  Alternatively, neutralising antibodies against Siglec-5 and Siglec-9, or 

complement receptors could be utilised during the modified Stamper-Woodruff assay. 

Currently autologous DC-derived exosomes are being clinically trialled as tumour 

immunotherapies.345,347  These trials are utilising either intradermal or subcutaneous 

immunisation routes, as such this would rule out splenic capture of exosomes.  However 

if human lymph node tissue was sourced, identification of specific cells responsible for 
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DC-derived exosome uptake may provide insight for immunisation optimisation.   

In addition, the modified Stamper-Woodruff assay would provide a simple in vitro 

method for the testing of exosomes or liposomes modified for the specific targeting of 

immune cells. 

5.5 Summary and conclusion 

The presence of exosomes has been known for some time.  Despite this there is 

surprisingly little evidence as to their fate in vivo.  This study has identified a novel 

capture mechanism for B cell-derived exosomes within the spleen and lymph node.  To 

our knowledge, this is the first report of a specific receptor for the capture of exosomes 

within lymphoid organs.  Capture was mediated via sialic acid expressed on the 

exosome surface to the receptor CD169 present on marginal metallophilic and 

subcapsular sinus macrophages. 

CD169+ macrophages are strategically located at blood or lymph flow entry points into 

the spleen and lymph nodes respectively.  This implicates CD169+ macrophages with a 

primary role in capture and removal of exosomes from circulation or lymph flow.  In 

the absence of CD169, aberrant exosome distribution within the spleen and lymph 

nodes was noted, with exosomes less well-contained to the inner marginal zones or 

subcapsular sinus of the spleen or lymph node respectively.  Although multiple 

non-specific capture mechanisms exist in vivo, CD169+ macrophages are clearly 

important contributors in the capture of exosomes from blood or lymph fluid.  Of 

relevance due to the increasing number of studies of extracellular vesicles present in 

blood, we showed exosomes were rapidly cleared from circulation, with half-life data 

providing fundamental information with regards to their basic physiological presence  

in vivo.  Interestingly preliminary findings indicated human B cell-derived exosomes 

were also captured in marginal zone pattern.  Although this capture was unlikely 

mediated by CD169 due to differences in CD169 distribution between murine and 

human spleen, it potentially implicates the splenic marginal zone as a conserved 

mediator of exosome capture across species. 

Current literature regarding the functional role of exosomes, predominantly involve 

exosomes derived from bone marrow stem cells differentiated in vitro, tumour cells or 
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immortalised cell-lines.  This study has provided novel data to the exosome field due to 

the use of exosomes released from primary B cells stimulated via the CD40 and IL-4 

receptors.  We have established a role for B cell-derived exosomes to promote T cell 

responses in vivo.  Specifically, CTL-mediated killing induced by exosomal antigen was 

dependent on the interaction of NK cells, CD4+ T cells and CD8+ T cells.  Moreover, in 

the absence of sialic acid-dependent capture, exosomes induced enhanced CTL killing.  

This implicates CD169+ macrophages in suppression of immune responses to exosomal 

antigen.  Whether this is an active response specific to exosomes, or simply incidental 

due to limiting the access of heavily sialylated particulate antigen that APC receive, 

would require further investigation. 

In conclusion, while B cells appear to be relatively poor inducers of T cell responses, 

their specific production of high levels of exosomes in response to T cell signalling, 

may in fact be a mechanism by which B cells indirectly promote T cell responses.  The 

precise pathway by which exosomes promote cytotoxic responses in vivo is a clearly a 

complex interaction involving several cell types.  We have identified three key players, 

NK cells, CD4+ T cells and CD8+ T cells, however the essential APC involved as well 

as the subsequent roles of each remains to be determined. 
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Appendix A:  Proteomic analysis 

 
B cell-derived exosomes 

gi|122197 H-2 class II histocompatibility antigen, A-D alpha chain precursor 

gi|122246 H-2 class II histocompatibility antigen, A-D beta chain precursor 

gi|120524      Ferritin light chain 1 (Ferritin L subunit 1) 

gi|595280      Rap1b 

gi|122228      H-2 class II histocompatibility antigen, E-D beta chain precursor 

gi|2392362     Chain A, Histocompatibility Antigen 

gi|56970       prothrombin precursor [Rattus norvegicus] 

gi|49483       high mobility group protein [Cricetulus griseus] 

gi|202210      alpha-tubulin isotype M-alpha-2 

gi|57408       unnamed protein product [Rattus norvegicus] 

gi|2197106     scaffold protein Pbp1 homolog [Mus musculus] 

gi|49435       unnamed protein product [Cricetulus griseus] 

gi|126048      L-lactate dehydrogenase A chain (LDH-A) (LDH muscle subunit) (LDH-M) 

gi|412271      VAC alpha [Mus musculus] 

gi|149031961   rCG50520 [Rattus norvegicus] 

gi|50026       unnamed protein product [Mus musculus] 

gi|115969      B-lymphocyte antigen CD20 (Membrane-spanning 4-domains subfamily A member 1) (B-cell differentiation) 

gi|122484      Hemoglobin subunit alpha (Hemoglobin alpha chain) (Alpha-globin) 

gi|265428      14-3-3 protein beta subtype; 14-3-3 beta [Rattus sp.] 

gi|609169      high mobility group 2 protein [Mus musculus] 

gi|3219691     Murine coagulation factor V [Mus musculus] 

gi|4139188     heterogeneous nuclear ribonucleoprotein C1/C2; hnRNP C1/C2 [Mus musculus] 

gi|25244410    complement component C4 [Rattus norvegicus] 

gi|32264645    Ac1873 [Rattus norvegicus] 

gi|54015       p33 RSP-1 [Mus musculus] 

gi|438862      ADP-ribosylation factor 1 [Rattus norvegicus] 

gi|50837       EN-7 protein [Mus musculus] 

gi|505565      unnamed protein product [Rattus rattus] 

gi|116849      Cofilin-1 (Cofilin, non-muscle isoform) 

gi|56954       unnamed protein product [Rattus norvegicus] 

gi|1050756     fusion protein: ubiquitin (bases 43_513); ribosomal protein S27a (bases 217_532) [Rattus norvegicus) 

gi|975689      erthyrocyte band 7 integral membrane protein, protein 7.2B, stomatin [Mus musculus] 

gi|49423       beta major globin chain [Cricetulus griseus] 

gi|3986758     CLCP [Mus musculus] 

gi|511869      thrombospondin [Mus musculus] 

gi|112128      phosphoglycerate mutase (EC 5.4.2.1) B chain - rat 

gi|55912       antigen CD37 [Rattus norvegicus] 

gi|233253      integral membrane protein TAPA-1 [Mus sp.] 
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B cell-derived exosomes 

gi|3108065     aldehyde reductase [Cricetulus griseus] 

gi|55628       unnamed protein product [Rattus norvegicus] 

gi|242145      HP-55=55kda hibernation protein [chipmunks, blood, Peptide Partial, 45 aa, segment 3 of 8] 

gi|74209103    unnamed protein product [Mus musculus] 

gi|56379       hsc73 [Rattus norvegicus] 

gi|24637541    CDC42 protein [Rattus norvegicus] 

gi|22138113    CAST1 [Rattus norvegicus] 

gi|122513      Hemoglobin subunit beta-1 (Hemoglobin beta-1 chain) (Beta-1-globin) (Hemoglobin beta-major chain) 

gi|3452553     brain beta 3 spectrin [Rattus norvegicus] 

gi|156257655   beta-globin [Mus musculus] 

gi|50156       beta-1-globin [Mus musculus] 

gi|49900 alpha-globin [Mus musculus] 

gi|126023250   hemoglobin alpha subunit 2 [Peromyscus leucopus] 

gi|122484      Hemoglobin subunit alpha (Hemoglobin alpha chain) (Alpha-globin) 

gi|126023118   hemoglobin alpha subunit 2 [Peromyscus maniculatus] 

gi|539969      lysozyme homolog AT-2, bone - rat (fragments) 

gi|49496       unnamed protein product [Cricetulus longicaudatus] 

gi|51303       unnamed protein product [Mus musculus] 

gi|53782       unnamed protein product [Mus musculus] 

gi|51300       unnamed protein product [Mus musculus] 

gi|1628559     N-tropomodulin 

gi|205055      keratin K5 

gi|21595228    Keratin 79 [Mus musculus] 

gi|51269       unnamed protein product [Mus musculus] 

gi|57408       unnamed protein product [Rattus norvegicus] 

gi|55775       unnamed protein product [Rattus norvegicus] 

gi|74200533 unnamed protein product [Mus musculus] 

gi|2982368     endobrevin [Mus musculus] 

gi|51198       unnamed protein product [Mus musculus] 

gi|1401057     Supt6h 

gi|22138113    CAST1 [Rattus norvegicus] 
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B cell-derived apoptotic vesicles 

gi|122246      H-2 class II histocompatibility antigen, A-D beta chain precursor 

gi|122266 H-2 class II histocompatibility antigen, A-Q beta chain precursor 

gi|122228      H-2 class II histocompatibility antigen, E-D beta chain precursor 

gi|402511      14-3-3 protein zeta-subtype [Rattus norvegicus] 

gi|121905      Histone H1.2 (H1 VAR.1) (H1c) 

gi|193865      histone H1 

gi|122197      H-2 class II histocompatibility antigen, A-D alpha chain precursor 

gi|116849      Cofilin-1 (Cofilin, non-muscle isoform) 

gi|52787       unnamed protein product [Mus musculus] 

gi|12597249    RhoGDI-1 [Mus musculus] 

gi|205139      lipocortin-V 

gi|50837       EN-7 protein [Mus musculus] 

gi|12857511    unnamed protein product [Mus musculus] 

gi|402509      14-3-3 protein theta-subtype [Rattus norvegicus] 

gi|57408       unnamed protein product [Rattus norvegicus] 

gi|50026       unnamed protein product [Mus musculus] 

gi|57680       unnamed protein product [Rattus rattus] 

gi|595280      Rap1b 

gi|115969      B-lymphocyte antigen CD20 (Membrane-spanning 4-domains subfamily A member 1) (B-cell differentiation) 

gi|52880       unnamed protein product [Mus musculus] 

gi|130856      Proteasome subunit beta type-9 precursor (Proteasome subunit beta-1i) (Proteasome chain 7) (Macropa 

gi|436781      proteasome subunit RC7-I [Rattus sp.] 

gi|12834582    unnamed protein product [Mus musculus] 

gi|49435       unnamed protein product [Cricetulus griseus] 

gi|49866       unnamed protein product [Mus musculus] 

gi|119863      Low affinity immunoglobulin epsilon Fc receptor (Lymphocyte IgE receptor) (Fc-epsilon-RII) (CD23 an 

gi|50944       F52 [Mus musculus] 

gi|303690      MSP23 [Mus musculus] 

gi|56954       unnamed protein product [Rattus norvegicus] 

gi|1628559     N-tropomodulin 

gi|122440      Hemoglobin subunit alpha (Hemoglobin alpha chain) (Alpha-globin) 

gi|109482445   PREDICTED: hypothetical protein [Rattus norvegicus] 

gi|112128      phosphoglycerate mutase (EC 5.4.2.1) B chain - rat 

gi|868169      G protein beta 36 subunit 

gi|74222791    unnamed protein product [Mus musculus] 

gi|122484      Hemoglobin subunit alpha (Hemoglobin alpha chain) (Alpha-globin) 

gi|57966       epsilon isoform of 14-3-3 protein [Mus musculus] 

gi|55613       unnamed protein product [Rattus norvegicus] 

gi|51269      unnamed protein product [Mus musculus] 

gi|51303      unnamed protein product [Mus musculus] 

gi|19354428   H2afj protein [Mus musculus] 

gi|53782      unnamed protein product [Mus musculus] 
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B cell-derived apoptotic vesicles 

gi|122513     Hemoglobin subunit beta-1 (Hemoglobin beta-1 chain) (Beta-1-globin) (Hemoglobin beta-major chain) 

gi|50156      beta-1-globin [Mus musculus] 

gi|51198      unnamed protein product [Mus musculus] 

gi|49496      unnamed protein product [Cricetulus longicaudatus] 

gi|53354      nucleoside diphosphate kinase B [Mus musculus] 

gi|49900      alpha-globin [Mus musculus] 

gi|260033     macrophage migration inhibitory factor 13kda protein {N-terminal} [rats, liver, Peptide Partial, 26 

gi|57408      unnamed protein product [Rattus norvegicus] 

gi|902558     acidic ribosomal phosphoprotein P1 
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Key Points

• This study has identified
a novel capture mechanism
for host-derived vesicles
within the spleen and lymph
node.

• This pathway modulates
the immune response to
circulating particulate
antigens.

Exosomes are lipid nanovesicles released following fusion of the endosoma limiting

membrane with the plasma membrane; however, their fate in lymphoid organs after

their release remains controversial. We determined that sialoadhesin (CD169; Siglec-1)

is required for the capture of B cell-derived exosomes via their surface-expressed a2,3-

linked sialic acids. Exosome-capturing macrophages were present in the marginal zone

of the spleen and in the subcapsular sinus of the lymph node. In vitro assays performed

on spleen and lymph node sections confirmed that exosome binding to CD169 was not

solely due to preferential fluid flow to these areas. Although the circulation half-life of

exosomes in blood of wild-type and CD1692/2 mice was similar, exosomes displayed

altered distribution in CD1692/2 mice, with exosomes freely accessing the outer marginal

zone rim of SIGN-R11 macrophages and F4/801 red pulp macrophages. In the lymph

node, exosomes were not retained in the subcapsular sinus of CD1692/2 mice but

penetrated deeper into the paracortex. Interestingly, CD1692/2 mice demonstrated an

enhanced response to antigen-pulsed exosomes. This is the first report of a role for CD169 in the capture of exosomes and its

potential to mediate the immune response to exosomal antigen. (Blood. 2014;123(2):208-216)

Introduction

Exosomes are vesicles released from multivesicular endosomes
following fusion with the plasma membrane. Exosomes are a
potential source of self-antigen for modulating the immune re-
sponse against self-tissues, including tumors.1,2 Several cellular
and molecular interactions direct the binding of exosomes to
populations of leukocytes or stromal cells.3-10 In lymphoid organs,
antigen presenting cells (APCs) in the marginal zone (MZ) of the
spleen11 and follicular dendritic cells (DCs) in the B-cell areas of
lymph node (LN)12 have been suggested to interact with exo-
somes, although the presence of a specific exosome receptor has
yet to be demonstrated.

Sialic acid binding immunoglobulin lectins (Siglec) are sialic
acid binding molecules expressed on a variety of leukocytes and
stromal cells. CD169 (Sialoadhesin), the first Siglec family member
identified, contains 17 immunoglobulin-like domains with the sialic
acid binding site within the V-set terminal immunoglobulin domain.
The short cytoplasmic tail of CD169 lacks signal transduction and
endocytosis motifs, although recent data have implicated CD169 in
endocytosis.13 Sialic acids decorate the surface of all cells and
most secreted proteins14; however, due to the low (millimolar)
affinity of CD169 for sialic acid, only heavily sialylated, multi-
meric structures bind strongly toCD1691macrophages.13 CD1692/2

mice do not display overt immune response defects but have
depressed immunoglobulin M (IgM) levels and subtle alterations in
the proportions of T- and B-cell subsets.15 Interestingly, CD1692/2

mice show lower levels of autoreactive T-cell activation in mouse
models ofmultiple sclerosis and uveoretinitis autoimmunemice, likely
due to altered regulatory T-cell activity.13,16

CD169 is strongly expressed on the subcapsular sinus (SCS)
and medullary macrophages in LN and on marginal metallophilic
macrophages in the MZ of the spleen.13,17 CD1691 macrophages
sample a wide variety of antigens and participate in generation
of immunity to tumors and viruses but may also down-regulate
immune responses to self-tissue.13 CD1691 macrophages directly
present captured antigen to T cells or natural killer (NK) T cells17 and
are adept at transferring antigen to CD8a1 DC and B cells.17 LN
CD1691 macrophages transfer their own membrane material to
closely associated T cells and NK cells.18

Exosomes express carbohydrate modifications, such as com-
plex N-linked glycans, high mannose, polylactosamine, and sialic
acids.19-21 We report that the preferred ligand of CD169, a2,3-
linked sialic acid,22 is enriched on B cell–derived exosomes,
allowing their capture by CD1691macrophages in both spleen and
LN. In the absence of this pathway, exosome access to the
lymphoid system is dysregulated, resulting in aberrant trafficking
of exosomes into the splenic red pulp or LN cortex. In addition,
CD1692/2 mice demonstrate enhanced cytotoxic T-cell responses
to exosomal antigen. This suggests that CD169 controls the access
of exosomes to lymphoid organs, possibly to minimize immune
responses to self-antigen.
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Materials and methods

Mice

C57BL/6 (wild-type) mice and ovalbumin peptide-specific OT-I and OT-II
transgenic T-cell ovalbumin were obtained from Jackson Laboratories.
OT-I and OT-II mice were crossed with CD45.11 B6.SJL-PtprcaPep3b/
BoyJArc (Animal Resources Centre) to generate F1 CD45.11 OT-I or
OT-II progeny. CD1692/2 mice15 were from the University of Dundee.
All mice were bred in specific pathogen free conditions at the University
of Otago Hercus Taieri Resource Unit as described.23 All intravenous
injections (100 mL phosphated-buffered saline [PBS]) were in the lateral
tail vein. Subcutaneous injections were in the forelimb with 50 mL PBS.
Animal studies were approved by the regional Animal Ethics Committee.

Exosome purification and labeling

Exosomes were isolated from anti-CD40 (FGK-45; 5 mg/mL) and in-
terleukin-4 (50 ng/mL; R&D Systems, Auckland, NZ) stimulated C57BL/6
splenocytes cultured at 23 106/mL for 3 days in R10 (RPMI-1640; Gibco
#31800-022) supplemented with 10% vesicle-depleted fetal calf serum
(FCS; PAA Laboratories), 100 U/mL penicillin (Gibco #15140-122),
100 mg/mL streptomycin (Gibco #15140-122), 55 mM b-mercaptoethanol
(Gibco #21985-023), and 2 g/L NaHCO3.

24 In brief, culture supernatant
was centrifuged at 450g for 5 minutes and then 2000g for 20 minutes (4°C)
to deplete cells and debris, respectively. The supernatant was 0.2 mm
filtered, and exosomes were pelleted by ultracentrifugation at 120 000g for
1 hour at 4°C. Pellets were washed twice in PBS. Where stated, exosomes
were resuspended in 12 mL of PBS, overlaid onto 4 mL of 30% sucrose/200
mM Tris/D2O cushion, and ultracentrifuged at 100 000g for 75 minutes at
4°C. Exosomes were located 1 mL above to 2 mL below the interface; these
fractions were pooled (supplemental Figure 1 on the Bloodwebsite). Pellets
were resuspended in the final 0.5 mL. Sucrose was removed by washing
twice in PBS by ultracentrifugation. Protein content of exosome preparations
was performed using the Bradford assay, and exosome quality was routinely
controlled by flow cytometry and electron microscopy.24 For in vivo capture
experiments and modified Stamper-Woodruff25 assays, exosomes were
biotinylated (Exo-bio) for 10 minutes at 4°C using 1 mg/mL sulfo-NHS-LC-
biotin (Pierce #21335) in PBS (Gibco #21600-010), quenched with 100 mM
glycine/PBS (pH 7.4), and washed twice with 30 mL PBS by ultracentri-
fugation. Alternatively, where stated, exosomes were labeled with 1 mg/mL
sulfo-NHS-LC-fluorescein (Pierce #46410) following the same procedure as
described for biotin.

Peptide and protein loading

DCs were generated from C57BL/6 bone marrow cells as previously
described,26 matured overnight at day 6 with 200 ng/mL lipopolysaccha-
ride (Salmonella Typhimurium; Sigma #L6511), and harvested on day 7.
For peptide experiments, pelleted exosomes, parental B cells, or DCs were
pulsed for 4 hours at 37°C with 1 mM ovalbumin (OVA) peptides OVA257-264

and/or OVA323-339 (Genscript; Exo257/323, B cell257/323 and DC257/323,
respectively). Alternatively, B cells or DCs were incubated for 2 days with
200 mg/mL OVA protein (Sigma #A5503). B cell–derived exosomes (Exo-
pro) were then isolated from OVA-pulsed B-cell supernatants. Exosomes
were washed twice in 30 mL PBS by ultracentrifugation. Exo257/323 and Exo-
pro were subsequently sucrose cushion purified. Peptide- and protein-pulsed
B cells and DCs were washed twice in PBS.

Sialidase treatment of exosomes

Biotinylated exosomes were treated with 0.1 U/mL Vibrio cholerae–
derived sialidase (SIAL-V; Roche #11-080-725-001) in digestion buffer
(14.7 mg CaCl2-dihydrate, 580 mg NaCl to 100 mL 0.1 M Na-acetate,
pH 5.5) for 30 minutes at 37°C. Exosomes were washed twice in 0.1% bovine
serum albumin (BSA; Gibco #30063-572)/PBS by ultracentrifugation.
Where stated, exosomes were sucrose cushion purified. Untreated or SIAL-
V–treated exosomes were bound to 4 mm aldehyde-sulfate microspheres24

(Molecular Probes #A8244A); BSA-conjugated microspheres were used as
a negative control. Exosomes were analyzed for a2,3- and a2,6-linked
sialic acid expression with biotinylated lectins 5 mg/mL MAL-II (Vector
#B-1265) or 0.6 mg/mL SNA-I (Vector #B-1305), or for CD9, CD19,
CD21, CD24, MHC-II, and immunoglobulin expression (see supplemental
Methods) before flow cytometric analysis (BD LSRFortessa; FlowJo).

Modified Stamper-Woodruff assay

Frozen naı̈ve C57BL/6 and CD1692/2 mouse spleen or LN (axillary,
brachial, inguinal, and mesenteric) tissue was cryosectioned as pre-
viously described.26 Sections were blocked with 1% BSA/PBS for 10
minutes, and 50 mg/mL Exo-bio (6sialidase treatment) diluted in 0.1%
BSA/Iscove’s modified Dulbecco’s media (Gibco #12440-053) was
added for 2 hours at 37°C in a humid box. Sections were rinsed with PBS,
fixed with 1% paraformaldehyde/PBS, quenched with 100 mM glycine/
PBS, and blocked with 1% goat serum (GS)/PBS each for 10 minutes.
Sections were incubated for 1 hour with primary antibodies from cell
supernatant prepared from MOMA-1 (anti-CD169), F4/80, and ER-TR9
(anti–SIGN-R1) hybridomas obtained from Professor Georg Kraal (VU
Medical Centre, Amsterdam, Netherlands). Primary antibodies were de-
tected with 10 mg/mL anti-rat IgG-Alexa-488 or -Alexa-594 (Invitrogen
#A21208 and Invitrogen #A21209, respectively) in 1% GS/PBS.
Biotin was detected with 5 mg/mL streptavidin-Alexa-488 or -Alexa-594
(Invitrogen #S11223 and Invitrogen #S11227, respectively), and nuclei
were counterstained with 25 ng/mL 49,6 diamidino-2-phenylindole (DAPI;
Invitrogen #D3571). Sections were mounted in Prolong Gold anti-fade
(Invitrogen #P36930). For blocking experiments, sections were first
incubated with 10 mg/mL neutralizing antibody anti-CD169 (clone SER-4)
or negative control antibody anti–interleukin-4 (clone 11B11; purified in
house) diluted in 1% BSA/PBS for 1 hour. Biotinylated exosomes (50 mg/mL)
were then added directly to sections (without removal of blocking
antibody) for 2 hours at 37°C. Sections were viewed with an Olympus
BX-51 upright fluorescent microscope with UPLAN FL lenses (FN26.5)
with identical exposure conditions and images analyzed using DP Manager
software.

Fluorescence microscopy of in vivo captured exosomes

and beads

C57BL/6 or CD1692/2 mice were injected intravenously or subcutane-
ously with 100 or 50 mg of Exo-bio, respectively, and 23 1011 or 13 1011

100 nm fluorescent microspheres (ex-488 nm; Polysciences #24061),
respectively. For intravenous and subcutaneous routes, respectively, mice
were killed at 5, 60, or 120 minutes and spleen and liver were harvested
or at 30 minutes and draining LN (axillary and brachial) was harvested.
Organs were cryosectioned, fixed, and quenched before being blocked
with 1% GS/PBS and labeled for CD169, F4/80, or SIGN-R1. Exosomes
were detected as detailed above.

Colocalization analysis

Colocalization between exosome signal (red, Alexa-594) or 100 nm mi-
crospheres (green, Alexa-488) and macrophage marker signal (green,
Alexa-488; red, Alexa-594) was determined from intravenously injected
C57BL/6 or CD1692/2 mice killed at 5 minutes. Colocalization was cal-
culated from 10 individual photos (320 objective lens) per mouse, using
the Manders’ coefficient (fraction of exosome or bead signal overlapping
with macrophage signal) with the software ImageJ and JaCoP plugin using
autothresholding.27

In vivo T-cell proliferation

CD45.11 splenocytes and LN cells (53 107 cells/mL) from OT-I or OT-II
mice were labeled with differing dyes; 2.5 mM carboxyfluorescein
diacetate succinimidyl ester (CFSE; Invitrogen #C34554) or 2.5 mM cell
proliferation dye (CPD) V450 (BD #562158) for 7 minutes at 20°C and
quenched with 5 mL FCS. Cells were washed once in 10% FCS/PBS and
twice in PBS. Labeled cells were intravenously injected into recipient mice
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(OT-I and OT-II cells; 107 each were pooled and cotransferred). For LN
or splenic responses, C57BL/6 or CD1692/2 mice were immunized sub-
cutaneously or intravenously with PBS, 50 or 100 mg sucrose cushion
purified Exo257/323, respectively, 50 mg sucrose cushion purified Exo-pro,
or 105 peptide- or protein-pulsed B cells or DCs. As a control, the pellet
from Exo257/323 sucrose cushion purification was washed and resuspended
identically to Exo257/323 fractions, and mice were immunized subcutane-
ously with equivalent volumes. Five days later, draining LN or spleen was
removed, and T cells were labeled for CD4, CD8, and CD45.1 and analyzed
by flow cytometry (supplemental Methods).

In vivo cytotoxicity assays

C57BL/6 or CD1692/2 mice were immunized intravenously or sub-
cutaneously with PBS, Exo257 or Exo-pro (50 mg sucrose cushion purified
or 100 mg by ultracentrifugation only), 105 peptide, or protein pulsed
B cells or DCs. As a control, the pellet from Exo-pro sucrose cushion
purification was washed and resuspended identically to Exo-pro fractions,
and mice were immunized intravenously with equivalent volumes. Where
stated, mice were adoptively transferred intravenously 1 day prior to
immunizationwith 107OT-I splenocytes. Seven days after immunization, targets
were prepared as follows: naı̈ve C57BL/6 splenocytes (2 3 107 cells/mL)
were unpulsed (R10) or pulsed with 1 mM OVA257 in R10 for 1 hour at
37°C and then washed in 0.1% BSA/PBS/2 mM EDTA. Unpulsed and

pulsed cells were stained with 0.2 and 2 mM CFSE, respectively, for 7
minutes at 20°C, quenched, and washed as described above. Equal
numbers of unpulsed and pulsed targets were pooled (1.5 3 107 total) for
intravenous injection. Mice were killed 18 hours later, and spleens were
analyzed by flow cytometry.

Kinetics of exosome clearance from blood

C57BL/6 and CD1692/2 mice were anesthetized with ketamine and
medetomidine as previously described23 and maintained on a warming tray
at 37°C. Biotinylated B cell–derived exosomes (100 mg exosomal protein/
mouse) were intravenously injected. Total mouse blood volume was esti-
mated to be 5.5% of body weight. Blood was removed from the opposite
lateral tail vein to that of exosome administration. MHC-II1 exosomes
were detected by enzyme-linked immunosorbent assay. In brief, Nunc
Maxisorp plates were coated with 1 mg/mL purified streptavidin (Jackson
#016-000-084) in PBS overnight at 4°C. Plates were washed with 0.02%
Tween-20/PBS and blocked for 10 minutes at 20°C with 0.1% caseinate
(Arotech)/PBS. Exosome concentration in plasma was determined using
a standard of biotinylated exosomes of known protein concentration.
EDTA plasma samples were diluted 1/20 with PBS and added overnight at
4°C. After washing, 1 mg/mL fluorescein isothiocyanate (FITC)-M5/114
(anti-mouse I-Ab,d,q/I-Ed,k; purified and FITC-conjugated in-house) was
added for 1 hour at 37°C to detect boundMHC-II1 exosomes.28 Plates were

Figure 1. Aberrant distribution of exosomes in lymphoid tissues of CD1692/2 in vivo. C57BL/6 or CD1692/2 mice were (A [spleen],B,C,F) intravenously (IV) or (A [LN],

E) subcutaneously (SC) injected in the forelimb with 100 or 50 mg of biotinylated B cell–derived exosomes (Exo-bio; purified by ultracentrifugation), respectively. (D,F,G)

Alternatively, C57BL/6 or CD1692/2 mice were IV or SC injected with 2 3 1011 or 1 3 1011 100 nm fluorescent microspheres, respectively (green). For IV or SC routes, mice

were killed at 5 minutes with spleens and livers harvested or at 30 min and draining LN harvested, respectively. (A-C,E) Exo-bio was detected with streptavidin-Alexa-594

(red). Sections were colabeled for (A,G) marginal metallophilic or subcapsular sinus macrophages with anti-CD169 (MOMA-1), (B) MZ or red pulp macrophages with

anti–SIGN-R1 (ER-TR9) or anti-F4/80, respectively, or (C) Kupffer cells with anti-F4/80. Primary antibodies were detected with (A-C) anti-rat IgG-Alexa-488 (green) or

(G) anti-rat IgG-Alexa-594 (red), and nuclei were counterstained with DAPI (blue). Original magnification, (A [LN],D[spleen],E) 3100 , (A [spleen],B,D [LN],G) 3200, and

(C) 3400. Bar represents (A [spleen],B,D [LN],G) 200 mm, (A [LN],D [spleen],E) 250 mm, and (C) 50 mm. All results are representative of #4 mice per group. (F) Percent

colocalization was calculated from fluorescent microscopy photos of (A [spleen],B,G) spleen sections. Ten individual photographs per mouse (original magnification, 3200)

were analyzed for colocalization of green (Alexa-488) and red (Alexa-594) signal using the Manders’ coefficient with ImageJ. Each point represents an individual photograph;

line indicates mean. Circles, exosomes; squares, beads; closed symbols, C57BL/6 mice; open symbols, CD1692/2 mice. One-way ANOVA with Bonferroni postcorrection test

was performed: ns, not significant; *P , .05; **P , .01; ****P , .0001.
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washed and then incubated with anti–FITC-horseradish peroxidase
(1/5000; Roche #1426346) for 1 hour at 37°C. After washing, the plate was
developed in tetramethyl benzidine (Zymed #00-2023), and the reaction was
stopped with 2 N H2SO4. Optical density at 450 nm was determined using
a Tecan Infinite M200 microplate reader.

Statistical analysis

All statistical analyses were performed with GraphPad Prism 6 by 1-way (or
2-way in Figure 3) ANOVA with a Bonferroni postcorrection test.

Results

Identification of spleen, liver, and LN as the main

exosome targets

To determine the in vivo target of exosomes, primary B cell–
derived exosomes were isolated. Quality controls demonstrated
effective enrichment of MHC-II1 exosomes using ultracentrifu-
gation alone (supplemental Figure 1).24 Vesicles were then bio-
tinylated and injected intravenously or subcutaneously into mice.
Results showed distinct MZ or SCS distribution of exosomes in the
spleen or LN, respectively (Figure 1). Further analysis showed a
distinct colocalization of exosome and CD169 labeling (Figure 1A),
suggesting a role for CD1691 macrophages in exosome capture. To

investigate the potential for CD1691 macrophage-mediated binding
of exosomes, we used CD1692/2 mice.15 Compared with B6 mice,
CD1692/2 mice exhibited altered distribution of intravenously
transferred exosomes, with exosomes penetrating the splenic red
pulp and outer MZ sinus, the signal overlapping with SIGN-R11

and F4/801 macrophages (Figure 1B). To a lesser extent, liver
macrophages (Kupffer cells) also bound intravenously trans-
ferred exosomes (Figure 1C). Kupffer cells also express CD169,
but at levels severalfold below that of splenic or LN macrophages.29

Interestingly, binding of exosomes to Kupffer cells was not altered in
CD1692/2 mice (Figure 1C).

Although CD1692/2 mice retain populations of marginal metal-
lophilic macrophages in the MZ of the spleen and SCS macrophages
in LN,30 it is possible that these macrophages display altered barrier
properties to particulate antigens. However, intravenous or subcut-
aneous administration of inert 100 nm microspheres into wild-type
and CD1692/2mice demonstrated no strain difference in distribution
of microspheres into the splenic MZ or SCS of the LN, respectively
(Figure 1D), suggesting no loss of MZ or SCS barrier function in
CD1692/2 mice.

Subcutaneous administration of exosomes resulted in localization
of exosomes to CD1691 macrophages within the SCS (Figure 1E).
However, in CD1692/2mice, exosome binding to SCS macrophages
was reduced, and exosomes penetrated deeper areas of the
LN cortex (Figure 1E). Exosome binding to splenic CD1691

macrophages in wild-type mice was significantly greater than to

Figure 2. Exosomes are bound by CD1691 macrophages in the spleen and LN in the absence of blood or lymph flow. Exo-bio was applied to naı̈ve C57BL/6 or

CD1692/2 spleen and LN sections using a modified Stamper-Woodruff assay. Biotin was detected with (A) streptavidin-Alexa-488 (green) or (B) -Alexa-594 (red) and

marginal metallophilic or subcapsular sinus macrophages stained with anti-CD169 (MOMA-1). Primary antibody was detected with (B) anti-rat IgG-Alexa-488 (green) and

nuclei counterstained with DAPI (blue). (C) Exo-bio 6 treatment with Vibrio cholerae–derived sialidase (a2,3-linked sialic acid preferential cleavage [SIAL-V]) were purified

using a sucrose cushion, negatively stained and visualized by transmission electron microscopy. No apparent differences in morphology were observed between samples;

diameter range was 70 to 120 nm. Photographs are representative of the preparations as a whole. (D) Exo-bio was bound to naı̈ve C57BL/6 sections in the presence of

negative control antibody or CD169 neutralizing antibody (SER-4). Alternatively, Exo-bio or SIAL-V–treated Exo-bio was applied to naı̈ve C57BL/6 or CD1692/2 sections,

respectively. Exosomes and nuclei were detected as described in A. (E) Exosomes 6 SIAL-V treatment was bound to aldehyde-sulfate microspheres and analyzed by flow

cytometry for a2,3- and a2,6-linked sialic acid expression using biotinylated MAL-II and SNA lectins, respectively. In addition, CD9, CD24, MHC-II, CD19, immunoglobulin,

and CD21 expression was measured. Shaded peak, negative control (BSA-conjugated aldehyde-sulfate microspheres); black line, untreated exosomes; dashed line, SIAL-

V–treated exosomes. Results representative of $3 separate experiments and/or exosome preparations, with (D:LN) LN sections from $4 anatomically distinct locations per

experiment. Original magnification, (A [spleen]) 340, (A [LN]) 3100, (B,D) 3200, (C [Exo-bio]) 324 500, and (C [SIAL-V–treated Exo-bio]) 317 500. Bar represents (A [spleen])

500 mm, (A [LN]) 250 mm, (B,D) 200 mm, (C) 500 nm, and (C, inset) 100 nm.
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other macrophage subsets (Figure 1F). In contrast, inert 100 nm
beads preferentially colocalized with SIGN-R11 macrophages
(Figure 1F-G; supplemental Figure 1). In the absence of CD169,
exosomes showed greater access to SIGN-R11 and F4/801 macro-
phages (Figure 1B,F).

Exosome binding to splenic and lymph node macrophages

in vitro

It could be argued that colocalization of exosomes to CD1691

macrophages was simply due to anatomical constraints, because
the primary site of fluid entry into the spleen and LN is the MZ
and SCS, respectively. We developed an in vitro assay (modified
Stamper-Woodruff assay25; Figure 2A-B) using Exo-bio (Figure 2C)
applied to tissue sections to determine if specific exosome receptors
were present in the spleen and LN. Interestingly, the distribution
pattern of exosome binding matched that of exosome capture in vivo
(cf. Figure 1Awith Figure 2A-B). These results clearly demonstrated
that exosomes bound CD1691 macrophages in both wild-type
spleen and LN but not CD1692/2 mice (Figure 2B,D). BSA-biotin
failed to bind to tissue sections, ruling out nonspecific binding effects
due to amine-linked biotinylation (supplemental Figure 3). In ad-
dition, labeling of exosomeswith an alternatefluorochrome confirmed
these results (supplemental Figure 3), and cold (nonbiotinylated)
exosomes effectively inhibited exosome binding to tissue sections
(supplemental Figure 3). Blocking experiments with an anti-
CD169 neutralizing antibody (SER-4)31 further confirmed that
binding of both B cell–derived (Figure 2D) and DC-derived (sup-
plemental Figure 4) exosomes was CD169 dependent.

Exosomes were shown to display high levels of a2,3-linked
sialic acids—the preferred ligand of CD169 (Figure 2E).29,32

Sialidase-treated exosomes (Figure 2C) failed to bind the SCS or
splenic MZ (Figure 2D), further confirming that exosome binding
was CD169 dependent. Sialidase treatment did not alter exosome
bouyant density on the sucrose cushion (supplemental Figure 1),
exosome morphology (Figure 2C), a2,6-linked sialic acid levels
(Figure 2E), or the detection of surface marker expression. Note,
sialidase treatment caused a modest increase in antibody binding to
the CD19 and CD24 glycoproteins (Figure 2E).

Plasma clearance rates of exosomes in wild-type and

CD1692/2 mice

Surprisingly, despite our observation of aberrant exosome trafficking
in lymphoid organs of CD1692/2 mice, MHC-II1 exosomes were
cleared from the blood of wild-type and CD1692/2 mice at similar
rates, with a half-life of ;2 minutes (Figure 3A). Interestingly,
after 120 minutes, exosomes were still detectable in the spleen,
indicating that longer-lived reservoirs of exosomes may persist
after the majority of exosomes have been cleared from circulation
(Figure 3B).

Enhanced responses of CD1692/2 mice to protein and

peptide-loaded exosomes

Because B cell–derived exosomes express bothMHC-I andMHC-II,24

we next compared their ability to induce an immune response
in wild-type and CD1692/2 mice. Interestingly, although protein-
pulsed exosomes induced both CD41 and CD81 T-cell prolif-
eration, peptide-pulsed exosomes did not reproducibly induce
CD41 T-cell proliferation (Figures 4 and 5; supplemental Figures 5
and 6). No differences in OT-I or OT-II proliferation were noted
between wild-type and CD1692/2 mice by either the intravenous or

subcutaneous route for both peptide and protein (Figures 4 and 5;
supplemental Figures 5 and 6). Surprisingly, peptide- or protein-
pulsed parental B cells did not, or only weakly induced, CD41 or
CD81 T-cell proliferation, or cytotoxicity, by both subcutaneous
and intravenous routes (Figures 4-7).

Consistent with a recent report on DC-derived exosomes,10

peptide-pulsed exosomes induced relatively weak cytotoxic
T-lymphocyte (CTL) responses. This response was not enhanced
by inclusion of the T-cell helper epitope peptide OVA323-339

(Figure 6). However, supplementation of naı̈ve OT-I T cells
resulted in a significantly enhanced CTL response to Exo257,
demonstrating that increasing CTL precursor levels significantly
enhanced the cytotoxic response induced by peptide-pulsed
exosomes. Interestingly, the level of cytotoxicity was dependent
on antigen type, with significantly higher levels of cytotoxicity
noted in mice immunized with protein-pulsed compared with
peptide-pulsed exosomes (Figures 6 and 7; P, .0001 for both B6
or CD1692/2 mouse strains). Control experiments demonstrated
that particulate antigenic material (either protein or peptide) was
not responsible for the observed immune responses (Figure 7;
supplemental Figure 5). Strikingly, compared with wild-type mice,
CD1692/2mice demonstrated significantly enhancedCTL responses
to peptide-pulsed (intravenous only; Figure 6) and protein-pulsed
exosomes (intravenous and subcutaneous; Figure 7). This difference
was maintained using differing amounts (50 and 100 mg) of protein-
pulsed exosomes via intravenous immunization (Figure 7). A small
but significant increase in the CTL response of CD1692/2 mice to
subcutaneously injected peptide-pulsed, but not protein pulsed, DCs
was also noted (Figure 6B).

Figure 3. Exosome clearance and distribution in vivo. (A) C57BL/6 or CD1692/2

mice were anesthetized and then IV injected with 100 mg Exo-bio (purified by

ultracentrifugation). Mice were tail bled at the indicated time points. MHC-II1

exosome concentration was analyzed by enzyme-linked immunosorbent assay from

plasma samples; Exo-bio spiked plasma was used as a standard. Closed circles,

C57BL/6 mice; open circles, CD1692/2 mice. (B) C57BL/6 or CD1692/2 mice were

IV injected with 100 mg Exo-bio. Mice were killed at the indicated time points, and

spleens were harvested. Exo-bio was detected with streptavidin-Alexa-594 and

nuclei counterstained with DAPI. (B) Original magnification, 3100. Bar represents

500 mm. Results representative of (A,B) 6 mice (120 minutes) and (B) 3 to 6 mice

(5 and 60 minutes).
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Discussion

We identified CD169 as a specific binding-partner for exosomes
in lymphoid tissue. Its restriction to subpopulations of macrophages
dedicated to antigen capture and direct presentation and/or transfer
of antigen to other APCs17 suggests an important role of CD169-
mediated capture in the immune response to exosomal antigen.
CD1691 macrophages are strategically situated at antigen entry
points into the spleen and LN and are involved in capture of
sialylated pathogens13,30; however, a role for CD169 in capturing
exosomes has not previously been demonstrated.

Despite the low affinity (Kd; 1.4 mM) of CD169 for a2,3-linked
sialic acid,33 we observed abundant binding of exosomes to this
receptor. This may be a result of high level expression of a2,3-linked
sialic acid expression on exosomes, as linear increases in CD169
ligand availability results in logarithmic increases in avidity.13

Moreover, due to their size, exosomes may suffer less shear stress,
therefore gaining greater access to receptors, compared with larger
cells or particles.

In the spleen, McGaha et al noted a similar role for MZ
macrophages in the exclusion of particulate antigen from the red
pulp following depletion of MZ macrophages by clodronate.34

Thus, the MZ macrophage barrier acts together with the MZ
MADCAM-11 sinus-lining cells to limit antigen entry into the
red pulp.35 Such partitioning of antigen may optimize antigen
availability for the initiation of appropriate immune responses at
the MZ and white pulp.35 Interestingly, McGaha et al observed
enhanced immune responses to antigen associated with apoptotic
cells in mice depleted of MZ macrophages.34 It has previously

been demonstrated that exosomes entering the venous circulation
localize to the splenic MZ.11 In addition, there are several reports
of MZ macrophages being involved in immune tolerance to
apoptotic cells, either through modulation of cytokine secretion
or by the induction of the immunosuppressive enzyme indole-
amine 2,3-dioxygenase.34,36,37

DC-derived exosomes abundantly express the ligand milk-fat
globule lactadherin, a potential ligand for the avb3/b5 integrins.38

Others have proposed that a number of molecules, including CD9,
CD11a, CD81, CD91, intercellular adhesion molecule-1, and
phosphatidyl serine, are involved in exosome capture by DCs.3,6,8,11

Stromal interactions of exosomes to collagen or fibronectin may be
facilitated in humans by the b1 and b2 interactions.

4,7 Additionally,
C3b deposition on exosomes enhances antigen presentation and
splenic uptake.10,39 There is 1 description of the rat-restricted Galectin
5 mediating the binding of erythrocyte exosomes to macrophages,40

but to our knowledge, ours is the first report of a macrophage-specific
exosome receptor expressed in lymphoid tissue.

Similar exosome clearance rates were noted in the circulation
of wild-type and CD1692/2 mice, suggesting that CD169-
independent exosome clearance mechanisms are active in CD1692/2

mice. Removal of exosomes by complement-mediated destruction
and uptake by phagocytes,10,39 or uptake by fenestrated endothe-
lium in the liver sieve,41 may mask the contribution of a selectively
expressed receptor present only in a subpopulation of LN and splenic
macrophages. In contrast to our findings, liposomes displaying high-
affinity glycan ligands for CD169 exhibited delayed clearance
from circulation in CD1692/2 mice.42 However, the combination
of multivalent, high-affinity glycan ligands expressed on these
liposomes togetherwith enhanced stealth properties due to polyethylene

Figure 4. In vivo T-cell proliferation in response to exosomal-peptide antigen. C57BL/6 or CD1692/2 mice were immunized IV or SC in the forelimb with (A) PBS, 100 mg

sucrose cushion purified Exo257/323, and 105 DC257/323 or (B) 105 parental B cell257/323. Exosomes and cells were all pulsed simultaneously with 1 mM ovalbumin peptides

OVA257-264 and OVA323-339. T-cell proliferation of adoptively cotransferred OT-I (CD8) and OT-II (CD4) cells (CFSE or CPD V450) were analyzed 5 days after immunization by

flow cytometry. Black line, test group; shaded peak, PBS-immunized mice. Results representative of $6 mice per group.
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glycol modification may explain this difference.42 A key distinction
between exosomes and glycan-expressing liposomes is that the latter
does not present any ligands for host receptors, apart from sialic acid.
In contrast, exosomes possess many potential host ligands including
adhesionmolecules and complement receptors.4,6-8,10,11,38-40 As this
is the first report on exosome circulation clearance rates, we are
unable to compare our findings. However, similar rapid rates of
reticulocyte microvesicle uptake and destruction were reported by
Willekens et al.43

Interestingly, protein- but not peptide-pulsed exosomes in-
duced strong endogenous CTL responses in agreement with
another study.10 This enhancement was reportedly due to cooperation
of helper T cells with antigen-specific B cells.10,44 This is an

important finding as it distinguishes exosomes from cellular APCs
namely, DCs, which have been reported to be 50-fold more efficient
at presenting OVA peptides compared with equimolar concentra-
tions of whole OVA.45 Given the inherent inefficiency of pro-
cessing proteins for cross-priming, it is surprising that protein
immunization resulted in high-level CTL activity by exosomes.

Our results are the first report of exosome capture by CD169
and of enhanced cytotoxicity to protein-pulsed exosomes in
CD1692/2 mice. Similarly, it was shown that CD1691 macro-
phages promote an inhibitory effect in response to apoptotic
cells,36 although CD169 may alternatively promote autoimmunity
and inflammatory responses to sialylated pathogens.13,30 It is possible
that the outcome of antigen targeted to CD1691 macrophages is

Figure 5. T-cell proliferation in response to exosomal-protein antigen. C57BL/6 or CD1692/2 mice were immunized IV or SC in the forelimb with (A) PBS, 50 mg sucrose

cushion purified exosomes derived from B cells cultured with 200 mg/mL ovalbumin protein for 2 days (Exo-pro), and 105 DC-pro or (B) 105 parental B cell-pro. DC and B cells

were cultured with 200 mg/mL ovalbumin protein for 2 days. T-cell proliferation of adoptively cotransferred OT-I (CD8) and OT-II (CD4) cells (CFSE or CPD V450) were

analyzed 5 days after immunization by flow cytometry. Black line, test group; shaded peak, PBS-immunized mice. Results representative of $6 mice per group.

Figure 6. Enhanced cytotoxic responses

to intravenous exosomal-peptide in

CD1692/2 mice. C57BL/6 or CD1692/2

mice were immunized (A) IV or (B) SC with

PBS and 100 or 50 mg Exo257, respectively,

100 mg Exo257/323 (IV), 105 DC257, or 105

parental B cell257. Where stated, mice were

supplemented IV with 107 OT-I splenocytes

prior to immunization. Seven days after im-

munization, mice were adoptively transferred

with unpulsed (CFSE low) or OVA257-264-

pulsed (CFSE high) target cells. In vivo

killing was analyzed 18 hours later by flow

cytometry. Results representative of $6

mice per group using exosomes purified by

ultracentrifugation. Line, mean. One-way

ANOVA with Bonferroni postcorrection was

performed: ns, not significant; **P , .01;

****P , .0001.
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greatly influenced by the antigenic context, such as the presence of
microbial products or inflammation.13,17 Our current focus is the role
of APC subsets mediating the enhanced immune response observed
in CD1692/2 mice.
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Supplemental Information 

 

Materials and Methods 

 

Flow cytometry 

Exosome analysis: Aldehyde-sulfate bound exosomes were labeled with the following antibodies diluted in 

0.05% BSA/PBS for 15 min on ice: 10 µg/mL anti-CD9 (clone KMC8; BD #553758), 2 µg/mL anti-CD19-

phyoerythrin (PE; clone 1D3; BD #557399), 5 µg/mL anti-CD21-PE (clone 7G6; BD #552957), 5 µg/mL 

anti-CD24 (clone 30-F1; Biolegend #138501), anti-I-Ab,d,q/I-Ed,k-PE (clone M5/114; BD #557000) and 

donkey anti-mouse Ig-PE (Jackson ImmunoResearch #715-116-151). Unlabeled antibodies were detected 

with 5 µg/mL goat anti-rat Ig-PE (Southern Biotech #3052-09). 

 

T cell proliferation: monoclonal antibodies were diluted in 0.1% BSA/PBS/2 mM EDTA and cells labeled 

for 15 min on ice. The following antibodies were used: 1 µg/mL anti-CD4-APC (clone RM4-5; BD 

#553051), 0.13 µg/mL CD8-Brilliant Violet 605 (clone 53-6.7; Biolegend #100743), 1 µg/mL CD45.1-PE 

(clone A20; BD #553776) diluted in 0.1% BSA/PBS/2 mM EDTA for 15 min on ice. The division index, 

defined as the average number of cell divisions (including the undivided peak) was calculated with FlowJo 

software. 

 

Cytotoxicity (CTL) assays: Target survival was analyzed by flow cytometry and percent CTL killing 

determined using the following equation:  100 – [(ratio of mouse A pulsed targets to total targets / ratio of 

mouse A unpulsed targets to total targets) / (ratio of mouse PBS treated pulsed targets to total targets / ratio 

of mouse PBS treated unpulsed targets to total targets)] × 100. 

 

ELISA for analyzing sucrose-cushion purified exosomes 

Exosomes were detected by ELISA, in brief Nunc Maxisorp plates were coated with 100 µl/well of 2 µg/mL 

anti-mouse I-Ab,d,q/I-Ed,k (clone M5/114; purified in house) in PBS overnight at 4°C. Plates were washed with 

0.02% Tween-20/PBS and blocked for ten minutes at 20°C with 0.05% caseinate/PBS for ten minutes. 



SAUNDERSON et al.  EXOSOME CAPTURE BY CD169 

Unwashed sucrose fractions were serially diluted 1/4 with 0.05% caseinate/PBS and incubated for one hour 

at 37°C. After washing, biotin was detected with streptavidin-horse radish peroxidase (1/5000; DAKO 

#P0397) for one hour at 37°C. Plate was washed, developed in TMB and reaction stopped with 2N H2SO4. 

Optical density was measured using a Tecan Infinite M200 microplate reader at 450 nm. 

 

Cold inhibition of biotinylated exosome binding 

Naïve C57BL/6 spleen sections were blocked for ten minutes with 1% BSA/PBS, before incubation of 500 

µg/mL unlabelled ‘cold’ B cell-derived exosomes for two hours at 37°C in a humid box.  Biotinylated B cell-

derived exosomes were then directly added to sections (without removal of unlabeled exosomes) for a final 

concentration of 50 µg/mL (10:1 ratio of cold exosomes to biotinylated exosomes) and incubated for a 

further two hours. The modified Stamper-Woodruff assay was then continued as described in the manuscript 

Materials and Methods. 

 

Dendritic cell-derived exosomes 

Bone marrow cells were cultured in R10 plus GM-CSF at 2 × 106 cells/mL, fed with additional culture 

medium on day three, matured overnight at day six with 200 ng/mL lipopolysaccharide (Salmonella 

Typhimurium; Sigma #L6511). For exosome isolation, DC were not treated with LPS and were cultured for 

a further two days in fresh R10 plus GM-CSF at 2 × 106 cells/mL. Exosomes were purified from culture 

supernatant using ultracentrifugation, as described for B cell-derived exosomes. 
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Figure S1: Sialidase treatment does not alter the buoyant density of exosomes. (A) Biotinylated 

or (B) biotinylated and SIAL-V treated exosomes were resuspended in 12 mL of PBS, overlaid onto 

4 mL of 30% sucrose/Tris/D2O cushion and ultracentrifuged for 75 min at 100  000 ×g (average).  

Fractions were removed as indicated and the pellet resuspended in the final 0.5 mL.  Fractions were 

analyzed for MHC-II+ exosome presence by ELISA.  Briefly exosomes were captured with anti-

MHC-II and biotin (on exosomes) detected with streptavidin-HRP. Following TMB addition, the 

optical density (450 nm) was measured. Red dashed line indicates the interface position; black 

dotted line indicates fractions above and below the interface that were pooled for use. 
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Figure S2: Non-sialylated beads are preferentially bound by SIGN-R1 macrophages in the 

spleen. C57BL/6 or CD169-/- mice were intravenously injected with 2 × 1011 100 nm fluorescent 

microspheres (green), sacrificed at five minutes and spleens harvested. Sections were co-labeled for 

MZ or red pulp macrophages with anti-SIGN-R1 (ER-TR9) or anti-F4/80 respectively. Primary 

antibodies were detected with anti-rat IgG-Alexa-594 (red) and nuclei counterstained with DAPI 

(blue).  Original magnification ×200. Bar represents 200 µm. Results representative of four mice 

per group. 
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Figure S3.  Biotin does not mediate in vitro binding of exosomes to the marginal zone. (A) BSA 

was biotinylated and the biotin level determined by binding to aldehyde-sulfate beads. Biotin was 

then detected with streptavidin-APC via flow cytometry (bold line).   Shaded peak indicates 

negative control (non-biotinylated BSA). (B) 50 µg/mL biotinylated BSA was incubated with a 

naïve C57BL/6 spleen section using a modified Stamper-Woodruff assay. Biotin was detected with 

streptavidin-Alexa-488 (green) and nuclei counterstained with DAPI (blue). (C) Naïve C57BL/6 

spleen sections were incubated for two hours with 0.1% BSA/IMDM (control) or 500 µg/ml 

unlabelled ‘cold’ exosomes prior to the direct addition of 50 µg/ml biotinylated exosomes (final 

concentration; 10:1 ratio of cold-exo:exo-bio) for a further two hour incubation. Biotin and nuclei 

detected as described for panel B. (D) Exosomes were conjugated to NHS-fluorescein (green), 

before 50 µg/mL exo-fluorescein was incubated with naïve C57BL/6 spleen sections and nuclei 

counterstained with DAPI. Original magnification ×200. Bar represents 200 µm. Representative of 

two to three experiments.  
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Figure S4: Dendritic cell-derived exosomes bind to the splenic marginal zone in a CD169 

dependent manner. Biotinylated dendritic cell (DC) derived exosomes (50 µg/mL) were applied to 

naïve C57BL/6 spleen sections using a modified Stamper-Woodruff assay in the presence or 

absence of CD169 neutralizing antibody (SER-4). Biotin was detected with streptavidin-Alexa-488 

and nuclei counterstained with DAPI.  Original magnification ×200. Bar represents 200 µm. 

Representative of two experiments.  


