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THESIS ABSTRACT 

Kidney transplantation represents the best treatment for end-stage kidney disease, and in 

comparison to dialysis treatment has been shown to improve survival, quality of life, 

and reduce health-care costs over time. However, in order to prevent transplant failure 

from allograft rejection, immunosuppressive drug therapy is required. 

Immunosuppression is associated with significant systemic toxicities, and continues to 

impair optimal patient and graft outcomes. The avoidance or minimisation of 

immunosuppression via the promotion of tolerance of the allograft, or the use of 

targeted therapeutic strategies, in clinical transplantation is therefore an important goal 

that could have many benefits for patients. Dendritic cells (DC) are potent antigen-

presenting cells that play a pivotal role in the initiation and maintenance of immune 

responses, and therapies utilising or targeting DC offer the potential to manipulate 

immune responses towards tolerance. This thesis seeks to develop the potential of DC 

based immunotherapies in a small and clinically relevant non-human primate (NHP) 

transplant model, the common marmoset monkey, and thereby facilitate translation of 

these therapies towards human clinical trials. 

Chapter 1 establishes the context for this thesis by outlining the background and 

providing a comprehensive review of relevant literature. 

Chapter 2 describes the materials and methods utilised in this thesis. Additional details 

of methods are contained in relevant chapters. 

Chapter 3 presents a comprehensive study of renal pathology in a colony of laboratory 

marmosets, including histology, immunofluorescence and electron microscopy, and 

correlates this for the first time with serum and urine biochemistry. This work 

demonstrates that the spontaneously observed glomerular pathology in marmosets 

represents a benign occurrence that would not impact on the assessment of renal 

function or histology in a marmoset kidney transplant model. 

Chapter 4 examines the trafficking behaviour in vivo of intravenously and 

subcutaneously administered allogeneic marmoset DC propagated in vitro from 

genetically disparate marmoset donors. The findings indicate that allogeneic marmoset 
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DC do not necessarily exhibit normal trafficking behaviour in vivo, as they are not 

found in secondary lymphoid tissues at 48 hours, in contrast to similarly administered 

autologous DC. This finding lends weight to other recent studies of donor DC cellular 

therapy that indicate that the tolerogenic effects of this therapy are not mediated through 

cell to cell interactions with recipient T-cells, but rather through providing a source of 

donor antigen for acquisition and processing by recipient DC. 

Chapter 5 describes studies to develop a monoclonal antibody to marmoset DC-

specific ICAM 3-grabbing non-integrin (DC-SIGN), which is a DC-specific marker. 

Ultimately, a marmoset cross-reactive commercially available anti-human DC-SIGN 

antibody (DCN46) was identified, and found to be suitable to utilise in the development 

of DC-SIGN targeted cell-specific therapy. Using this antibody, marmoset DC-SIGN 

positive cells were identified in the Lineage- CD11c+ Class II+ fraction of marmoset 

spleen; in contrast in vitro propagated marmoset monocyte-derived DC have been 

confirmed to lack DC-SIGN expression. 

Chapter 6 describes the successful development of a novel nanocarrier targeted to DC: 

PLGA nanoparticles that target DC using the human and marmoset DC-SIGN cross-

reactive antibody identified in Chapter 5. A series of preliminary studies have 

demonstrated that DC-SIGN targeted PLGA nanoparticles are taken up by Class II+ 

CD11c+ marmoset spleen cells, and that loading of the nanoparticles with the 

immunomodulatory drug curcumin shows evidence of in vitro immunosuppressive 

capacity, as shown in mixed leucocyte reaction; however the specificity for DC of 

immunosuppressive targeted PLGA nanoparticles remains to be demonstrated. 

Chapter 7 summarises the overall findings from this thesis, and proposes a series of 

necessary studies to exploit the identified potentials from this work further.  

Overall, the work in this thesis significantly advances the marmoset NHP model as a 

means to translate the potential of DC based immunotherapies towards clinical 

transplantation. The feasibility of DC-targeted therapy using nanoparticles has been 

established, and represents an opportunity to specifically target DC with 

immunosuppressive drugs in vivo, and thereby manipulate the immune response 

towards tolerance, while reducing the burden of non-targeted immunosuppression. 
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1.1. The context: End-stage kidney disease and transplantation 

The global incidence of End-stage Kidney Disease (ESKD) is rising, driven in large part 

by increasing rates of diabetes and hypertension. The availability of haemodialysis and 

peritoneal dialysis treatment prevents death due to terminal uraemia, but patients on 

dialysis have a very high rate of morbidity and mortality, in large part due to 

cardiovascular disease.1,2 The median survival for a patient commencing dialysis in 

Australia who does not receive a transplant is currently 5 years.1 In addition, dialysis 

treatments only partially correct the chronic uraemic state, and many patients suffer 

significant morbidity due to bone and mineral disorder,3 malnutrition,4,5 psychological 

disturbance,6 and poor quality of life.7 Dialysis treatment is also expensive, with the 

average cost per patient estimated at greater than $AUD50,000 per year.8 

The restoration of organ function with kidney transplantation leads to improved 

survival,9,10 better quality of life,11 and lower costs over time.8 Outcomes after kidney 

transplantation in Australia are excellent, with 1-year and 5-year survival of 96% and 

90% respectively for recipients of deceased donor transplants, and 99% and 95% 

respectively for recipients of live donor transplants.1 Currently available 

immunosuppressive regimes are associated with low rates of acute rejection, and very 

few grafts are lost from acute rejection in the current era. However, this has not been 

associated with a significant improvement in long term graft survival beyond that 

achieved after the introduction of cyclosporin in the 1980s.12 Progressive graft loss due 

to chronic allograft nephropathy and patient death with graft function remain the major 

challenges to improving long-term patient outcomes. 

Avoiding or minimising the complications of immunosuppression is increasingly the 

focus of strategies to improve outcomes post-transplantation. The major causes of death 

with graft function are now malignancy, cardiovascular disease and to a lesser extent 

infection1; immunosuppression is a significant factor in the pathogenesis of each of 

these in transplant recipients. Of particular concern is the significantly increased 

incidence of many different types of cancers in transplant recipients, compared with 

both the general population and patients on dialysis.13 Cancers with a known or 

suspected viral aetiology, such as non-melanoma skin cancers, lip and genital cancers, 

lymphomas and Kaposi’s sarcoma have particularly increased incidence, supporting a 
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strong link with post-transplant exposure to immunosuppression. There is also an 

increased risk of many non-virally mediated and more common solid organ tumours, 

underlying the case for enhanced screening of transplant recipients.14 

In addition, nephrotoxicity from calcineurin inhibitors, which currently form the 

mainstay of most immunosuppressive regimes, is a major contributor to premature graft 

loss due to chronic allograft nephropathy15, and leads to chronic kidney disease and 

ESKD in recipients of non-renal organ transplants in a significant number of patients16.  

For these reasons, considerable effort in transplantation research has focused on trying 

to successfully promote transplant tolerance, as a means to minimise or avoid the long-

term consequences of immunosuppression in transplant recipients.17 This has been 

widely viewed as the ‘holy grail’ of transplantation and has “served as a focal point for 

achievement in the field.”18  
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1.2. Transplant tolerance – a coming clinical reality? 

The first description of tolerance was by Medawar and colleagues who, in 1953, 

described acquired immunological tolerance to foreign cells in the neonate.19 

Considerable effort has been expended since that time to translate this phenomenon into 

the clinical transplant setting. The “true” definition of transplant tolerance has been said 

to be “a well-functioning graft lacking histological signs of rejection, in the absence of 

any immunosuppressive drugs, in an immunocompetent host capable of accepting a 

second graft of the same donor origin while being able to reject a third-party graft.”20 

However, despite success with achieving this in small animal models, it has generally 

not been possible to induce tolerance that meets this strict definition in non-human 

primates (NHP) or humans.  

1.2.1. Clinical occurrence of tolerance 

In the clinical setting, there have been a limited number of reports of what has been 

described as operational tolerance, a state defined as stable graft function in the 

complete absence of immunosuppression.21 This has been observed more frequently in 

liver transplant recipients,22-24 which may reflect the fact that the liver is a more 

“tolerogenic” organ than other transplanted solid organs. Rare “spontaneous” 

operational tolerance has been reported in kidney transplant recipients,21,25-34 most 

commonly following patient non-compliance with immunosuppressive medications, and 

occasionally deliberate immunosuppression withdrawal due to intolerable or life-

threatening side effects. However, these patients are rarely, if ever, biopsied and it is 

clear that some of these patients still experience late rejection and graft loss long after 

immunosuppression withdrawal, and thus it is not always possible to determine that 

these grafts are truly free of chronic rejection, despite what may appear to be stable 

graft function. Furthermore, although a number of methods have shown promise, there 

is currently no reliable assay for tolerance that can be used to prospectively determine 

which patients might be suitable to have their immunosuppression withdrawn.35  

A more realistic approach for the clinic might be the concept introduced by Calne and 

colleagues of Prope tolerance or ‘almost’ tolerance, where stable graft function is 

maintained in the presence of minimal immunosuppression.36,37 This approach is 

attractive because it would enable the minimisation of drug-related adverse effects, 
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although it is not clear if in fact this merely represents the minimal level of 

immunosuppression to maintain graft function and prevent graft rejection. In any case, 

given the risks of immunosuppression withdrawal, this approach may be more 

achievable than true tolerance and deliver comparable long-term benefits to patients. 

1.2.2. Strategies to induce tolerance used in pre-clinical and clinical studies 

A variety of strategies have been utilised to try and induce tolerance in pre-clinical 

animal models and the human clinical transplantation setting38-40 (and most recently 

reviewed by Page et al).41 The transplant literature contains many examples of tolerance 

induction regimens that have been developed in rodent models of transplantation. 

However, only a few of these tolerance induction regimes have been able to be 

successfully applied in NHP or to human clinical transplantation with any degree of 

success. Significant differences in Major Histocompatibility Complex (MHC) 

expression and the much less complex immune systems of rodents underlie the much 

more permissive nature of these models of tolerance.40 In addition, allo-immune 

responses in NHP and humans are significantly influenced by these species’ 

heterologous immunity – memory responses that develop in response to prior exposure 

to environmental antigens – that has proven to be significant barrier to tolerance 

induction.42,43  

Approaches that have been successfully used in pre-clinical NHP studies have focused 

on modification of T-cell function to induce a state of donor-specific hypo-

responsiveness. T-cell depletion strategies, the induction of mixed haematopoietic 

chimerism with donor bone marrow or stem cell infusion, and T-cell co-stimulation 

blockade have all been shown to be promising in the induction of tolerance, but have 

yet to reach widespread applicability in the clinic.  

Although co-stimulation blockade involving targeting of a number of molecular 

pathways (Cluster of differentiation (CD)80, CD86 / CD28 and the CD40 / CD154 

(CD40L) pathways) has been extensively investigated in rodents, as yet this approach 

has not produced tolerance when used alone in NHPs in a number of studies.38,40 

However, a new immunosuppressive drug44 based on cytotoxic T-lymphocyte antigen 4 

immunoglobulin fusion protein (CTLA4-Ig), which inhibits the ability of CD80 / CD86 

to interact with CD28 in a non-antigen specific way, known as belatacept has entered 
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phase II and III clinical trials,45 and has shown promise as a calcineurin-inhibitor 

sparing agent, albeit without inducing tolerance.  

Lymphoid depletion has utilised total lymphoid irradiation and anti-lymphocyte therapy 

with both polyclonal (e.g. anti-thymocyte globulin, anti-lymphocyte globulin) and 

monoclonal antibodies (e.g. anti-CD3 immunotoxin, alemtuzumab), with or without 

donor bone marrow re-constitution or co-stimulation blockade.38-40 This strategy is one 

of prevention of deleterious immune effects against the allograft around the time of 

transplantation when “danger signals” from ischaemia-reperfusion injury, surgical 

trauma and inflammation are at their peak. Immune reconstitution then occurs once a 

steady-state immune environment has developed, and in the absence of “danger signals” 

a state of graft acceptance, with deviation towards regulatory rather than cytotoxic anti-

donor T-cell responses, is promoted.46 In NHP, depletion strategies have been shown to 

prolong allograft survival in preclinical NHP models of transplantation,38-40 but have 

been associated with significant and profound immunosuppression, and do not reliably 

produce a tolerant state. In human transplantation, the monoclonal anti-CD52 

lymphocyte depleting antibody alemtuzumab, which depletes peripheral T and B cells, 

has been utilised as a potentially tolerogenic therapy alone or in combination with low 

dose maintenance immunosuppression, and has led to reasonable midterm graft 

outcomes, but high rates of (reversible) acute rejection if immunosuppression was 

withdrawn.37,47-50 

Mixed chimerism involves the co-existence of allogeneic and host haematopoietic cells 

in the recipient, either as micro-chimerism (detectable only at a individual cellular level 

within organs) or as macro-chimerism (detectable in the peripheral blood). This can be 

achieved with a number of total or partial myelo- and lympho-ablative strategies 

(chemotherapy, antibody-based depletion similar to that described above, co-

stimulation, calcineurin inhibitor based-immunosuppression and/or irradiation), 

followed by donor bone marrow or stem cell transplantation. This state of chimerism 

promotes thymic deletion of both self and donor reactive T-lymphocytes during 

immune re-constitution, and thus leads to potentially more robust tolerance than 

strategies that rely on manipulation of peripheral tolerance alone.51 Although in rodent 

studies permanent chimerism can be induced,52 in most NHP models,53-56 and most 

human studies only transient chimerism has been achieved, although ‘tolerance’ can be 

achieved without it.57,58  
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Three recent landmark studies of human tolerance induction clinical trials in renal 

transplantation highlight the potential and some of the risks for mixed chimerism as a 

tolerance induction strategy.  

A study by Kawai et al59 reported 4 out of 5 patients who received human leukocyte 

antigen (HLA; the human form of MHC) haplo-identical (i.e. mismatched at 3 HLA 

loci) live donor kidney transplants weaned from all immunosuppression for greater than 

2 years with stable renal function and preserved histology. These patients received a 

conditioning regimen of cyclophosphamide, T-cell depletion with a CD2-specific 

monoclonal antibody MEDI 507, and thymic irradiation, followed by donor bone 

marrow infusion and kidney transplantation. The regimen was later modified to include 

rituximab. Initial cyclosporin maintenance therapy was weaned off over several months. 

Durable mixed chimerism was not achieved in any individual, although it was 

transiently seen in all patients. No patient developed graft versus host disease (GVHD). 

Two patients experienced humoral (antibody-mediated) rejection, and one patient who 

had high levels of non-donor specific alloantibody pre-transplant lost their graft to 

irreversible humoral rejection after developing a donor specific antibody (DSA); one 

other developed developed thrombotic microangiopathy and lost their graft. Another 

patient developed post-transplant DSA and this persisted with mild glomerulopathy (a 

histological finding of chronic humoral rejection) on biopsy. As the rate of humoral 

rejection would be expected to be relatively low with single haplotype-identical live 

donor transplants, this implies that the therapy did not produce adequate humoral / B-

cell tolerance.18 However, at the time of reporting, the patients with surviving grafts 

appear grossly immunocompetent, and there was some evidence presented for the 

induction of T regulatory function in these patients. A further report of this study 

including data on a total of 10 patients, with longer follow-up showed that 5 patients 

remain well and off all immunosuppression.60 

A second study reported by Scandling et al61 described a case of 1 of 3 patients rendered 

tolerant to an HLA identical graft after induction with corticosteroids,  rabbit anti-

thymocyte globulin and total lymphoid irradiation followed by donor bone marrow 

infusion enriched for CD34+ haematopoietic progenitor cells and depleted of T cells, to 

reduce the risk of GVHD. Unlike the previous series, persistent mixed chimerism was 

achieved in this patient. Two other patients who underwent this induction failed to 

achieve tolerance – one developed recurrent primary disease, and the other had mild 
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rejection with loss of chimerism and was maintained on low dose maintenance 

cyclosporin.  

In a recent phase 2 study, Leventhal and colleagues reported the results of a trial of the 

administration of donor granulocyte-colony stimulating factor (G-CSF)-mobilised cells 

enriched for haematopoietic stem cells and so-called graft ‘facilitating’ cells 

(predominantly plasmacytoid precursor dendritic cells – see below)62 along with non-

myeloablative conditioning in recipients of an HLA-mismatched living donor kidney 

transplant.63,64 Tacrolimus and mycophenolate maintenance immunosuppression was 

weaned off over the course of the first post-transplant year. Of 15 transplant recipients, 

8 (53%) exhibited enduring chimerism and immune competence, and were successfully 

weaned off immunosuppression by 1 year.64 None of these patients developed GVHD 

or engraftment syndrome, despite significant HLA mismatch. The authors proposed that 

in the setting of their approach to tolerance induction, durable chimerism could be 

regarded as necessary prior to the withdrawal of immunosuppression. However, prior 

sensitisation to HLA still represents a significant barrier to the development of 

chimerism, and the successful withdrawal of immunosuppression.   

These studies raise the possibility of further studies of tolerance induction using these 

protocols,18,41 but it should be noted that there are still quite significant drawbacks 

inherent in these strategies. The need for heavy initial immunosuppression, the 

problems with lack of humoral / B-cell tolerance and the risk of GVHD need to be 

weighed against the currently excellent outcomes seen with standard approaches to 

transplantation in low to moderate risk patients.1 Whether these recipients are indeed 

fully immunocompetent (and thus truly tolerant) or whether in fact their heavy initial 

immunosuppression provokes long term immunodeficiency (with the risks of longer 

term malignancies or infection) is also unclear.65  

In view of the difficulties with these described approaches to clinical tolerance, and the 

lack of donor-specificity in the techniques used, opportunities to induce tolerance or 

reduce the need for immunosuppression using less toxic and more targeted therapies 

should be explored. 
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1.3. Dendritic cells: derivation, biology and classification 

Dendritic cells (DC) were originally identified in mouse spleen in the 1970s by 

Steinman and Cohn,66-68 and are so named for their probing, tree-like or dendritic 

shapes (from the Greek dendron, meaning tree; see Figure 1.3.1).69 They are a 

heterogeneous group of rare but potent professional antigen presenting cells (APC) that 

have a central role linking innate and adaptive immunity. The derivation, 

immunobiology, and classification of DC have been extensively reviewed.69-84 

 

 

Figure 1.3.1. Scanning electron micrograph of a mature dendritic cell, demonstrating the 
presence of abundant well-developed dendrites at the cell surface. 

Rhesus monkey CD123+ pre-DC were sorted using flow cytometry, and matured with human IL-3 and 
human CD40L for 3 days. Scanning electron micrograph; original magnification 3500x. Image courtesy 
of PTH Coates; part of an original figure published in Coates PT et al (2003),85 used with permission. 

 

The primary function of DC is the uptake, (via macropincytosis, phagocytosis or 

receptor-mediated endocytosis via pattern recognition receptors; see below) and 

processing of exogenous and endogenous (including self) antigens, and presentation of 

these antigens in the context of MHC molecules to T-cells.73  Like other APC, they 
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have the ability to upregulate T-cell co-stimulatory molecules (e.g. CD80, CD86 and 

CD40) onto their surface in addition to MHC class I and II. However, unlike “non-

professional” APC (B-cells, monocytes, macrophages), they have the unique ability to 

fully activate and induce clonal expansion of both naïve and memory T-cells, can 

migrate from peripheral tissues to secondary lymphoid organs, and can cross-present 

(extracellular) antigens in the context of MHC class I to antigen specific CD8 T-cells.73 

They are therefore crucial to the development of primary immune responses. 

DC arise from haematopoietic progenitor cells and exist as both migratory and tissue-

resident cells throughout the body in the circulation and a wide variety of tissues. 

Although they share common features, multiple subtypes of DC with distinct life spans 

and immune functions have been described in mice and in humans.70,73,75,77,86  

1.3.1. The origins and development of DC 

The understanding of the lineage origin of DC has changed in recent years.77 Initial 

evidence pointed towards DC having either a myeloid or a lymphoid origin. Classical 

migratory DC such as conventional DC (cDC), or Langerhans cells (LC),87 most 

lymphoid tissue DC,88-91 and monocyte-derived DC (MoDC)92-94 were considered to be 

myeloid in origin;  plasmacytoid DC (pDC),95,96 as well as some lymphoid tissue 

resident DC97-99 in thymus, spleen and lymph nodes were thought to have a lymphoid 

origin. However, later it was shown that both common myeloid and lymphoid 

progenitor populations arising from haematopoietic progenitors can give rise to all types 

of cDC and pDC,100-102 and this has been confirmed with both in vitro cultured cells and 

cells derived in vivo.103  

It has been demonstrated that cells expressing Flt3 (fms-related tyrosine kinase 3) 

within common myeloid or lymphoid progenitors are the ones that can develop into 

DC104 in the presence of Flt3-ligand (Flt3L), which is an important cytokine central to 

steady state DC development. It is evident that commitment to a particular DC 

precursor or subtype is not an all or nothing event, but rather is a sequential multistep 

process, and can be altered.75,103 However there is evidence of a common, committed 

clonal DC precursor arising downstream from either a myeloid or lymphoid 

progenitor.103,105 These cells are negative for lineage (Lin) markers CD14 (monocytes), 

CD3 (T-cells), CD19 and CD20 (B-cells) and CD56 (natural killer, NK cells), CD11c- 
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and MHC Class II-, but may acquire CD11c later on, perhaps reflecting a divergence of 

cDC from pDC.  

Although it has been known that monocytes develop many phenotypic features of DC in 

the presence of inflammation, such as the so-called tumour necrosis factor (TNF) and 

inducible nitric oxide synthase (iNOS) producing ‘DC’ (Tip-DC),106 or as best 

characterised in vitro by inflammatory MoDC,75 it is apparent that the cDC, pDC and 

monocyte lineages separate by the time these cells reach peripheral tissues. Moreover, 

in steady state conditions, neither monocytes nor pDC develop into cDC,79,107 although 

monocytes can readily differentiate into DC in vivo (as well as in vitro) in the presence 

of inflammatory stimuli.108 It has been shown that DC development progresses from the 

macrophage and DC precursor to common DC precursors that give rise to pDC, and 

committed pre-cDC, but not monocytes, which split from the DC pathway while still in 

the bone marrow (see Figure 1.3.2).79,109 However, to add to the complexity, a recent 

study has shown that immunostimulatory CD11c+ MHC class II+ DC can evolve into 

immunosuppressive CD11c- MHC class II- macrophage like cells under certain 

conditions, suggesting an element of homeostatic regulation.110 
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Figure 1.3.2. Dendritic cell and monocyte origin and development. 

DC and monocytes arise from common myeloid precursors (MP) and macrophage-DC progenitors 
(MDP) in the bone marrow, but diverge to produce a common DC-progenitor (CDP) or monocytes 
(Mono) under the influence of Flt3L or M-CSF, respectively. Both plasmacytoid DC (pDC) and Pre-cDC 
(Pre-DC) arise from the CDP.  

BM = bone marrow; M-CSF = macrophage-colony stimulating factor; Flt3L = fms-like tyrosine kinase 3 
ligand; Tip-DC = TNF-iNOS producing DC (see text) 

Reproduced from Liu K and Nussenzweig MC. Immunol Rev 2010; 234: 45-54. 

© 2010 John Wiley & Sons A/S. Used with permission.  
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Further differentiation of DC subtypes is dependent on the tissue microenvironment, 

cytokines and transcription factors. This plasticity gives the DC system enormous 

flexibility and ability to respond different situations that may face the immune system. 

A number of cytokines and growth factors are important for DC development, and as 

discussed above, Flt3L appears to be the most critical of these.103-105,111 Interestingly, 

administration of Flt3L to mice,112 humans,113 and rhesus macaques85 leads to 

exceptionally high levels of both cDC and pDC in the peripheral blood. In addition to 

Flt3, both c-kit (the receptor for stem cell factor (SCF) and granulocyte-macrophage 

colony stimulating factor (GM-CSF) are expressed on DC precursors, and are important 

cytokines in DC development. GM-CSF promotes the development of cDC from 

precursors over pDC or macrophages,77 and is important (along with interleukin-4; IL-

4) in the differentiation in vitro of DC from monocytes.92 Transforming growth factor 

beta (TGFβ) is important in the development of Langerhans cells,114 which do not 

actually require GM-CSF for development. G-CSF is not required for DC development 

in vivo or in vitro, but when it is administered in vivo it can also massively expand the 

numbers of DC in peripheral blood (with predominance of pDC over cDC),115,116 along 

with precursors including monocytes and CD34+ cells.  

Finally, a series of transcription factors including Spi3, nuclear factor of activated T-

cells-kappa-B (NF-κB)117-120 (RelB protein up-regulation), Ikaros, interferon (IFN) 

regulatory factors (IRF-2, 4 and 8), helix-loop-helix transcription factors (ID2), STAT5 

and STAT3 have been shown to be important to DC development and the determination 

of DC subsets. These have been reviewed in detail by Wu and Lu.77  

1.3.2. Classification of DC 

The classification of DC is complex, and a number of classifications have been used in 

the literature. The DC system has been most extensively characterised in the laboratory 

mouse, and until recently most human studies were limited to DC obtainable from the 

peripheral blood (e.g. using monocytes as precursors for in vitro DC propagation), 

rather than lymphoid or other tissue specific DC. Until recently, presumed differences 

between the murine and human DC systems have limited direct comparisons.86 

However, recent work has examined the homology between human and mouse DC 

subsets through the use of transcriptional profiling,121-128 and an organised systematic 
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effort to profile human and mouse leukocytes,129,130 has established that there are a 

relatively small number of distinct DC subsets that are widely distributed in all 

mammals.  

The difficulty with studying the DC system has been apparent for many years: DC are 

very rare cells, and their precursors are rarer still. The DC system is constitutively in a 

state of flux and substantial differences exist between the steady state and during 

infection or inflammation.75 For the purposes of this chapter, the classification of 

murine DC will first be reviewed, and this will then be compared with human DC 

equivalents. 

1.3.2.1 Murine DC 

In the mouse, there are four major categories of DC: conventional DC, which 

predominate in the steady state; Langerhans cells; plasmacytoid DC (pDC); and 

monocyte-derived DC (MoDC), which become induced in response to inflammation. A 

summary of the classification of these DC and their phenotypic markers is shown in 

Table 1.3.1. 

Conventional DC (cDC), also referred to as classical or myeloid DC, have classical DC 

morphology, with a stellate shape and long projections (“dendrites”), and exhibit DC 

functions in steady state. They are distinct from DC precursors (pre-DC), which require 

further development to acquire the classical DC morphology and full DC function. Pre-

DC can be considered the last precursor stage of DC development, and different pre-DC 

produce different types of DC. The development of pre-DC into DC frequently requires 

a microbial or inflammatory stimulus, but can also occur in the steady state. Murine 

cDC express a range of cell surface molecules that assist in their classification and 

phenotyping.75,77,86 The most important are CD11c (found on all cDC), CD11b, CD8α, 

CD4 and MHC Class II.  

cDC can be divided into migratory DC and lymphoid-tissue-resident DC. Migratory DC 

arise from peripheral precursors, are immature in steady state in peripheral tissue where 

they act as antigen sampling sentinels, and migrate through the lymphatics to lymph 

nodes in response to immune danger signals (e.g. microbial infection, tissue 

damage).75,77 This process also occurs, at a lower rate, in the steady state. During the 

migration process, these DC typically develop a mature phenotype with up-regulation of 
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surface MHC class II and co-stimulatory molecules, lose their ability to uptake antigen 

and upon arrival in the lymph node, present antigen to T-cells.131 Examples of 

migratory DC include dermal DC, and other non-lymphoid tissue resident DC such as 

kidney132,133, lung134 and liver DC.135,136 Recently, it has been possible to broadly 

phenotypically characterise migratory DC as either CD11b+ or CD11b- CD103+ on the 

basis of whether they present antigen on MHC class II (major subset), or cross present 

antigen in the context of MHC class I (cross-presenting subset), respectively.79,137,138  

Lymphoid-tissue-resident DC, in contrast, do not migrate into lymphoid organs but 

rather originate from blood precursors, collect and present antigens in the lymphoid 

organ itself.75,139 This category includes most of the DC in the thymus and the spleen, 

but only around half of those found in lymph nodes, the rest being migratory DC. 

Lymphoid-tissue-resident DC develop from pre-DC found in lymphoid tissues 

themselves,140 typically have an immature phenotype, and actively take up and process 

antigen, in contrast to classical migratory DC.139 In mouse spleen, there are 3 distinct 

cDC subsets (all CD11c+) which can be divided on the basis of CD8α and CD4 surface 

expression into CD4+, CD8α+, and CD4-CD8α- DC (typically referred to as double-

negative DC); in addition smaller numbers of pDC (see below) and a identified lineage 

of IFN producing killer DC have been identified.77 CD8α+ DC cross-present antigens, 

and have a major role in priming cytotoxic CD8+ T-cell responses.141,142 CD4+ and CD4-

CD8α DC are more efficient at presenting MHC class II-associated antigens to CD4+ T-

cells.143 Thymic DC, in contrast to other DC, arise from a local thymic precursor, do not 

migrate and play an important role in central tolerance through the presentation of self 

antigen and negative selection of T-cells.75 Mouse (as well as human) thymus contains 

several subsets of CD11c+ DC, as well as pDC.  
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Table 1.3.1. Phenotypic markers of dendritic cell (DC) subsets in the mouse. 

DC subset DC type CD8α CD103 CD205 EPCAM 
(CD326) CD11b B220 or 

CD45RA 
DC-

SIGN 
Langerin 
(CD207) 

Antigen 
presentation 

Major 
cytokine 
produced 

pDC Lymphoid 
resident DC +/- - - - - + ++ - Poor IFNα 

CD8α+ DC Lymphoid 
resident DC + low + - + - - +/- 

Cross-presentation 
on MHC class I; 

expression of 
cystatin C 

IL-12p70, 
IFNλ 

CD4+ DC Lymphoid 
resident DC - - - - + - - - Presentation on 

MHC class II  

DN DC Lymphoid 
resident DC - - - - + - - - Presentation on 

MHC class II  

CD11b+ DC Migratory DC - +/- + - + + ND - Presentation on 
MHC class II  

CD103+ DC 
- lung 

- intestine 
Migratory DC 

 
- 
- 

 
+ 
+ 

 
++ 
- 

 
+/- 
- 

 
- 
+ 

 
- 
- 

 
- 
- 

 
+ 
- 

Cross presentation 
on MHC class I  

Langerhans cells Migratory DC - - ++ + + - - ++ 
Presentation of 
self antigens for 

tolerance induction 
IL-10 

Monocyte-
derived DC 

Induced by 
inflammation - - - - + - + - Cross-presentation TNF 

 

DC-SIGN = DC-specific ICAM3-grabbing non-integrin; DN = double negative; EPCAM = epithelial cell adhesion molecule; IFN = interferon; IL = interleukin; ND = not 
determined; pDC = plasmacytoid DC. 

Table reproduced from Belz and Nutt (2012).83 Reprinted by permission from Macmillan Publishers Ltd: Nat Rev Immunol. 2012 Jan 25;12(2):101-13, © 2012 
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Langerhans cells (LC) are specialised self-renewing DC resident in the epidermis of 

the skin, and like migratory DC, migrate to lymph nodes to present antigen.144 145 They 

are distinct from other CD207/Langerin+ dermal cells which can be identified in skin 

and lymph nodes.146 However, unlike cDC, they arise from local LY6C+ 

myelomonocytic precursors in the skin that are derived from macrophages present in the 

epidermis early in the course of embryonic development, and that undergo a 

proliferative burst in the first few days after birth.83,147 

Plasmacytoid DC (pDC), also known as the natural IFN producing cell,96,148,149 exist as 

pre-DC in steady state, and develop from bone marrow in the presence of Flt3L and G-

CSF. The morphology of these cells is of a rounded cell with a similar appearance to the 

immunoglobulin-producing plasma cells of the B cell lineage (hence the terminology). 

They were previously known as plasmacytoid T-cells and plasmacytoid monocytes, 

before they were recognised as a DC precursor. pDC do not develop dendritic cell 

appearance or full function until stimulated, such as by viral or other infections, at 

which point they produce large amounts of Type 1 IFNs (IFN α and β) and acquire DC 

antigen processing and presentation properties.95,150 pDC are continuously produced 

from CD34+ haematopoietic stem cells in bone marrow, and migrate through the blood 

to lymph nodes and spleen in steady state. Under inflammatory conditions, circulating 

pDC preferentially accumulate in lymph nodes.149,151 However, they are less efficient 

antigen-presenting cells and T-cell stimulators than cDC, lead to deviation towards a 

Th2 (anti-inflammatory) immune response,96 and require additional stimuli to reach full 

activation.152 Significantly (see discussion below) they have been shown to be important 

participants in the immune response to allografts, and can induce regulatory T-cells that 

can promote tolerance.153  

pDC (present as pre-DC) can be identified in mice by their expression of several 

characteristic markers, including sialic acid-binding immunoglobulin-like lectin H 

(SIGLEC-H) and bone marrow stromal antigen 2 (BST2). Murine pDC are CD11clow 

CD45RA+ B220+ MHC Class II+ and express CD8α when activated (Table 1.3.1).86 

Monocyte-derived DC (MoDC) are not present in vivo in the steady state, but under 

inflammatory conditions can be rapidly mobilised from circulating blood 

monocytes.106,140,154,155 As discussed above, MoDC possess many of the phenotypical 

features of DC but do not necessarily originate via the same pathway as cDC. In steady 
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state, monocytes express macrophage colony-stimulating factor (M-CSF) receptor (M-

CSFR, or CD115), and other markers including LY6C and CX3C-chemokine receptor 1 

(CX3CR1); but in response to Toll-like receptor (TLR) 4 ligands, or bacteria, fully 

differentiate into MoDC. A similar process occurs in vitro in response to growth factors 

such as GM-CSF – see discussion below. MoDC express CD11c, MHC class II, CD24 

and SIRPα, and they upregulate the expression of DC-specific intercellular adhesion 

molecule (ICAM)3-grabbing non-integrin (DC-SIGN, or CD209), while losing 

expression of M-CSFR and LY6C.83,108 Through this process they develop potent 

antigen presentation capacity, including the ability to cross present antigens in the 

context of MHC class I to CD8 T-cells.108 

1.3.2.2 Human DC 

Similar to mouse DC, human DC have been characterised according to function and 

anatomical location.84 Human DC can be classified as migratory DC that traffic through 

tissues to lymph nodes, and resident DC that are present in lymph nodes but arise from 

blood. In addition, human blood DC and inflammatory DC represent important subsets. 

The distribution of the various human DC subsets is shown in Figure 1.3.3, and a 

comparison of human DC with their homologues is shown in Figure 1.3.4. The 

nomenclature of (blood) DC in humans has recently been standardised.81 

Myeloid DC in humans express typical myeloid markers (CD11c, CD13, CD33 and 

CD11b), and correspond to the CD11c+ conventional DC in mice. They are divided into 

two major subsets CD1c+ and CD141+, which are homologous with mouse CD11b+ DC 

(human CD1c+) and CD8α+/CD103+ (human CD141+), respectively.84  

CD1c+ myeloid DC are the major population present in human blood, tissues and 

lymphoid tissues. They express myeloid antigens CD11b, CD11c, CD13, CD33, CD172 

(SIRPα) and CD45RO, and represent approximately 1% of mononuclear cells in 

blood.84 CD1c was previously identified as blood dendritic cell antigen (BDCA)-1, and 

its expression enables the differentiation of these cells from pDC.156,157 These cells 

express a wide range of lectins (CLEC7A, CLEC6A, CLEC13B or DEC205, CLEC13D 

or macrophage mannose receptor), TLRs (1-8) and other pattern recognition receptors 

(see below), and perform the classical DC functions of antigen uptake, transport and 

presentation.84 Following stimulation, CD1c+ DC secrete TNFα, IL-8 and IL-10, and 
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IL-12 following the ligation of TLR7/8.158 Like mouse CD4+ DC they can stimulate 

naïve CD4 T-cells, but do not effectively cross-present antigen via MHC class I to CD8 

T-cells.123,159 

CD1c+ DC present in tissues (as opposed to blood) include dermal DC,160-162 and the 

interdigitating cells of the T-cell areas of lymph nodes163-165; in both cases they are 

distinguishable from Langerhans cells by the lack of Langerin and EPCAM expression 

and the lack of Birbeck granules. They are also present in tonsil and spleen, where they 

are thought to originate directly from DC circulating within the blood.158,166  

CD141+ myeloid DC, originally identified with the used of BDCA-3, make up 

approximately 10% of human blood myeloid DC (0.1% of mononuclear cells),156,157 and 

can be found among tissue resident DC in lymph nodes, tonsil, spleen, bone 

marrow,158,165,167,168 and the non-lymphoid tissues skin, lung and liver.123 In a major 

breakthough for the field of DC biology, it is now established that human CD141+ DC 

are homologous to mouse CD8α+ spleen/lymph node DC and CD103+ tissue DC, and 

this has allowed the alignment of the classification human and mouse DC subsets in 

both lymphoid and non-lymphoid tissues.84 CD141+ DC also have the ability to cross 

present antigen, and XCR1 and CLEC9A (also known as DNGR-1) have been 

recognised as markers of cross-presenting DC across species.169,170 They secrete TNFα, 

CXCL10 and IFNλ, although IL-12 p70 secretion is reduced compared to mouse CD8α+ 

DC, or human CD1c+.123,158 

Plasmacytoid DC (pDC) have a similar phenotype and function in mice and humans 

and are distinct from conventional or myeloid DC in both species.171,172 They lack the 

myeloid markers CD11b, CD11c, CD13 and CD33, are distinguishable by their 

expression of CD123, CD303 (CLEC4D or BDCA-2) and CD304 (neuropilin or 

BDCA-4), and are the most numerous blood DC.156 In steady state, they are not present 

in quiescent tissues, but are present in lymph nodes and are recruited rapidly to both in 

the presence of inflammatory stimuli such as viral infection, where they produce type 1 

interferons in response to ligation of TLR 7 and 9.84,149,173 pDC have reduced capacity 

to take up antigen, do not express high levels of co-stimulatory molecules,95,149 and 

appear to have an important role in the maintenance of tolerance to self and foreign 

antigens.172  
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Figure 1.3.3. Distribution of human DC. 

The distribution of major human DC subsets in blood, epithelial tissues and lymph nodes. Broken arrows 
indicate relationships that require further confirmation in humans. Human DC can be generated either 
from granulocyte-macrophage progenitors (GMP) or multilymphoid progenitors (MLP) both of which 
ultimately arise from haematopoietic stem cells (HSC). Classical monocytes, blood myeloid DC (mDC) 
and plasmacytoid DC (pDC) are putative precursors of tissue and lymphoid DC. Nonclassical monocytes 
are reported to arise by conversion of classical monocytes in the mouse. Inflammatory DC and CD14+ 
DC have transcriptional profiles suggesting that they arise from monocytes; likewise tissue CD1c+ DC 
and CD141+ DC are related to their blood counterparts. Myeloid DC and Langerhans cells (LCs) both 
form interdigitating cells in skin-draining lymph nodes. CD14+ DC and pDC are also found in nodes but 
may arise directly from the blood rather than by migration from tissues. 

Reprinted from Collin M, McGovern N, Haniffa M. Immunology 2013; Apr 29. doi: 10.1111/imm.12117. 
This image is protected by copyright. All rights reserved. 

© 2013 John Wiley & Sons – used with permission. 
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CD14+ DC represent a third subset of CD11c+ myeloid cells, previously known as 

interstitial DC, that are found in tissues and lymph nodes, and appear to originate from 

monocytes. However, they lack CD1c and CD141, and do not express co-stimulatory 

molecules or CCR7.160,174,175 CD14+ DC also express DC-SIGN and the macrophage 

markers FXIIIA and CD163,175,176 although it can be difficult to separate these cells 

from macrophages in situ.175 Whether they are capable of migration to lymph nodes is 

uncertain; important functions appear to include the formation of follicular helper T-

cells,174 and providing B-cell help.177 A mouse equivalent of CD14+ DC is still to be 

definitively identified, but a subset of the CD11b DC population has been identified as 

being derived from monocytes, through the use of markers including CD64, 178,179 a 

finding that if further confirmed would support the presumed monocytoid origin of 

human CD14+ DC.  

Langerhans cells (LC) in humans express high levels of the C-type lectin Langerin 

(CD207), and CD1a (non-polymorphic MHC class I), are found in the epidermis, and 

other stratified epithelia in the lung and oral and genital mucosae, where they form a 

network.180-182 LC were the original migratory DC identified, and migrate to lymph 

nodes under both steady state and inflammatory conditions.121 LC contain a specialised 

endosomal compartment known as the Birbeck granule, which has a distinctive ‘tennis 

racket’ appearance on electron microscopy, is linked to Langerin (CD207) expression, 

and serves both antigen capture and presentation function.183-185 Despite long being 

recognised, the exact function of LC in vivo currently remains unclear, in part due to 

recent observations that other dermal DC also express Langerin/CD207 (thus 

confounding the interpretation of prior studies), and findings of several studies 

suggesting significant differences between the functions of LC in vitro and in vivo, 

depending on the underlying conditions (reviewed in Romani et al).184 

Inflammatory DC. Although DC derived from monocytes in vitro (MoDC, see below) 

have been a standard model used by DC biologists for many years,92 the relationship 

between inflammatory monocytes and DC in vivo has remained less well defined. 

Recently, transcriptional profiling of DC-like cells within human inflammatory 

exudates has suggested that these cells might represent a distinct DC subset that shares 

gene signatures with in vitro MoDC. These human inflammatory DC, but not 

inflammatory macrophages, stimulated autologous memory CD4+ T cells to produce IL-

17, and induced naive CD4+ T cells to differentiate into T helper 17 (Th17) cells.128 
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These inflammatory DC express CD1c, CD1a, CD206, CD11b, SIRPα, FCεRI, and low 

levels of CD14, but do not express CD16 or DC-SIGN (CD209). Another example of 

inflammatory DC that has been reported include inflammatory dendritic epidermal 

cells, found in T helper type 2 (Th2)-mediated dermatitis.186 Whether blood DC also 

form inflammatory DC directly, and whether inflammatory DC migrate to lymph nodes 

or remain as steady state resident cells after inflammation resolves remains 

unresolved.84 

In addition to inflammatory DC, some reports have suggested that CD16+ monocytes 

possess characteristics of DC, including higher MHC class II expression and co-

stimulatory antigen expression.157 In support of this, antigen 6-sulfo LacNAc (SLAN) 

expressing CD16+ monocytes (SLAN-DC) have been reported to secrete large amounts 

of TNFα, IL-1b and IL-12, and to respond to inflammatory stimuli.187 However, 

whether these CD16+ CD14dim cells, that appear homologous to GR-1/Ly6Clow 

patrolling monocytes in mice, are in fact DC remains uncertain.188 
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Figure 1.3.4. Surface markers of the major human DC populations and their murine 
homologues. 

Myeloid DC and mouse classical DC (also known as conventional DC) contain a major subset and a 
minor specialised cross-presenting subset. Plasmacytoid DC are easily recognisable in many species. 
Monocyte related DC include a recently recognized subset of CD11b+ DC that may be homologous to 
human CD14+ DC. Inflammatory monocyte-derived DC are also recognised in both species but are 
heterogeneous. 

Modified from Collin M, McGovern N, Haniffa M. Immunology 2013; Apr 29. doi: 10.1111/imm.12117. 
This image is protected by copyright. All rights reserved. 

© 2013 John Wiley & Sons – used with permission. 
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1.3.3. In vitro propagated DC: models for investigating DC development and 

immunobiology 

Well-defined in vitro culture systems that permit the generation of large numbers of DC 

from mouse bone marrow or human peripheral blood monocytes have been essential 

tools in advancing the understanding of DC biology. In vitro propagated DC could be 

considered another major category of (human or murine) DC, and although they may 

not replicate exactly in vivo DC development, they are important not only in the study 

of DC biology, but also offer the most likely potential source of DC for clinical 

applications. The use of growth factors such as G-CSF, Flt3L and GM-CSF can 

significantly increase the yield of these procedures, and although there are some 

differences noted between G-CSF mobilised DC and DC propagated from non-

mobilised blood,189,190 overall DC functions appear similar.191  

MoDC can be differentiated from monocytes using in vitro culture of CD14+ cells 

collected from peripheral blood (with or without prior mobilisation with growth factors 

such as Flt3L or G-CSF). In the presence of GM-CSF and IL-4 these cells differentiate 

into immature DC without proliferation over 5-7 days.92,93 GM-CSF is critical in the 

development of ‘myeloid’ DC, and IL-4 inhibits the development of macrophages from 

monocytes. These immature DC have low expression of MHC Class II, co-stimulatory 

molecules (CD40, CD80 and CD86) and some reduction in CD14 expression.192 

However, they express DC-SIGN at high levels,193 have high migration and antigen 

uptake ability, and can be matured with additional stimuli in culture including TNF-α, 

bacterial lipopolysaccharide (LPS), IFN-γ, CD40L, prostaglandin E2, IL-6, IL-1β, alone 

or in combination, and also with monocyte-conditioned medium.192 Maturation is 

associated (see above) with CD83 surface expression (a specific marker for DC 

maturation),94 up-regulation of co-stimulatory molecules and MHC-Class II, loss of 

antigen uptake ability, and enhanced ability to stimulate T-cell proliferation and 

secretion of inflammatory cytokines (IL-12p70).93,192,194,195 These MoDC correspond to 

the dominant imflammatory DC type that is mobilised during bacterial infection in 

vivo.108 

DC can also be derived by in vitro cultures of haematopoietic progenitor cells from 

bone marrow, or alternatively growth factor-mobilised peripheral blood.196,197 These 

protocols expand DC precursors from progenitor cells (including CD34+ stem cells and 
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other progenitors at various developmental stages) using early acting cytokines critical 

to DC development such as Flt3L, SCF (the ligand for c-kit), GM-CSF, TNF-α and 

thrombopoietin (TPO). Further culture with GM-CSF and IL-4 and subsequent 

maturation stimuli produces DC that have considerable similarities with MoDC. pDC 

can also be specifically expanded using cultures of Flt3L and TPO alone.198 

1.3.4. DC pattern recognition receptors 

DC recognise pathogens through shared molecular components common to many 

pathogens, consisting of proteins, lipids, carbohydrate or nucleic acids, which are 

known as pathogen-associated molecular patterns (PAMPs). This recognition is 

primarily achieved by pattern recognition receptors (PRRs) found on DC, both at the 

DC surface and intracellularly. DC PRRs that interact with PAMPs include the 

ubiquitous toll-like receptors (TLRs), the intracellular nucleotide-binding domain and 

leucine-rich-repeat-containing family (NLRs, retinoic acid-inducible gene I (RIG-I)-like 

receptors and the C-type lectin receptors (also known as CLRs or CLECs). The 

expression of TLRs and CLRs varies considerably between different DC subsets (see 

Table 1.3.2), and is linked to the downstream signalling pathways that influence DC 

phenotype and function.82,199  

In particular, CLRs play an important role in shaping the immune responses to 

pathogens by DC, for example in the setting of human immunodeficiency virus (HIV) 

infection,82 and are unique in their DC expression profiles and contribution to DC 

function. 
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Table 1.3.2. Toll-like receptor and C-type lectin receptor expression by human DC 
subtypes 

 

Receptor  Dermal DC  Blood DC 

     Myeloid  

 LC CD14+ CD1a+  CD1c+ CD141+ Plasmacytoid 

C-type lectin receptors200-202        

CD206 (mannose) − + +++  − − − 

CD207 (langerin) + − −  − − − 

CD209 (DC-SIGN) − + −  − − − 

CD303* (BDCA2)   − −  − − + 

CD141 (BDCA3)  − −  − + − 

CD304** (BDCA4)  − −  − − + 

        

Toll-like receptors203-207  ***      

TLR1 + +   − − + 

TLR2 + +   + + − 

TLR3 + +   + + − 

TLR4 − +   + − − 

TLR5 ± −   − − − 

TLR6 + +   − − + 

TLR7 − −   + − ++ 

TLR8 − +   + + − 

TLR9 − −   − − ++ 

TLR10 + +   − − + 

 
* CD303 is the standard name for BDCA2, also known as CLEC4A. 

** CD304 is the standard name for BDCA4, also known as neuropilin. 

*** CD14+ dermal DC have a similar profile to monocyte derived DC.206  

 

Reproduced from Cunningham AL, Harman A, Kim M, Nasr N, Lai J. Immunobiology of Dendritic Cells 
and the Influence of HIV infection. In: L. Wu and O. Schwartz (editors). HIV Interactions with Dendritic 
Cells: Infection and Immunity, Advances in Experimental Medicine and Biology 2013; 762: 1-44. 

© Springer Science+Business Media New York 2013 

Used with kind permission of Springer Science+Business Media  
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1.3.4.1 C-type lectins 

CLRs possess an extracellular carbohydrate recognition domain (CRD) that recognises 

and binds to sugar (mannose, fucose, and glucan) structures on most classes of human 

pathogens. CLRs are so-named because this binding occurs in a calcium dependent 

manner. Following recognition and binding by CLRs, pathogens are internalised, 

degraded and processed for antigen presentation.208 CLRs are critically important to DC 

function, are typically membrane bound but may be secreted in soluble form,209 and 

consist of several families including the CLR domain family members (CLECs), 

collectins and selectins. CLECs bind foreign antigen and include CLEC-1 (CLEC1A), 

DC-SIGN (CLEC4L; CD209), langerin (CLEC4K), DCIR (CLEC4A), BDCA2 

(CLEC4C; CD303), dectins 1 and 2 (CLEC7A/6A), mannose receptor types 1 and 2 

(CD206, CLEC13D/E) and DEC205 (CD205, CLEC13B).82,199  

Membrane-bound CLRs are classified into two groups on the basis of their molecular 

structure.201 Type I CLRs, including the mannose receptor types 1 and 2, and DEC-205, 

have their N-terminal ends pointing outwards from the cell membrane, and contain 

multiple CRDs. Type II CLRs in contrast, are characterised by having their N-terminal 

end inside the cytoplasm, and contain only one CRD. DC-SIGN, langerin, DCIR, 

dectin-1 and 2, BDCA2 and CLEC-1 are all examples of Type II CLRs. The 

cytoplasmic domain of CLRs is responsible for mediating endocytosis, and guides the 

antigen-receptor complex to distinct endosomal compartments.199,201 Several CLRs that 

have been demonstrated to have important functions and are well characterised in DC 

biology will be discussed further below. 

The mannose receptor (CD206) is an archetypal type I CLR, contains multiple domains, 

and is expressed on various DC subsets, but also on macrophages, astrocytes, and 

epithelial and liver endothelial cells. It acts as an antigen uptake and processing 

receptor,210 and functions as a PRR, recognising ligands bearing mannose residues such 

as pituitary hormones cleared in the liver, lysosomal enzymes, and tissue plasminogen 

activator, which are often released in areas of inflammation or tissue damage.82,211  

DEC-205 (CD205) is another type I CLR that has a similar function in terms of antigen 

internalisation, although its specific natural ligand in vivo remains undetermined. A 

recent study has identified however that synthetic CpG oligonucleotides, which have 

therapeutic potential as a vaccine adjuvant, directly bind DEC-205.212 The cytoplasmic 
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domain of DEC-205 contains protein motifs that enable direct intracellular delivery of 

antigen to MHC class II for presentation to T-cells, and repetitive recycling of DEC-205 

to the DC surface enhances the presentation efficiency significantly in comparison to 

the mannose receptor.213 It is expressed at different levels on DC, B cells, T cells, and 

thymic epithelial cells.214 The domain structure of DEC-205 suggests the potential for 

recognition of multiple ligands, and it is hypothesised that DEC-205 may function as a 

“promiscuous” antigen receptor.215,216 

Langerin (CD207) is a type II CLR that is solely expressed on epidermal Langerhans 

cells, and some other dermal DC. It is involved in the formation of Birbeck granules 

(see section 1.3.2.2).183-185 It consists of a single C-terminal CRD, with a coiled neck 

domain that facilitates its oligomerization into trimers (which facilitates binding 

affinity), and it binds high mannose structures, fucose, GlcNAc, galactose-6-sulphated 

oligosaccharides and Lewis Y containing carbohydrate residues. In particular it has 

been shown to bind yeast mannan, β-glucans on the surface of pathogenic fungi, and 

high mannose residues on HIV gp120.82 

Of particular relevance in the context of this thesis is the type II CLR, DC-SIGN, (also 

known as CD209). DC-SIGN is the most important CLR expressed by CD14+ blood 

and tissue resident DC, is highly expressed on immature MoDC propagated in vitro, and 

binds to gp120 on HIV-1 and HIV-2, as well as rhesus simian immunodeficiency virus 

(SIV), which facilitates its transport to secondary lymphoid organs rich in CD4+ T cells, 

and leads to infection in trans of these target cells.217,218 It is structurally similar to other 

Type II CLRs with a single CRD at the C-terminus, a coiled neck domain that is 

involved in receptor oligomerization, a transmembrane domain, and a short cytoplasmic 

tail mediating ligand internalisation following binding (see Figure 1.3.5). DC-SIGN 

forms a tetramer at the cell surface, a structure that is required for HIV binding,219 and 

this occurs through the structural arrangements of repeated hydrophobic amino acid 

residues within the neck region. DC-SIGN binds to ICAM-3 expressed by naïve CD4+ 

T-cells, and also to ICAM-2218; binding to a wide variety of microbes and viruses has 

also been demonstrated.82 DC-SIGN plays a critical role in DC functioning, including 

the regulation of adhesion and trafficking, and in establishing the initial contact for the 

formation of DC-T-cell synapses. 
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Other CLRs that have particular expression profiles and importance in DC function 

include BDCA2 (CLEC4C) exclusively expressed on pDC and involved in TLR9 

function and the production of type 1 IFN, TNF, IL-6 and IL-10; dectin 1 (CLEC7A), 

expressed on myeloid DC, monocytes, macrophages and B-cells and involved in the 

differentiation of Th1 and Th17 cells; DNGR1 (CLEC9A), expressed on CD141+ DC 

and involved in induction of TNF production and antigen cross-presentation; and 

BDCA4 (CD304 or neuropilin), expressed (non-exclusively) on pDC.199 
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Figure 1.3.5. Structure of human DC-SIGN 

(A) Schematic structure of DC-SIGN and amino-acid sequence alignment of the neck-repeat domain. The 
repeated hydrophobic amino-acid residues (hydrophobic heptad), crucial for tetramerization, are 
highlighted. Arrows point to a subtilisin site of digestion.  

(B) DC-SIGN tetramerization through hydrophobic residues stacking in the neck-repeat domain. 

Reprinted from Švajger U et al. Cellular Signalling 2010; 22 (10): 1397-1405. 220  

© 2010 Elsevier; used with permission.  

 



 

32 

1.4. Dendritic cells and tolerance 

DC play a critical role in the maintenance of both central and peripheral tolerance to 

self-antigens in the steady state.  

1.4.1. Central tolerance 

Central tolerance occurs prior to the entry of lymphocytes into the circulation and 

involves the removal of auto-reactive T-cell clones in the thymus by local or circulating 

DC via a process of clonal deletion and the induction of T regulatory cells (Treg).221-224 

Both (myeloid) cDC and pDC are involved in this process.225,226 However not all 

possible self antigens will have been encountered by lymphocytes prior to their exit 

from the thymus and mechanisms to ensure self tolerance is maintained in the periphery 

are vital to avoid damaging auto-immunity and maintain homeostasis.  

1.4.2. Peripheral tolerance 

The critical role that DC play in regulating peripheral tolerance has been demonstrated 

through studies showing that when all subsets of DC are absent fatal auto-immunity 

ensues.227 Peripheral tolerance is said to occur when auto-reactive lymphocytes 

encounter DC with self-antigen in the MHC in the absence of additional co-stimulatory 

signals that usually occur in response to tissue damage or inflammation. This interaction 

between so-called immature DC and T-cells in the absence of “danger signals” can lead 

to T-cell anergy (hypo-responsiveness), apoptosis, immune deviation towards anti-

inflammatory Th2 responses (e.g. production of the anti-inflammatory cytokine IL-10), 

and the generation of Treg (including naturally occurring Treg; CD4+CD25+ T cells that 

constitutively express forkhead box P3 (Foxp3)), which suppress the self-reactive 

immune response.72,228-230 A number of inhibitory pathways may also be involved, 

including programmed death ligands (PDL)-1 and 2,231,232 indoleamine dioxygenase 

(IDO),233 the non-classical MHC class I molecule HLA-G,234 haem oxygenase 1 (HO-

1),235 Fas (CD95) / Fas Ligand (FasL),236 and Galectin-1.237 

The uptake of antigen in the steady state by immature DC with low levels of surface 

MHC and co-stimulatory molecules leads to anergy or apoptosis of the antigen specific 

T-cells,238 or to the generation of T cells with a regulatory or suppressor function.239 

Alternatively, if antigens are delivered to DC under the influence of activating danger 
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signals then high levels of MHC and co-stimulation, as well as secretion of pro-

inflammatory cytokines (e.g. IL-12p70) – so called DC maturation – lead to potent T-

cell activation.240 This paradigm of the outcome of DC interaction with naïve T-cells is 

shown schematically in Figure 1.4.1. Apoptosis (programmed cell death), which occurs 

in response to cell damage or as part of normal cell turnover in peripheral tissues is an 

important source of self antigen for DC which are presented to T cells, and immature 

DC are able to phagocytose apoptotic cells efficiently.241-243 Circulating apoptotic cells 

that enter lymph nodes or spleen can be captured in situ by the resident DC.244,245 Other 

sources of self antigen include soluble molecules captured by endocytosis and 

internalised plasma membrane-shed micro-vesicles,246 exosomes,247 or intracellular 

structures released by cells present in the DC microenvironment.248 

After encountering self-antigen, immature DC traffic to secondary lymphoid tissue. 

Notably however, animal models of migratory DC have shown them to have the 

phenotype of mature DC,249-251 with up-regulation of MHC, co-stimulatory and 

adhesion molecules. It is proposed that a certain degree of DC maturation is probably 

required to enable homeostatic migration, and indeed it is notable that these DC exhibit 

low levels of pro-inflammatory cytokines such as IL-12p70, and evidence of IL-10 

production. The term ‘semi-mature’ has been applied to these cells,252 and the DC 

maturation status paradigm in relation to tolerance and immunity may be more complex 

than has been previously proposed.253 Once in the secondary lymphoid tissue, migratory 

DC present this self-antigen to auto-reactive CD4 and CD8 T-cells without breaching 

self tolerance.254 They may also transfer the antigen to lymphoid tissue resident DC that 

are inherently tolerogenic.242,244,255  

In mice, immature DC administered in transplant studies as tolerogenic therapy (see 

below) have been shown to induce anergy and apoptosis of allo-reactive T-cells.256,257 

Human CD4 positive T-cells with regulatory characteristics (low proliferation, IL-10 

secretion, and inhibition of allo-antigen specific T-cell proliferation) can be generated in 

vitro following stimulation of naive CD4 T-cells with allogeneic immature DC.239 In a 

seminal paper involving human volunteers, subcutaneous administration of immature 

autologous MoDC pulsed with HLA A*0201-restricted influenza matrix peptide (MP) 

led to specific inhibition of MP-specific CD8 cytotoxic T-cell responses and induced 

IL-10-secreting T-cells.258 All of these mechanisms may contribute to peripheral 
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tolerance; it is unclear though to what extent these models replicate the normal state of 

tolerance in vivo. 

In addition to inducing T cell anergy and deletion as described previously, DC have 

been shown to regulate Treg expansion, differentiation and suppressive capacity in 

vitro.259 This has been confirmed in vivo, where depletion of DC leads to a loss of Treg 

and increases in T-cells producing the inflammatory cytokines IFNγ and IL-17260; these 

investigators proposed that DC and Treg form a feedback loop whereby reduced Treg 

numbers leads to an increase in DC, mediated via Flt3. Additionally, DC secreting high 

levels of IL-10 without IL-12, a tolerogenic phenotype of DC, induce IL-10 producing 

regulatory type-1 (Tr1) T-cells in vitro.261 pDC, after maturation, increase the 

expression of inducible costimulator (ICOS) ligand (ICOS-L), which is involved in the 

de novo differentiation of IL-10 producing Treg262; moreover activated human pDC can 

also induce the generation of CD4+CD25+ Treg.263 These findings are in contrast to the 

more immunogenic effects of activation and maturation on cDC, and are an example of 

the plasticity and complexity of the DC system, and the different functional roles of the 

different DC subsets.  

Overall, the mechanisms of DC-based tolerance that operate in vivo remain 

incompletely understood. Ongoing work being performed by many groups is slowly 

revealing the complexity of DC interactions with other cells and microenvironments, 

via multiple receptors and signalling networks, in the induction and maintenance of 

tolerance.229,254,264,265  
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Figure 1.4.1. The interaction of DC with naïve T-cells can lead to either immune activation 
or tolerance. 

Upper panel: In the presence of an inflammatory stimuli and danger signals, DC upregulate expression of 
MHC class II and associated co-stimulatory molecules such as CD80/86, CD40, and interact with T-cells 
via the T-cell receptor complex (CD3), and co-stimulatory ligands such as CD28 and CD40L, forming an 
immunological synapse. This leads to robust T-cell activation and differentiation of effector T-cells. 
Lower panel: In the absence of inflammatory stimuli, or in the steady state, DC display an immature 
phenotype characterised by low expression of MHC class II and co-stimulatory molecules. This leads to 
suboptimal T-cell priming and promotes antigen specific immune hyporesponsiveness (tolerance) via 
deletion/apoptosis, T-cell anergy or the induction of T-regulatory cells (T regs).  

This schema represents a simplification; see the text for further discussion.  
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1.5. Dendritic cells in transplantation 

1.5.1. DC and allo-recognition 

In the setting of organ or tissue transplantation, there are multi-faceted and multi-

directional interactions between the recipient immune system and the donor tissue or 

organ. Allo-recognition is the process by which the recipient immune system recognises 

the donor organ or tissue as foreign and initiates the immune response.  

This process of initiating the immune response to an allograft occurs through several 

distinct but co-existent pathways of allo-recognition.254,266 In the direct pathway, DC 

from the allograft (so-called “passenger leukocytes”) of donor origin migrate out of the 

graft to recipient lymphoid tissue and present intact donor MHC molecules to allo-

specific T-cells.131,267 The indirect pathway involves recipient DC that migrate into the 

graft in response to inflammatory stimuli, encounter and process donor tissue allo-

antigens and present these donor-derived peptides on self (recipient) MHC to donor-

reactive T-cells.268 A third, more recently described pathway is the semi-direct pathway, 

whereby recipient T-cells recognise donor MHC molecules transferred intact from 

donor cells to the surface of recipient DC.269 DC can acquire MHC molecules or other 

allo-peptides from other cells via a process of transfer of vesicles,247 or plasma 

membrane fragments.270 

Following transplantation of an allograft, DC present allo-antigen derived from the 

donor in the context of MHC to recipient T-helper (CD4) cells. This constitutes “signal 

1” of T-cell activation, and this is transduced through the T-cell receptor CD3 complex. 

“Signal 2” involves the DC giving the T-cell co-stimulation through the engagement of 

co-stimulatory molecules with their ligands on T-cells, particularly the interaction of 

CD80 and CD86 with CD28. 44,271,272 The combination of these two signals initiates 

three intracellular pathways in T-cells: the calcium–calcineurin pathway, the RAS–

mitogen-activated protein (MAP) kinase pathway, and the NF-κB pathway. These 

pathways activate transcription factors that trigger the expression of many new 

molecules, including interleukin-2 (IL-2), CD154 (also known as CD40 ligand, which 

interacts with CD40 on DC), and CD25, the IL-2 receptor. IL-2, acting via its receptor 

(through an autocrine mechanism) and other cytokines then initiate the "target of 
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rapamycin" (TOR) pathway to provide "signal 3," which leads to proliferation of a large 

number of effector T-cells.44 Further downstream events include B cell activation and 

alloantibody production. Current immunosuppressive drugs target multiple parts of this 

pathway, but all have the drawback of being non-specific in their suppression. 

The direct pathway has been classically thought of as the most important instigator of 

the immune response against the allograft, i.e. acute rejection. Migration of donor-

derived DC out of the allograft to recipient lymphoid tissue allows presentation of 

highly immunogenic, donor-derived MHC antigens to naïve recipient T-cells. Kidney 

allografts that are purged of leukocytes have increased graft survival in the absence of 

immunosuppression.273 Interestingly, direct allo-recognition may have a role in the 

development of donor-specific tolerance as it is known that DC of donor origin may 

persist long-term in recipient tissue, a phenomenon known as micro-chimerism.274-276 

However, the influence of the direct pathway decreases with time after transplantation. 

The indirect pathway, which involves the presentation of donor antigen within recipient 

MHC, is much less immunogenic than the direct pathway (fewer T-cells respond to 

recipient MHC than respond to donor MHC),277 but rejection can occur in the absence 

of direct allo-recognition,278 and a more recent study points to it having a much more 

significant role than previously thought.279 In addition, indirect allo-recognition 

predominates later after transplantation and is thought to be the main mechanism 

underlying chronic rejection,229,254 but along with the semi-direct pathway may also 

promote tolerance through the induction of regulatory T-cells.280  

In the steady state, DC are present as immature APC in many tissues, including 

commonly transplanted organs (with the exception of immune-privileged sites such as 

the central area of the cornea). DC in this state internalise antigen efficiently and have 

low levels of T-cell stimulatory activity.72,73 In the presence of “danger signals” such as 

infection or, in the case of transplantation, inflammation triggered by surgery and 

ischaemia-reperfusion injury, DC resident in or infiltrating the graft mature in response 

to endogenous or exogenous mediators present within their local environment.240,254,281 

Nuclear translocation of the transcription factor NF-κB is important for this activation 

process in DC and is enhanced through interaction between molecules of the TNF 

receptor family on the DC surface with their ligands during T-cell‒DC interaction and 

also ligation of TLR 2, 4 and 9 on the DC surface.118,119 Maturation of DC leads to 

reduced endocytosis of extracellular antigens, and translocation of long-lasting peptide-



 

38 

loaded MHC to the cell surface. At the same time, DC upregulate surface co-

stimulatory molecules including CD80, CD86, CD40, OX40 ligand, ICOS-L, and 

intercellular adhesion molecules (CD54 and CD58) required for interaction with T-cells 

and the establishment of the immunological synapse.282 The expression of chemokine 

receptor (CCR)7 is increased, promoting DC migration to secondary lymphoid tissues 

in response to the CCR7 ligands, chemokine ligand (CCL)21 and CCL19.73 As a result, 

mature DCs can powerfully stimulate naive and memory T-cells located in the T-cell 

areas of secondary lymphoid tissues.  

A summary of the roles of DC in peripheral tolerance at steady state, and in the 

initiation of responses to allografts, is shown in Figure 1.5.1. 
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Figure 1.5.1. The role of dendritic cells (DC) in peripheral tolerance and graft rejection. 

(A) During steady-state conditions (absence of proinflammatory or danger signals), peripheral tissue-
resident DC capture self-antigens from neighboring parenchymal cells via uptake of apoptotic cells, 
vesicular exchange with living cells, or endocytosis of soluble molecules. DC mobilise [likely as semi-
mature antigen-presenting cells (APC)] via lymphatic or blood vessels from the periphery to T-cell areas 
of secondary lymphoid organs. Once there, DC present self-antigens to autoreactive T cells that escaped 
thymic selection. Under physiological conditions, DC in T-cell areas of spleen or lymph nodes express 
low levels of T-cell co-stimulatory molecules and induce a transient and weak proliferation of 
autoreactive T cells followed by T-cell deletion, anergy, and, probably, generation of Treg cells.  

(B) Following transplantation surgery, pro-inflammatory mediators released locally, ischaemia–
reperfusion injury, and the presence of necrotic cells trigger full maturation of donor DC (donor tissues 
and cells are in red) and recipient DC (recipient cells are in blue) that infiltrate the graft as part of the 
inflammatory reaction. Both donor- and recipient-derived DC migrate out of the graft as passenger 
leukocytes. Once in the T-cell area of the secondary lymphoid organs, mature donor DC present allo-
major histocompatibility complex (MHC) molecules to allo-reactive T cells (direct pathway) and mature 
recipient DCs present allo-peptides loaded into self-MHC molecules to recipient T cells recognising allo-
peptides in the context of self-MHC molecules (indirect pathway). 

Modified from a figure originally published in Morelli AE and Thomson AW. Immunol Rev 2003; 196: 
125-146. 

© 2003, John Wiley and Sons – used with permission. 
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1.5.2. Using DC to promote tolerance: Tolerogenic DC 

Given the central role that DC play in initiating immunity and maintaining tolerance, 

they hold considerable attraction as a potential therapy for manipulating the immune 

response.  

A large amount of work has been done to attempt to utilise DC to enhance the immune 

response: vaccines using autologous DC, cell-line derived DC or targeting DC with 

antigen in vivo have progressed into human clinical trials in HIV infection,283,284 and 

several types of cancer, including advanced melanoma,285-287 renal cell carcinoma,288 

haematological malignancy,289 and advanced prostate cancer.290-292 These studies have 

established the feasibility and safety of DC therapy in the clinical setting, even if they 

have not yet shown sufficient demonstrable efficacy to enable the widespread 

application of this therapy. 

Numerous studies have established that tolerogenic DC can be generated in vitro and 

used to induce antigen-specific T-cell apoptosis or anergy,257,293-298 and promote the 

expansion of antigen-specific regulatory T-cell populations,263,299-302 which can suppress 

the immune response. Morelli and Thomson229 have proposed the desirable 

characteristics of tolerogenic DC generated in vitro for potential therapeutic use 

(modified here from a summary by Prasad)303: 

1. Capable of antigen presenting function, with low levels of MHC surface expression, 

leading to weaker SIGNAL 1; 

2. Maturation-resistant, immature, or alternatively-activated DC with low co-

stimulatory molecule expression compared with inhibitory signal expression, 

leading to failure of SIGNAL 2; 

3. Skewed away from Th1 promoting cytokines (especially IL12p70) towards IL-10 

and indoleamine 2,3-dioxygenase (IDO) production; 

4. Promote the generation and expansion of antigen-specific regulatory T-cells, and the 

apoptosis of antigen-specific effector T-cells; and 

5. Capable of migration from the site of introduction to secondary lymphoid tissue, and 

remain resistant to maturation in vivo, as well as resistant to NK or T-cell induced 

death during this process. 
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The prevailing dogma in the literature has been that mature DC elicit an immunogenic 

response, and immature DC are tolerogenic.304 However, antigen presentation to T cells, 

and migratory properties in vivo, are both properties of mature DC that have been 

identified as important to tolerogenic DC (as discussed above). More recently, the 

phenotype of a tolerogenic DC has been proposed to include not only immature, but 

also maturation resistant, and alternatively-activated cells.264 It has also been recognised 

that immature DC generated in vitro may not necessarily be stable following injection 

in vivo, and could become immunogenic through maturation in response to pro-

inflammatory cytokines and/or pathogen-derived molecules.  

A variety of DC types have been explored for potential use in tolerogenic therapy, and 

tolerogenicity does not appear restricted to specific DC subsets, phenotypes or sources 

of origin. Unmodified tolerogenic DC have been used in a number of studies and have 

been found to lead to antigen-specific immunosuppression, with reduced mixed 

leukocyte reaction (MLR) responses in vitro, and the induction of Treg with Th2 (IL-

10) cytokine responses.239,257 The seminal paper by Dhodapkar et al published in 2001 

referred to above demonstrated short term antigen-specific inhibition of effector T-cell 

responses after subcutaneous administration of immature autologous DC pulsed with 

antigen to human volunteers,258 and studies in mice show unmodified immature myeloid 

DC can modestly prolong allograft survival.294 However, these DC did not induce the 

stable long-term inhibition of immune responses that would be needed in human 

transplantation. 

A number of approaches have been used to try and enhance the tolerogenic capacity of 

DC for potential use in transplantation.229,254,305 Modification of in vitro culture 

conditions, genetic modification, and the use of immunosuppressive or anti-

inflammatory drugs have all been exploited as techniques to promote DC tolerogenicity.  

The function of DC generated in vitro can be influenced by manipulation of the 

cytokines in the culture environment. Generation of DC with low-dose GM-CSF (with 

or without IL-4) results in immature or maturation-resistant DC with T-cell inhibitory 

properties which are able to prolong allograft survival.297,306 DC treated with the 

regulatory cytokines IL-10307 or TGF-β308 alone, or in combination309 remain immature, 

have reduced co-stimulatory molecules and reduced ability to stimulate T-cells, and can 

prolong allograft survival when given along with co-stimulatory blockade.308,309 In a 
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more recent study, DC expanded ex vivo with Flt3L were immature, expressed TGF-β, 

IL-10 and TNF-α, and homed to thymus, spleen and liver. These Flt3L DC showed 

evidence of inducing central tolerance via clonal deletion, and peripheral tolerance with 

donors-specific unresponsiveness, and led to long-term survival of donor skin grafts.310 

Genetic modification strategies can also enhance DC tolerogenicity.229,254 Interference 

with NF-kB-dependent transcription of co-stimulatory molecule genes in bone-marrow 

derived DC by double-stranded oligodeoxyribonucleotides containing binding sites for 

NF-kB, results in resistance to maturation by LPS, the induction of allogeneic T-cell 

hypo-responsiveness and prolongation of cardiac allograft survival.311 The addition of 

adenoviral transduction of the inhibitory co-stimulatory molecule CTLA4-Ig to this 

treatment resulted in superior induction of allogeneic T-cell hypo-responsiveness, the 

induction of activated T-cell apoptosis, indefinite cardiac allograft survival (in 40% of 

animals), and donor-specific tolerance.312 Other examples include the promotion of the 

deletion of antigen-specific T-cells through FasL (CD95L),313 and the arrest of DC 

maturation with reduced expression of MHC class II, CD80 and CD86 following the 

silencing of RelB, which is the primary protein involved in NF-kB associated DC 

maturation.314 As yet genetically modified DC alone have not been successful in 

achieving transplant tolerance across MHC barriers.229,254,305 

A range of drugs and immunomodulatory agents have been used to promote DC 

tolerogenicity, based on influencing their generation, migration, maturation and immune 

function (reviewed by Morelli and Thomson, Hackstein and Thomson, and Leishman et 

al),229,254,315,316 including corticosteroids,317 the calcineurin inhibitor cyclosporin,318 

rapamycin,319 aspirin,320 mycophenolate mofetil,321 activated Vitamin D 

(1α,25(OH)2D3),322 and curcumin.323 All of these agents prevent DC maturation and/or 

activation or impair the ability of DC to produce IL-12p70. Some also prevent the 

nuclear translocation of NF-κB family members, including RelB – which are required 

for DC differentiation.  

Curcumin, an extract of Curcuma longa (turmeric), has a broad spectrum of anti-

oxidant, anti-inflammatory, anti-microbial and anti-proliferative properties, via 

inhibition of the nuclear factor-κB pathway,324 and has been shown recently to arrest 

maturation of DC and induce a tolerogenic phenotype that subsequently promotes 
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functional FoxP3+ T(regs) in vitro and in vivo.323 At present however, curcumin is not 

in clinical use as pharmacologic agent in transplantation. 

Another agent of clinical relevance and particular interest is the immunosuppressive 

drug rapamycin. Rapamycin binds with an intracellular receptor, which is FK506-

binding protein 12. This inhibits mammalian target of rapamycin (mTOR) protein 

signalling (“signal 3”), and impairs the maturation and T-cell allo-stimulatory function 

of DC.319 DC that are conditioned in rapamycin poorly produce IL12-p70 and TNFα, 

are resistant to maturation by TLR ligands or CD40L. In a mouse model, they are able 

to render allogeneic T-cells unresponsive to further stimulation with donor antigen, can 

enrich for Foxp3+CD4+CD25+ regulatory T-cells and do not expand CD4+ effector 

cells.299 When rapamycin-conditioned DC of recipient origin are pulsed with donor 

antigen and administered pre-transplant in a cardiac allograft transplant model, along 

with a short course of rapamycin, heart-graft survival is indefinitely prolonged. This is 

associated with graft infiltration by Treg without evidence of graft vessel disease.299 In 

GVHD, rapamycin-conditioned DC promoted tolerance but still retained their migratory 

ability and chemokine expression.325 It is notable that unlike calcineurin inhibitors, 

rapamycin does not interfere with signal 1 (or 2) of T-cell interaction with DC, which 

are necessary for the induction of tolerance.326 In light of these findings and the unique 

immunomodulatory effects of mTOR inhibition,327,328 as well as their current 

established place in transplant immunosuppression, there is considerable potential in 

utilising these agents as adjuncts in translational studies of tolerogenic DC therapy in 

transplantation. 

1α,25(OH)2D3, the active form of vitamin D3, has been shown to inhibit the 

differentiation and maturation of DC in vitro.322,329 Vitamin D3 treated DC have been 

shown in a number of studies to be resistant to maturation in vitro, and to prolong graft 

survival in mouse skin and cardiac transplant models.330,331 In addition, vitamin D3 can 

be used along with corticosteroids and LPS to generate ‘alternatively-activated’ human 

MoDC that prime allogeneic naïve CD4 T-cells to retain a strong proliferative capacity 

with low IFN-γ and high IL-10 production; in contrast memory T-cells primed by these 

DC become hypo-responsive in terms of proliferation and cytokine production, and 

anergy is induced.332 The findings of this last study are an important observation 

because effector memory T-cells have been considered resistant to co-stimulation 

blockade, high numbers of antigen-experienced memory T-cells are associated with an 
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increased risk of rejection, and are considered a major hurdle to the induction of 

tolerance in humans.264 Addressing these obstacles is an important component of 

developing tolerogenic DC therapy. 

1.5.3. Tolerogenic DC therapy in transplantation 

A large number of small animal studies of transplantation investigating the effects of 

recipient pre-conditioning with tolerogenic DC have been undertaken (see Table 1.5.1 

and Table 1.5.2). These have used DC of various origins and phenotypes, with or 

without various adjuvant therapies. Both the targeting of the direct pathway using donor 

derived DC,293,294,297,306,308-310,312,331,333-341 and the indirect pathway using recipient 

DC,299,302,342-349 usually but not always with the addition of donor antigen, have been 

explored in these models. Taken together, these studies provide persuasive evidence 

that both donor and recipient derived DC infusion can suppress the allo-immune 

response.  

To date, there has been very limited translation of these promising findings into pre-

clinical (NHP) or clinical trials of tolerogenic DC therapy. The first study to report the 

administration of tolerogenic DC in a human clinical trial was the study discussed 

previously (see section 1.4.2) by Dhodapkar et al, although these findings were 

serendipitous as the study was designed to test DC therapy as a tool to enhance the 

immune response to a vaccine and not to promote tolerance.258 In rhesus monkeys, a 

study examined the infusion of DC rendered stably immature through culture with 

vitamin D3 and IL-10, with and without the administration of co-stimulation blockade 

using CTLA4-Ig.350 This study showed initial sensitisation followed by non-specific 

suppression (i.e. to both donor and third-party) of the allogeneic T-cell response in 

those animals that received DC infusion in addition to CTLA4-Ig.  

In a very recent study, published following the studies outlined in this thesis, Ezzelerab 

et al have shown that these vitamin D3/IL-10 ‘regulatory’ donor DC can prolong 

median kidney allograft survival from 39.5 days to 113.5 days when administered along 

with short term CTLA4-Ig and rapamycin.351 This paper represents a major advance for 

the field of DC therapy testing in NHP, however sustained improvements in allograft 

outcome remain to be established, and no trials of tolerogenic DC therapy have been 

performed in the setting of human transplantation.  
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Table 1.5.1. Efficacy of donor DC pre-treatment on allograft survival in small animal 
studies.  

All DC were administered systemically. See Table 1.5.2 for definitions of abbreviations. Adapted from 
Morelli and Thomson,229 and Prasad,303 with additions and modifications. 

 

Reference Model Donor DC type DC Treatment Recipient 
Treatment 

MST 
(days) 

Rastellini 
 1995 333 

Mouse  
islet  

Liver DC GM-CSF STZ 30.3 
(20 % > 60) 

Fu 1996294 Mouse  
HHT 

BM DC 
precursors257 

GM-CSF - 22 a 

Lu 1997308 Mouse  
HHT 

BM iDC GM-CSF   
TGF-β 

Anti- 
CD40L 

77 

(40 % > 100) 
Gao 1999 334 Mouse 

HHT 
Spleen DC Long-term 

Allo-MLC  
Anti-CD4 

 
35 

25 % > 120 
Lutz 2000 297 Mouse 

HHT 
BM iDC GM-CSF Low 

dose 
- > 100 b 

Niimi 2001 335 Mouse 
HHT 

Spleen mDC - Anti- 
CD40L 

> 100  

O’Connell  
2002 336 

Mouse 
HHT 

Splenic 
CD8α+mDC 

GM-CSF 
overnight 

- 35 

Bonham  
2002 312 

Mouse 
HHT 

BM iDC NF-κB ODN and 
Ad transfection  

CTLA4-Ig  

- >100  
(40 %) 

DePaz  
2003 306 

Rat  
HHT 

BM iDC  
 

GM-CSF 
IL-4 

ALS >200 
(50 %) 

Sun 2003 337 Mouse  
HHT 

BM iDC  
 

Ad transfection 
CTLA4-Ig  

Anti- 
CD40L 

>100 
(50 %) 

Coates  
2004 352 

Mouse 
HHT 

FLT3-L 
mobilised  
renal DC 

Freshly sorted 
CD11c+ DC 

- 19 c 
 

Abe 2005 293 Mouse 
HHT 

BM  
pre-pDC 

FLT3-L - 22 d 

Bjorck 2005 339 Mouse 
HHT 

In-vivo FLT3-L 
mobilised 

Splenic PDC 

Freshly sorted 
CD11c+ PDC 

Anti- 
CD40L 

68 
(50 % > 100) 

Garrod 2006 340 Mouse 
HHT 

BM DC Ad transfection  
IL-10 and CCR7   

- >100 

Lan 2006 309 Mouse 
HHT 

BM  
“AA” DC 

GM-CSF, IL-10, 
TGF-β, LPS 

CTLA4-Ig 
CyA (d 0-9) 

> 100 

Wang 2006 353 Mouse 
HHT 

BM iDC Ad transfection 
sTNFRI 

- >100 
(50%) 

Divito 2010 331 Mouse 
HHT 

BM MR-DC GM-CSF, IL-4, 
Vit D3 

- 52 

Yamano 2011 
310 

Mouse 
Skin 

BM DC  Expanded ex vivo 
with Flt3L 

- 51 

 
a The first study to test immature, co-stimulatory molecule deficient, myeloid in-vitro propagated donor 

DC on allograft survival. Donor BM DC alone, infused one week before transplant, produced only 

modest prolongation of MST compared with controls and 3rd party BM DC.  
b Only DC infused 7 days pre-transplant had this effect; DC infused at earlier and later time points were 

ineffective.  
c Renal DC from donor animals also prolonged allograft survival of third party grafts (MST 16 days).  
d MST was also prolonged by donor BM myeloid DC and third party BM pre-PDC.  
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Table 1.5.2. Efficacy of recipient DC pre-treatment on allograft survival in small animal 
studies. 

DC were administered IV unless otherwise indicated. Adapted from Morelli and Thomson,229 and 
Prasad,303 with additions and modifications. 

Reference Model Recipient DC 
type 

DC Treatment Recipient 
Treatment 

MST 
(days) 

Garrovillo  
1999 342 

Rat 
HHT 

BM iDC 
(intrathymic) 

GM-CSF, IL-4 
Donor MHC Class 

I peptide 

ALS >150 a 

Garrovillo  
2001 343 

Rat 
HHT 

Thymic DC 
(iv) 

Donor MHC Class 
I peptide 

ALS > 200 a  

Mirenda  
2004 344 

Rat 
Kidney 

BM iDC b 
 

dexamethasone CTLA4-Ig 
(x1) 

CyA (d 0-10) 

> 100 

Taner  
2005 345 

Mouse 
HHT 

BM iDC 
(x3) 

GM-CSF, IL-4 
Rapamycin, Donor 

Splenic Lysate 

- >59  
(40% > 100) c 

Peche  
2005 346 

Rat  
HHT 

BM iDC 
(adherent,x1) 

Low dose GM-
CSF, 
 IL-4 

- 22.5 d 
(20 % > 100) 

Beriou  
2005 347 

Rat  
HHT 

BM iDC 
(> x1) 

GM-CSF, IL-4 
 

LF15-0195 >100 
(92 % > 100) 

Turnquist  
2007 350 

Mouse 
HHT 

BM iDC 
(x1) 

GM-CSF, IL-4 
Rapamycin, Donor 

Splenic Lysate  

Rapamycin 
(d 0-9) 

> 100 

Horibe  
2008 348 

Rat 
Skin 

BM iDC 
(x2) 

GM-CSF, IL-4 
Rapamycin, Donor 

Splenic Lysate 

ALS 
CyA (d 0-20) 

> 113 
(50 % > 180) 

Kuo  
2009 354 

Rat 
Hindlimb 

BM iDC 
(x 1) 

GM-CSF, Donor  
Splenic Lysate 

ALS 
CyA (d 0-20) 

> 200 

Hill  
2011 349 

Rat  
HHT 

BM iDC 
 (x1) 

GM-CSF, IL-4 LF15-0195 >100  
(80% >100) 

 
a Long-term survivors were challenged with  a second allograft which was accepted while third party 
grafts were rejected without rejection of the primary heart graft.  
b Tolerogenic recipient DC expressed both recipient and donor MHC molecules to induce T-cell 
regulation via the indirect pathway.   
c Three doses of DC pulsed with allo-antigen and rapamycin; a single dose of such DC prolonged the 
MST to only 23.8 days, DC + tacrolimus prolonged the MST to 46.8 days.  
d Syngeneic and donor allogeneic DC both prolonged allograft survival; only 2 /10 animals in the 
syngeneic DC group had ST > 100 days 

 

Abbreviations: iDC – immature DC; mDC – mature DC; PDC – plasmacytoid DC; STZ – streptozotocin; 
HHT-heterotopic heart transplant; BM – bone marrow; MST – median allograft survival time; GM-CSF – 
granulocyte-macrophage colony stimulating factor; TGF-transforming growth factor; CD40L- CD40 
ligand (CD154) monoclonal antibody; allo-MLC – allogeneic mixed lymphocyte culture; IL-4 – 
interleukin-4; ALS – anti-lymphocyte serum; Ad transfection – DC genetically modified by adenoviral 
transfection to over-express various genes;  CTLA4-Ig - CTLA4-immunoglobulin; FLT3-L- fms-like 
tyrosine kinase 3 Ligand; IL-10 – interleukin 10; CCR7 – chemokine receptor 7; AA – alternatively 
activated; CyA – cyclosporine A; Allo-Ag – DC pulsed with allo-antigen; d 0-9 – drug give on days 0-9 
post-transplant then ceased; sTNFRI – soluble TNF receptor type I; LF15-0195 – analogue of 
deoxyspergualin.  
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In a recent phase I randomised clinical trial, ten patients with Type 1 diabetes received a 

course of four intradermal injections of 1x106 autologous DC, propagated in vitro from 

monocytes isolated via leukapheresis.355 Three of the patients received control DC 

generated in GM-CSF and IL-4, and seven patients received ‘immunosuppressive’ DC 

generated in GM-CSF, IL-4, and anti-sense oligonucleotides targeting CD40, CD80 and 

CD86 transcripts. Previous work had shown that tolerogenic DC generated with these 

oligonucleotides were able to prevent and cure diabetes in a non-obese diabetic mouse 

model.356 Although the treatment was well-tolerated in all patients, no specific effects of 

immunosuppressive DC therapy were observed, although there was an increase in the 

numbers of B220+ CD11c- B-cells noted, of uncertain significance.355 Further studies of 

autologous DC therapy are planned, in rheumatoid arthritis,357 and as part of a European 

collaboration investigating the potential of various cell therapy products in organ 

transplantation.358 

Treg are also being explored as a potential adoptive cellular therapy to induce 

tolerance.359-361 In studies of mice, humans and macaques, DC have been used to 

generate and expand Treg ex vivo that have excellent antigen specific suppressor 

function when compared with naturally occurring Treg.362-368 Interestingly in several of 

these studies, including a human trial in 3 patients with myeloma,362 it was injection of 

autologous mature DC that led to enhanced Foxp3+ Treg population in vivo, rather than 

immature DC as has been seen in other studies.239 

A number of important questions remain unanswered regarding the optimal approaches 

to tolerogenic DC therapy.229 The type and source of DC (e.g. pDC versus MoDC or 

stem-cell/haematopoetic progenitor derived ‘myeloid’ DC), whether they are donor or 

recipient in origin, the route of administration (almost all animal studies have used the 

intravenous route; however human trials have used the subcutaneous or intradermal 

routes) and optimal dose schedules all remain to be determined. In addition, prevention 

of maturation in vivo post-administration, and associated sensitisation of the recipient, 

as well as the avoidance of donor DC destruction by recipient NK cells,369 and 

appropriate homing to secondary lymphoid tissues is important to ensure DC therapy is 

safe and efficacious. These issues will need to be resolved in NHP models before the 

translation of DC therapy into human clinical trials. 
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1.5.4. Targeting DC in situ to promote transplant tolerance 

As an alternative to donor- or recipient-derived cellular DC therapy, which in the setting 

of deceased donor transplantation may pose logistical difficulties with obtaining timely 

donor precursors for DC generation in vitro, several approaches to targeting DC in situ 

have been proposed and are being explored. This approach utilises the intrinsic ability 

of DC in steady state in lymphoid tissue to maintain self-tolerance, and avoids the risk 

of activating the DC ex vivo.229  

Using exosomes secreted from donor DC which are rich in MHC, donor antigens can be 

delivered to recipient DC and presented to T-cells via the indirect pathway, and in the 

presence of maturation arrest (using NF-κB inhibition with de-oxyspergualin), can 

prolong rat heart graft survival.370 In addition, apoptotic donor cells, when captured by 

recipient DC in the steady state, inhibit NF-κB pathways,370 can promote T cell anergy 

and death,366 and when given with co-stimulation blockade, can prolong cardiac 

allograft survival in a murine transplant model.366 Both of these approaches still require 

the propagation of donor DC in vitro, and thus have some of the same logistical 

difficulties as the aforementioned cellular therapies. 

As discussed in section 1.3.4, DC express a range of pattern recognition receptors on 

their surface that are pivotal to their functions of antigen uptake and presentation.82 

These include various TLRs, and the CLRs. Many of these molecules are restricted in 

their expression to DC, with unique profiles for different DC subsets, as outlined in 

Table 1.3.2. Targeting recipient DC in vivo, using monoclonal antibodies to these 

markers, thus offers the potential to deliver donor antigen directly to specific DC 

populations, and the function of these molecules as key immune receptors implies that 

such targeting could be done to alter the outcomes of host immune responses. Several 

groups of investigators have used this approach to try and enhance activating immune 

responses, e.g. for vaccination purposes or in the tumour setting (reviewed in Palucka 

and Banchereau),371 an approach requiring the maturation of the DC in vivo. In mice the 

delivery of donor antigen to quiescent (non matured) DC, via a monoclonal antibody to 

DEC-205, led to the development of antigen-specific tolerance.295 In several other 

studies, delivery of antigen to DC via antibodies targeting DEC-205, a marker of CD8+ 

DC,216,372,373 or 33D1, a marker of CD8- DC,373 resulted in initial proliferation of 

antigen specific T-cells but subsequent deletion in the absence of any DC maturation 
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stimulus, i.e. antigen specific tolerance. In a more recent study, targeting self or foreign 

antigens to DC via the DC-asialoglycoprotein receptor (DC-ASGPR, another CLR) 

with a recombinant monoclonal antibody-antigen contruct led to the generation of 

suppressive IL-10 producing CD4+ T-cells after vaccination in a humanised mouse 

model and in rhesus macaques.374  

The limitation of such donor antigen-based approaches in the transplantation setting is 

the relatively restricted repertoire of donor antigen able to be delivered to DC using 

these mechanisms.229 In an alternative strategy, Jung et al have recently demonstrated 

that using an anti-human ICAM-1 antibody to target ICAM-1 on DC results in 

maturation arrest of human (Mo) or (humanised) mouse splenic DC in a semi-mature 

state, and can lead to tolerance (with suppression of IFN-γ and IL-2 responses) of 

porcine islet xenografts in humanised mice and non-human primates, where the latter 

receive low dose rapamycin and anti-CD154 (CD40L) to avoid NK and NK-mediated 

B-cell activation.375  

Another potential approach is the use of DC-targeted therapies containing 

immunosuppressive or immunomodulatory drugs that could globally alter DC function 

(as discussed in section 1.5.2), and thus offer the opportunity to effectively manipulate 

DC immune responses to promote tolerance in vivo, while seeking to minimise the 

systemic toxicities associated with non-targeted immunosuppression. Such an approach 

that holds promise as means to effectively target and alter the function of DC in situ is 

the use of nanocarriers made with biomaterials, such as liposomes or nanoparticles, 

loaded with drugs that could influence DC function (see section 1.7 below).376  
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1.7. Liposomes and nanoparticles 

Biomaterial delivery vehicles composed of biocompatible lipids or polymers offer the 

potential to target drugs to particular cell-types and enable substantially increased 

efficiency in this delivery to target tissues in comparison with systemically administered 

free drugs. Biomaterials include a variety of nanocarriers including liposomes, polymer 

microparticles, nanoparticles, vesicles, and micelles, and these are increasingly being 

explored as a means of targeting therapeutics to various cell types including DC.376,451-

453 

1.7.1. Liposomes  

Liposomes, initially discovered in 1965,454 are spherical vesicles that consist of one or 

more phospholipid bilayers and contain one or more aqueous phases enclosed and 

between the bilayers, and a hydrophobic portion within the bilayer (see Figure 1.7.1). 

Phospholipids used in liposomes typically contain a hydrophilic head group and two 

hydrophobic chains enabling them to encapsulate both hydrophobic and hydrophilic 

drugs, protein or peptide antigens, or DNA.455  

Liposomes range in size from small unilamellar vesicles <100nm to large multilamellar 

vesicles >1µm in diameter (see Table 1.7.1), and are biocompatible, water soluble and 

non-toxic. The size, charge and surface properties of liposomes can be manipulated 

during preparation, and can significantly affect their behaviour in vivo.456,457 
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Table 1.7.1. Liposome vesicle types, size and lipid layers. 

Modified from a table by Rogers.458 

Vesicle type Size (diameter) Number of lipid bilayers 

Micelle <100nm N/A 

Unilamellar vesicle (UV) Variable 1 

Small unilamellar vesicle (SUV) 20-100nm 1 

Medium unilamellar vesicle (MUV) >100nm 1 

Large unilamellar vesicle (LUV) >100nm 1 

Giant unilamellar vesicle (GUV) >1000nm 1 

Oligolamellar vesicle (OLV) 100-1000nm 5 

Multilamellar vesicle (MLV) >500nm 5-25 

 
 

 

Figure 1.7.1. Aspects of liposomes and micelles. 

This figure shows a representation of the steric organisation of a liposome (left) and a micelle (right). 
Liposomes have a lipidic bilayer (bottom) whereas micelles are constructed only of one lipid layer that 
has its apolar section turned inwards while its polar heads interact with the environment. As a result, the 
enclosed space in micelles is much more confined to that available in liposomes. 

Reproduced from Bitounis D et al. ISRN Pharmaceutics 2012; 738432. 

© 2012 Dimitrios Bitounis et al. Used under the terms of the Creative Commons Attribution Licence.  
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Following systemic administration, conventional liposomes – consisting of naturally 

occurring phospholipids and cholesterol, similar to the structure of cell membranes – 

are rapidly removed from the blood circulation (half life ~1-2 hours), through the 

process of opsonisation,459,460 and subsequent phagocytosis by macrophages and hepatic 

Kuppfer cells of the reticuloendothelial system (RES).461,462 However, it has also been 

recognised that conventional nano-sized liposomes can accumulate in pathological areas 

(e.g. tumours or sites of inflammation or injury) through what is known as the enhanced 

permeability and retention effect.463 This is due to the development of ‘leaky’ 

vasculature that occurs in pathological areas, in contrast to normal tissues at steady 

state. 

In order to improve the half-life of liposomes in the circulation, a small proportion 

(~5%) of functionalised sterically stabilising lipids can be incorporated into the 

structure of liposomes during their preparation.464,465 These liposome formulations are 

variously known as long-circulation-, sterically stabilised- or Stealth® liposomes. The 

most frequently utilised polymeric steric stabiliser is polyethylene glycol (PEG), which 

is water-soluble, has low toxicity, is non-immunogenic and exhibits resistance to 

opsonisation.455 The incorporation of PEG increases the half-life of liposomes in 

circulation to ~2 days via increased liposome stability, reduced non-specific interactions 

with blood components, and the avoidance of RES-mediated elimination.466,467 

The therapeutic efficacy of liposomes can be further improved through the use of 

targeting molecules on the liposomal surface, to facilitate delivery to specific cells or 

tissues in vivo, via the recognition and interaction with cellular surface antigens or 

receptors. Such targeting can be achieved with the use of antibodies or antibody 

fragments, vitamins, glycoproteins, peptides, oligonucleotides, or polysaccharides as 

well as other ligands recognised by cells.455,457 In particular, the use of antibodies 

grafted to the surface of liposomes – so called immunoliposomes – has emerged as an 

extremely promising means to target cells and tissues with high specificity. This was 

first described by Torchilin et al in 1979,468 and continues to be utilised as a means to 

target toxic chemotherapeutic agents to tumour cells, while minimising unwanted ‘off-

target’ side effects, as well as in vaccines, and even in diagnostic imaging.452,455,457 
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The basic structure of an immunoliposome incorporating targeting antibody grafted via 

surface PEG is shown in Figure 1.7.2. Important aspects of the evolution of liposomes 

in drug delivery have been reviewed by Torchilin,457 and are shown schematically in 

Figure 1.7.3. 

 
 
 

 

Figure 1.7.2. Sterically stabilised PEGylated immunoliposome. This schematic 
representation shows antibodies coupled to the distal end of the PEG-chains. 

Reprinted from Kozlowska D, Foran P, MacMahon P, Shelly MJ, Eustace S, O'Kennedy R. Molecular 
and magnetic resonance imaging: The value of immunoliposomes. Adv Drug Deliv Rev 2009; 61: 1402-
11. 

© 2009, used with permission from Elsevier. 
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Figure 1.7.3. Evolution of liposomes. 

(A) Early traditional phospholipids ‘plain’ liposomes with water soluble drug (a) entrapped into the 
aqueous liposome interior, and water-insoluble drug (b) incorporated into the liposomal membrane (these 
designations are not repeated on other figures).  

(B) Antibody-targeted immunoliposome with antibody covalently coupled (c) to the reactive 
phospholipids in the membrane, or hydrophobically anchored (d) into the liposomal membrane after 
preliminary modification with a hydrophobic moiety.  

(C) Long-circulating liposome grafted with a protective polymer (e) such as PEG, which shields the 
liposome surface from the interaction with opsonizing proteins (f).  

(D) Long-circulating immunoliposome simultaneously bearing bothprotective polymer and antibody, 
which can be attached to the liposome surface (g) or, preferably, to the distal end of the grafted polymeric 
chain (h).  

(E) New-generation liposome, the surface of which can be modified (separately or simultaneously) by 
different ways. Among these modifications are: the attachment of protective polymer (i) or protective 
polymer and targeting ligand, such as antibody (j); the attachment/incorporation of the diagnostic label 
(k); the incorporation of positively charged lipids (l) allowing for the complexation with DNA (m); the 
incorporation of stimuli-sensitive lipids (n); the attachment of stimuli-sensitive polymer (o); the 
attachment of cell-penetrating peptide (p); the incorporation of viral components (q). In addition to a 
drug, liposome can loaded with magnetic particles (r) for magnetic targeting and/or with colloidal gold or 
silver particles (s) for electron microscopy. 

 

Reprinted by permission from Macmillan Publishers Ltd: Torchilin VP. Nat Rev Drug Discov 2005; 4: 
145-160. © 2005 
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1.7.1.1 Preparation of liposomes 

There are several different methods that can be used to prepare liposomes.455,469 For the 

thin lipid film hydration method, a thin film of lipid is created by dissolving lipids in an 

organic solvent, and evaporation of the solvent with the use of a rotary evaporator. After 

removal of residual solvent, the solid thin film of lipid is rehydrated with an aqueous 

buffer at a temperature above the gel-liquid crystalline transition temperature of the 

lipid. This causes the lipids to swell and hydrate spontaneously, leading to the formation 

of multilamellar vesicle liposomes. These large vesicles are then either sonicated or 

extruded through polycarbonate filters of defined pore size to produce a suspension of 

small unilamellar liposomes of uniform size, e.g. 50-100nm in diameter.452 The 

properties of the liposome formulation can be determined by the use of different 

phospholipid (with or without grafted PEG), cholesterol; drugs or other molecules of 

interest can also be encapsulated within the liposomes via passive entrapment or active 

loading techniques.452 Other methods of liposome preparation include the ultrasound 

method, which produces small unilamellar vesicles via ultrasonication of aqueous 

dispersions of phospholipids; the reverse phase evaporation method, which produces 

large unilamellar and oligolamellar vesicles via the addition of lipids to a round bottom 

flask and the removal of solvent via distillation, followed by the re-dissolution in 

organic phase resulting in vesicle formation following which the solvent is evaporated 

to a semi-solid gel and non-encapsulated material is removed; the freeze thaw extrusion 

method, which enables the production of large unilamellar vesicles containing 

encapsulated proteins, and the dehydration-rehydration method, which produces 

oligolamellar vesicles.455  

1.7.1.2 Conjugation methods for the preparation of immunoliposomes 

To generate immunoliposomes, there are a number of different chemical approaches that 

have been utilised for the attachment of antibodies to liposomes; the details of these are 

beyond the scope of this thesis but have previously been reviewed in detail.469-471  

Coupling of antibody proteins directly to liposomes can be achieved by the generation 

of thioether bonds, in particular the reaction of thiols (sulfhydryl groups) and maleimide 

groups.455,470 This often requires the use of heterobifunctional cross-linking agents, due 

to the low frequency of sulfhydryl groups on many proteins.470 Alternatively, antibodies 

can be attached to sterically stabilised long-circulation liposomes at the distal end of the 



 

80 

PEG chain, an approach that is considered more efficient, and increases the availability 

of antibody for binding. One successfully and frequently used approach utilises 2-

immunothiolane (Traut’s reagent) to thiolate (i.e. add a sulfhydryl group to) 

antibody,472,473 and thus facilitate binding with PEG-derivatized lipid (i.e. PEG attached 

to phospholipid) via an attached maleimide group474; this is outlined schematically in 

Figure 1.7.4.470 This method has the advantages of a high coupling efficiency and the 

formation of stable covalent bonds.474  

However, the use of whole antibodies with all of these methods can result in random 

orientation of antibodies on the surface of liposomes, and this may lead to faster 

clearance from circulation through interactions between Fc fragments and the RES.475 

As a result, Fab fragments without the Fc portion, or alternatively recombinant single or 

double chain antibody (variable) fragments containing the variable regions of heavy and 

light chains (scFv, dsFv, respectively), have also been used; these can be conjugated to 

liposomes in specific orientation with the addition of C-terminal cysteine residues and 

the use of cross-linking molecules.476 

Another approach that has been successfully used to produce targeted 

immunoliposomes that have therapeutic efficacy in vivo is known as the post-insertion 

method.477-479 This combinatorial approach involves the coupling of antibody (or other 

ligands) to the distal end of PEG-lipid derivatives in micellar phase, and subsequent 

transfer into the bilayers of pre-formed, drug loaded liposomes using a simple 

incubation step.478,480 These micelles consist of amphiphilic co-polymers (consisting of 

PEG and phospholipid, with hydrophobic and hydrophilic components that form via a 

process of self-assembly in aqueous solutions into a core-shell structure 10-100nm in 

size; the core is composed of hydrophobic lipids and the shell consists of a corona of 

polymeric PEG chains (see Figure 1.7.1).481  The advantage of this approach is that a 

wide variety of ligands, including antibodies, can be inserted into liposomes containing 

a wide variety of drugs, as might be desired, e.g. in cancer chemotherapy on the basis of 

the drug sensitivity or receptor expression of the tumour (see Figure 1.7.5). In a 

comparison of immunoliposomes made using the conventional coupling techniques 

discussed above and the post-insertion method, there were no significant differences 

observed in efficacy both in vitro and in vivo.477   
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Figure 1.7.4. Thiolation of antibodies using Traut’s reagent and conjugation of thiolated 
antibody to maleimide groups on the derivatized PEG. 

Reprinted from Manjappa AS et al. Antibody derivatization and conjugation strategies: Application in 
preparation of stealth immunoliposome to target chemotherapeutics to tumour. J Control Release 2011; 
150: 2-22.  

© 2011 – used with permission from Elsevier. 

 

Figure 1.7.5. Cartoon depicting the combinatorial approach to the formation of ligand-
targeted liposomal anticancer drugs. 

Reprinted from Ishida T, Iden D, and Allen TA. A combinatorial approach to producing sterically 
stabilized (Stealth) immunoliposomal drugs. FEBS Letters 1999; 460: 129-133 

© 1999 – Used with permission from Elsevier. 
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1.7.2. Polymeric nanoparticles 

Nanoparticles are solid colloidal particles that can be used as carriers for drugs or other 

biologically active materials, and typically range in size from 10-400nm. Since the first 

demonstration of the controlled release of macromolecules using polymers by Langer 

and Folkman,482 there have been a large number of studies utilising polymeric 

nanoparticles to develop specific drug delivery systems, particularly in the field of 

cancer therapy.483-485 Polylactic-co-glycolic acid (PLGA), polylactic acid (PLA), 

dextran and chitosan are among the biodegradable polymers that have been utilised in 

nanoparticle formulations, and Paclitaxel-loaded PLA-block-PEG micelles (Genexol-

PM) have been tested as a therapeutic agent in clinical trials.486 However, PLGA has 

emerged as one of the most commonly used polymers, due to its excellent 

biocompatibility, biodegradability (it degrades to lactic and glycolic acid, which are 

both easily metabolised via the Krebs cycle, and eliminated as water and carbon 

dioxide; see Figure 1.7.6) and mechanical strength (it is a frequently used material in 

surgical sutures, e.g. VicrylTM),487 and the wide flexibility that is possible with the 

development of drug delivery systems utilising PLGA. Similar to liposomes, the surface 

of PLGA nanoparticles can be sterically stabilised with the use of PEG, which reduces 

uptake by the RES and prolongs the circulation half-life of the nanoparticles.488 

 

 

 

Figure 1.7.6. Chemical structure of polylactide-co-glycolide (PLGA), showing its 
degradation to lactic and glycolic acid. 

Abbreviations: m=number of units of lactic acid; n=number of units of glycolic acid. 

© 2011 Dinarvand et al. Republished with permission of Dove Medical Press Ltd, from Int J 
Nanomedicine 2011; 6: 877-895; permission conveyed through Copyright Clearance Center, Inc.  
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The design and functionality of PLGA nanoparticles can be tailored for multiple 

biomedical applications in terms of composition and colloidal features, the 

(co)polymers utilised in their formation, attachment of various ligands for targeting 

purposes, and the inclusions of various drugs (hydrophobic or hydrophilic) depending 

on the desired target cells, organs or pathology (e.g. cancers, inflammation).484 Some of 

these features are illustrated schematically in Figure 1.7.7.  

 

 

 

Figure 1.7.7. Schematic representation of aspects of the design of targeted nanoparticle 
systems. 

Reproduced from Nicolas J et al. Chem Soc Rev 2013; 42: 1147-1235 – with permission of The Royal 
Society of Chemistry. 
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1.7.2.1 Preparation of PLGA nanoparticles 

There are a number of methods of preparing polymeric PLGA nanoparticles that have 

been utilised483,484,489; several of these methods involve a first step to prepare an 

emulsified system, and a second step that facilitates formation of the nanoparticles, 

which varies according to the method used.483 

The emulsification solvent evaporation method483,490 involves the dissolution of 

polymer and drug in a water-immiscible volatile solvent (e.g. chloroform), following 

which this mixture is emulsified in an aqueous solution containing a surfactant 

stabiliser. This produces nano-sized droplets of organic solvent that serve as a template 

for nanoparticle formation. Emulsification is brought about with the use of a high-

energy shearing source such as ultrasound or homogenisation; subsequently the organic 

solvent is removed under reduced pressure, which creates a fine dispersion of solid 

nanoparticles that can be collected with ultracentrifugation. Washes with distilled water 

are then used to remove surfactant residues, and any residual free drug. 453,483,490 In 

order to entrap hydrophilic drugs (which are otherwise poorly incorporated), a double-

emulsion technique is used that involves the addition of aqueous drug solution to 

organic polymer solution with stirring to produce a water-in-oil emulsion. This 

emulsion is then added into a second aqueous phase with the surfactant stabiliser (also 

with stirring) to form a water-in-oil-in-water emulsion; solvent removal by evaporation 

is performed as above.491  

Variations to the emulsification solvent evaporation method include emulsification 

solvent diffusion, which utilises an organic solvent that is partly soluble in water. The 

polymer solution is added to aqueous solution, with surfactant stabiliser along with 

stirring, generating an oil-in-water nano-droplet dispersion. This is then diluted in a 

large quantity of pure water, which enables the remaining organic solvent within the 

dispersed droplets to diffuse out, precipitating the polymeric nanoparticles. This 

approach has been used in a range of studies.483,492,493 Another variation is the 

emulsification reverse salting-out technique, which involves adding polymer and drug 

solution to a water miscible solvent (e.g. acetone), and then to an aqueous solution 

containing a salting-out agent (magnesium or calcium chloride), and a colloidal 

stabiliser, under stirring. If a sufficient quantity of water is added to this oil-in-water 

emulsion, nanoparticles are precipitated by the diffusion of acetone into the aqueous 
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phase induced by the sudden decrease in salt concentration. Remaining solvent and the 

salting-out agent are subsequently removed by cross-flow filtration.494 

Dialysis can be used to form nanoparticles from pre-formed co-polymers where these 

can be dissolved in a water miscible organic solvent. By dialysing the polymer solution 

against water, nanoparticles precipitate into aqueous solution.495 

Nanoprecipitation (also known as the solvent displacement method) is a technique used 

to prepare nanoparticles that involves two solvents that are miscible. 496 It has the 

advantage of being a one-step procedure, does not require surfactants or salting-out 

solutions, and can be performed using a broad variety of benign solvents, such as 

dimethyl sufoxide (DMSO) or acetone. It is a very effective method to incorporate 

lipophilic drugs into polymeric (PLGA) nanoparticles. Both the polymer and drug need 

to be soluble in the first (organic) solvent (e.g. acetone or acetonitrile), but insoluble in 

the second (aqueous) solvent. Nanoprecipitation occurs when polymer-drug containing 

solvent is added to the (non)-solvent, as shown in Figure 1.7.8. As soon as the polymer 

containing solvent diffuses into the dispersing medium (second solvent), the polymer 

precipitates to form a monodispersion of nanoparticles of 50-300nm in size, 

immediately entrapping the lipophilic drug.496 This rapid self-assembly process occurs 

through a complex series of interactions to minimise the system’s free energy due to 

interfacial turbulence and has been thought to be governed by the so-called Marangoni 

effect.484,496 Nanoprecipitation has been successfully utilised to develop therapeutic 

nanoparticles with anti-cancer effects in vitro and in vivo.497-499 
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Figure 1.7.8. Preparation of polymeric nanocarriers by nanoprecipitation. 

Reproduced from Nicolas J et al. Chem Soc Rev 2013; 42: 1147-1235 – with permission of The Royal 
Society of Chemistry. 

 

 

1.7.2.2 Generation of targeted PLGA nanoparticles 

The targeting of PLGA nanoparticles to specific cell types in vivo can be significantly 

enhanced with the use of targeting ligands including small molecules (e.g. vitamins, 

folic acid, curcumin – to target some cancers and β-amyloid plaques), carbohydrates 

(e.g. mannose to target lectin surface receptors), peptides (e.g. octreotide to target 

somatostain receptors), aptamers (short single-stranded DNA or RNA oligonucleotides, 

e.g. to target prostate specific membrane antigen), and monoclonal antibodies which can 

be used to target specifically almost any molecule of interest.484 In the treatment of 

cancer, this offers the potential to target toxic chemotherapeutic drugs directly to 

tumour cells with the intention of minimising ‘off-target’ effects and the systemic 

toxicities associated with these agents.498,500 Targeting ligands can added to 

(co)polymers prior to nanoparticle assembly, or to preformed nanoparticles; the latter is 

preferred however for the linkage of bulky ligands such as antibodies or proteins that 

might be denatured with the use of organic solvents.484  
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To facilitate the attachment of ligands to their surface, amphiphilic PLGA-block-PEG 

(PLGA-b-PEG) copolymers can be formulated and used to develop nanoparticles.501 

Because these block co-polymers consist of a hydrophobic PLGA portion and a 

hydrophilic PEG portion, this facilitates the generation of nanoparticles with a 

hydrophobic core and a hydrophilic shell via the methods described in section 1.7.2.1 

(see Figure 1.7.9 and Figure 1.7.10 below). These amphiphilic copolymers can 

synthesised via ring opening polymerization of lactide and glycolide in the presence of 

PEG moieties terminating in chemical initiators (e.g. PEG-COOH or PEG-maleimde), 

or alternatively via direct conjugation of PEG blocks to pre-formed PLGA.484,501   

 

 

Figure 1.7.9. Chemical structure of PEG-b-PLGA copolymer with terminating carboxyl 
group. 

In this amphiphilic PEG-b-PLGA copolymer, there is a hydrophilic PEG group (red), and a hydrophobic 
PLGA group (blue). In addition there is a carboxyl (–COOH) group attached as a chemical initiator to the 
PEG terminal (see text), which can be used for the conjugation of ligands via carbodiimide chemistry. 

n=number of units of PEG; LA=number of units containing lactic acid (i.e. PLGA) – these can both be 
varied during preparation of these copolymers. 

  

PEG         PLGA 
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Figure 1.7.10. Schematic illustration of formation of drug containing PLGA nanoparticles 
using amphiphilic PLGA-b-PEG copolymers. 

In this example, cyclosporine A (CsA) is shown as a model hydrophobic drug; the hydrophilic and 
hydrophobic portions of the PLGA-b-PEG copolymer are shown in red and blue, respectively. The 
hydrophobic core of this nanoparticle consists of CsA and PLGA; the hydrophilic shell consists of PEG 
moieties, which could be used to conjugate ligands such as targeting antibodies if a suitable initiator (e.g. 
COOH or maleimide, see text) was included at the distal end of the PEG. 

Modified from an original figure from Tang L et al. J Transplant 2012; 2012: 896141.  

© 2011 Li Tang et al. Used with permission under the terms of the Creative Commons Attribution 
Licence.  
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Carbodiimide chemistry is a frequently used and effective reaction method to conjugate 

ligands directly to PEG groups on the exterior of polymeric nanoparticles.484,498-500,502 

Carboxyl (–COOH) groups at the terminal end of PEG chains in the hydrophilic shell of 

nanoparticles can be activated with the use of 1-ethyl-3-(-3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDC) and N-hydroxysuccinimde (NHS) and then reacted 

with primary amines on a targeting ligand (e.g. folic acid, peptides, sugars, or 

monoclonal antibodies) to form stable amide bonds (see Figure 1.7.11). The use of 

carbodiimide chemistry in the preparation of targeted drug-containing PLGA 

nanoparticles is illustrated schematically in Figure 1.7.12. 

Other strategies that have been utilised include the use of thiol-maleimide coupling 

(similar to that discussed above for immunoliposomes),503,504 and biotin-avidin 

ligation.505 Further details of these and other methods of conjugation can be found in a 

detailed review by Nicolas et al.484 

 

 

Figure 1.7.11. Sulfo-NHS plus EDC (carbodiimide) crosslinking reaction scheme. 

Carboxyl-to-amine crosslinking with the popular carbodiimide, EDC, and sulfo-NHS (see text for 
definitions). Molecules (1) and (2) can be peptides, proteins or any chemicals that have respective 
carboxylate and primary amine groups. When they are peptides or proteins, these molecules are tens-to-
thousands of times larger than the crosslinker and conjugation arms diagrammed in the reaction. Addition 
of NHS or Sulfo-NHS to EDC reactions (bottom-most pathway) increases efficiency and enables 
molecule (1) to be activated for storage and later use. 

Source: http://www.piercenet.com/browse.cfm?fldID=F3305493-0FBC-93DA-2720-4412D198A9C9 

© 2013 Thermo Fisher Scientific Inc – used with permission. 
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Figure 1.7.12. Schematic illustration of synthesis of targeted PLGA nanoparticles utilising 
carbodiimide chemistry. 

In this example, PLGA-b-PEG-COOH and the hydrophobic anti-cancer drug docataxel were used to 
formulate PLGA-Docataxel nanoparticles using nanoprecipitation. The caroboxyl groups (indicated by 
the red box) were activated with EDC-NHS to enable conjugation via carbodiimide chemistry to amine 
groups of a 5’-NH2 modified A10 2’-fluoropyrimidine RNA aptamer targeting prostate smooth muscle 
antigen (PSMA).  

Reprinted from Cheng J et al. Formulation of functionalized PLGA-PEG nanoparticles for in vivo 
targeted delivery. Biomaterials 2007; 28: 869-876. 

© 2006 – used with permission from Elsevier. 
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1.8. Developing a non-human primate model of DC immunotherapy: 
the common marmoset monkey 

In order to translate the potential of DC based immunotherapies, established in rodent 

studies, into suitability for evaluation in human clinical trials, it is necessary to test such 

a strategy in a robust NHP model of transplantation.38,39,506 The lesser degrees of 

complexity of the immune systems of lower order species, and their relative lack of 

environmental exposure to antigen and thus immunological memory, so-called 

heterologous immunity,42,43 have made it considerably easier to successfully induce 

tolerance in laboratory models such as the mouse and rat. It is thus necessary to confirm 

data on experimental therapies from small animal laboratory models in larger, more 

complex species (e.g. pigs, sheep or NHP) to establish suitability for human trials. The 

close similarity between NHP and humans mean that findings in NHP tolerance models 

are the most likely to be clinically applicable and relevant,39 and thus most likely to 

closely reflect the situation in clinical human disease.  

1.8.1. The common marmoset as a novel transplant model 

The common marmoset (Callithrix jacchus) is a small New World primate that is being 

developed as a feasible pre-clinical model of transplantation at this laboratory. These 

animals are small in size (average weight 200-400g), not environmentally endangered 

and possess advantages in terms of ease of handling and animal husbandry, as well as 

considerably lower cost and housing requirements when compared with larger 

primates.507 In addition they are easy to breed, have a relatively short gestational period 

and usually produce multiple offspring (twins or triplets) from each pregnancy.507 

Interestingly, co-twins or triplets exhibit placental sharing of foetal cells in-utero which 

leads to naturally occurring chimerism,508-511 including of immune cells and thus these 

animals appear to be an example of naturally occurring tolerance.512-514 This 

characteristic of marmosets is unique among primate species.   

Although New World primates, including marmosets, have an evolutionary distance 

from humans of over 55 million years, they maintain close genetic similarity with 

humans. Between humans and marmosets, there is an average of 86% homology in 

immunity-related proteins,515 (compared with 60% between mice and humans or 

marmosets), and over 90% homology for important co-stimulatory molecules516 that are 
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involved in DC-T-cell interactions. In addition, many reagents such as cytokines and 

monoclonal antibodies to cell-surface proteins used in laboratory research are cross-

reactive between humans and marmosets.517-521  

Marmosets have an established role in biomedical research. They have been used as 

models of multiple sclerosis (experimental autoimmune encephalitis),522-525 to study 

Parkinsons disease,526 in pharmacology,527 drug-toxicity,528 hormonal release studies,529 

and in the areas of bone disease,530,531 hypertension,532 immunology and gene 

therapy,413,519,533,534 fertility research,535,536 as well as having had embryonic stem cell 

lines established.537,538  

Until recently, studies of the DC biology of marmosets have been limited399; work from 

this laboratory has extended this understanding considerably (see section 1.6).303,403 

There is however a recent study of the therapeutic use of DC to repair spinal cord injury 

which made use of the naturally occurring tolerance due to chimerism in marmosets to 

generate DC from a ‘donor’ twin to transplant into injured spinal cord in a ‘recipient’ 

twin without incurring an immune response, and showed histological and clinical 

evidence of amelioration of injury.539 One drawback of both of these studies is that 

marmosets had to be killed to obtain bone marrow precursors for generation of 

DC399,539; this approach would not be suitable for transplant studies, where a donor 

monkey needs to both act as a source of DC for pre-transplant infusion to a recipient 

and later act as the live donor of a kidney to the same recipient. 

In order to develop the marmoset as a feasible transplant model, work from this 

laboratory has included developing rapid methods of sequence-based Class I and II 

MHC genotyping, to enable selection of maximally immunologically disparate animals 

for transplant studies.401 This work has established that selecting marmosets on the basis 

of degree of mismatch at MHC Class II DRB predicts in vitro allo-reactivity as 

measured in MLR cultures. Work has also been done to establish marmoset blood 

grouping and cross-match (Coates et al, unpublished results). Surgical aspects of 

marmoset renal transplantation are also being developed, based on a rat model of renal 

transplantation.540 Several studies have reported the occurrence of spontaneous renal 

pathology in marmosets, but this has yet to be correlated to renal function or other 

serum or urine biochemical parameters.541-551 It is currently unknown whether this 
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phenomenon would have any impact on the use of marmosets as a kidney transplant 

model. 

1.8.2. Marmosets as a potential NHP model for DC immunotherapy studies 

Marmoset DC have been identified and characterised both in vitro and in vivo (as 

reviewed in detail in section 1.6). Marmoset DC have a number of characteristics that 

make them attractive to investigate the potential of tolerogenic DC in a transplant 

model.229 Firstly, both marmoset MoDC and haematopoietic progenitor derived DC 

(HPDC) (particularly the latter) obtained from G-CSF treated peripheral blood can be 

produced in sufficiently large numbers to enable adequate doses to be given to recipient 

animals in DC therapy studies. Lesser but potentially still adequate numbers of fresh 

myeloid DC are produced with FLT3-L mobilisation.303 Secondly, these DC can be 

isolated without killing the donor animal, leaving them available to act as live donor of 

tissue for transplant studies. Thirdly, the DC produced after G-CSF mobilisation have 

either a stably immature or semi-mature phenotype, with resistance to maturation 

stimuli. This characteristic implies greater tolerogenic potential if this is maintained in 

vivo following allogeneic DC infusion.  

DC-SIGN, which is a specific DC marker present on myeloid DC and MoDC in 

humans,193,415 is present in lymphoid and other tissue DC in macaques,416,417 and 

African green monkeys (AGM),395 and highly expressed in AGM MoDC,395 but at low 

levels in macaque MoDC.418 DC-SIGN has not previously been identified on marmoset 

DC isolated in vitro. Whether these differences between NHP and human DC reflect 

differences in antibody cross-reactivity, responses to growth factors (G-CSF or Flt3L) 

that vary between species, effects of culture media in different species, or true 

differences in DC biology and function is at present unclear.  

1.8.3. DC immunotherapy studies in marmoset monkeys  

Recently, a preliminary study of DC infusions between Class II MHC DRB-mismatched 

donors and recipients has been undertaken to establish the safety and feasibility of DC 

therapy in this species.303  Following a course of G-CSF mobilisation (10 mcg/kg daily 

for 5 days), immature MoDC were propagated in vitro from monocyte precursors 

isolated from peripheral blood of naive donor marmosets, using 2x 1mL blood samples 

taken over 2 days. Approximately 2x106 MoDC were generated from each donor, and 
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injected into 3 recipient animals intravenously. Donor specific allo-reactivity was 

monitored over a 3 month period using: 1) MLR of recipient peripheral blood 

mononuclear cells (PBMC) stimulated by irradiated PBMC from donor or third party 

animals; and 2) IFN-γ enzyme-linked immunospot (ELISPOT) assay to detect IFN-γ 

production by responder effector and memory T-cells, using a modified method 

optimised for marmoset cells.552,553 

Donor-derived DC therapy was well tolerated in all 3 recipients. Two of the three 

animals showed evidence of transient immune hypo-responsiveness which was non-

specific as measured in MLR (i.e. to both donor and third party); the third animal 

showed evidence of donor-specific sensitisation, which was also transient but peaked 

later. IFN-γ secretion was lower in all 3 recipients for the first few weeks, with a nadir 

at week 4, after which it increased by about 2-3 months post infusion (see Figure 1.8.1).  

 

 

Figure 1.8.1. Marmoset recipient immune responses following the infusion of allogeneic 
donor-derived DC. 

Marmoset MoDC propagated in vitro from G-CSF mobilised donors were infused into recipient 
marmosets that were mismatched at Class II MHC DRB. ELISPOT assays were performed at various 
time points to determine IFN-γ production by marmoset PBMC, using donor PBMC as stimulator cells, 
as a measure of donor reactivity.  

Stimulation index = (IFN-γ production stimulated PBMC: Baseline PBMC). Time-point 0 represents pre-
infusion data. 

Image used courtesy of Dr Shilpanjali Jesudason (nee Prasad).303  
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Although the responses to allogeneic donor DC therapy reported were non-specific and 

transient, these findings provide preliminary data that suggest DC therapy can be 

administered safely in marmosets without adverse effects. Moreover, DC therapy is 

worthy of further investigation, and trials of alternative dosing schedules, routes of 

administration are needed to determine the optimal approach to DC administration in 

this model. It is also notable that unmodified, immature donor-derived MoDC therapy 

alone has not been sufficient to promote sustained donor-specific immune hypo-

responsiveness in small animal studies,294 and it is likely that adjuvant therapy, perhaps 

with immunomodulatory drugs (e.g. rapamycin or curcumin), will be required to induce 

more sustainable tolerogenic effects.  

Further studies are needed to elucidate the mechanisms of the immunologic effect of 

donor-derived DC therapy in marmosets, and whether it reliably suppresses the allo-

immune response. An important aspect that should be explored in this NHP model is the 

trafficking behaviour of injected DC following administration via different routes in 

vivo, and to examine the interaction of administered DC with other immune cells in 

secondary lymphoid tissues. In addition, if appropriate DC-specific markers, e.g. DC-

SIGN, can be identified in marmosets, it will be possible to explore targeting 

immunotherapies to recipient DC in vivo, with the use of monoclonal antibodies.  

Ultimately, in order to determine the efficacy of DC immunotherapy in this NHP 

model, it will need to be administered in association with a transplant kidney allograft, 

and this will provide the most robust measure of whether desired tolerogenic effects 

have been achieved.   
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1.9. Literature Review: Conclusions 

From this review of the literature, it is clear that DC immunotherapies offer 

considerable potential as a means to promote the induction of transplantation tolerance.  

Although short to medium-term kidney transplant outcomes are excellent, current 

immunosuppressive regimens are associated with significant long-term toxicity. The 

induction of stable, true operational tolerance, or perhaps more feasibly the 

minimisation of immunosuppressive requirements, in kidney transplant recipients has 

the potential to offer considerable benefits in terms of mortality and morbidity. 

However, the current non-donor-specific approaches to tolerance induction being 

trialled in transplant recipients are high risk, not necessarily tolerogenic and may be 

associated with long-term immunodeficiency.  

DC are critical to the normal homeostatic maintenance of tolerance, and play a pivotal 

role in the immune response following transplantation. There is a considerable body of 

evidence that cellular DC therapies of both donor and recipient origin are effective at 

inducing donor-specific tolerance in rodent models. A number of strategies to promote 

DC tolerogenicity have been shown to be effective in vitro, but to date there has been 

limited translation of these results into NHP transplant models. Proof of principle in 

terms of safety and feasibility of this type of therapy in humans has been established 

with DC vaccination studies, and one study of human volunteers receiving DC therapy 

that induced transient antigen-specific tolerance. In addition, targeting either donor 

antigen or immunosuppressive drugs to DC in vivo, perhaps with the use of nanocarriers 

such as liposomes or nanoparticles, which has established efficacy in the treatment of 

malignancy, has the potential to alter the immune response to a more tolerogenic 

phenotype. It is necessary to trial DC based immunotherapies in a robust pre-clinical 

NHP model, to establish efficacy and safety, before human clinical trials can be 

undertaken. 

The common marmoset monkey has an established role in biomedical research, but has 

not previously been used in solid organ transplantation. This species has considerable 

advantages over other primates in terms of size, cost and ease of breeding, as well as 

being non-endangered in the wild. Work at this and other laboratories has extensively 

characterised the immune biology of this NHP, including developing techniques to 
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ensure the selection of maximally immunologically disparate animals for donor-

recipient pairs to undergo DC infusion studies and transplantation. It remains to be 

determined whether previously observed spontaneous renal pathology in marmosets 

would have any impact on their use in kidney transplant studies. However, it is now 

possible to generate sufficiently large numbers of DC from the peripheral blood of 

marmosets mobilised with haematopoietic growth factors. These DC are stably 

immature, a desirable characteristic for tolerance induction (unlike other NHP dendritic 

cells characterised thus far), and are suitable for administration in transplant studies. 

Preliminary studies of donor-derived DC infusion therapy in marmoset monkeys have 

demonstrated safety and shown evidence of suppression of the immune response. To 

date, there have been no studies of specific DC targeting in vivo to promote a 

tolerogenic response in this or other NHP models. 
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1.10. Thesis aims and hypotheses 

The major aim of the work presented in this thesis is to further develop the common 

marmoset monkey (Callithrix jacchus), as an NHP model with sufficient genetic 

disparity for pre-clinical transplantation studies in which to test dendritic cell based 

immunotherapy. 

The hypotheses of this thesis are: 

1. That the healthy adult marmoset monkey represents a suitable NHP model for 

pre-clinical transplantation studies, without significant spontaneous renal 

pathology that might compromise the feasibility of use as a kidney transplant 

model. 

2. That donor derived marmoset DC can be propagated in vitro from precursors 

present in peripheral blood with sufficient numbers and viability for 

administration as a cellular therapy to allogeneic marmoset recipients, and that 

these administered DC exert their observed effects on the immune response 

following migration to secondary lymphoid organs. 

3. That monoclonal antibodies targeting marmoset DC-SIGN can be developed 

that identify DC-SIGN expression on in vitro propagated DC or on tissue 

resident DC present in vivo, and that will be suitable for use in studies of DC 

immunotherapy in the marmoset transplant model. 

4. That immunoliposomes or polymeric nanoparticles targeting DC-SIGN can be 

generated that are suitable for subsequent in vivo studies of targeted drug 

delivery to dendritic cells in the marmoset transplant model.  

This work creates a platform whereby further studies of novel DC immunotherapy can 

be undertaken in the future, in this relevant preclinical NHP model, with the potential 

for translation to human clinical trials. 
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Chapter 2:  MATERIALS AND 

METHODS 
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2.1. Introduction 

This chapter describes general protocols and procedures related to laboratory techniques 

and animal-based procedures used for the studies described in this thesis. Manufacturer 

details can be found at the end of the chapter (section 2.8). Additional specific details of 

methodology may also be found in other relevant chapters. 

2.2. Materials 

2.2.1. Antibodies 

All antibodies used in this thesis were anti-human monoclonal antibodies unless 

otherwise specified. 

2.2.1.1 Isotype matched control monoclonal antibodies 

1. Fluorescein isothiocyanate (FITC)-conjugated mouse IgG2b isotype control 

(clone 27-35) – BD Biosciences 

2. Phycoerythrin (PE)-conjugated mouse IgG2a isotype control (clone G155-178) 

– BD Biosciences 

3. PE-Cy5 (aka Cychrome, CyC)-conjugated mouse IgG2a isotype control (clone 

G155-178) – BD Biosciences 

4. Allophycocyanin (APC)-conjugated mouse IgG1 K isotype (clone P3.6.2.8.1) – 

eBioscience  

5. Unconjugated mouse IgG1κ isotype control functional grade purified (clone 

P3.6.2.8.1) – eBioscience  

6. Unconjugated mouse IgG1κ isotype control (supernatant from X63 mouse 

myeloma cell line; stored and prepared in-house) 

2.2.1.2 Primary monoclonal antibodies 

All antibodies used in this thesis have been established as being cross-reactive with 

marmoset cells or tissues, unless otherwise specified.517 

1. FITC-conjugated CD3 (clone SP34) – BD Pharmingen 

2. PE and APC-conjugated CD11c (clone S-HCL-3) – BD Pharmingen 
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3. FITC or PE-conjugated CD14 (clone M5E2) – BD Biosciences 

4. FITC-conjugated CD20 (clone B-Ly-1) – DAKO Cytomation (DAKO) 

5. FITC-conjugated CD56 (clone NCAM16.2) – BD Biosciences 

6. FITC or PE or PE-Cy5-conjugated CD83 (clone HB15a) – Immunotech  

7. FITC or PE-conjugated CD86 (clone FUN1) – BD Pharmingen 

8. Unconjugated (purified), FITC or PE-conjugated CD209/DC-SIGN (clone 

DCN46; IgG2b) – BD Pharmingen 

9. PE-Cy5 (aka CyC)-conjugated HLA-DR (clone G46-6) – BD Biosciences 

2.2.1.3 Secondary polyclonal antibodies 

1. FITC-conjugated sheep anti-mouse IgG F(ab’)2 fragment; catalogue number 

AQ326 – Chemicon (now Millipore) 

2. PE-conjugated goat anti-mouse IgG1 (γ1 chain specific); catalogue number 

1070-09 – Southern Biotech 

3. Anti-mouse IgG (Fc specific) – peroxidase antibody produced in goat; catalogue 

A0168 – Sigma-Aldrich  

 

2.2.2. Cytokines 

• Recombinant human (rh) interleukin-4 (IL-4) – eBiosciences 

• rh granulocyte macrophage-colony stimulating factor (GM-CSF) – Sandoz 

• rh fetal liver tyrosine kinase 3 ligand (FLT3-L) – R&D Systems  

• rh stem cell factor (SCF; Ancestim) – AMGEN Corporation 

• rh thrombopoietin (TPO) – R&D Systems  

• bacterial lipopolysaccharide (LPS) – Sigma Aldrich 

 

2.2.3. Prepared buffers, media and solutions 

• Phosphate-buffered saline (PBS) was prepared using sodium chloride (May & 

Baker), sodium phosphate (Amresco) and sodium dihydrogen orthophosphate (Ajax 

Finechem).  

• Roswell Park Memorial Institute (RPMI)-1640 media, also referred to as RPMI 

(Gibco BRL) 
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• Fetal calf serum (FCS) – added to PBS or media as described (JRH Biosciences) 

• Complete medium (CM) - RPMI-1640 supplemented with 10%-20 % v/v fetal calf 

serum, 2mM L-glutamine (MultiCel), penicillin-streptomycin (MultiCel). Added 

cytokines and reagents included IL-4, GM-CSF, FLT3-L, SCF, TPO, and LPS.  

• Cell lysis buffer – 0.15M ammonium chloride (Ajax Finechem), 0.01M sodium 

bicarbonate, 0.1mM EDTA, in MilliQ water 

• Staining buffer for flow cytometry studies - PBS with 0.1% v/v FCS, 0.01% w/v 

sodium azide (Sigma Aldrich)  

• FACS lysing solution – 10% concentrated FACS lysing solution (BD Biosciences) 

in distilled water  

• HEPES buffer – 0.15M sodium chloride and 25mM HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid; Sigma-Aldrich) in MilliQ water 

• Human serum albumin (HSA) – (Sigma-Aldrich) 

• Triton X-100 (Sigma-Aldrich) – used as a non-ionic detergent (Sigma-Aldrich) 

• Sodium dodecyl sulfate (SDS) – used as a 2% (w/v) solution in buffer as an anionic 

detergent for solubilizing lipid preparations (Sigma-Aldrich)  

• Bicarbonate buffer – sodium carbonate 1.59g and sodium bicarbonate  2.93g, in 

1000ml of MilliQ water, adjusted to pH 9.6 (various manufacturers) 

• PBS-Tween wash buffer – 0.5% w/v of Tween-20 added to PBS, adjusted to pH of 

7.4 

• TMB substrate solution – 3,3’,5,5’-Tetramethylbenzidine solution (from Insulin 

ELISA kit; catalogue 10-1113-01, Mercordia) 

• Stop solution – 0.5M sulfuric acid (H2SO4) solution (from Insulin ELISA kit; 

catalogue 10-1113-01, Mercordia) 

2.2.4. Materials for immunoliposomes and polymeric PLGA nanoparticles 

2.2.4.1 Immunolipsomes 

• Chloroform; analytical grade (Chem-Supply) 

• HEPES: 0.15M sodium chloride and 25mM 4(2-hydroxyethyl)piperazine-1-

ethanesulfonic acid (Sigma Aldrich), in MilliQ water 

• DPPC: 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (Avanti Polar Lipids) 
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• mPEG-DSPE-2000: 1,2-distearoyl-phosphatidyl ethanolamine-methyl-

polyethylene glycol conjugate (Lipoid) 

• DSPE-PEG-mal: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[maleimide (polyethylene glycol)-2000] (Laysan Bio Inc) 

• Cholesterol; >95% pure (Sigma Aldrich) 

• DiI: 1,1’-dioctadecyl-3, 3, 3’, 3’-tetramethylindocarbocyanine perchlorate 

(Sigma Aldrich) 

• Coumarin 6: 3-(2-benzothiazolyl)-N,N-diethylumbelliferylamine, 3-(2-

benzothiazolyl)-7-(diethylamino) coumarin (Sigma Aldrich) 

• Traut’s reagent: 2-thiolanimine hydrochloride (Sigma Aldrich) 

• DCN46: Unconjugated (purified) mouse anti-human CD209/DC-SIGN; clone 

DCN46 (BD Pharmingen) 

• IgG isotype: Unconjugated mouse IgG1κ isotype control functional grade 

purified; clone P3.6.2.8.1 (eBioscience) 

• HSA: Human serum albumin (Sigma Aldrich) 

2.2.4.2 Polymeric PLGA nanoparticles 

• Acetonitrile; analytical grade (Sigma Aldrich, Australia) 

• Acetone; analytical grade (Sigma Aldrich) 

• PLGA-mPEG: methoxy poly(ethylene glycol)-b-Poly((D,L)lactic acid 

(Polyscitech) 

• PLGA-PEG-COOH: Poly((D,L)lactide-b-Poly(ethylene glycol)-carboxylic 

acid (Polyscitech) 

• Coumarin 6: 3-(2-Benzothiazolyl)-N,N-diethylumbelliferylamine, 3-(2-

Benzothiazolyl)-7-(diethylamino) coumarin (Sigma Aldrich) 

• Curcumin (analytical grade; Sigma Aldrich) 

• NHS: N-hydroxysuccinimide (Sigma Aldrich) 

• EDC: N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 

(Sigma Aldrich) 

• DCN46: Unconjugated (purified) mouse anti-human CD209/DC-SIGN; clone 

DCN46 (BD Pharmingen) 

• IgG isotype: Unconjugated mouse IgG1κ isotype control functional grade 

purified; clone P3.6.2.8.1 (eBioscience)  
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2.3. Animals 

2.3.1. Animals 

Up to 32 healthy marmosets aged 2-14 years, weight 250-500g, were housed at the 

Queen Elizabeth Hospital at any one time. Most marmoset colonies in Australia, 

including our own, originate from animals imported in the 1980s from the United 

Kingdom, most from the Medical Research Council colony in Edinburgh, Scotland. 

Animals were initially bred from within the colony at Queen Elizabeth Hospital, and 

subsequently imported from the national marmoset-breeding colony within Australia.  

2.3.2. Marmoset colony maintenance  

The local Animal Ethics Committee (AEC) closely oversees the colony; currently this is 

the SA Pathology/Central Adelaide Health Network AEC. The AEC approved all 

procedures involving animals. The research described herein adheres to the American 

Society of Primatologists principles for the ethical treatment of non-human primates. 

Maintenance of the colony is in accordance with guidelines set by the National Health 

and Medical Research Council (NHMRC) of Australia, as described in the NHMRC 

Policy on the Care and Use of Non-human Primates for Scientific Purposes 2003.554 

The animals are monitored and observed daily, weighed regularly and any signs of 

illness or abnormal behaviour are identified.  They have a diet of water ad libitum, fruit, 

vegetables, bread, mealworms, egg, marmoset pellets, supplemented with multivitamin 

and Vitamin D3 and have access to daily outside runs. Standard operating procedures 

are in place for enclosure maintenance, diet, health checks, and environmental 

enrichment, as developed by Animal House staff with veterinary advice and input 

where necessary.  

2.3.3. Ethical clearance 

Procedures for marmoset colony maintenance and peripheral blood sampling were 

approved by the SA Pathology/Central Adelaide Health Network AEC. The current 

project approval is 68/11 - General Marmoset Colony Maintenance; this expires on 

31/8/2014. 
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All experimental procedures involving animals described in this thesis were approved 

by the SA Pathology/Central Adelaide Health Network AEC, and separately by the 

University of Adelaide AEC. The project approvals were: The potential of donor 

derived dendritic cells to induce tolerance in common marmoset monkeys (Project 

approvals 70/09 and M-2009-086 – both expiry dates 30 June 2012); and Pre-clinical 

studies to investigate the use of liposomes to target dendritic cells in common marmoset 

monkeys (Project approvals 68/11 – SA Pathology AEC, expiry 31/8/2013; and M-

2011-167 – University of Adelaide AEC, expiry 31/1/2013). 

2.3.4. Peripheral blood sampling 

Between 0.2 and 2.0ml of peripheral blood was obtained via femoral venepuncture at 

any one time. Maximum blood loss was kept at a level less than 10ml/kg/month per 

animal. Animals bled frequently were given supplemental liquid iron to prevent 

anaemia.  

The procedure for venepuncture was as follows: 

(1) Wear gown, gloves, hat and eye protection. 

(2) Catch marmoset and place in metal transport box; move to procedure room. 

(3) Remove monkey and place in harness with legs secured by Velcro straps. 

(4) Feed monkey yoghurt or banana during procedure. 

(5) Swab femoral region with 70% ethanol. 

(6) Using 27.5-gauge needle with syringe, draw 1ml of blood from femoral vein. 

(7) Remove needle and place pressure on site for 3-5 minutes. 

(8) If required, further blood could be collected from the contralateral femoral vein. 

(9) Check for any signs of bleeding once leg is removed from straps, and again 

before returning monkey to cage. 

2.3.5. Urine collection and analysis 

Urine was collected for dipstick analysis by catching the marmoset and holding over a 

clean metal tray. Urine samples (typically several drops only) were analysed by 

collecting with a syringe from the tray and transferring the sample onto a Multistix 

10SG urinalysis testing strip (Bayer).  
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2.3.6. Euthanasia 

Euthanasia was performed under isoflurane inhalational general anaesthesia via cardiac 

puncture and exsanguination. In these cases, full autopsy was performed and organs and 

tissues were collected and snap frozen or stored in formalin depending on planned 

usage. Blood and urine (where possible, via bladder puncture) were also collected and 

samples sent for SA Pathology laboratory analysis or processed for cell culture or other 

usage as required. 

Appropriate tissue scavenging protocols were followed whenever euthanasia was 

performed, consistent with the NHMRC endorsed principles of replacement, reduction 

and refinement. 
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2.4. Cell culture protocols 

2.4.1. Washes 

All washes were performed in 10-50ml volumes by centrifuging at a relative centrifugal 

force (RCF) of 400-450g for 7 minutes at 4°C or room temperature, and decanting the 

supernatant unless otherwise specified. 

2.4.2. Marmoset 

2.4.2.1 Growth factor mobilisation of marmoset peripheral blood monocytes and 
haematopoietic progenitor cells 

In order to maximise the yield of monocytes and/or haematopoietic progenitors from the 

peripheral blood of marmosets, recombinant human G-CSF (Lenograstim, AMGEN 

Corporation) was used to mobilise these cells into the circulation in DC propagation 

experiments. 10-15µg/kg/day was administered subcutaneously to marmosets for 5 

days, as described in Prasad et al.403 No adverse effects were observed. 

2.4.2.2 Peripheral blood mononuclear cell (PBMC) isolation 

Whole blood (WB) was collected from non-mobilised or G-CSF mobilised animals via 

femoral venepuncture (as described under section 2.3.4) into 1ml lithium heparin 

paediatric blood collection tubes. WB samples of 300-1500µl volume were transferred 

into 10ml tubes; blood tubes were rinsed with PBS supplemented with 10% FCS (v/v) 

to ensure maximal WB retrieval. Blood was diluted up to 7ml volume with PBS, and 

underlayed with 2ml of Ficoll-PaqueTM Plus (Amersham Biosciences/GE Healthcare). 

Density gradient separation of marmoset PBMCs was performed by centrifuging the 

tubes at 800g for 25 minutes at 22°C, without braking. The PBMC layer was carefully 

collected and washed 2-3 times with PBS with 1% FCS. Contaminating red cells were 

removed by re-suspending the cell pellet in 2ml of warmed cell lysis buffer, incubating 

at 37°C for 5 minutes, and washing a further 3 times. Cells were resuspended in CM, 

RPMI-1640 or PBS/FCS, depending on planned usage. Viability and cell count were 

assessed with trypan blue (Sigma Aldrich) staining and a haemocytometer. 
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2.4.2.3 In vitro propagation of marmoset monocyte-derived dendritic cells (MoDC) 

MoDC were propagated in vitro from G-CSF mobilised marmoset monocytes isolated 

from PBMC (as per section 2.4.2.2), as previously described.195,403  

Monocytes were isolated by plastic adherence as follows: marmoset PBMC (up to 

2x106) were incubated in 6-well plates in 2ml of RPMI-1640 with 1% FCS for 90 

minutes in a humidified incubator at 37°C, with 5% CO2. Non-adherent cells were 

removed from plates or flasks by washing with PBS.  

Immature MoDC were generated by culturing adherent cells for 6-7 days in CM 

supplemented with 40ng/ml (400U/ml) of IL-4 and 800U/ml of GM-CSF.  

2.4.2.4 In vitro propagation of marmoset haematopoietic progenitor derived DC 
(HPDC) 

Marmoset PBMC were isolated as per section 2.4.2.2. Non-enriched bulk PBMC were 

used as a source of CD34+ haematopoietic progenitor (HP) cells, as described by Prasad 

et al.403 PBMC (0.5-1x106/ml) were cultured in CM supplemented with Flt3L 

(100ng/ml), SCF (100ng/ml) and TPO (50ng/ml), adapted from human protocols,196,197 

for up to 4 weeks. Media and cytokines were refreshed once or twice weekly by 50-

100% replacement, and cells adjusted to 1-2x106/ml. After 3-4 weeks in culture, HP 

cells were removed, washed several times and cultured further in CM supplemented 

with IL-4/GM-CSF (as for MoDC, per section 2.4.2.3) for 7 days. 

2.4.2.5 Obtaining marmoset splenocytes for cell culture 

Fresh marmoset spleens (whole or partial depending on planned experimental use) were 

collected at euthanasia and placed immediately in cold RPMI. Spleens were cut into 

small pieces on a petri dish and flushed through a 70µm cell strainer (BD) with RPMI 

into a 50ml tube using a sterile syringe plunger. The cell suspension was topped up with 

CM (10% FCS) and centrifuged at 450g for 7 minutes at 4°C, and washed a further 2 

times with PBS/1% FCS. Contaminating red blood cells were removed by re-

suspending the cell pellet in 2-5ml of warmed cell lysis buffer, incubating at 37°C for 5 

minutes, and washing a further 3 times. Cells were counted before being resuspended at 

a density of 1x107/ml in CM, or other media depending on planned usage.  
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2.4.2.6 Mixed leukocyte reaction (MLR) 

2.4.2.6.1 One-way MLR 

Allogeneic animals were chosen by Caja-DRB genotyping, which has been previously 

described and performed on all animals in the colony.401,402 PBMC were isolated from 

non-mobilised marmosets; stimulator PBMC from one animal were subjected to 30Gy 

irradiation. 1x105 cells from each animal were co-cultured in triplicate wells in a 96 

well plate at 37°C in 5% CO2 for 5 days. To obtain baseline data, 1x105 PBMC from 

each animal were also cultured alone. In the final 18-24 hours of incubation, each well 

was treated with 1µCi of tritiated thymidine ([3H] thymidine; Amersham 

Biosciences/GE Healthcare). Cells were harvested using a Tomtec Harvester 96 Mach 

III M (Tomtec). T-cell proliferation via [3H] thymidine incorporation was determined in 

a liquid scintillation counter (Wallac Oy Microbeta® Trilux1450, Perkin Elmer) and 

expressed as a mean (of replicate samples) counts per minute (cpm) ± SD. Allo-

reactivity was confirmed if there was evidence of T-cell proliferation when cells from 

animals were cultured together, i.e. if the mean cpm (combined cells A and B) was 

significantly greater than the mean cpm (cells A) + mean cpm (cells B). The 

proliferative response was represented as the stimulation index (SI) = (mean cpm 

stimulation PBMC / mean CPM unstimulated PBMC). Statistical comparison between 

groups was performed using Student’s t test, with p<0.05 deemed to be significant. 

2.4.2.6.2 Dendritic cell MLR 

DC were obtained as per sections 2.4.2.3 and 2.4.2.4 above. Allogeneic PBMC from 

animals chosen by Caja-DRB genotyping; or xenogeneic PBMC from random human 

buffy coats (section 2.4.3.1) were used as responder cells. Stimulator DC were 

subjected to 30Gy irradiation. DC were co-cultured with 1x105 allogeneic PBMC or 

Xenogeneic human PBMC in a 1:10 ratio in triplicate for 5 days. DC and PBMC were 

also cultured alone for baseline data. T-cell proliferation was determined as described in 

section 2.4.2.6.1. Statistical comparison between groups was performed using Student’s 

t test, with p<0.05 deemed to be significant. 
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2.4.3. Human 

2.4.3.1 Human peripheral blood mononuclear cell (PBMC) isolation 

Buffy coats from healthy blood donors were obtained from the Australian Red Cross 

Blood Service (301 Pirie Street, Adelaide SA 5000). All samples were de-identified. 10-

13ml of buffy coat WB was transferred into 50ml tubes, diluted up to 35ml with PBS 

and underlaid with 10-12ml of Ficoll-PaqueTM Plus. Density gradient separation of 

human PBMCs was performed by centrifuging the tubes at 600g for 20 minutes at 20-

22°C without braking. The PBMC layer was carefully collected and washed 2-3 times 

with PBS. Contaminating red cells were removed by re-suspending the cell pellet in 1-

2ml of warmed cell lysis buffer, incubating at 37°C for up to 5 minutes, and washing a 

further 3 times. Cells were resuspended in CM, RPMI-1640 or PBS/FCS, depending on 

planned usage. Viability and cell count were assessed with trypan blue staining and a 

haemocytometer. 

2.4.3.2 In vitro propagation of human MoDC 

MoDC were propagated in vitro from human monocytes isolated from PBMC (as per 

section 2.4.3.1), as previously described.195,403  

Monocytes were isolated by plastic adherence as follows: human PBMC (up to 5x107) 

were incubated in 75cm2 flasks in 10ml of RPMI-1640 with 1% FCS in a humidified 

incubator at 37°C, with 5% CO2 for 45-60 minutes. Non-adherent cells were removed 

from plates or flasks by washing with PBS.  

Immature MoDC were generated by culturing adherent cells for 6-7 days in CM 

supplemented with 40ng/ml (400U/ml) of IL-4 and 800U/ml of GM-CSF. In some 

experiments, LPS (10ng/ml) was added as a maturation stimulus on day 5, and cells 

were cultured for a further 2 days to generate mature MoDC. 

2.4.3.3 Generation of nylon wool T-cells (NWT) 

Bulk human PBMC were used as a source of T-cells without the use of plastic 

adherence. After extensive washing with PBS, PBMC were adjusted to a density of 

1x108 in 3ml of CM (10% FCS). Autoclaved nylon wool columns were pre-wetted with 

RPMI-1640, covered with parafilm, and placed in a 37°C incubator until equilibrated 
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(30 minutes or longer). PBMC (maximum 3ml/column) were added to the column to 

adsorb B cells, the ends were re-covered with parafilm and placed in the incubator for 

30 minutes. T-cells were eluted from the column using 13ml of pre-warmed CM, 

counted, centrifuged, and resuspended at the desired concentration. 

2.4.3.4 Mixed leukocyte reaction (MLR) 

2.4.3.4.1 Dendritic cell MLR 

DC were obtained as per section 2.4.3.2 above, collected from flask supernatant, 

washed 3 times with PBS and resuspended at 2x105/ml in CM. Stimulator DC were 

subjected to 30Gy irradiation. DC were co-cultured with 1x105 allogeneic NWT at a 

1:10-1:1000 ratio in quintuplicate in a 96-well plate (total volume 200µl) for 5 days. DC 

and NWT were also cultured alone to establish baseline proliferation. In the final 18-24 

hours of incubation, each well was treated with 1µCi of tritiated thymidine ([3H] 

thymidine). T-cell proliferation was determined as described in section 2.4.2.6.1 above. 

Statistical comparison between groups was performed using Student’s t test, with 

p<0.05 deemed to be significant. 

2.4.3.4.2 Two-way MLR 

PBMC were isolated from buffy coats as per section 2.4.3.1 above. 1x105 cells from 

each of 2 allogeneic donors were co-cultured in quintuplicate in a 96 well plate (total 

volume 200µl) for 5 days. Cells were not irradiated. To obtain baseline data, 1x105 

PBMC from each donor were also cultured alone. In the final 18-24 hours of incubation, 

each well was treated with 1µCi of tritiated thymidine ([3H] thymidine). T-cell 

proliferation and statistical analyses were performed as described in sections 2.4.2.6.1 

and 2.4.3.4.1 above. 

2.4.4. Cryopreservation of cells 

Where necessary, fresh or cultured cells were cryopreserved at a density of up to 1x107 

cells per vial for cell lines, and up to 5x107 cells per vial for primary cells. RPMI-1640 

was supplemented with 20% FCS (v/v); a portion of this solution was supplemented 

with 20% v/v DMSO (Chem-Supply). Cells were suspended in 900µl of RPMI with 

20% v/v FCS per vial, and an equal volume of RPMI-FCS-DMSO was added slowly 

drop-wise to the cells while shaking the tube. 1.8ml of the cell suspension was added to 
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each cryopreservation vial, and vials were frozen in an isopropanol controlled freezing 

container placed overnight in a freezer at -80°C. For long-term storage, vials were 

transferred to liquid nitrogen or kept at -80°C. 

When cryopreserved cells were required for experimental use, they were removed from 

storage and the vial was placed immediately in a 37°C water bath. When the cell 

suspension was just visibly thawed, the vial was removed from the water bath and cells 

were placed in a sterile tube. DMSO was diluted out of solution slowly by adding 10ml 

of cold RPMI-1640 slowly over a period not less than 5 minutes, while shaking the 

tube. Cells were washed with RPMI-1640 for 7 minutes at 450g, counted and 

resuspended into PBS or media depending on planned usage. 
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2.5. Immunofluorescence and microscopy 

Tissues were snap frozen and embedded in OCT (Tissue-Tek®, Sakura), and stored at -

80 degrees. When required, tissues were sectioned at 3-4µm using a cryostat, placed 

onto slides and fixed in cold acetone for 5 minutes. In other experiments, cytospin 

samples of cultured cells were prepared from an aliquot of cells resuspended in RPMI 

supplemented with 10% v/v FCS at a density of 2.5x105 cells/ml. Cells (200µl) were 

immobilised onto glass microscope slides using a Shandon Cytospin (Thermo 

Scientific) and centrifuged at 300rpm for 5 minutes, before being air dried and fixed 

with cold acetone for 5 minutes. 

Slides were air-dried and washed with PBS. If required, slides were incubated with the 

appropriate cross-reactive directly conjugated mouse anti-human antibody for 30 

minutes, before being washed twice with PBS. Nuclei were counterstained with 60nM 

4’,6-diamidino-2-phenylindole dihydrochloride (DAPI, Molecular Probes) for up to 5 

minutes. Slides were washed again in PBS, mounted with fluorescent mounting medium 

(DAKO), imaged using structured illumination microscopy on a Zeiss Apotome 

microscope (Carl Zeiss Pty Ltd), and photographed. 

During cell culture experiments, cells were regularly observed in culture using light 

microscopy. Cells were also prepared on glass slides by cytospin centrifugation as in 

above and stained with May-Graunwald Giemsa stain, kindly prepared and processed 

by the Haematology Laboratory, SA Pathology (Queen Elizabeth Hospital). Cytospin 

slides were then viewed and photographed. 
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2.6. Flow cytometry 

Cell samples were resuspended in staining buffer (usually 105-106 cells/100µl), blocked 

with 10% v/v heat inactivated rabbit serum (ICN Pharmaceuticals), and incubated for 

20 minutes at 4°C. Samples were aliquotted into polypropylene FACS tubes and 

incubated with appropriate amounts of monoclonal antibodies for 20 minutes in the dark 

at 4°C. Cells were fixed at room temperature with 10% FACS lysing solution (BD 

Pharmingen), 2ml/tube, and washed twice in staining buffer, and resuspended in filtered 

saline (0.15 M NaCl). All flow cytometry was performed using a FACS Canto II flow 

cytometer (BD Biosciences) and analysed using and FCS Express software version 3 

(De Novo Software). In most cases, 10,000 to 20,000 events were recorded. Data are 

reported in comparison to isotype-matched controls; compensation samples were not 

required. 

In addition, where multiple colour staining was used, overlap of fluorescence between 

detection channels was compensated for at the start of each experiment, using 

monoclonal antibodies with the highest fluorescence for each channel and a small 

portion of the sample to be tested. Data are reported in comparison to isotype-matched 

controls; in some experiments, fluorescence minus one (FMO) controls were also used.  
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2.7. Molecular biology techniques: cloning of marmoset and human 
DC-SIGN 

2.7.1. Cloning of marmoset and human DC-SIGN 

2.7.1.1 Polymerase chain reaction (PCR) 

Oligonucleotides used for cloning were synthesised by Sigma Aldrich. PCR was 

performed in a 50µL reaction mix, using AmpliTaq Gold® PCR Master Mix (Applied 

Biosystems), forward and reverse primers (0.5mM at final concentration, Geneworks), 

relevant cDNA (1µL), and sterile water. The reaction master mix was prepared in a 

DNA-free room, and cDNA added last. Two drops of sterile mineral oil (Sigma 

Aldrich) were added to prevent evaporation. All reactions were performed in a Perkin 

Elmer Cetus DNA thermocycler (Perkin Elmer), and amplification began with 10 

minutes pre-heating at 95°C, denaturation for 30 seconds at 95°C, annealing for 30 

seconds at 65-68°C (dependent on the calculated TM of the relevant primers), and 

extension for 1 minute at 72°C, for 40 cycles. The presence of PCR product was 

confirmed with 2% agarose gel electrophoresis (see section 2.7.1.2). PCR product was 

purified using DNA Clean and Concentrator-5 kit (Zymo Research). The amount of 

DNA was quantitated using a NanoDrop 1000 spectrophotometer (Thermo Scientific). 

2.7.1.2 Agarose gel electrophoresis 

To confirm the presence of appropriate products after PCR (or digestion of plasmids, 

see below), 2.5µL of 6x loading buffer was mixed with 12.5µL of the PCR product and 

electroporated through 2% w/v agarose (Amresco) gels using a Bio-Rad Minigel 

apparatus (Bio-Rad). However, products for gel extraction were run on 1% w/v agarose 

gels. SPP1/EcoRI (Geneworks) was used as a DNA molecular weight marker; 2µL was 

mixed with 2.5µL of 6x loading buffer and 10µL of water. All samples were loaded 

onto the gel and electroporated at 85V for approximately 90 minutes. Gels were stained 

with GelRed™ (Biotium) solution for 10 minutes and photographed under UV 

illumination using the InGenius gel documentation system (Syngene). 
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2.7.1.3 Ligation of DNA fragments into cloning vectors 

As the quantity of PCR products was insufficient for immediate sequencing, products 

were ligated into the cloning vector pGEM®-T easy (Promega). Ligation reactions were 

set up as per Table 2.7.1 and incubated for 2 hours at room temperature. Approximately 

30ng of PCR product DNA (marmoset or human DC-SIGN) was used in each reaction.  

 

Table 2.7.1. Ligation reaction for pGEM®-T easy vector 

Ligation reaction 

PCR product XµL (up to 5µL) 

2x rapid ligation buffer 5µL 

pGEM®-T easy vector 1µL (50ng) 

T4 DNA ligase 1µL 

Sterile water to 10µL 

 

2.7.1.4 Transformation of competent E. coli cells 

DH5α competent Escherichia coli (E. coli) cells (Invitrogen) were thawed on ice; 5µL 

of ligation mix (section 2.7.1.3) was added immediately and incubated for 30 minutes. 

Following incubation, cells were heat-shocked for 20 seconds at 42°C, placed on ice for 

2 minutes, supplemented with 950µL of pre-warmed SOC medium (Sigma Aldrich) and 

incubated at 37°C with continuous shaking at 225rpm for 1 hour. Two hundred 

millilitres (200µL) of transformed cells were plated onto pre-warmed LB-agar (Oxoid 

Ltd) plates containing ampicillin 50µg/ml (Boehringer Ingelheim Ltd), Xgal (5-bromo-

4-chloro-3-indolyl-beta-D-galactopyranoside) 40µg/ml (Amresco), and IPTG (isopropyl 

β-D-1-thiogalactopyranoside) 0.2mM (Amresco), and incubated overnight at 37°C. 

Uncut plasmid with no insert and/or pUC19 DNA was used as a positive control to 

demonstrate transformation efficiency, whilst untransformed E. coli cells served as a 

negative control. 

White recombinant colonies containing inserts were selected, resuspended in 2mL LB 

with ampicillin (50-100µg/ml) and incubated overnight at 37°C, 225rpm. Plasmid DNA 
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was prepared using the Zyppy Plasmid Miniprep kit (Zymo Research) and digested with 

the restriction enzyme NotI (New England Biolabs) at 37°C for 1 hour in a 10 µL 

reaction along with associated buffer (Buffer 3), 10x BSA and sterile water, to release 

the DNA inserts. Digested plasmid was loaded onto a 2% agarose gel and run at low 

voltage; DNA was visualised by Gel Red (Biotium) staining.  

Sequencing was performed on four plasmid clones (2 each of marmoset DC-SIGN and 

human DC-SIGN from independent PCR reactions) to confirm that the correct 

sequences were obtained (Sequencing facility, Department of Haematology, Flinders 

Medical Centre, Adelaide, Australia). Standard primers (T7 and SP6) for pGEM®-T 

easy were used. Sequences were aligned with published sequences for marmoset and 

human DC-SIGN (GenBank accession numbers EU_041929.1 and NM_021155, 

respectively) using Vector NTI software (Invitrogen). 

2.7.2. Transfection of CHO cell line with marmoset or human DC-SIGN 

Due to the low level of DC-SIGN expression on propagated marmoset DC, and the 

difficulty in obtaining sufficient numbers of these cells, a CHO cell line was transfected 

with marmoset (and human) DC-SIGN to facilitate screening of a panel of monoclonal 

antibodies for binding to marmoset DC-SIGN. 

2.7.2.1 Cell lines 

Chinese Hamster Ovary (CHO) cells (American Type Culture Collection) were grown 

in CM until >90% confluence was achieved. At this time, cells were detached using 

trypsin/EDTA solution 0.25%/0.125% (Sigma Aldrich) and washed in PBS containing 

5% v/v FCS. Cells were counted and used to seed an appropriate number of flasks, 

depending on experimental requirements. All cells were incubated at 37°C in 5% CO2. 

2.7.2.2 Generation of pCI mammalian expression vector containing DC-SIGN 

The mammalian expression vector pCI (Promega) was prepared by NotI (New England 

Biolabs) restriction enzyme digestion (incubated for 1 hour at 37°C) with associated 

buffer (Buffer 3), 10x BSA and sterile water, followed by dephosphorylation with calf 

intestinal alkaline phosphatase (ALP, Promega). The correct sequence of marmoset or 

human DC-SIGN was ligated into the cloning vector pGEM®-T easy (Promega), used 
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to transform E. Coli DH5α competent cells and plated onto LB-agar plates (containing 

ampicillin, Xgal and IPTG), followed by plasmid preparation (as described in sections 

2.7.1.3 and 2.7.1.4). Plasmid DNA was prepared by NotI (New England Biolabs) 

restriction enzyme digestion and the product run on a 1% agarose gel at low voltage. 

The product was purified from the gel using DNA Gel Recovery Kit® (Zymo 

Research); the amount of DNA obtained was quantified with the NanoDrop 1000 

spectrophotometer. 

Purified cloned marmoset or human DC-SIGN was sub-cloned into the pCI expression 

vector at a 1:1 ratio, and used to transform E. coli DH5α competent cells and plated 

onto LB-agar plates containing ampicillin 50µg/ml. After overnight culture, white 

colonies were selected, each was placed into 2mL LB culture (with ampicillin 

100µg/ml) and incubated again overnight at 37°C at 225rpm.  Plasmid DNA was 

obtained (Zyppy Plasmid Miniprep Kit®), from a sample of the culture. Correct size 

and orientation of the DNA insert in the pCI expression vector were confirmed by 

digestion with NotI, and with XmaI/ApaI (New England Biolabs), followed by agarose 

gel electrophoresis. LB broth culture samples (1mL) of E.coli containing the correct 

pCI-DC-SIGN plasmids (and pCI without an insert as control) were used in larger 

volume LB broth overnight cultures (with ampicillin 100µg/ml) in order to generate 

sufficient quantities of Plasmid DNA. A Zyppy Maxiprep kit (Zymo Research) was 

used to prepare the plasmid DNA following culture, and the amount of DNA was 

quantitated using the NanoDrop 1000 spectrophotometer. 

2.7.2.3 Cell line transfection 

Plasmid DNA of the pCI mammalian expression vector containing marmoset or human 

DC-SIGN were used to transfect an established Chinese Hamster Ovary (CHO) cell line 

using Lipofectamine™ 2000 (Invitrogen) according to the manufacturer’s instructions. 

Expression vector without inserted DNA was also used for generating control CHO cell 

transfectants. Cells were incubated for 24-48 hours in CM following transfection, and 

collected using trypsin/EDTA 0.25%/0.125% (Sigma Aldrich). Trypsin activity was 

neutralised with neat FCS and cells were washed twice in CM prior to use. 
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2.8. Manufacturers 

Agilent Technologies – Santa Clara, CA, USA 
Ajax Finechem – Seven Hills, NSW, Australia 
American Reagent – Sharley, NY, USA 
American Type Culture Collection – Manassas, VA, USA 
Amersham Biosciences (now GE Healthcare) – Brown Deer, WI, USA 
AMGEN Corporation – Thousand Oaks, CA, USA 
Amresco – Solon, OH, USA 
Applied Biosystems – Scoresby, VIC, Australia 
Avanti Lipids – Alabaster, AL, USA 
Bayer – Leverkusen, Germany 
BD Medical – North Ryde, NSW, Australia 
BD, BD Biosciences, and BD Pharmingen – Franklin Lakes, NJ, USA; San Jose, CA, 
USA 
Beckman Coulter – Hialeah, FL, USA 
Bio-Rad laboratories – Hercules, CA, USA 
Biotium – Hayward, CA, USA 
Boehringer Ingelheim Ltd – Ingelheim am Rhein, Germany 
Buchi Labortechnik – Flawil, Switzerland 
Capitol Scientific – Austin, TX, USA 
Carl Zeiss Pty Ltd – Oberkochen, Germany 
Chem-Supply – Gillman, SA, Australia 
Chemicon (now Millipore) – Bedford, MA, USA 
DAKO – Glostrup, Denmark 
DeNovo Software – Thornhill, Ontario, Canada 
eBioscience – San Diego, CA, USA 
Electron Microscopy Sciences – Fort Washington, PA, USA 
Geneworks – Thebarton, SA, Australia 
Gibco BRL – Geithersburg, MD, USA 
GraphPad Software Inc. – La Jolla, CA, USA 
Greiner Bio-One – Monroe, NC, USA 
Hitachi – Tokyo, Japan 
ICN Pharmaceuticals – Costa Mesa, CA, USA 
Immunotech – Prague, Czech Republic; Marseilles, Cedex, France 
Invitrogen – Melbourne, VIC, Australia 
JRH Biosciences – Lenexa, Kansas, USA 
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Laysan Bio Inc – Alabama, USA 
Lipoid – Ludwigshafen, Germany 
Malvern Instruments – Worcestershire, United Kingdom 
May & Baker – West Footscray, VIC, Australia 
Mercordia – Uppsala, Sweden 
Micro Star Technologies – Huntsville, TX, USA 
Microsoft Corporation – Redmond, WA, USA 
Microtek – Carson, CA, USA 
Molecular Probes – Eugene, OR, USA 
MutiCel Trace Scientific – Clayton, VIC, Australia 
Neubody (now Biosensis) – Thebarton, SA, Australia 
New England Biolabs – Ipswich, MA, USA 
Nunc Nalge International – Naperville, IL, USA 
Olympus – South-end-on-Sea, Essex, United Kingdom 
Oxoid Ltd – Hampshire, United Kingdom 
PerkinElmer – Waltham, MA, USA 
Pfizer Australia – West Ryde, NSW, Australia 
Pierce Biotechnology (now Thermofisher)– Rockford, IL, USA 
Polyscitech – West Lafayette, IN, USA 
Promega – Madison, WI, USA 
R&D Systems – Minneapolis, MN, USA 
Sakura – Flemingweg, The Netherlands 
Sandoz – Pyrmont, NSW, Australia 
Sigma-Aldrich – St Louis, MO, USA;  
Sorvall – Newtown, CT, USA 
Southern Biotech – USA 
Statacorp – College Station, TX, USA 
Syngene – Cambridge, United Kingdom 
Thermo Fisher Scientific – Middletown, VA, USA 
Thermo Scientific – Rockford, IL, USA 
Tomtec – Hamden, CT, USA 
Zymed (now Invitrogen) – Camarillo, CA, USA 
Zymo Research – Orange, CA, USA 
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Chapter 3:  ESTABLISHING THE 

BASIS FOR A MARMOSET RENAL 

TRANSPLANT MODEL: 

CHARACTERISATION OF MARMOSET 

RENAL HISTOLOGY AND 

CORRELATION WITH SERUM AND 

URINARY FINDINGS  
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3.1. Introduction 

In the field of transplantation, many promising approaches to tolerance have been 

developed in small animal models, but relatively few have translated to the human 

clinical setting. The lesser degrees of complexity of the immune systems of lower order 

species, and their relative lack of environmental exposure to antigen and thus 

immunological memory, i.e. so-called heterologous immunity,42,43 make it considerably 

easier to successfully induce tolerance in small animal laboratory models such as the 

mouse and rat. It is thus necessary to confirm data on experimental therapies from these 

small animal models in larger, more complex species such as pigs, sheep or NHP, to 

establish suitability for human trials. The close similarity between NHP and humans 

mean that findings in NHP tolerance models are the most likely to be clinically 

applicable and relevant,39 and thus most likely to closely reflect the situation in clinical 

human disease.  

The common marmoset, Callithrix jacchus, is a New World monkey that has been used 

in laboratory research studies in the areas of fertility, 535 autoimmune disease,522,525 

hypertension,532 toxicology,555,556 and drug screening.527,528 Marmosets retain important 

similarities to humans in terms of genetic homology, anatomy, disease profile and other 

biological features, while possessing many of the cost and maintenance advantages of 

small animal models.507 Their small size promotes ease of animal husbandry, they are 

not endangered, and they have a relatively rapid generational turnover.555 In a 

significant recent advance, transgenic marmosets have been successfully produced, and 

thus it is likely that the marmoset will become of increasing interest as a biomedical 

research model.557  

A focus of the work of this laboratory, and this thesis, is the development of a marmoset 

model of transplantation that might be utilised to test the tolerogenic potential of 

dendritic cell based immunotherapies. As a pre-requisite for this work, a broad range of 

techniques have been developed including the rapid genotyping of marmoset MHC 

class II genes,401,402 the propagation of DC from precursors in bone marrow or 

peripheral blood,399,403 the establishment of the cross-reactivity of human or NHP 

specific reagents with marmoset samples,517,520  and normal ranges for key 
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haematological parameters. Another essential component of this model will be the 

establishment of a kidney (or other organ) transplant model. 

Spontaneous renal lesions have been reported in a range of Old World558-560 and New 

World primates,560-564 including the common marmoset monkey.541-548,550,551,565 The 

nature of these have not been fully characterised but in some cases they have been 

attributed as a significant cause or contributor to the death of these primates. In the case 

of marmosets, the wasting marmoset syndrome,566 characterised by a chronic 

lymphocytic enteritis associated with a glomerulopathy and clinically presenting with 

failure to thrive, weight loss, generalised weakness and diarrhoea has been thought to 

have parallels to the human diseases IgA nephropathy and coeliac disease.550 It has not 

been established whether these histologically observed findings are specifically 

associated with renal failure or urinary abnormalities, however, and some investigators 

have proposed that the renal lesions may be a feature of normal marmoset ageing.565 

In order to establish the feasibility of the marmoset as a potential kidney transplant 

model, it is therefore necessary to characterise further the nature of this reported 

spontaneous renal pathology. 

The aims of this chapter are:  

1. To characterise the nature of spontaneous renal pathology that occurs in marmoset 

monkeys using histology, immunofluorescence, electron microscopy, and serum 

and urine biochemistry, in both healthy animals euthanized in the course of 

experimental studies, and those euthanized for weight loss.  

2. To determine whether the observed findings would be likely to have any impact on 

the suitability of using marmoset monkeys in a model of kidney transplantation. 
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3.2. Methods 

3.2.1. Animals 

Details of the animal procedures used in this chapter, marmoset colony maintenance, 

and ethical clearance are described in Chapter 2 (section 2.3), and also below. 

Marmoset tissue, blood and urine samples for this study were collected during the 

period 2003 to 2012. 

3.2.1.1 Peripheral blood sampling 

Between 0.2 and 2.0ml of peripheral blood was obtained via femoral venepuncture at 

any one time. Maximum blood loss was kept at a level less than 10ml/kg/month per 

animal. Animals bled frequently were given supplemental liquid iron to prevent 

anaemia.  

3.2.1.2 Urine collection and analysis 

Urine was collected for dipstick analysis by catching the marmoset and holding over a 

clean metal tray. Urine samples (typically several drops only) were analysed by 

collecting with a syringe from the tray and transferring the sample onto a Multistix 

10SG urinalysis testing strip (Bayer). Urine analysis was performed using on clean 

catch samples on a periodic basis every 2-3 years among animals remaining in the 

colony. 

3.2.1.3 Euthanasia 

Euthanasia was performed under isoflurane inhalational general anaesthesia via cardiac 

puncture and exsanguination. In these cases, full autopsy was performed and organs and 

tissues were collected and snap frozen or stored in formalin depending on planned 

usage (in addition to this study). Blood and urine (where possible, via bladder puncture) 

were also collected and samples sent for SA Pathology laboratory analysis or processed 

for cell culture or other usage as required. 
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3.2.2. Evaluation of marmoset renal tissues  

3.2.2.1 Histological analysis 

Kidney tissue from euthanized animals was immersion-fixed in 10% formalin, 

embedded in paraffin, sectioned and stained with haematoxylin and eosin (HE) or 

Periodic Acid Schiff’s (PAS) stain. Sections were assessed by two investigators (the 

candidate and Dr Natasha Rogers) as follows: (1) glomerular number and the presence 

of glomerular obsolescence were counted from 5 randomly selected cortical areas at 

100x magnification; (2) the degree of mesangial expansion was assessed at 200x 

magnification in >20 glomeruli (where possible) from each section using a semi-

quantitative scoring system (1 – normal; 2 – focal or mild changes; 3 – diffuse or 

moderate/severe changes)548; and (3) glomerular diameter was measured in 15 

glomeruli from each section (where possible) at 20x magnification: two perpendicular 

measurements were performed and the mean was used. Glomeruli were included in the 

measurement analysis if the hilar vessels were visible and the two concurrent 

measurements differed by <30µm.  

To validate that mesangial scoring was consistent between investigators, a subset of the 

sections were independently and blindly assessed by both investigators and scores were 

compared; in these cases composite results are reported.  

3.2.2.2 Immunofluorescence 

Kidney tissue was frozen in OCT and sectioned at 3-4µm in the cryostat, placed onto 

slides and fixed in cold acetone for 5 minutes. Air-dried slides were washed in 

phosphate buffered saline (PBS) and the appropriate cross-reactive rabbit polyclonal 

anti-human FITC conjugated antibody (IgG, IgM, IgA, C3, or appropriate negative 

control, 1:10 dilution in PBS, all DAKO) was added for 30 minutes. Slides were 

washed twice with PBS, dried and mounted with a coverslip using 18.5µl sodium 

barbitone-buffered glycerol pH 8.6. Sections were examined using an Olympus BX40 

microscope within 24 hours. Positive staining was graded using a standard semi-

quantitative grading system (negative to 3+).  
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3.2.2.3 Electron microscopy 

Marmoset kidney cortex was dissected into cubes of approximately 0.5mm in each 

dimension. Tissue cubes were fixed for at least one hour in EM fixative (4% 

formaldehyde and 1.5% glutaraldehyde in sodium cacodylate buffer, pH 7.2). Fixed 

tissue was post-fixed in 2% osmium tetroxide in sodium cacodylate buffer, en bloc 

stained with 2% uranyl acetate and dehydrated through 70%, 90% and 100% ethanol. 

Then, tissue was processed through 1,2-epoxypropane, a 50/50 mixture of 1,2-

epoxypropane and Procure 812 resin (Electron Microscopy Sciences) and two changes 

of 100% resin. Tissue and resin were transferred to Beem capsules and placed in an 

oven overnight at 90°C.  

Survey sections of tissue blocks were stained with Toluidine Blue.  Areas of interest 

were thin-sectioned at approximately 100nm thickness on a Porter-Blum 

ultramicrotome (Sorvall) using a diamond knife (Micro Star Technologies). Sections 

were stained with Reynolds’ lead citrate and examined in a Hitachi H-600 transmission 

electron microscope. All sections in the microscope were standardized using z-axis 

height adjustment. Magnifications were calibrated against a carbon-grating replica. 

Glomeruli were photographed at 2,000X magnification and negatives were developed 

using traditional photographic techniques.  Negatives were coupled with a transparency 

grid (lines intersecting at 8mm intervals) and digitized at 400dpi using a ScanMaker 

8700 (Microtek). Glomerular basement membrane (GBM) thickness was measured 

perpendicularly across the membrane. Tangentially sectioned GBM were not measured. 

Membranes were considered to be sectioned tangentially if either endothelial cell 

fenestrations or podocyte pedicles were visible en face.  Additionally membrane 

material adjacent to mesangial cell cytoplasm was not measured. One hundred and fifty 

(150) measurements were taken per specimen and the data were imported to a GraphPad 

Prism statistical package (GraphPad Software) for analysis. 

3.2.3. Assessment of blood and urine parameters 

Renal function was assessed by measurement of serum creatinine using the Jaffe picric 

acid reaction (OSR 6178, Beckman Coulter); creatinine and other biochemistry were 

analysed on an Olympus AU640 autoanalyser (Beckman Coulter), by SA Pathology at 

The Queen Elizabeth Hospital (Adelaide, Australia). Measurements were compared to 

both human (as reported by the laboratory) and International Species Information 
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System (ISIS) Physiological reference ranges (www.isis.org).567 Animals showing 

evidence of glomerular staining for immunoglobulins had blood testing for anti-nuclear 

antibodies using the HEp-2 cell line method (SA Pathology, The Queen Elizabeth 

Hospital). 

In addition to urine dipstick analysis for protein (section 3.2.1.2) urine protein was 

formally assessed using the benzethonium chloride method (Thermofisher Scientific) 

for some samples.  

3.2.4. Statistical analysis 

Results are presented as mean (standard deviation, SD), or median (interquartile range, 

IQR). Specific statistical tests performed are referred to in the relevant sections of the 

text. In all cases, an alpha level of 5% (p≤0.05) was used as the limit for statistical 

significance. All statistical tests were two-tailed.   

Data were analysed and statistical analyses were performed using Microsoft Excel for 

Mac 2011 (Microsoft Corporation), GraphPad Prism version 6 for Mac OS X 

(GraphPad Software), or Stata version 11.2 (Statacorp). 
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3.3. Results 

3.3.1. Animals  

Renal tissue was obtained from 25 marmosets, 19 euthanized for research purposes 

(experimental group) and 6 for progressive weight loss (weight loss group). Mean age 

was 6.5±3.2 years, and the weight loss group were a mean of 3.3 years older at the time 

of death (p=0.040; unpaired t test). Detailed histology, immunofluorescence, and 

electron microscopy data for each animal is shown in Table 3.3.1. Table 3.3.2 displays a 

summary of all the quantitative data. 

3.3.2. Histology 

There was negligible glomerular obsolescence (<5% of all visualised glomeruli) seen in 

all kidneys examined. The overall mean of the individual animal mean mesangial scores 

using the semi-quantitative grading system was 2.45 (standard deviation (SD) of the 

mean 0.18); the majority of glomeruli were scored as 2+ or greater (Table 3.3.1), 

representing moderate mesangial expansion. There was a small difference observed 

between the weight loss and experimental group scores (mean score difference 0.16; 

p=0.05), but this did not represent a pathologically relevant difference (Table 3.3.2).  

There was a 13% difference in the mean scores (p<0.0001) between investigators for 

the subset of validation biopsies analysed independently (n=8); however none of the 

mean scores differed by more than 20%. 

Glomerular diameter measurements (Figure 3.3.2) varied within and between animals 

(Table 3.3.1 and Figure 3.3.3) with a range of 87-241µm with an overall mean of 

individual animal means of 162µm (SD 16µm), and were approximately normally 

distributed (Figure 3.3.4). There was a difference in the mean diameter observed 

between the weight loss and the experimental groups (mean 149µm versus 165µm; 

p=0.0003).  

No other glomerular pathology was observed; specifically no segmental sclerosis, 

necrosis or crescents were seen. There was no significant interstitial fibrosis, 

lymphocytic infiltrations, tubular degeneration, haemosiderosis or extramedullary 

haematopoiesis seen.  
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3.3.3. Immunofluorescence 

Immunofluorescence staining of glomeruli from a subset of marmoset monkeys (n=11) 

demonstrated IgM deposits in all kidneys (Table 3.3.1 and Figure 3.3.5). This was 

associated with positive staining for IgA and IgG and C3 deposition in some but not all 

cases. Not all monkeys had tissue sent for immunofluorescence during the 9-year time 

period of this study, for unknown reasons, and samples were only analysed where tissue 

was available. 

Peripheral blood from 10 of these animals screened negative for antinuclear antibodies, 

using the HEp-2 cell line based method (SA Pathology).  

3.3.4. Electron microscopy 

Electron microscopic examination of glomeruli in 20 marmoset monkeys demonstrated 

electron dense mesangial deposits in 14 (70%) of animals, with a further 2 animals 

showing sparse deposits, i.e. evidence of deposits in 80% of monkeys (Table 3.3.1 and 

Figure 3.3.6). In some animals ischaemic changes were noted in some glomeruli but no 

other specific glomerular pathology was observed. 

Assessment of glomerular basement membrane thickness in 23 marmoset monkeys 

(Figure 3.3.7, Table 3.3.1) showed normally distributed measurements (p=0.52; 

Shapiro-Wilk normality test), with an overall mean of 449nm (SD 69nm). No difference 

was observed between the experimental and weight loss groups (p=0.71; Table 3.3.2). 
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Figure 3.3.1. Representative marmoset kidney light microscopy images showing mesangial 
expansion and hypercellularity. 

(A) Low power view of renal cortex; (periodic acid-Schiff; PAS) stain. Glomeruli show evidence of 
variable degrees of mesangial expansion and hypercellularity, without glomerular obsolescence. No 
significant interstitial fibrosis, lymphocytic infiltration, tubular degeneration, haemosiderosis or 
extramedullary haematopoiesis is seen. (B), (C) and (D) High power views of glomeruli showing 
examples of semi-quantitative grading of mesangial changes; PAS stain.  (B) – Grade 1; no significant 
abnormality; (C) – Grade 2; mild-moderate and/or focal mesangial expansion/hypercellularity; (D) – 
Grade 3; moderate-severe diffuse/global mesangial expansion/hypercellularity; in this case 
glomerulomegaly is also evident.  

Scale lines indicate 100µm.  
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Figure 3.3.2. Representative image of the measurement method used to assess marmoset 
glomerular diameter in this study. 

Up to 15 non-sclerotic glomeruli were photographed from each marmoset kidney at 200x magnification 
using a Zeiss Apotome microscope; glomerular diameter was determined by taking the mean of two 
perpendicular measurements across the glomerulus. Glomeruli were included in this analysis where they 
were sectioned such that the hilar vessels were visible, with a difference between perpendicular 
measurements of ≤30µm, as shown in this figure (see section 3.4 for further discussion).  

Haematoxylin and Eosin staining; scale lines show measurements as indicated. 
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Table 3.3.1. Renal histology, immunofluorescence and ultrastructural analysis in 25 adult marmoset monkeys. 

 

Animal 
number 

Age / 
gender 

Indication 
for 

euthanasia 

Mesangial 
score  

mean (SD) 

Glomerular 
diameter 

(µm) 
mean (SD) 

Immunofluorescence deposits EM 
deposit 

GBM 
thickness 

(nm) 
mean (SD) 

IgM IgA IgG C3 

68* - / F Experiment 2.33 (0.70) 205 (19) ++ +++ trace negative Present 511 (118) 
69 7.6 / F Experiment 2.25 (0.67) 177 (15) +++ trace ++ + Sparse 413 (83) 

70 10.0 / F Weight loss 2.51 (0.63) 145 (13) ND Present 480 (95) 
71 5.1 / F Experiment 2.40 (0.61) 149 (7) +++ +++ trace +++ Present 524 (117) 

72 5.5 / F Experiment 2.43 (0.65) 149 (19) ND Present 538 (97) 
77 4.0 / F Experiment 2.37 (0.49) 164 (18) ND Present 527 (87) 

81 2.1 / F Experiment 2.29 (0.61) 163 (12) ND ND 266 (50) 
85 12.7 / M Experiment 2.54 (0.61) 183 (21) +++ +++ +++ ++ ND ND 

86 3.1 / M Experiment 2.21 (0.41) 146 (14) ND Absent 353 (70) 
108 3.1 / F Experiment 2.23 (0.43) 144 (13) ND Present 386 (71) 

                                                
* In the case of animals 68, 814, and 861, exact date of birth or date of death information was not available, therefore age could not be calculated. All animals were older than 
2 years, however, so had reached maturity. 
 
SD = standard deviation; EM = electron microscopy; GBM = glomerular basement membrane 
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Animal 
number 

Age / 
gender 

Indication 
for 

euthanasia 

Mesangial 
score  

mean (SD) 

Glomerular 
diameter 

(µm) 
mean (SD) 

Immunofluorescence deposits EM 
deposit 

GBM 
thickness 

(nm) 
mean (SD) 

IgM IgA IgG C3 

657 9.9 / F Experiment 2.39 (0.68) 187 (26) +++ trace +++ trace Present 560 (136) 

732 7.9 / F Experiment 2.16 (0.59) 128 (14) + ++ + +++ Present 496 (102) 
800 11.5 / F Weight loss 2.41 (0.50) 154 (13) ND ND ND 

801 4.8 / F Experiment 2.46 (0.59) 168 (24) ++ negative negative ND Sparse 421 (76) 
804 11.4 / F Weight loss 2.70 (0.46) 167 (17) ND ND ND 

814* - / F Experiment 2.63 (0.49) 160 (22) +++ ++ ++ ND Present 454 (96) 
815 4.6 / F Experiment 2.20 (0.67) 196 (15) ++ negative negative ++ Absent 451 (120) 

816 4.9 / F Weight loss 2.64 (0.56) 132 (18) + negative negative trace Absent 375 (73) 
824 11.3 / F Experiment 2.81 (0.40) 170 (18) ND ND ND 

860 3.8 / F Experiment 2.40 (0.60) 143 (9) ++ ++ trace + Present 428 (91) 
861* - / F Weight loss 2.53 (0.51) 180 (11) ND Sparse 445 (76) 

865 4.4 / F Experiment 2.47 (0.51) 158 (13) ND Present 485 (96) 
873 7.7 / F Weight loss 2.65 (0.49) 129 (15) ND Present 448 (82) 

874 3.8 / F Experiment 2.67 (0.48) 151 (13) ND Present 427 (88) 
875 4.5 / F Experiment 2.62 (0.49) 157 (19) ND Present 434 (95) 
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Table 3.3.2. Summary of renal histology and ultrastructural quantitative data. 

 

Indication for euthanasia Number Age (years) 

mean (SD) 

Gender 

(M:F) 

Mesangial score 

mean (SD) 

Glomerular size (µm) 

mean (SD) 

GBM thickness (nm) 

mean (SD) 

Experiment 19 5.8 (3.0) 2:17 2.41 (0.18) 164 (26) 451 (18) 

Weight loss 6 9.1 (2.8) 0:6 2.57 (0.11) 149 (25) 437 (22) 

  p=0.040  p=0.05 p=0.0003 p=0.71 

Overall 25 6.5 (3.2) 4:25 2.45 (0.55) 162 (16) 449 (69) 
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Figure 3.3.3. Glomerular diameter in 25 adult marmoset monkeys.  

Up to 15 glomeruli were measured in each marmoset; the mean of two perpendicular measurements was used to determine the glomerular diameter, as described in the text. 
The graph shows box and whisker plots with the 25th, 50th and 75th percentiles shown by the lines of the box, and the range by the ends of whiskers. The glomeruli of animals 
euthanised for weight loss were slightly smaller (mean 149µm versus 165µm; p=0.0003). 
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Figure 3.3.4. Frequency distribution of the diameters of 333 non-sclerotic glomeruli in 25 
adult marmoset monkeys aged up 14 years. 

Glomerular diameter (µm) was measured by taking the mean of two perpendicular measurements for each 
glomerulus, as described in the text. Glomerular diameter was approximately normally distributed with a 
slight tail to the right (median of 159, mean of 161, skewness of 0.32 and kurtosis 2.88). 
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Figure 3.3.5. Representative immunofluorescence microscopy images of marmoset kidneys 
showing mesangial immunoglobulin deposits. 

High power views of marmoset glomeruli (original magnification 200x). Glomerular deposits, particularly 
in a mesangial pattern are seen of (A) Immunoglobulin M (IgM) – 3+, (B) IgA – 3+, (C) IgG – 3+, and 
(D) Complement component C3 – 2+. All marmoset kidneys examined demonstrated IgM positivity; not 
all kidneys demonstrated other deposits (see Table 3.3.1).  

Scale bars indicate 50µm. 
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Figure 3.3.6. Representative electron microscopic images of marmoset kidney showing the 
presence of mesangial deposits. 

The majority of marmoset glomeruli that were examined ultrastructurally showed mesangial deposits. 
Panel A: Images from an animal humanely killed in the course of fertility experiments. Typical deposits 
(labelled D) are seen in close proximity to a mesangial cell (M). Panel B: Images from an animal 
euthanized for ongoing weight loss. The upper panel demonstrates deposits (D) seen in relation to a 
mesangial cell (M), podocyte (P), and an endothelial cell (E). The lower panel shows similar findings, at 
higher power.  

Scale lines show measurements as indicated.  
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Figure 3.3.7. Ultrastructural analysis of glomerular basement membrane (GBM) thickness 
in 23 marmoset monkeys. 

Electron microscopy was performed of renal cortex obtained from 23 marmoset monkeys. Measurements 
of GBM thickness (nm) were performed as described in the text; 150 measurements were taken for each 
animal, and are shown by individual points on the graph. One animal (81F) demonstrated evidence of thin 
basement membranes. Summary statistics for these measurements are shown in Table 3.3.1 and Table 
3.3.2. 
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3.3.5. Biochemistry parameters and urinary protein 

Renal function from 34 animals (n=7 still alive and 27 deceased, including 22 of the 25 

animals in the histology analysis, and 5 others who had not had renal tissues analysed) 

performed both during life and at the time of euthanasia was assessed; results are shown 

in Figure 3.3.8 and Table 3.3.3. Serum creatinine appeared to have a bimodal 

distribution, with peaks at approximately 20 and 40µmol/L. There was considerably 

variability both within and between animals, and there was no association with age, 

cause of death (experimental group versus weight loss), or time of collection (random 

versus at euthanasia). Both the median (interquartile range), and mean (SD) values were 

in keeping with the ISIS reference range, as shown in Table 3.3.3. 

Assessment of other biochemical parameters in marmoset peripheral blood (see Table 

3.3.3) showed hypernatraemia (mean sodium 146; SD 12) and hypoalbuminaemia  

(mean 28.1; SD 9.5) in the majority of animals tested. The remaining biochemical 

parameters measured were within internationally recognised limits.  

  

Figure 3.3.8. Frequency distribution of serum creatinine (µmol/L) results from 45 
peripheral blood samples taken from 34 marmoset monkeys aged up 14 years. 

Serum creatinine was measured periodically in live animals within the colony, and at euthanasia, over the 
period 2003 to 2012. Marmoset serum creatinine values follow a bimodal distribution, with peaks at 
approximately 20µmol/L and 40µmol/L, respectively.  
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Table 3.3.3. Serum biochemistry in adult marmoset monkeys. 

Parameter Units Sample size 
Marmoset 

Human reference range* 
ISIS reference values** 

Mean (SD) Median (IQR) Mean (SD) 

Creatinine µmol/L 45 38 (16) 39 (23.5-50) 50-120 44 (18) 

Urea mmol/L 20 6.9 (2.5) 6.8 (4.7-7.8) 2.7-8.0 8.211 (0.7140) 

Sodium mmol/L 35 156 (12) 153 (147-167) 135-145 149 (6) 

Potassium mmol/L 35 4.6 (1.4) 4.1 (3.9-4.9) 3.5-4.5 4.1 (2.0) 

Chloride mmol/L 21 106 (3.8) 106 (104-108) 100-109 106 (8) 

Bicarbonate mmol/L 21 29 (6.2) 31 (22-34) 18-26 22.5 (3.3) 

Phosphate mmol/L 24 1.42 (0.33) 1.30 (1.14-1.71) 0.65-1.45 1.81 (0.94) 

Calcium mmol/L 17 2.37 (0.47) 2.58 (2.18-2.68) 2.1-2.55 2.48 (0.08) 

Glucose mmol/L 12 5.8 (2.1) 5.2 (4.7-7.0) 3.2-5.5 10.60 (3.663) 

Albumin g/L 32 28.1 (9.5) 28.5 (24.3-36) 34-48 41 (7) 

* Human reference ranges are as reported by the laboratory (SA Pathology, Queen Elizabeth Hospital). ** ISIS – International Species 

Information System Reference Physiological Values (International Units) – as published in Mahoney (2005).567 SD = standard deviation; IQR = 

interquartile range. 
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Urine dipstick analysis for protein of samples from 34 animals showed trace or 1+ 

protein in the majority (69%) of samples, with a significant minority of samples 

revealing more significant proteinuria (2+ or 3+; found in 25%); see Figure 3.3.9. 

Urinary dipstick protein measurements from 84 urine samples taken from 34 marmoset 

monkeys aged up to 14 years. Proteinuria fluctuated over time, but there did not appear 

to be any relationship between urine protein, age or cause of death, even in the animals 

found to have with higher degrees of proteinuria. Very few samples (n=6; from 4 

animals) did not show proteinuria, and all these animals were dipstick positive 1+ or 

greater at other times. Other measurements of urine protein such as protein-creatinine 

index or albumin-creatinine ratio were performed in some animals (Table 3.3.4) but 

were difficult to interpret due to the very low excretion of creatinine detected in many 

marmoset urine samples. There was a wide range of urine protein and albumin 

measurements in comparison to the dipstick measures, suggesting a degree of laboratory 

error, perhaps due to this or to the low sample volumes (typically <1ml from a 

marmoset clean catch urine, or 1-2 ml via bladder puncture at autopsy). Regardless, the 

vast majority of urine protein measurements showed significant proteinuria, above the 

human reference range. 

Figure 3.3.9. Urinary dipstick protein measurements from 84 urine samples taken from 34 
marmoset monkeys aged up to 14 years.  

Urinary dipstick protein was measured periodically in live animals within the colony, and at euthanasia, 
over the period 2003 to 2012. The majority of samples (n=58, 69%) taken demonstrated a value of trace 
or 1+ protein; very few samples (n=5) were negative. 
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Table 3.3.4. Urine biochemistry and dipstick parameters in adult marmoset monkeys. 

Parameter Units 
Sample 

size 

Marmoset Human reference 

range 

ISIS reference 

values 

Mean (SD) Range* Mean (SD) 

Urine protein g/L 15 0.62 (1.3) 0-1.79 <0.16 - 

Urine protein-creatinine 
index  15 12.3 (24.3) 0-94.6 <2.1 - 

Urine albumin mg/L 13 219 (426) 4.3-1140 <35 (random) - 

Urine albumin-creatinine 
ratio mg/mmol 13 100 (190) 3.3-670 <3.5 - 

Urine protein (dipstick)  84 1.13 (0.79)  - - 

Urine blood (dipstick)  39 0.42 (0.73)  - - 

 

* For the formal urine protein measurements, only the range is given; there were few values with a wide range of results. SD = standard 

deviation; IQR = interquartile range. 
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3.4. Discussion 

The studies outlined in this chapter represent a comprehensive survey of renal 

pathology and biochemical parameters in a colony of outbred common marmoset 

monkeys, and confirm the universal and benign nature of the glomerular lesions that are 

frequently observed in this Callithricid primate species. There were no significant 

differences in glomerular findings observed between animals suspected clinically of 

developing wasting (weight loss) and those euthanized for experimental reasons. This 

study reports for the first time on the nature of these glomerular lesions in relation to 

serum and urine biochemical findings. 

By light microscopy, the majority of marmoset glomeruli showed evidence of 

mesangial expansion, as has been reported previously.541,542,545-548,551 The semi-

quantitative scoring method indicated that this was of at least mild to moderate degree 

in all animals. However, there was minimal glomerular obsolescence, and no evidence 

of renal tubular changes or interstitial fibrosis. Although some marmoset glomeruli 

(particularly those with mesangial scores of 3) were significantly enlarged, the overall 

distribution of glomerular size (mean 161 ± 16 µm) was similar to reported normal 

values for human glomeruli; in various studies these have been reported as a mean of 

168 ± 12µm,568 and 147 ± 19µm.569 There was also no indication of renally-based 

extramedullary haematopoiesis,551 nor mononuclear or lymphocytic infiltration 

suggestive of a chronic tubulointerstitial nephritis that has been previously 

reported,544,548 even in marmosets euthanized due to clinical suspicion of wasting 

marmoset syndrome. Similar appearances were observed regardless of animal age, 

although mesangial scores were slightly lower in the animals with underlying illness at 

the time of euthanasia.  

Mesangial expansion is a consequence of increased mesangial matrix deposition, and 

results from increased type IV (and to a lesser extent type I) collagen production and/or 

decreased proteolysis, although in this study we did not confirm collagen type by 

immunohistochemistry. Type IV collagen is also a component of basement membrane 

structure, and in this study marmoset glomerular basement membrane thickness (mean 

449 ± 69nm), reported for the first time in this species, was greater than measurements 

typically seen in the human population570; more recently a study reported a typical 
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GBM thickness of 329 ± 45 nm in a series of live kidney donors.571 These findings may 

reflect a localised abnormality in collagen production or processing. Immune complex 

deposition promotes thromboxane synthesis and subsequent mesangial contraction, 

which are smooth muscle cell-derived. Increased mesangial cell pressure in marmosets 

has been proposed to underlie protrusions of mesangial cytoplasm through endothelial 

gaps.546 

In parallel with the presence of mesangial expansion by light microscopy, there was a 

predominance of mesangial IgM deposits by immunofluorescence, often in conjunction 

with IgA, IgG and C3. Concurrently, electron dense mesangial deposits were observed 

in the majority of marmoset kidneys by electron microscopy. Similar deposits in human 

kidneys are characteristically seen in immune complex nephropathies such as systemic 

lupus erythematosis,572 obesity related focal segmental glomerulosclerosis,568 and IgA 

nephropathy,573 although the presence of IgM deposits does not seem to confer any 

prognostic significance in these diseases. As previously noted, none of the animals in 

this study had evidence of glomerular sclerosis or other glomerular pathology. 

Moreover, animals with immunoglobulin deposits did not show any evidence of anti-

nuclear antibodies using a HEp2 cell line based assay. Immunoglobulin deposition may 

occur in otherwise normal human kidneys, for unknown reasons.574,575 The event 

precipitating immunoglobulin deposition in marmosets is unknown; the animals used in 

this study have all been bred in captivity with no evidence of infection. The genetics of 

MHC class II has previously been characterised in the marmosets at the Queen 

Elizabeth Hospital colony and a range of class II genotypes have been identified, 

confirming the genetic diversity of these animals.401 

Measurement of glomerular size was performed using a similar approach to the 

modified maximal planar area method,576 as described by Kambham et al.568 This 

method estimates glomerular diameter using the mean of two perpendicular 

measurements across the glomerulus, at the points of maximal glomerular diameter. In 

this study, measurements were taken from Bowman’s capsule rather than the glomerular 

capillary tuft itself, in order used to facilitate reproducibility between two investigators, 

and because of the presence of ischaemic shrinkage in some glomeruli. It is thus 

acknowledged this may introduce a systemic bias towards an increased estimate of size, 

at least when comparing with Kambham et al. However, most glomeruli in fact had 
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minimal Bowman’s space evident; other methods of size estimation do include the total 

volume of Bowman’s capsule in the measurement, and most approaches are subject to 

at least some degree of bias compared with the gold-standard but laborious Cavalieri 

method.577 In this study, a small but statistically significant reduction in glomerular size 

was noted in animals with weight loss; the significance of this finding is unclear. 

However, this observation and the lack of any other observed glomerular pathology do 

not support the existence of any association between renal disease and cause of illness 

in these animals.  

Evaluation of marmoset serum and urine biochemistry showed that while serum 

creatinine remains within previously published internationally established ranges,567 

mild to moderate proteinuria, when assessed semi-quantitatively by urine dipstick, is 

almost universal in marmosets. It should be noted that no established reference range 

for urine protein excretion currently exists in marmosets, and these data are based on 

human reference ranges. This apparent proteinuria did not progress with age or over 

time. Laboratory measurements of urine protein-creatinine indices varied over a wide 

range, at least in part due to low urinary creatinine measurements, but overall were 

difficult to interpret. There was little detectable microscopic haematuria. Others have 

proposed that marmosets might represent a good model of spontaneously occurring IgA 

nephropathy, but the lack of microscopic haematuria or progressive renal dysfunction 

observed in this study does not support this conclusion.550 

Taken together, these findings support the conclusion that marmosets spontaneously 

develop glomerular lesions characterised by mesangial expansion, IgM deposition, and 

glomerular basement membrane thickening, and that these are associated with a mild 

degree of proteinuria. The cause of these lesions are unclear, but may relate to 

circulating IgM immune complexes that could occur as a result of environmental, 

dietary or infectious exposures.543 However, these lesions do not progress to renal 

dysfunction either histologically or biochemically, and do not appear to contribute 

directly to illness in marmosets, at least in this colony. Rather than contributing to the 

cause of wasting marmoset syndrome, as has been thought,541 it may be the case that 

spontaneous marmoset glomerular pathology represents a unrelated epiphenomenon that 

has been documented at the same time as the identification of the symptoms of wasting 

disease in these animals. Indeed, in this study there was no evidence of the tubulo-
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interstitial lesions found in the wasting syndrome that have been reported by 

others,544,548 implying that these are different processes. In contrast to reports from 

colonies elsewhere,548,550 the marmosets in this colony are not utilised in 

pharmacological or toxicology studies. Drug exposure could conceivably be an 

important factor in the development of tubulo-interstitial lesions, i.e. via the induction 

of a drug induced interstitial nephritis in some cases. 

In conclusion, the studies in this chapter demonstrate the feasibility of utilising the 

common marmoset monkey as a NHP model of kidney transplantation. The mild and 

benign nature of the observed glomerular pathology in marmosets should have no 

impact on the histological assessment of rejection or other transplant related pathology, 

provided these common findings are taken into account (e.g. when assessing for the 

presence or absence of glomerulitis).578 This study confirms that renal function remains 

normal in marmosets with glomerular lesions and is within standard reference ranges; 

however urinary protein may be a less useful marker due to the universal detection of 

mild to moderate proteinuria in these animals. 
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Chapter 4:  DONOR-DERIVED 

DENDRITIC CELL THERAPY: 

TRAFFICKING OF ALLOGENEIC AND 

AUTOLOGOUS MARMOSET DENDRITIC 

CELLS IN VIVO 
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4.1. Introduction 

Donor derived DC therapy has shown considerable potential as a tolerogenic therapy to 

prevent rejection and prolong allograft survival in rodent models of transplantation, as 

discussed in Chapter 1 and in recent reviews.229,264 However, translation of these 

findings in rodents to humans has proven difficult due to heterologous immunity, the 

increased complexity of the human response to an allograft, and even in part due to 

observed species differences between mice and human DC.86 In addition, DC are 

typically sourced from bone marrow in rodents, but from peripheral blood monocytes in 

humans.305 However, there are now established methods to propagate DC in vitro from 

peripheral blood precursors in non-human primates, and these animals offer a means to 

translate the rodent findings towards human clinical trials.350,380,390,395,396,403 To date, 

several studies have shown that intravenously administered NHP donor immature or 

‘regulatory’ phenotype (Mo)DC can modify the allo-immune response.303,350,351 

Marmoset MoDC and haematopoietic progenitor derived DC (HPDC) generated in vitro 

have previously been shown to have an immature or semi-mature phenotype, 

respectively, with reduced allo-stimulatory potential compared to human MoDC.403 

This makes them attractive to use as a NHP model of tolerogenic DC therapy that might 

be investigated in a transplant model. In a previous study, intravenous infusion of 2x106 

MoDC into allogeneic marmoset recipients led to a non-specific reduction in IFN-γ 

secretion as measured in a modified ELISPOT assay, with evidence of a non-specific 

reduction in immune responsiveness in 2 of 3 recipients in mixed leucocyte reaction.303 

This study provides proof of principle that marmoset ‘tolerogenic’ DC therapy can be 

used to manipulate the immune response. 

The mechanisms by which tolerogenic DC therapies effect their actions on the immune 

response include the induction of T-cell anergy, clonal deletion or the generation and 

expansion of T-regulatory cells.229,305 However, the fate of administered cells in vivo is 

not well characterised. In particular it is unknown whether normal trafficking of 

allogeneic DC to the spleen, liver and secondary lymphoid tissues occurs following 

intravenous administration, or whether migration to the draining lymph node occurs 

following subcutaneous administration. Both of these interactions are thought to be 

important for the initiation of appropriate tolerogenic immune responses, and as yet the 



 

 
151 

 

optimal route of administration of tolerogenic DC immunotherapy is unknown.264,579 

Understanding the trafficking behaviour of allogeneic DC in a relevant primate model 

of DC immunotherapy is an important component of translating this therapy further 

towards transplant studies in NHP, and ultimately human clinical trials.  

The aims of this chapter are: 

1. To propagate marmoset DC in vitro from G-CSF mobilised marmoset peripheral 

blood monocytes and haematopoietic cells as precursors, label these cells with 

fluorescent markers, and confirm that these cells are suitable as a potential 

source of immature DC to use as a cellular therapy in the marmoset transplant 

model. 

2. To administer in vitro propagated and fluorescently labelled marmoset DC 

(generated as per Aim (1) above), derived from a MHC-mismatched (allogeneic) 

donor, or alternatively autologous DC, to marmoset recipients via both 

subcutaneous and intravenous injection, and determine whether these 

administered cells show evidence of trafficking in vivo.   
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4.2. Methods 

4.2.1. Animals 

Healthy adult marmoset monkeys (aged up to 14 years) from within the colony at The 

Queen Elizabeth Hospital were used for the studies described in this chapter. Where 

possible, older aged animals were used as recipients, to minimise inappropriate 

euthanasia of animals that might be suitable for use in other studies. The SA 

Pathology/Central Adelaide Health Network and University of Adelaide animal ethics 

committees approved and had oversight of all procedures involving the animals.  

Recombinant human (rh) G-CSF (10-15µg/kg/day) was given for 5 days to marmosets 

selected to be donors of monocytes and/or haematopoietic progenitors for DC 

propagation403; no adverse effects of this treatment were observed. The procedures for 

administering G-CSF, peripheral blood sampling, and euthanasia are as described in 

Chapter 2 (section 2.3). 

4.2.2. Cell culture 

Marmoset MoDC and HPDC were propagated from precursors in marmoset peripheral 

blood following 5 days of mobilisation with G-CSF. Detailed protocols for isolation of 

marmoset PBMC, marmoset MoDC and HPDC culture, reagents and media used, and 

mixed leucocyte reactions (MLR) are described in Chapter 2 (section 2.4.2).  

Human PBMC were sourced from buffy coats obtained by the South Australian Red 

Cross blood service from de-identified healthy blood donors, and isolated as described 

in section 2.4.3.1.  

4.2.2.1 In vitro propagation of marmoset MoDC and HPDC 

Monocytes were isolated from marmoset PBMC by plastic adherence; non-adherent 

cells were removed from plates or flasks by washing. Immature MoDC were generated 

by culturing monocytes for 6-7 days in CM supplemented with 40ng/ml (400U/ml) 

recombinant human (rh)-IL-4 and 800U/ml rh-GM-CSF. 
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Non-enriched bulk PBMC were used as a source of CD34+ haematopoietic progenitor 

(HP) cells, and cultured in CM supplemented with rh-Flt3L (100ng/ml), SCF 

(100ng/ml) and TPO (50ng/ml), for up to 4 weeks. Media and cytokines were refreshed 

once or twice weekly. After 3-4 weeks in culture, HP cells were removed, washed and 

cultured in CM supplemented with IL-4/GM-CSF for 7 days to generate HPDC. 

4.2.3. Fluorescent labelling of in vitro propagated marmoset DC  

Marmoset MoDC and HPDC propagated in vitro were fluorescently labelled prior to 

planned infusion studies to enable identification in marmoset tissues post infusion. Two 

different fluorescent labels were used, to enable differentiation of different cell types in 

vivo. 

4.2.3.1 CFSE labelling  

Marmoset HPDC (or MoDC in some studies) were labelled with carboxyfluorescein 

diacetate succinimidyl ester (CFSE, Molecular Probes) using a protocol based on Quah 

et al.580 As DC generated in vitro are terminally differentiated and are not expected to 

proliferate, CFSE was not used to monitor proliferation, but rather for it’s stable long-

term fluorescence and ease of identification in flow cytometry analysis. 

Cells were resuspended in 1ml of PBS with 5-10% v/v FCS at a minimum concentration 

of 0.5x106/ml in a fresh tube. The tube was laid horizontally to prevent pre-mature 

mixing. 110µl of PBS was added to the non-wetted portion of the tube, and 1.1µl of 

5mM stock solution (in DMSO) of CFSE was resuspended in this. The tube was 

capped, inverted several times, vortexed to ensure adequate mixing and covered (to 

protect from light). Cells and CFSE were incubated for 5 minutes at room temperature. 

Cells were washed by topping up with PBS/5% FCS and centrifuged at 300g RCF for 5 

minutes; this wash was repeated several times. Cells were resuspended in PBS or media 

depending on planned usage. Fluorescence was determined with flow cytometry. 

4.2.3.2 DiI labelling  

Marmoset MoDC were labelled with 1,1’-dioctadecyl-3, 3,3’ 3’-

tetramethylindodicarbocyanine perchlorate (DiI, Molecular Probes). Cells for labelling 

were resuspended at 1x106/ml in PBS, 2µg/ml of DiI was added and cells were 
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incubated at 37°C for 30 minutes. Labelled cells were washed with PBS/5% FCS 

extensively in a similar manner to CFSE labelling above (section 4.2.3.1).  

4.2.4. Confirmation of suitability of propagated labelled marmoset DC for DC 

infusion  

In order to confirm the suitability of labelled marmoset DC to use for the in vivo studies 

of DC trafficking, DiI or CFSE labelled DC were analysed for stimulation potential in a 

xenogeneic MLR with human cells, and viability (after CFSE staining only). 

4.2.4.1 Xenogeneic mixed leucocyte reaction (MLR) 

Marmoset MoDC labelled with either DiI, CFSE, or untreated, were analysed for their 

ability to stimulate T-cell proliferation in a xenogeneic DC MLR, as per Chapter 2 

(section 2.4.2.6.2). Marmoset DC were irradiated with 30Gy and used as stimulator 

cells, and co-cultured with 1x105 xenogeneic human PBMC in a 1:10 ratio in triplicate 

for 5 days. Marmoset MoDC and human PBMC were also cultured alone for baseline 

data. T-cell proliferation was determined as described in section 2.4.2.6.1.  

4.2.4.2 Viability after CFSE staining 

Because of the potential for cellular toxicity of CFSE in some settings,581 viability of 

CFSE stained HPDC was assessed. Untreated and CFSE labelled HPDC (1x106/ml) 

(either on the day of labelling or after 48 hours of culture in CM supplemented with 

GM-CSF/IL-4) were resuspended in 100µl of PBS, and 200µl (5µg/ml) of 7-amino-

actinomycin D (7AAD; eBioscience) was added. 200µl of normal saline was used as a 

control. Cells were incubated for 10 minutes at room temperature, and then analysed 

immediately with a FACS Canto II flow cytometer (BD Biosciences) and data was 

analysed using FCS Express version 3 software (DeNovo). Compensation tubes 

consisted of cells stained with CFSE or 7AAD alone. 

4.2.5. Selection of donor and recipient animals for DC administration studies 

Marmoset donor and recipient pairings for the allogeneic studies in this chapter were 

selected to maximise allo-reactivity on the basis of the degree of Caja-DRB (marmoset 

MHC Class II) genotype mismatching between the animals.401 For each recipient 
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animal, 2 allogeneic donors, one donor for MoDC and HPDC, respectively, were 

utilised.  

For the study involving the administration of autologous DC, the same animal was used 

as both the donor and recipient. In this case, two courses of G-CSF were required to 

ensure adequate numbers of precursors would be present in peripheral blood for the 

purposes of propagating HPDC and MoDC, respectively. 

4.2.5.1 Confirmation of allo-reactivity between donor and recipient animals 

To confirm the degree of allo-reactivity predicted on the basis of Caja-DRB 

mismatching, one-way MLR (as described in Chapter 2, section 2.4.2.6.1) was 

undertaken using PBMC from each marmoset donor and recipient pair. To minimise 

excessive blood sampling of donor animals, stimulator PBMC for MLR were obtained 

from blood collected following G-CSF mobilisation and primarily intended for use as 

the source of monocytes of haematopoietic progenitors for DC culture. Stimulator 

PBMC were irradiated with 30Gy prior to culture. Responder cells were PBMC 

obtained from designated recipient animals; these animals had not received any G-CSF 

prior to blood sampling. Stimulator and responder PBMC (1x105 cells) were co-cultured 

in triplicate for 5 days; to obtain baseline data, 1x105 PBMC from each animal were 

also cultured alone. T-cell proliferation was determined, and for the purposes of 

comparison between different donor-recipient pairings was converted to a stimulation 

index, as per section 2.4.2.6.1.  

4.2.6. Administration of labelled DC via subcutaneous and intravenous infusion 

Following labelling of marmoset MoDC and HPDC with DiI and CFSE respectively, 

cells were washed extensively with PBS and resuspended in sterile 0.9% sodium 

chloride (NaCl) containing 0.1% v/v heparin (1000u/ml; Pfizer Australia). Cell viability 

and counts were confirmed prior to the final suspension with the use of trypan blue 

staining. Approximately 1-2x106 MoDC and 1-2x107 HPDC were resuspended in 200µl 

and 500µl of 0.9% NaCl/heparin, respectively, and protected from light until the time of 

administration to the animals. The dose of MoDC chosen was based on achieving a 

comparable dose (on a weight basis) to those used in previous studies of DC trafficking 
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in primates.379 A higher dose was chosen for the HPDC to maximise the likelihood of 

observing trafficked fluorescent cells in tissues after infusion.  

Labelled donor DC were administered to recipient marmosets using 0.5ml or 1ml 

insulin syringes (fitted with 29g needles; BD Medical). CFSE-labelled HPDC were 

injected intravenously into the left femoral vein; intravenous placement of the needle 

was confirmed by the aspiration of venous blood prior to administration of DC. 

Immediately after the IV injection, DiI-labelled MoDC were injected subcutaneously 

into the right upper thigh of the animal; the site was marked by the placement of 5.0 silk 

suture. 

Following DC administration, recipients were monitored for 20 minutes for any adverse 

effects, before being returned to their enclosure for routine monitoring. 

4.2.7. Collection and analysis of marmoset tissues following DC administration 

Forty-eight hours after the administration of labelled marmoset DC, recipient animals 

were euthanized under inhalational anaesthesia to collect tissues, as described in section 

2.3.6. This time point was chosen on the basis of previous studies in mice582-587 and 

NHP379,390 indicating that subcutaneously injected DC would be likely to be present 

within the draining lymph node, and intravenously injected DC within the spleen and 

liver, at this time point.  While under anaesthesia and prior to cardiac puncture, 

methylene blue (1%; American Reagent) was injected slightly proximal to the site of 

the suture marking the subcutaneous injection site, to enable the identification of the 

draining inguinal lymph node. Tissue samples were snap frozen using liquid nitrogen 

and embedded into OCT and transferred to -80°C for storage. Tissues collected for this 

study included the skin and subcutaneous tissue at the marked injection site, draining 

inguinal lymph node, kidneys, lungs, liver, spleen and mesenteric/para-aortic lymph 

nodes. Other scavenged tissues, peripheral blood, urine and bone marrow were also 

collected. In some studies, a sample of fresh lymph node (draining and contralateral), or 

spleen was collected for flow cytometry analysis. Fresh tissues were prepared for flow 

cytometry as per isolation of (spleen) cells for culture purposes (section 2.4.2.5). 

Marmoset tissues were analysed by immunofluorescence microscopy as described in 

Chapter 2 (section 2.5) for the presence of DiI-MoDC or CFSE-HPDC. Additionally, 
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flow cytometry analysis (without monoclonal antibodies) of fresh lymph nodes and 

spleen was performed to detect the presence of DiI or CFSE positive cells, as per 

section 2.6.  

It was not possible to include non-injected animals as a control group (e.g. to exclude 

auto-fluorescence) due to the need for euthanasia of an otherwise healthy marmoset to 

obtain such tissues. Thus, each animal served as their own control by including 

immunofluorescence staining of tissues likely to be uninvolved e.g. lymph nodes 

contralateral to the subcutaneous injection site. 
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4.3. Results 

4.3.1. Suitability of in vitro propagated and fluorescently labelled marmoset DC for 

DC infusion studies 

Marmoset MoDC were propagated in vitro and labelled with DiI or CFSE as a 

fluorescent label to enable identification of infused cells in marmoset tissues. Labelling 

did not alter the stimulation potential of these cells in a xenogeneic MLR (Figure 4.3.1), 

confirming that functionally these cells would be suitable to use for DC infusion 

studies. 

In addition, viability of marmoset DC after prolonged HP culture and HPDC 

differentiation was excellent, with 7AAD staining only a small population of cells 

(approximately 1.5%). No difference was observed between unlabelled or CFSE 

labelled cells (Figure 4.3.2). 
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Figure 4.3.1. Fluorescent labelling of in vitro propagated marmoset MoDC with CFSE or 
DiI does not alter stimulation potential in a xenogeneic mixed leucocyte reaction. 

Marmoset MoDC (day 6 in culture with GM-CSF/IL-4) were labelled with CFSE or DiI as described in 
the text, were assessed for stimulatory capacity in xenogeneic MLR. All stimulator MoDC were 
irradiated with 30Gy prior to co-culture with human PBMC at a 1:10 ratio. T-cell proliferation was 
assessed by 3H-thymidine incorporation. No significant difference in T-cell proliferation was observed 
between DiI or CFSE labelled cells and untreated cells (p=0.36, one way ANOVA).  

Results shown are mean ± standard deviation and are representative of two experiments. 

DC = marmoset MoDC; PBMC = peripheral blood mononuclear cells. 
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Figure 4.3.2. Marmoset HPDC propagated in vitro have excellent viability, which is not 
altered by labelling with CFSE. 

After HP culture and differentiation into DC by culture in GM-CSF/IL-4, marmoset HPDC were labelled 
with CFSE, and cultured for a further 48 hours. Unlabelled HPDC were also cultured as controls. 
Labelled and control cells were washed and stained at room temperature with 7AAD as a cell viability 
indicator, with unstained HPDC as a further control, and analysed immediately by flow cytometry. Cells 
were gated according to forward and side scatter characteristics (top left panel), and CFSE staining was 
confirmed in 99% of cells (bottom left panel). 7AAD stained a small population of HPDC, which was 
similar for both unlabelled (1.57%; top right panel) and CFSE labelled (1.45%; bottom left panel). 

Data are representative of 2 separate experiments. 

HPDC = haematopoietic progenitor derived dendritic cells. 
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4.3.2. Selection of donor-recipient pairs 

Marmoset donor-recipient pairings were selected on the basis of Caja-DRB (MHC 

Class II) genotype, to ensure at least one DRB mismatch between donors and 

recipients.401 All animals in the colony had been genotyped for Caja-DRB genes prior 

to this study. The median age of donors was 11.2 years (range 10.3-13.7) and the 

median age of recipients was 12.7 years (11.3-14). Details of selected donors and 

recipients are shown in Table 4.3.1. 

 

Table 4.3.1. Caja-DRB (Class II MHC) genotyping of the marmoset donors and recipients 
used in studies of DC trafficking. 

Study Recipient DRB typing† Donor  DRB typing Mismatches 

1 824F 1605, 1623, 0302, 0303 70M 

811F 

1605, 1624, 0302, 0302 

1605, 1623, 0303, 0304 

1 

1 

2  734F 

(auto) 

1623, 1623, 0303, 0304 - - N/A 

3‡ 85M 1605, 1624, 0302, 0302 79M 

82M§ 

1605, 1608, 0302, 0304 

1605, 1610, 1608, 0303, 

0303 

2 

3 

4 85M 1605, 1624, 0302, 0302 75F 

863F 

1605, 1608, 0302, 0304 

1604, 1604, 0302, 0303 

2 

2 

 

                                                
† Marmoset MHC class II genes identified in the colony include Caja-DRB1*03 (individual alleles are 
shown as 03--), Caja-DRB*W16 (individual alleles shown as 16--), and Caja-DRB*W12. All animals in 
the colony are known to be positive for the Caja-DRB*W1201 allele. 
 
‡ DC infusions from 79M and 82M into recipient 85M (study 3) were not proceeded with due to 
inadequate numbers of DC propagated in culture (see discussion in text). 
 
§ Several animals in the colony have been genotyped and found to have 3 Caja-DRB*W16 alleles, 
including animal 82M. This is presumably related to haematopoietic chimerism from circulatory 
exchange known to occur between marmoset twins in utero. 
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4.3.3. Yield of marmoset MoDC and HPDC following culture 

The yield of marmoset MoDC and HPDC after in vitro propagation and culture are 

shown in Figure 4.3.3 and Figure 4.3.4. 

Due to an inadequate yield of propagated DC (both HPDC and MoDC) from cultures 

for the second allogeneic DC trafficking study (study #3 in Table 4.3.1, donor 

marmosets 82 and 79), it was necessary to abandon this study prior to DC 

administration. Thus, 2 further donor animals were G-CSF mobilised in order to 

propagate MoDC and HPDC (study #4, donor marmosets 863 and 75). 
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Figure 4.3.3. Yield of marmoset peripheral blood mononuclear cells (PBMCs) and 
immature monocyte-derived dendritic cells (MoDC) following G-CSF mobilisation and 
subsequent MoDC culture. 

Marmoset donors were mobilised with 5 days of subcutaneously administered recombinant human (rh-) 
G-CSF 10-15µg/kg/day, and bled up to 3-4mls of peripheral venous blood over 2 days. Following Ficoll 
density gradient separation and lysis of red blood cells, PBMCs were isolated. Baseline PBMC counts 
were between 7.6x106 and 2.4x107 cells. After isolation of monocytes by plastic adherence and culture in 
complete medium (CM) supplemented with GM-CSF/IL-4 for up to 7 days, the yield of marmoset 
immature MoDC was 2.1x106 to 8x106 cells.  

*MoDC culture from one animal (marmoset 82) failed to produce an adequate cell count for infusion 
(arbitrarily set at 1x106 cells, dotted line), this was due to a fungal infection encountered during cell 
culture.   

811 734 82* 863
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Figure 4.3.4. Yield of haematopoietic progenitor (HP) culture of G-CSF mobilised 
marmoset PBMCs, and subsequent differentiation of haematopoietic progenitor derived 
dendritic cells (HPDC). 

Marmoset donors were mobilised with 5 days of subcutaneously rh-G-CSF 10-15µg/kg/day, and bled up 
to 3-4mls of peripheral venous blood over 2 days. One donor (marmoset 70) underwent planned 
euthanasia due to extremes of age following G-CSF mobilisation, and blood collected was via cardiac 
puncture. Following Ficoll density gradient separation and lysis of red blood cells, PBMCs were isolated. 
Bulk PBMCs were cultured in complete medium (CM) supplemented with FLT-3L, SCF and TPO to 
enrich for (CD34+) haematopoetic progenitors, for up to 4 weeks (HP culture). After HP culture, cells 
were washed and cultured for a further 7 days in CM supplemented with GM-CSF/IL-4 to propagate 
HPDC.  

The duration of HP culture prior to HPDC propagation varied; see text for description. In all cases, the 
last point on the graph represents the final HPDC cell count, i.e. the yield. This ranged from 2.08x107 to 
4.3x107 cells (excluding marmoset 79). The arbitrary threshold count for HPDC to be used for infusion 
was set at 1x107 cells (dotted line). 

*Cell counts progressively fell throughout HP culture for marmoset 79, and evidence of fungal infection 
was observed in some wells, so these cells were not used for infusion studies.  
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4.3.4. Confirmation of allo-reactivity between donors and recipients in allogeneic 

mixed leucocyte reaction 

Mixed leucocyte reactions (MLRs) were performed between using PBMCs from each 

allogeneic donor-recipient pair from study #1 and #4, and confirmed significant allo-

reactivity between 3 of the 4 donor-recipient pairs (see Figure 4.3.5). This is shown by 

the difference of the stimulation indices from baseline (i.e. a reference point of 1). One 

pair (75F versus 85M, HPDC donor for study #4) did not reach statistical significance 

due to high baseline proliferation in several single cells wells of the MLR.  

 

 

Figure 4.3.5. Confirmation of allo-reactivity between allogeneic marmoset donors and 
recipients in allogeneic mixed leucocyte reactions (MLR). 

Marmoset PBMC from marmoset donor-recipient pairs (study #1 and study #4 as per Table 4.3.1) were 
assessed for stimulatory capacity in allogeneic MLR. Stimulator (donor) PBMCs were irradiated with 
30Gy prior to co-culture with recipient PBMC at a 1:1 ratio. T-cell proliferation was assessed by 3H-
thymidine incorporation, and converted to a stimulation index to enable comparison between pairings. A 
reference stimulation index (baseline) of 1 was used as a comparison. 3 of the 4 pairs showed significant 
allo-reactivity; one pair was not statistically significant; analysis of the data suggested this was due to an 
unexpectedly high baseline proliferation of recipient marmoset PBMCs in some wells of the MLR.  

Results shown are mean ± standard deviation and are a composite of 4 separate experiments.  

PBMC = peripheral blood mononuclear cells. 

* = p<0.001; ** = p<0.01 (Students unpaired t test; versus baseline)  
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4.3.5. Administration of allogeneic and autologous DC to marmoset recipients and 

collection of tissues 

Three marmoset recipients simultaneously received approximately 6-7x106/kg DiI-

labelled MoDC (~2x106 total cells for an average animal of 300g) and approximately 6-

7x107/kg CFSE-labelled HPDC (~2x107 in total), via subcutaneous and intravenous 

routes respectively. Two recipients (824 and 85, study #1 and #4) received allogeneic 

DC from two MHC-mismatched donors; the other recipient (734, study #2) received 

autologous DC. No adverse effects were observed in any of the animals. 

4.3.6. Trafficking of subcutaneously administered marmoset MoDC in vivo 

Figure 4.3.6 shows that after 48 hours, DiI labelled MoDC were found at the site of 

subcutaneous injection for both allogeneic and autologous recipients, although fewer 

were seen in the autologous setting. However, no evidence of trafficking of 

subcutaneously injected MoDC to the draining lymph node was seen in either 

allogeneic recipient using immunofluorescence microscopy. Flow cytometry of one 

recipient’s draining lymph node (marmoset 85, study #4) confirmed the lack of any DiI 

positive cells (Figure 4.3.7).  

Unfortunately, no lymph node tissue was recovered from the autologous recipient 

(marmoset 734, study #2), despite the use of methylene blue as a localising agent. 
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Figure 4.3.6. Marmoset MoDC labelled with DiI and injected subcutaneously are present 
at the site of injection after 48 hours but do not migrate to the draining lymph node. 

Immunofluorescence microscopy of representative sections of marmoset tissue obtained at euthanasia 48 
hours after subcutaneous injection of DiI-labelled marmoset MoDC. DiI labelled injected cells are shown 
in red and are detected in the rhodamine channel on the Zeiss microscope; cell nuclei are stained blue 
with DAPI counterstain. (A) Marmoset 824 skin (allogeneic recipient; study #1) showing multiple areas 
of DiI positive cells (bracket) in the dermis; (B) Marmoset 734 skin (autologous recipient; study #2) 
showing two nodules of DiI positivity (arrows) that appear to be in the epidermis/upper dermis and at the 
base of the dermis; (C) Marmoset 824 draining (R) inguinal lymph node identified via methylene blue, 
with no evidence of DiI positivity (D) Marmoset 824 mesenteric lymph node (as a control).  

Immunofluorescence microscopy of the draining lymph node of Marmoset 85M (study #4) showed 
similar appearances, with no evidence of DiI positive cells. Unfortunately, the draining lymph node was 
not recovered at euthanasia of marmoset 734 (autologous recipient; study #2), despite the use of 
methylene blue for identification purposes. 
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Figure 4.3.7. DiI positive marmoset MoDC are not found in the draining lymph node at 48 
hours following subcutaneous injection.  

48 hours after subcutaneous injection of DiI labelled allogeneic marmoset MoDC, lymph nodes were 
obtained at euthanasia and analysed by flow cytometry for the presence of DiI positive cells, using the PE 
channel of the FACS Canto II. Cells were included in the analysis gate on the basis of forward and side 
scatter characteristics (upper panel). There were no DiI positive cells seen in either a control lymph node 
(lower left panel) or the draining lymph node (right lower panel). 
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4.3.7. Trafficking of intravenously administered marmoset HPDC in vivo 

Although a large dose of CFSE-labelled HPDC was administered intravenously to the 

two allogeneic marmoset recipients, there was no evidence of any CFSE-positive cells 

observed in any examined tissues (lungs, liver, kidney, lymph nodes or spleen) after 

euthanasia at 48 hours (Figure 4.3.8). Flow cytometry of fresh spleen in one recipient 

(85, study #4) also did not identify any distinct population of CFSE positive cells 

(Figure 4.3.9). 

In the marmoset that received autologous HPDC (734, study #2), there were several 

areas of CFSE positivity noted in the spleen at 48 hours, and also a few CFSE staining 

cells seen in the liver (Figure 4.3.10). However, no CFSE positivity was observed in 

lungs, kidney or lymph nodes. In this case, flow cytometry was not performed. 
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Figure 4.3.8. Allogeneic marmoset HPDC labelled with CFSE and injected intravenously 
are not detectable in tissues after 48 hours. 

Immunofluorescence microscopy of representative sections of marmoset tissue obtained at euthanasia 48 
hours after intravenous injection of allogeneic CFSE-labelled marmoset HPDC. CFSE injected cells (if 
present) should be stained green as they are detected in the GFP (green fluorescent protein) channel on 
the Zeiss microscope; cell nuclei are stained blue with DAPI counterstain. Tissues shown are from 
marmoset 824 (study #1): (A) lungs showing background auto-fluorescence of bronchial cartilage; (B) 
liver; (C) spleen; (D) mesenteric lymph node. No evidence of CFSE staining was identified in any of the 
tissues examined. 

Immunofluorescence microscopy was performed on tissues taken from both marmoset 824 and 85M 
(study #1 and #4, respectively) and similar appearances were found, with no evidence of CFSE positive 
cells. 
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Figure 4.3.9. CFSE positive allogeneic marmoset HPDC are not found in the spleen at 48 
hours following intravenous injection.  

48 hours after intravenous injection of CFSE labelled allogeneic marmoset HPDC, a sample of fresh 
spleen was obtained at euthanasia and analysed by flow cytometry for the presence of CFSE positive 
cells. Cells were included in the analysis gate on the basis of forward and side scatter characteristics (left 
panel). No distinct population of CFSE positive cells was seen, i.e. there was only a single peak observed 
(right panel), although the lack of any control fresh spleen tissue from another animal (not given CFSE 
labelled DC) should be noted. 

The spleen cells used in the analysis were taken from study #4, i.e. allogeneic recipient 85M. 
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Figure 4.3.10. Autologous marmoset HPDC labelled with CFSE and injected 
intravenously are detectable in spleen and possibly liver after 48 hours. 

Immunofluorescence microscopy of representative sections of marmoset tissue obtained at euthanasia 48 
hours after intravenous injection of autologous CFSE-labelled marmoset HPDC. CFSE injected cells 
stain green as they are detected in the GFP (green fluorescent protein) channel on the Zeiss microscope; 
cell nuclei are stained blue with DAPI counterstain. Tissues shown are from marmoset 734 (study #2): 
(A) lungs showing background auto-fluorescence of bronchial cartilage; (B) liver showing scattered 
CFSE positive cells; (C) spleen showing some peripheral nodules of CFSE positive cells; (D) kidney, no 
CFSE staining.  

  

A. Lungs B. Liver 

C. Spleen D. Kidney 



 

 
173 

 

4.4. Discussion 

In this chapter, a series of studies were undertaken in order to investigate the trafficking 

of in vitro propagated DC following subcutaneous or intravenous injection in the 

marmoset non-human primate model. Two allogeneic studies were undertaken, with an 

autologous study as a control. The purpose of this study was both to determine whether 

in vitro propagated marmoset DC possess migratory capacity in vivo; and secondly to 

investigate the behaviour of injected allogeneic DC compared with autologous DC in a 

robust non-human primate model. This is the first reported study of allogeneic DC 

trafficking in a primate model. 

Marmoset MoDC and HPDC were propagated in vitro from G-CSF mobilised 

peripheral blood using methods previously established in our laboratory,303,403 and 

based on human protocols.195-197 These DC have previously been shown to have an 

immature and semi-mature phenotype respectively when propagated using these 

methods in this laboratory.403 In this study, sufficient numbers of DC were propagated 

from peripheral blood samples of 1-2 ml taken from live donor monkeys for the studies 

of DC infusion (Figure 4.3.3 and Figure 4.3.4), although one planned experiment (study 

#3) had to be abandoned due to inadequate growth of cells in culture. This confirms the 

feasibility of this method of DC propagation for kidney transplant studies, where a 

donor animal would need to remain alive and healthy to provide a kidney some time 

after donating DC. This is in contrast to other approaches to sourcing DC from 

marmosets, which involve killing the donor animal.399,539 Additionally, labelling with 

CFSE had no effect on viability (Figure 4.3.2), and DiI and CFSE did not alter the allo-

stimulation potential of marmoset DC in mixed leucocyte reaction (Figure 4.3.1), 

confirming the suitability of the fluorescently labelled cells for these studies. 

Following subcutaneous injection of DiI labelled MoDC, DiI positive cells were visible 

at the site of injection at 48 hours but not in the draining lymph node in allogeneic 

recipients (Figure 4.3.6). Fewer DiI positive cells were seen in skin of the autologous 

recipient but regrettably no lymph node tissue was recovered from this animal, so that 

migration to the draining lymph node could not be assessed. No DiI positive cells were 

seen in any other examined tissues. The lack of detectable allogeneic DC present in the 
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draining lymph node was a surprising finding, and indeed for the final recipient (study 

#4), flow cytometry of the draining and contralateral nodes was undertaken to try and 

increase the sensitivity to detect DC; but no DiI fluorescence was detected (Figure 

4.3.7). In a study of subcutaneous injection of autologous fluorescently labelled MoDC 

in chimpanzees using similar methods to those reported here,588 DC were noted to be 

present in the skin at 24 hours, but not at later time points; DC were seen in the draining 

lymph node between 24 and 48 hours and were still present in lower numbers at 120 

hours. A later study using intradermal injection of immature and mature DC in rhesus 

macaques390 showed that both cell types were present in the draining lymph node at 36 

hours but that mature DC elicited an inflammatory response in the skin and were still 

present there; immature DC were not found in the skin at this time-point.  

The reasons for the apparent lack of migration ability of subcutaneously injected DC in 

this study are unclear. Whether marmoset in vitro propagated MoDC and HPDC 

express chemokine receptors involved in migration to draining lymph nodes such as 

CCR8 and CCR7 is currently unknown, however the identification of anti-human 

chemokine receptor antibodies that are cross-reactive with marmoset cells520 makes 

such studies both feasible and necessary to advance this model. Additionally, studies of 

cell migration behaviour in vitro could be undertaken to investigate this further, using 

techniques such as Transwell® migration589,590 or a chemotaxis chamber.390 

Studies in mice,584,586,587,591 primates,588,592 and humans593,594 have shown that following 

subcutaneous injection of mature or immature DC, only a small proportion (<1%) ever 

reach the draining lymph node. Moreover, several of these studies593,594 have 

demonstrated that a greater proportion of DC can be found in the lymph node following 

intradermal rather than subcutaneous route of administration. Regardless, only a small 

proportion of injected monocyte-derived DC need to reach the lymph node in order to 

elicit strong antigen-specific immune responses, and many cells will remain at the 

injection site, lose viability and be cleared by infiltrating macrophages by 48 hours.595 

In this study, although DiI positive cells were visible at the site of injection, it is not 

known whether these cells remained viable; additionally comparatively few cells were 

present in the skin compared with the high numbers injected (~2x106 for an average 

animal weighing 300g). This observation implies that a significant proportion of the 

cells had been lost, and raises the possibility that clearance of injected cells by 
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inflammatory macrophages390,595 or NK cells369 may have occurred, particularly in the 

case of the allogeneic DC.  

Following intravenous infusion of a total dose of approximately 2x107 CFSE labelled 

HPDC, CFSE positive cells were visible in the spleen and liver of the recipient of 

autologous DC, confirming the migratory capacity of these cells, but not in the 

recipients of allogeneic DC (Figure 4.3.8). To date, there are few reported studies of 

tracking of intravenously injected DC in NHP,592 and none investigating migration to 

internal organs such as spleen, lungs or liver. Studies in mice (using bone-marrow or 

splenic DC) 582-587 and humans (using monocyte-derived DC) 593,596,597 of DC trafficking 

in vivo using scintigraphy, positron emission tomography, or magnetic resonance 

imaging, or in vitro using scintigraphy or bioluminescence, have shown that 

intravenously injected autologous DC home to large vascular organs, typically to the 

lungs in the first 24 hours and thereafter to the spleen and liver. In a study involving 

higher resolution analysis of tissue distribution to smaller and deeper tissues in mice,598 

intravenous bone marrow derived DC were shown to eventually also home to specific 

lymph nodes in the pancreatic area and draining the lungs. In the present study, no 

CFSE positivity was observed in the lungs in any of the marmosets at the 48-hour time 

point, which is consistent with previous observations. However, although CFSE 

positive cells were found in the spleen and liver of the recipient of autologous DC, no 

CFSE positivity was seen in the recipients of allogeneic DC. In mice at least, 

intravenously injected allogeneic DC appear to home to tissues normally,586 so it seems 

unlikely that this observation is due to impaired migratory capacity of intravenously 

injected allogeneic DC in comparison to autologous DC. Alternatively these cells may 

have been cleared or destroyed by recipient NK cells, as has been observed with donor 

DC in a classic skin transplant study.369 

A potential criticism of this study is that each recipient animal received both MoDC and 

HPDC simultaneously. However, it is important to note that the primary purpose of this 

study was to determine the trafficking behaviour of injected DC in marmoset recipients, 

rather than to investigate the immune responses of recipients to DC therapy. In addition, 

at the time of commencing this study and obtaining ethics committee approval, it was 

intended that further studies would be undertaken of donor-derived DC therapy in 

marmosets followed by kidney transplantation using animals in the colony at Queen 
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Elizabeth Hospital. As such, the study was designed to comply with ethical imperatives 

and the NHMRC endorsed principle of minimising the numbers of primates used in 

research.554  

A limitation of this study is that in order to determine the behaviour of injected DC in 

vivo, it was necessary to kill recipient marmosets to obtain tissues for analysis. This 

limited the numbers of studies that could be performed, even with the use of 

simultaneous MoDC and HPDC injections as outlined above. Although the analysis of 

whole organs with immunofluorescence microscopy techniques and flow cytometry 

enables a high degree of resolution and the potential to identify individual fluorescently 

labelled cells, other non-invasive methods can be used successfully to track the 

behaviour of cells in vivo.583 Radiolabelling and scintigraphy,593,594,599 magnetic 

resonance imaging,600 and positron emission tomography587 have all been used to track 

DC in vivo with an acceptable degree of spatial resolution. More recently the technique 

of bioluminescence imaging has been developed and used in studies of DC migration in 

mice, e.g. using DC transduced with viral vectors containing firefly luciferase.601 This 

technique could conceivably be applied in marmosets, given their relatively small size 

(adult weight typically 300-400g), and underlines the suitability of this non-human 

primate model for studies of this type. 

Morelli and colleagues have recently demonstrated in an elegant series of cardiac 

transplant studies in mice that intravenously injected allogeneic (donor) tolerogenic DC 

are unable to directly regulate donor-specific T-cells in vivo.331 It was shown that these 

donor DC die quickly after injection, and that donor antigen is reprocessed and 

presented to T-cells by endogenous (recipient) DC via the indirect pathway. A 

subsequent study demonstrated that the immunosuppressive and graft prolonging effects 

of donor DC therapy is mediated by and dependent on endogenous conventional DC.602 

Autologous DC used as vaccines and loaded with tumour antigens have similarly been 

shown to mediate their effect on CD8 T-cells via antigen transfer to endogenous APC 

(typically DC).603 In an earlier study done in our laboratory, infusion of in vitro 

propagated immature (Mo)DC into allogeneic marmoset recipients resulted in reduced 

anti-donor and anti-third party responses in 2 out of 3 animals (described in Chapter 1, 

section 1.8.3). 303  A study in rhesus macaques had similar findings.350 The results of 

these NHP studies of DC immunotherapy, and the lack of allogeneic cells in spleen or 
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liver observed in the present study, taken together with the observations of Morelli and 

colleagues,331,602 suggest that while allogeneic DC have effects on the immune 

response, these do not necessarily occur via the direct interaction of infused donor cells 

with recipient T-cells. Rather, similar to the effects on immune responses observed with 

donor-specific transfusion,604,605 donor derived tolerogenic DC therapy may act merely 

as a source of donor antigen for recipient DC, perhaps via the apoptosis of donor 

cells.606 Additionally, there is evidence that in some settings donor DC therapy results 

in sensitisation of the recipient towards donor antigens.607  

This study does not directly address the question of which route of administration 

would be most efficacious to promote a tolerogenic response to donor-derived DC 

therapy. However, the results provide some insight into the outcome in vivo after 

injection of allogeneic DC via different sites. Following intravenous injection, DC 

appear to be rapidly cleared and were not visible as intact cells in any of the tissues 

examined at 48 hours. As discussed above, apoptotic DC can be tolerogenic,606 and 

systemic administration may facilitate the greatest exposure of recipient DC to injected 

donor antigen in the absence of local inflammatory stimuli, even if the injected DC do 

not directly interact with T-cells.331  Following subcutaneous injection however, DC 

were still present at the site of injection after 48 hours, and no evidence of migration of 

these cells to the draining lymph node was seen. Many studies of subcutaneous or 

intradermal injection of DC have been in the context of tumour vaccination 

studies,608,609 and designed to promote an immune activating rather than a tolerogenic 

response, although autologous immature DC administered subcutaneously can inhibit 

the immune response.258 It is possible that rather than migrating to the draining lymph 

node and initiating a tolerogenic response, as hoped for with this approach, allogeneic 

DC might initiate a localised inflammatory response in the presence of donor antigen 

(whether or not the DC were viable or remained immature in phenotype) resulting in 

immune activation72 through the involvement of recipient Langerhans cells, and other 

local infiltrating immune cells such as monocytes or macrophages. Although this study 

did not specifically investigate for evidence of an inflammatory reaction present at the 

site of injection, other primate studies have made this observation.390 To date, no direct 

comparisons between subcutaneous or intradermal and intravenous administration of 

tolerogenic DC therapies have been reported, although tumour vaccination studies have 
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indicated that subcutaneous rather than intravenous administration of DC is more 

effective at promoting a vaccine-induced immune activating response,584 and many 

investigators propose that the intravenous route is more appropriate for tolerance 

induction.264,579 

In conclusion, while donor-derived DC therapy has demonstrated potential in rodent 

models and primate studies to promote a tolerogenic immune response, this study 

suggests that the mechanisms by which this occurs is not via normal DC trafficking and 

interaction with recipient T-cells, at least in this primate model. This appears to be 

regardless of whether the route of administration of DC is intravenous or subcutaneous. 

Data from recent studies suggests that the beneficial effects of donor derived DC 

therapy may in fact occur largely through acquisition and reprocessing of donor antigen 

by recipient DC, for presentation to T-cells via the indirect pathway. 

In light of these findings and recent published data, the logistical difficulties inherent in 

cellular therapy, and the ethical implications of undertaking further studies of donor-

derived DC therapy followed by kidney transplantation surgery in marmosets, it was 

decided to pursue an alternative strategy of DC immunotherapy via targeting marmoset 

DC in situ for the subsequent studies reported in this thesis. 
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Chapter 5:  DEVELOPMENT OF 

MONOCLONAL ANTIBODIES TO 

TARGET DC-SIGN ON MARMOSET 

DENDRITIC CELLS TO FACILITATE 

TARGETED THERAPY 
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5.1. Introduction 

Monoclonal antibodies have a well established place in biomedical science, with 

applications ranging from cell or antigen identification in basic research,610 diagnostic 

tests,611 through to therapeutic agents for the treatment of human disease.612 All 

monoclonal antibodies share the unique characteristic that they bind their unique target 

molecule with extremely high specificity and sensitivity, enabling precise selection of 

almost any target of interest. Since the discovery of hybridoma technology in 1975,613 it 

has become feasible to generate large numbers of mouse monoclonal antibodies against 

almost any target molecule that is capable of being used as an immunogen; screening of 

these can be done to select antibody clones of high affinity, and stable cell lines can be 

produced to ensure their indefinite availability for future use.614,615 Further 

developments in this technology have improved the suitability of antibodies for use in 

therapeutics, in particular the ability to generate chimeric and fully humanised 

antibodies,616 thus avoiding the problems associated with species immune 

differences.617  

The use of monoclonal antibodies to target specific cell types by binding to specific 

cell-surface proteins in conjunction with drugs or drug-carriers offers the potential to 

develop cell-specific therapies. DC play a pivotal role in the generation of immune 

responses, in particular to a transplanted organ or tissue, and thus these cells represent a 

highly desirable target for such therapies. DC express numerous surface receptors that 

could be utilised as targets in this manner. The C-type lectin DC-SIGN is one such 

receptor that is particularly attractive for such an approach, as it is highly specific for 

DC (with some low level expression on macrophages), and has important roles in 

antigen uptake and cross-presentation to T-cells. 193,218,220,415,618  

In this thesis, a series of studies have been undertaken with the overall aim to develop 

DC based immunotherapy in a NHP transplant model, the common marmoset monkey. 

It is necessary to investigate such therapies in a suitable pre-clinical model prior to 

proceeding to human clinical trials,39 and the marmoset monkey is becoming 

established as an important and useful model for DC therapies in a transplant 

context.303,399,402,403,539 In contrast to the studies undertaken in the previous chapter of 

using donor derived DC as a cellular therapy to facilitate tolerogenic responses to an 
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organ transplant, this and the following chapter will consider an alternative approach 

based on targeting recipient DC in situ via DC-SIGN using monoclonal antibodies as 

the means to specifically target these cells.  

To date, it has yet to be established whether currently available anti-human antibodies 

that bind human DC-SIGN are cross-reactive with marmoset DC-SIGN. Studies of in 

vitro propagated marmoset DC have not identified DC-SIGN expression,403 and 

although the marmoset DC-SIGN peptide has been sequenced and found to have 

approximately 80% homology with human DC-SIGN,458,619 it is unknown whether the 

marmoset DC-SIGN has similar structure or functionality in vivo. In addition, there are 

currently no published studies of the surface markers or phenotype of marmoset tissue 

DC, so it uncertain whether DC-SIGN would be a suitable target to use for DC targeted 

immunotherapy in this species.  

The aims of this chapter are: 

1. To develop monoclonal antibodies targeting marmoset DC-SIGN that could be 

used in subsequent studies of DC immunotherapy in the marmoset pre-clinical 

model of transplantation. 

2. To clone marmoset DC-SIGN, and express it in on the surface of a Chinese 

Hamster Ovary (CHO) cell line, to ensure that a suitable marmoset DC-SIGN+ 

cell would be available to use for screening of generated monoclonal antibodies.  

3. To determine if DC-SIGN expression can be detected on the surface of 

marmoset DC – i.e. (1) marmoset in vitro propagated DC, or (2) marmoset in 

vivo tissue DC isolated from lymphoid tissue – using generated monoclonal 

antibodies or a commercially available anti-human DC-SIGN. 
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5.2. Methods 

5.2.1. Cell culture 

Protocols for cell culture are outlined in detail in Chapter 2 (section 2.4); additional 

details where necessary are described in the sections below. 

5.2.2. Cloning of marmoset and human DC-SIGN 

Marmoset and human DC-SIGN were cloned from stored marmoset and human cDNA, 

extracted from frozen marmoset spleen, thymus and liver, and human MoDC, 

respectively.458 Protocols for PCR, agarose gel electrophoresis, ligation into cloning 

vectors, transformation of competent E. Coli, and transfection of CHO cell lines are 

outlined in Chapter 2 (section 2.7). 

5.2.2.1 Primers  

PCR primers were chosen based on confirmed sequences of human and marmoset DC-

SIGN, and are listed in Table 5.2.1.  

 

 

Table 5.2.1. Sense and anti-sense primers used for cloning of human and marmoset DC-
SIGN 

Gene GenBank* 
Accession number 

Sense primer      

5’-3’ 

Anti-sense primer 

5’-3’ 

Product 

size (bp) 

TM 

(°C) 

Human DC-

SIGN 

NM_021155 ggggTgACATgAg

TgACTCCAA 

CTACgCAggAggggg

gTTTg 

1215 60 

Marmoset DC-

SIGN 

EU041929.1 ATgAgTgACTCC

CAggAACC 

CAggAgAgAAgCCT

TTCTTCATC 

1113 68 

                                                
* Sequence available at http://www.ncbi.nlm.nih.gov/genbank/. Accessed November 2010. 
bp = base pairs 
TM = predicted primer annealing temperature  
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5.2.3. Development of monoclonal antibodies targeting marmoset DC-SIGN 

Monoclonal antibodies against marmoset DC-SIGN were generated under a commercial 

arrangement with Neubody Pty Ltd (now Biosensis; Thebarton, SA). The process is 

outlined schematically in Figure 5.2.1. Briefly, five Balb/c mice were immunised using 

3mg of a mixture of three antigenic peptides derived from the amino acid sequence of 

marmoset DC-SIGN, and conjugated to keyhole limpet haemocyanin (KLH) as an 

adjuvant. The sequences were chosen by Neubody on the basis of their likely 

antigenicity and cross-reactivity with both human and marmoset DC-SIGN, and were 

taken from different locations within the whole peptide sequence. The sequences of the 

three peptides that were used were: 

Antigenic peptide #1  QQEIYQELLQLKAAVGE 

Antigenic peptide #2  NSVTACQEVGAQLVII 

Antigenic peptide #3  FTLLAGVLVAILVQVS 

Antibody titres were evaluated using ELISA and hybridoma fusion was carried out 

between splenocytes and myeloma cells. After screening for binding against peptides 

#1, #2, and #3 using ELISA (performed by Neubody), 15 positive clones (supernatants) 

from hybridomas were confirmed as having reactivity against peptides #1 and #2, but 

not against peptide #3. These 15 hybridoma supernatants were submitted to this 

laboratory for further testing as per section 5.2.4 below. 
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Figure 5.2.1. Summary of the steps in the process of generating monoclonal antibodies 
with the use of hybridoma technology. 

(1) Immunisation of a mouse; (2) Isolation of B cells from the spleen; (3) Cultivation of myeloma cells; 
(4) Fusion of myeloma and B cells; (5) Separation of cell lines; (6) Screening of suitable cell lines; (7) in 
vitro (a) or in vivo (b) multiplication; and (8) Harvesting. 

Reprinted from a figure by Martin Brändli; © 2010. Used with permission, under the terms of the 
Creative Commons Attribution-Share Alike 2.5 Generic licence.  
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5.2.4. Screening of monoclonal antibodies for binding to marmoset and human DC-

SIGN 

Marmoset and human monocyte derived DC were generated as described in Chapter 2 

(sections 2.4.2 and 2.4.3, respectively), and used on day 5-7 of culture with GM-

CSF/IL-4, without the addition of maturation stimuli. CHO cells transfected with 

marmoset or human DC-SIGN were generated as per section 2.7.2, and were used 24-48 

hours post transfection. 

Cells (2-5x106/ml in staining buffer) were Fc-receptor blocked with 10% v/v heat 

inactivated rabbit serum, and incubated for 20 minutes at 4°C. Cells were then 

incubated with 50µL of each of the hybridoma supernatants, 100-500ng of purified 

(unconjugated) DC-SIGN antibody (BD clone DCN46), or 50µL supernatant from a 

mouse myeloma cell-line producing IgG1κ clone (X63; stored in-house), for 20 minutes 

at 4°C. Cells were washed in FACS wash, and further incubated with a secondary sheep 

anti-mouse IgG FITC for 25 minutes, fixed in FACS lysing solution (BD Biosciences) 

and washed twice in FACS wash buffer. Cells were also incubated with DC-SIGN FITC 

or isotype control FITC, and fixed and washed as above. Binding of hybridoma 

supernatants and DC-SIGN FITC (BD clone DCN46) to cells was established by flow 

cytometry (FACS Canto II, BD Biosciences) and data was analysed using FCS Express 

software version 3 (DeNovo). 

Antibodies showing evidence of binding to marmoset DC-SIGN were further tested for 

binding to DC-SIGN in human spleen and marmoset lymphoid (spleen and thymus) 

tissues, using immunofluorescence microscopy as outlined in Chapter 2 (section 2.5). 

5.2.5. Generation of purified monoclonal antibodies against marmoset DC-SIGN 

Following the selection of two hybridoma supernatants for purification (clones 9E6A8 

and 9E6E12), Neubody Pty Ltd produced purified antibodies from these hybridomas. 

Briefly, selected hybridoma clones were sub-cloned by limiting dilution, and cell lines 

were created. Hybridomas were brought up conditioned media purified using protein G 

purification. Antibodies were dialysed against 1x PBS at a pH of 7.4. The presence of 

purified antibody was confirmed with the use of sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS-PAGE); and isotyping was performed using a Mouse 

MonoAB ID kit (HRP) (Zymed; now Invitrogen, Camarillo, CA, USA). Antibody was 
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resuspended in PBS with 0.03% (w/v) sodium azide, and the concentration was 

determined using spectrophotometry.  

5.2.6. Identification of DC-SIGN positive cells in marmoset spleen and confirmation 

of monoclonal antibody binding 

Marmoset splenocytes were obtained following euthanasia as described in section 

2.4.2.5. Fresh splenocytes were analysed by flow cytometry, as described in Chapter 2 

(section 2.6), with modifications as outlined here. Cells were collected into FACS tubes, 

washed extensively, and resuspended in staining buffer. After blocking with rabbit 

serum, splenocytes underwent multi-colour staining with Lineage markers (CD3, CD20 

and CD56, all FITC), Class II PE-Cy5, CD11c APC, and DC-SIGN PE (clone DCN46). 

Isotype matched antibodies conjugated to FITC, PE-Cy5, APC and PE respectively 

were used as negative controls. In some experiments, 1µg of the selected purified 

(unconjugated) monoclonal antibody clones (as per section 5.2.5), or an isotype 

unconjugated mouse IgG (clone P3.6.2.8.1) were substituted for DC-SIGN PE; these 

cells were incubated with these antibodies alone, followed by an additional incubation 

step with 20µl of a secondary PE-conjugated goat anti-mouse IgG1 antibody for 25 

minutes, prior to staining with conjugated antibodies. Compensation controls included 

the following: 

1. Unstained cells (isotype matched controls) 
2. FL-1 compensation: CD3 and CD20 FITC 
3. FL-2 compensation: CD11c PE 
4. FL-3 compensation: Class II PE-Cy5  
5. FL-5 compensation: CD11c APC 

Following staining as above, multi-colour flow cytometry was performed using a FACS 

Canto II flow cytometer (BD Biosciences). Approximately 200,000 events were 

recorded for experimental samples (5000 were recorded for compensation controls and 

100,000 for isotype controls). Doublet discrimination was not performed. Cells were 

selected for inclusion in the analysis gate according to forward and side scatter 

characteristics (Figure 5.2.2.) 
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Figure 5.2.2. Forward and side scatter plot showing representative gate used to select 
marmoset splenocytes in the flow cytometry studies to identify DC-SIGN positive cells. 

 

5.2.7. Confirmation of binding of purified monoclonal antibodies to marmoset and 

human DC-SIGN 

Following purification, antibodies generated under section 5.2.5, in addition to purified 

BD clone DCN46, were tested to confirm binding with marmoset and human DC-SIGN 

using transfected CHO cells. In these experiments, a range of antibody concentrations 

(100ng-1µg) were utilised. X63 supernatant or isotype purified mouse IgG (clone 

P3.6.2.8.1) were used as controls; other aspects of the protocol were as described in 

section 5.2.4 above. 
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5.3. Results 

5.3.1. Cloning of human and marmoset DC-SIGN 

5.3.1.1 Cloning of DC-SIGN, ligation into pGEM®-T easy vector and sequencing  

Marmoset and human DC-SIGN were cloned from stored cDNA (as per section 2.7.1) 

using specific primers and a Taq Polymerase (AmpliTaq Gold®, Applied Biosystems) 

to generate PCR products with 3’ adenine overhangs to facilitate ligation into the 

pGEM®-T easy cloning vector (Figure 5.3.1). Agarose gel electrophoresis confirmed 

the generation of single PCR products of appropriate size (1215bp and 1113bp 

respectively). Ligation into pGEM®-T easy was followed by transformation of DH5α 

E. Coli competent cells. Bacterial growth on LB-Agar plates (containing ampicillin, 

Xgal and IPTG) enabled the selection of white colonies containing the plasmid with the 

insert present. Successful transformation with plasmid confers ampicillin resistance 

(enabling growth), and interruption of the β-galactosidase enzyme gene by the presence 

of a PCR insert prevents a blue colour change, generating white colonies. A plasmid 

miniprep was used to isolate plasmid DNA, and NotI digestion and agarose gel 

electrophoresis confirmed the presence of DC-SIGN inserts of the correct size. 

Following further culture of colonies containing the correct inserts, and maxiprep to 

isolate sufficient volumes of plasmid DNA, plasmid containing the insert DC-SIGN was 

sequenced. Sequence analysis confirmed the successful cloning of marmoset and human 

DC-SIGN (Figure 5.3.2 and Figure 5.3.3, respectively).  
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Figure 5.3.1. Schematic representation of cloning of marmoset and human DC-SIGN into 
the pGEM®T-easy vector. 

Marmoset and human DC-SIGN were cloned as described in the text, and were propagated using specific 
primers (section 5.2.2.1). PCR products, containing 3’ adenine overhangs (represented by AAA on the 
ends of the PCR product; red text) were cloned into pGEM®-T easy plasmid vector containing 5’ 
thymidine overhangs (represented by T on the vector; blue arrow). The NotI restriction enzyme digest site 
is indicated (red arrows).  

LacZ = β-galactosidase gene (generates blue colonies, interrupted by presence of insert); Ampr = 
ampicillin resistance gene 

Modified from a figure by Natasha Rogers (2011).458 

pGEM®-T easy vector map © 2010 Promega Corporation.  
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                                  1                                               50 
                    marm2     (1) -------------------------------------------------- 
                    marmA     (1) -------------------------------------------------- 
DC SIGN Marmoset EU041929     (1) -------------------------------------------------- 
   pGEM-Teasy-marmDC-SIGN     (1) GGGCGAATTGGGCCCGACGTCGCATGCTCCCGGCCGCCATGGCGGCCGCG 
                                  51                                             100 
                    marm2     (1) -----------ATGAGTGACTCCCAGGAACCAAGATTACAGCAGATGGGC 
                    marmA     (1) -----------ATGAGTGACTCCCAGGAACCAAGATTACAGCAGATGGGC 
DC SIGN Marmoset EU041929     (1) -----------ATGAGTGACTCCCAGGAACCAAGATTACAGCAGATGGGC 
   pGEM-Teasy-marmDC-SIGN    (51) GGAATTCGATTATGAGTGACTCCCAGGAACCAAGATTACAGCAGATGGGC 
                                  101                                            150 
                    marm2    (40) TTCCTGGAGGAGGAAGAACTTGGATTCCAACAGACTCGAGGCTACAAGAG 
                    marmA    (40) TTCCTGGAGGAGGAAGAACTTGGATTCCAACAGACTCGAGGCTACAAGAG 
DC SIGN Marmoset EU041929    (40) TTCCTGGAGGAGGAAGAACTTGGATTCCAACAGACTCGAGGCTACAAGAG 
   pGEM-Teasy-marmDC-SIGN   (101) TTCCTGGAGGAGGAAGAACTTGGATTCCAACAGACTCGAGGCTACAAGAG 
                                  151                                            200 
                    marm2    (90) CTTAGCAGGGTGTCTTGGTCACGGCCCCCTGGTGCTGCAACTCCTGTCCT 
                    marmA    (90) CTTAGCAGGGTGTCTTGGTCACGGCCCCCTGGTGCTGCAACTCCTGTCCT 
DC SIGN Marmoset EU041929    (90) CTTAGCAGGGTGTCTTGGTCACGGCCCCCTGGTGCTGCAACTCCTCTCCT 
   pGEM-Teasy-marmDC-SIGN   (151) CTTAGCAGGGTGTCTTGGTCACGGCCCCCTGGTGCTGCAACTCCTCTCCT 
                                  201                                            250 
                    marm2   (140) TCACACTCTTGGCTGGGGTCCTGGTGGCCATCCTTGTTCAAGTGTCCAAG 
                    marmA   (140) TCACACTCTTGGCTGGGGTCCTGGTGGCCATCCTTGTTCAAGTGTCCAAG 
DC SIGN Marmoset EU041929   (140) TCACACTCTTGGCTGGGGTCCTGGTGGCCATCCTTGTTCAAGTGTCCAAG 
   pGEM-Teasy-marmDC-SIGN   (201) TCACACTCTTGGCTGGGGTCCTGGTGGCCATCCTTGTTCAAGTGTCCAAG 
                                  251                                            300 
                    marm2   (190) GTCCCCAGCTCCATAAGTCAGGGACAATCCAAGCAAGAGGAGATCTACCA 
                    marmA   (190) GTCCCCAGCTCCATAAGTCAGGGACAATCCAAGCAAGAGGAGATCTACCA 
DC SIGN Marmoset EU041929   (190) GTCCCCAGCTCCATAAGTCAGGGACAATCCAAGCAAGAGGAGATCTACCA 
   pGEM-Teasy-marmDC-SIGN   (251) GTCCCCAGCTCCATAAGTCAGGGACAATCCAAGCAAGAGGAGATCTACCA 
                                  301                                            350 
                    marm2   (240) GGAACTGACCTGGCTGAAGGCTGCAGTGGGTGAGCTCCCAGAGAAATCCA 
                    marmA   (240) GGAACTGACCTGGCTGAAGGCTGCAGTGGGTGAGCTCCCAGAGAAATCCA 
DC SIGN Marmoset EU041929   (240) GGAACTGACCTGGCTGAAGGCTGCAGTGGGTGAGCTCCCAGAGAAATCCA 
   pGEM-Teasy-marmDC-SIGN   (301) GGAACTGACCTGGCTGAAGGCTGCAGTGGGTGAGCTCCCAGAGAAATCCA 
                                  351                                            400 
                    marm2   (290) AGCAAGAGGAGATCTACCAGGAGCTGACCCAGCTGAAGGCCGCAGTGGGT 
                    marmA   (290) AGCAAGAGGAGATCTACCAGGAGCTGACCCAGCTGAAGGCCGCAGTGGGT 
DC SIGN Marmoset EU041929   (290) AGCAAGAGGAGATCTACCAGGAGCTGACCCAGCTGAAGGCCGCAGTGGGT 
   pGEM-Teasy-marmDC-SIGN   (351) AGCAAGAGGAGATCTACCAGGAGCTGACCCAGCTGAAGGCCGCAGTGGGT 
                                  401                                            450 
                    marm2   (340) GAGCTCCCAGAGAAATCCAAGCAACAGGAGGTCTACCAGGAGCTGACACG 
                    marmA   (340) GAGCTCCCAGAGAAATCCAAGCAACAGGAGGTCTACCAGGAGCTGACACG 
DC SIGN Marmoset EU041929   (340) GAGCTCCCAGAGAAATCCAAGCAACAGGAGGTCTACCAGGAGCTGACACG 
   pGEM-Teasy-marmDC-SIGN   (401) GAGCTCCCAGAGAAATCCAAGCAACAGGAGGTCTACCAGGAGCTGACACG 
                                  451                                            500 
                    marm2   (390) GCTGAAGGCCGCAGTGGGTGAGCTCCCAGAGAAATCCAAGCAGCAGGAAA 
                    marmA   (390) GCTGAAGGCCGCAGTGGGTGAGCTCCCAGAGAAATCCAAGCAGCAGGAAA 
DC SIGN Marmoset EU041929   (390) GCTGAAGGCCGCAGTGGGTGAGCTCCCAGAGAAATCCAAGCAGCAGGAAA 
   pGEM-Teasy-marmDC-SIGN   (451) GCTGAAGGCCGCAGTGGGTGAGCTCCCAGAGAAATCCAAGCAGCAGGAAA 
                                  501                                            550 
                    marm2   (440) TCTACCAGGAGCTGACACGGCTGAAGGCTGCAGTAAGTGAGTTGCCAGAC 
                    marmA   (440) TCTACCAGGAGCTGACACGGCTGAAGGCTGCAGTAAGTGAGTTGCCAGAC 
DC SIGN Marmoset EU041929   (440) TCTACCAGGAGCTGACACGGCTGAAGGCTGCAGTAAGTGAGTTGCCAGAC 
   pGEM-Teasy-marmDC-SIGN   (501) TCTACCAGGAGCTGACACGGCTGAAGGCTGCAGTAAGTGAGTTGCCAGAC 
                                  551                                            600 
                    marm2   (490) AGGTCCAAGCAACAGGAGATCTACCAGGAACTGTTGCAGCTGAAGGCTGC 
                    marmA   (490) AGGTCCAAGCAACAGGAGATCTACCAGGAACTGTTGCAGCTGAAGGCTGC 
DC SIGN Marmoset EU041929   (490) AGGTCCAAGCAACAGGAGATCTACCAGGAACTGTTGCAGCTGAAGGCTGC 
   pGEM-Teasy-marmDC-SIGN   (551) AGGTCCAAGCAACAGGAGATCTACCAGGAACTGTTGCAGCTGAAGGCTGC 
                                  601                                            650 

                    marm2   (540) AGTGGGTGAATTGCCAGAGAAATCCAAGCAGCAGATCTACCAGAAACTGA 
                    marmA   (540) AGTGGGTGAGTTGCCAGAGAAATCCAAGCAGCAGATCTACCAGAAACTGA 
DC SIGN Marmoset EU041929   (540) AGTGGGTGAGTTGCCAGAGAAATCCAAGCAGCAGATCTACCAGAAACTGA 
   pGEM-Teasy-marmDC-SIGN   (601) AGTGGGTGAGTTGCCAGAGAAATCCAAGCAGCAGATCTACCAGAAACTGA 
                                  651                                            700 
                    marm2   (590) CCGAGTTGAAGGCTGCAGTGGGTAAGCTCCCAGAGAAATCCAAGCAACAA 
                    marmA   (590) CCGAGTTGAAGGCTGCAGTGGGTAAGCTCCCAGAGAAATCCAAGCAACAA 
DC SIGN Marmoset EU041929   (590) CCGAGTTGAAGGCTGCAGTGGGTAAGCTCCCAGAGAAATCCAAGCAACAA 
   pGEM-Teasy-marmDC-SIGN   (651) CCGAGTTGAAGGCTGCAGTGGGTAAGCTCCCAGAGAAATCCAAGCAACAA 
                                  701                                            750 
                    marm2   (640) GAGATCTACCAGGAACTGACCCAGCTGAAGGCTGCAGTGGAACGCCTGTG 
                    marmA   (640) GAGATCTACCAGGAACTGACCCAGCTGAAGGCTGCAGTGGAACGCCTGTG 
DC SIGN Marmoset EU041929   (640) GAGATCTACCAGGAACTGACCCAGCTGAAGGCTGCAGTGGAACGCCTGTG 
   pGEM-Teasy-marmDC-SIGN   (701) GAGATCTACCAGGAACTGACCCAGCTGAAGGCTGCAGTGGAACGCCTGTG 
                                  751                                            800 
                    marm2   (690) CCGCCCCTGTCCCTGGGAATGGACATTCTTCCAAGGAAACTGTTACTTCA 
                    marmA   (690) CCGCCCCTGTCCCTGGGAATGGACATTCTTCCAAGGAAACTGTTACTTCA 
DC SIGN Marmoset EU041929   (690) CCGCCCCTGTCCCTGGGAATGGACATTCTTCCAAGGAAACTGTTACTTCA 
   pGEM-Teasy-marmDC-SIGN   (751) CCGCCCCTGTCCCTGGGAATGGACATTCTTCCAAGGAAACTGTTACTTCA 
                                  801                                            850 
                    marm2   (740) TTTCTAACTCCCAGCGCAACTGGCCCAACTCTGTCACCGCCTGCCAGGAA 
                    marmA   (740) TTTCTAACTCCCAGCGCAACTGGCCCAACTCTGTCACCGCCTGCCAGGAA 
DC SIGN Marmoset EU041929   (740) TTTCTAACTCCCAGCGCAACTGGCCCAACTCTGTCACCGCCTGCCAGGAA 
   pGEM-Teasy-marmDC-SIGN   (801) TTTCTAACTCCCAGCGCAACTGGCCCAACTCTGTCACCGCCTGCCAGGAA 
                                  851                                            900 
                    marm2   (790) GTGGGGGCCCAGCTTGTCATAATCAAAAGTGATGAGGAGCAGAACTTCCT 
                    marmA   (790) GTGGGGGCCCAGCTTGTCATAATCAAAAGTGATGAGGAGCAGAACTTCCT 
DC SIGN Marmoset EU041929   (790) GTGGGGGCCCAGCTTGTCATAATCAAAAGTGATGAGGAGCAGAACTTCCT 
   pGEM-Teasy-marmDC-SIGN   (851) GTGGGGGCCCAGCTTGTCATAATCAAAAGTGATGAGGAGCAGAACTTCCT 
                                  901                                            950 
                    marm2   (840) ACAGCTGCAGTCTTCCAGAAGCAACCGCTTGGCCTGGATGGGACTTTCAG 
                    marmA   (840) ACAGCTGCAGTCTTCCAGAAGCAACCGCTTGGCCTGGATGGGACTTTCAG 
DC SIGN Marmoset EU041929   (840) ACAGCTGCAGTCTTCCAGAAGCAACCGCTTGGCCTGGATGGGACTTTCAG 
   pGEM-Teasy-marmDC-SIGN   (901) ACAGCTGCAGTCTTCCAGAAGCAACCGCTTGGCCTGGATGGGACTTTCAG 
                                  951                                           1000 
                    marm2   (890) ACCTAAAGCAGGAAGGCACATGGCAGTGGGTGGATGGCTCACCTCTGTCA 
                    marmA   (890) ACCTAAAGCAGGAAGGCACATGGCAGTGGGTGGATGGCTCACCTCTGTCA 
DC SIGN Marmoset EU041929   (890) ACCTAAAGCAGGAAGGCACATGGCAGTGGGTGGATGGCTCACCTCTGTCA 
   pGEM-Teasy-marmDC-SIGN   (951) ACCTAAAGCAGGAAGGCACATGGCAGTGGGTGGATGGCTCACCTCTGTCA 
                                  1001                                          1050 
                    marm2   (940) CCCAGCCTCAGGCGGTATTGGAACCAAGGAGAGCCCAACAATATCGGGGA 
                    marmA   (940) CCCAGCCTCAGGCGGTATTGGAACCAAGGAGAGCCCAACAATATCGGGGA 
DC SIGN Marmoset EU041929   (940) CCCAGCCTCAGGCGGTATTGGAACCAAGGAGAGCCCAACAATATCGGGGA 
   pGEM-Teasy-marmDC-SIGN  (1001) CCCAGCCTCAGGCGGTATTGGAACCAAGGAGAGCCCAACAATATCGGGGA 
                                  1051                                          1100 
                    marm2   (990) GGAAGACTGCGCGGAATTTAACGGCAATGGCTGGAACGACGACAGATGTA 
                    marmA   (990) GGAAGACTGCGCGGAATTTAACGGCAATGGCTGGAACGACGACAGATGTA 
DC SIGN Marmoset EU041929   (990) GGAAGACTGCGCGGAATTTAACGGCAATGGCTGGAACGACGACAGATGTA 
   pGEM-Teasy-marmDC-SIGN  (1051) GGAAGACTGCGCGGAATTTAACGGCAATGGCTGGAACGACGACAGATGTA 
                                  1101                                          1150 
                    marm2  (1040) GCGCCGCCAAATTCTGGATCTGCAAAAAGTCCGCAGCCTCCTGCTCCAGG 
                    marmA  (1040) GCGCCGCCAAATTCTGGATCTGCAAAAAGTCCGCAGCCTCCTGCTCCAGG 
DC SIGN Marmoset EU041929  (1040) GCGCCGCCAAATTCTGGATCTGCAAAAAGTCCGCAGCCTCCTGCTCCAGG 
   pGEM-Teasy-marmDC-SIGN  (1101) GCGCCGCCAAATTCTGGATCTGCAAAAAGTCCGCAGCCTCCTGCTCCAGG 
                                  1151                                          1200 
                    marm2  (1090) GATGAAGAAAGGCTTCTCTCCTG--------------------------- 
                    marmA  (1090) GATGAAGAAAGGCTTCTCTCCTG--------------------------- 
DC SIGN Marmoset EU041929  (1090) GATGAAGAAAGGCTTCTCTCCTGA-------------------------- 
   pGEM-Teasy-marmDC-SIGN  (1151) GATGAAGAAAGGCTTCTCTCCTGAAATCACTAGTGAATTCGCGGCCGCCT 
                                  1201                                          1250 
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Figure 5.3.2. Nucleotide sequence alignment of marmoset DC-SIGN. 

Marmoset DC-SIGN was sequenced in the pGEM®-T easy vector, using T7 and SP6 primers (Sequencing done at Flinders Sequencing Facility; section 2.7.1.3). Sequencing 
results were aligned using Vector NTI software. Several single nucleotide polymorphisms are highlighted. 

Legend: marm2 and marmA = results from 2 different PCRs; DC SIGN Marmoset EU041929 = published marmoset DC-SIGN sequence from Genbank; pGEM-Teasy-
marmDC-SIGN = previously cloned marmoset DC-SIGN from this laboratory.458 
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                                   1                                               50 
              human clone2     (1) -------------------------------------------------- 
   DC_SIGN NM_021155 Human     (1) -------------------------------------------------- 
Human DC SIGN cloned A' rc     (1) -------------------------------------------------- 
   pGEM-Teasy-humanDC-SIGN     (1) GGGCGAATTGGGCCCGACGTCGCATGCTCCCGGCCGCCATGGCGGCCGCG 
                                   51                                             100 
              human clone2     (1) -----------GGGGTGACATGAGTGACTCCAAGGAACCAAGACTGCAGC 
   DC_SIGN NM_021155 Human     (1) -------------------ATGAGTGACTCCAAGGAACCAAGACTGCAGC 
Human DC SIGN cloned A' rc     (1) -----------GGGGTGACATGAGTGACTCCAAGGAACCAAGACTGCAGC 
   pGEM-Teasy-humanDC-SIGN    (51) GGAATTCGATTGGGGTGACATGAGTGACTCCAAGGAACCAAGACTGCAGC 
                                   101                                            150 
              human clone2    (40) AGCTGGGCCTCCTGGAGGAGGAACAGCTGAGAGGCCTTGGATTCCGACAG 
   DC_SIGN NM_021155 Human    (32) AGCTGGGCCTCCTGGAGGAGGAACAGCTGAGAGGCCTTGGATTCCGACAG 
Human DC SIGN cloned A' rc    (40) AGCTGGGCCTCCTGGAGGAGGAACAGCTGAGAGGCCTTGGATTCCGACAG 
   pGEM-Teasy-humanDC-SIGN   (101) AGCTGGGCCTCCTGGAGGAGGAACAGCTGAGAGGCCTTGGATTCCGACAG 
                                   151                                            200 
              human clone2    (90) ACTCGAGGATACAAGAGCTTAGCAGGGTGTCTTGGCCATGGTCCCCTGGT 
   DC_SIGN NM_021155 Human    (82) ACTCGAGGATACAAGAGCTTAGCAGGGTGTCTTGGCCATGGTCCCCTGGT 
Human DC SIGN cloned A' rc    (90) ACTCGAGGATACAAGAGCTTAGCAGGGTGTCTTGGCCATGGTCCCCTGGT 
   pGEM-Teasy-humanDC-SIGN   (151) ACTCGAGGATACAAGAGCTTAGCAGGGTGTCTTGGCCATGGTCCCCTGGT 
                                   201                                            250 
              human clone2   (140) GCTGCAACTCCTCTCCTTCACGCTCTTGGCTGGGCTCCTTGTCCAAGTGT 
   DC_SIGN NM_021155 Human   (132) GCTGCAACTCCTCTCCTTCACGCTCTTGGCTGGGCTCCTTGTCCAAGTGT 
Human DC SIGN cloned A' rc   (140) GCTGCAACTCCTCTCCTTCACGCTCTTGGCTGGGCTCCTTGTCCAAGTGT 
   pGEM-Teasy-humanDC-SIGN   (201) GCTGCAACTCCTCTCCTTCACGCTCTTGGCTGGGCTCCTTGTCCAAGTGT 
                                   251                                            300 
              human clone2   (190) CCAAGGTCCCCAGCTCCATAAGTCAGGAACAATCCAGGCAAGACGCGATC 
   DC_SIGN NM_021155 Human   (182) CCAAGGTCCCCAGCTCCATAAGTCAGGAACAATCCAGGCAAGACGCGATC 
Human DC SIGN cloned A' rc   (190) CCAAGGTCCCCAGCTCCATAAGTCAGGAACAATCCAGGCAAGACGCGATC 
   pGEM-Teasy-humanDC-SIGN   (251) CCAAGGTCCCCAGCTCCATAAGTCAGGAACAATCCAGGCAAGACGCGATC 
                                   301                                            350 
              human clone2   (240) TACCAGAACCTGACCCAGCTTAAAGCTGCAGTGGGTGAGCTCTCAGAGAA 
   DC_SIGN NM_021155 Human   (232) TACCAGAACCTGACCCAGCTTAAAGCTGCAGTGGGTGAGCTCTCAGAGAA 
Human DC SIGN cloned A' rc   (240) TACCAGAACCTGACCCAGCTTAAAGCTGCAGTGGGTGAGCTCTCAGAGAA 
   pGEM-Teasy-humanDC-SIGN   (301) TACCAGAACCTGACCCAGCTTAAAGCTGCAGTGGGTGAGCTCTCAGAGAA 
                                   351                                            400 
              human clone2   (290) ATCCAAGCTGCAGGAGATCTACCAGGAGCTGACCCAGCTGAAGGCTGCAG 
   DC_SIGN NM_021155 Human   (282) ATCCAAGCTGCAGGAGATCTACCAGGAGCTGACCCAGCTGAAGGCTGCAG 
Human DC SIGN cloned A' rc   (290) ATCCAAGCTGCAGGAGATCTACCAGGAGCTGACCCAGCTGAAGGCTGCAG 
   pGEM-Teasy-humanDC-SIGN   (351) ATCCAAGCTGCAGGAGATCTACCAGGAGCTGACCCAGCTGAAGGCTGCAG 
                                   401                                            450 
              human clone2   (340) TGGGTGAGCTTCCAGAGAAATCTAAGCTGCAGGAGATCTACCAGGAGCTG 
   DC_SIGN NM_021155 Human   (332) TGGGTGAGCTTCCAGAGAAATCTAAGCTGCAGGAGATCTACCAGGAGCTG 
Human DC SIGN cloned A' rc   (340) TGGGTGAGCTTCCAGAGAAATCTAAGCTGCAGGAGATCTACCAGGAGCTG 
   pGEM-Teasy-humanDC-SIGN   (401) TGGGTGAGCTTCCAGAGAAATCTAAGCTGCAGGAGATCTACCAGGAGCTG 
                                   451                                            500 
              human clone2   (390) ACCCGGCTGAAGGCTGCAGTGGGTGAGCTTCCAGAGAAATCTAAGCTGCA 
   DC_SIGN NM_021155 Human   (382) ACCCGGCTGAAGGCTGCAGTGGGTGAGCTTCCAGAGAAATCTAAGCTGCA 
Human DC SIGN cloned A' rc   (390) ACCCGGCTGAAGGCTGCAGTGGGTGAGCTTCCAGAGAAATCTAAGCTGCA 
   pGEM-Teasy-humanDC-SIGN   (451) ACCCGGCTGAAGGCTGCAGTGGGTGAGCTTCCAGAGAAATCTAAGCTGCA 
                                   501                                            550 
              human clone2   (440) GGAGATCTACCAGGAGCTGACCTGGCTGAAGGCTGCAGTGGGTGAGCTTC 
   DC_SIGN NM_021155 Human   (432) GGAGATCTACCAGGAGCTGACCTGGCTGAAGGCTGCAGTGGGTGAGCTTC 
Human DC SIGN cloned A' rc   (440) GGAGATCTACCAGGAGCTGACCTGGCTGAAGGCTGCAGTGGGTGAGCTTC 
   pGEM-Teasy-humanDC-SIGN   (501) GGAGATCTACCAGGAGCTGACCTGGCTGAAGGCTGCAGTGGGTGAGCTTC 
                                   551                                            600 
              human clone2   (490) CAGAGAAATCTAAGATGCAGGAGATCTACCAGGAGCTGACTCGGCTGAAG 
   DC_SIGN NM_021155 Human   (482) CAGAGAAATCTAAGATGCAGGAGATCTACCAGGAGCTGACTCGGCTGAAG 
Human DC SIGN cloned A' rc   (490) CAGAGAAATCTAAGATGCAGGAGATCTACCAGGAGCTGACTCGGCTGAAG 
   pGEM-Teasy-humanDC-SIGN   (551) CAGAGAAATCTAAGATGCAGGAGATCTACCAGGAGCTGACTCGGCTGAAG 
                                   601                                            650 
              human clone2   (540) GCTGCAGTGGGTGAGCTTCCAGAGAAATCTAAGCAGCAGGAGATCTACCA 
   DC_SIGN NM_021155 Human   (532) GCTGCAGTGGGTGAGCTTCCAGAGAAATCTAAGCAGCAGGAGATCTACCA 
Human DC SIGN cloned A' rc   (540) GCTGCAGTGGGTGAGCTTCCAGAGAAATCTAAGCAGCAGGAGATCTACCA 
   pGEM-Teasy-humanDC-SIGN   (601) GCTGCAGTGGGTGAGCTTCCAGAGAAATCTAAGCAGCAGGAGATCTACCA 

                                   651                                            700 
              human clone2   (590) GGAGCTGACCCGGCTGAAGGCTGCAGTGGGTGAGCTTCCAGAGAAATCTA 
   DC_SIGN NM_021155 Human   (582) GGAGCTGACCCGGCTGAAGGCTGCAGTGGGTGAGCTTCCAGAGAAATCTA 
Human DC SIGN cloned A' rc   (590) GGAGCTGACCCGGCTGAAGGCTGCAGTGGGTGAGCTTCCAGAGAAATCTA 
   pGEM-Teasy-humanDC-SIGN   (651) GGAGCTGACCCGGCTGAAGGCTGCAGTGGGTGAGCTTCCAGAGAAATCTA 
                                   701                                            750 
              human clone2   (640) AGCAGCAGGAGATCTACCAGGAGCTGACCCGGCTGAAGGCTGCAGTGGGT 
   DC_SIGN NM_021155 Human   (632) AGCAGCAGGAGATCTACCAGGAGCTGACCCGGCTGAAGGCTGCAGTGGGT 
Human DC SIGN cloned A' rc   (640) AGCAGCAGGAGATCTACCAGGAGCTGACCCGGCTGAAGGCTGCAGTGGGT 
   pGEM-Teasy-humanDC-SIGN   (701) AGCAGCAGGAGATCTACCAGGAGCTGACCCGGCTGAAGGCTGCAGTGGGT 
                                   751                                            800 
              human clone2   (690) GAGCTTCCAGAGAAATCTAAGCAGCAGGAGATCTACCAGGAGCTGACCCA 
   DC_SIGN NM_021155 Human   (682) GAGCTTCCAGAGAAATCTAAGCAGCAGGAGATCTACCAGGAGCTGACCCA 
Human DC SIGN cloned A' rc   (690) GAGCTTCCAGAGAAATCTAAGCAGCAGGAGATCTACCAGGAGCTGACCCA 
   pGEM-Teasy-humanDC-SIGN   (751) GAGCTTCCAGAGAAATCTAAGCAGCAGGAGATCTACCAGGAGCTGACCCA 
                                   801                                            850 
              human clone2   (740) GCTGAAGGCTGCAGTGGAACGCCTGTGCCACCCCTGTCCCTGGGAATGGA 
   DC_SIGN NM_021155 Human   (732) GCTGAAGGCTGCAGTGGAACGCCTGTGCCACCCCTGTCCCTGGGAATGGA 
Human DC SIGN cloned A' rc   (740) GCTGAAGGCTGCAGTGGAACGCCTGTGCCACCCCTGTCCCCGGGAATGGA 
   pGEM-Teasy-humanDC-SIGN   (801) GCTGAAGGCTGCAGTGGAACGCCTGTGCCACCCCTGTCCCTGGGAATGGA 
                                   851                                            900 
              human clone2   (790) CATTCTTCCAAGGAAACTGTTACTTCATGTCTAACTCCCAGCGGAACTGG 
   DC_SIGN NM_021155 Human   (782) CATTCTTCCAAGGAAACTGTTACTTCATGTCTAACTCCCAGCGGAACTGG 
Human DC SIGN cloned A' rc   (790) CATTCTTCCAAGGAAACTGTTACTTCATGTCTAACTCCCAGCGGAACTGG 
   pGEM-Teasy-humanDC-SIGN   (851) CATTCTTCCAAGGAAACTGTTACTTCATGTCTAACTCCCAGCGGAACTGG 
                                   901                                            950 
              human clone2   (840) CACGACTCCATCACCGCCTGCAAAGAAGTGGGGGCCCAGCTCGTCGTAAT 
   DC_SIGN NM_021155 Human   (832) CACGACTCCATCACCGCCTGCAAAGAAGTGGGGGCCCAGCTCGTCGTAAT 
Human DC SIGN cloned A' rc   (840) CACGACTCCATCACCGCCTGCAAAGAAGTGGGGGCCCAGCTCGTCGTAAT 
   pGEM-Teasy-humanDC-SIGN   (901) CACGACTCCATCACCGCCTGCAAAGAAGTGGGGGCCCAGCTCGTCGTAAT 
                                   951                                           1000 
              human clone2   (890) CAAAAGTGCTGAGGAGCAGAACTTCCTACAGCTGCAGTCTTCCAGAAGTA 
   DC_SIGN NM_021155 Human   (882) CAAAAGTGCTGAGGAGCAGAACTTCCTACAGCTGCAGTCTTCCAGAAGTA 
Human DC SIGN cloned A' rc   (890) CAAAAGTGCTGAGGAGCAGAACTTCCTACAGCTGCAGTCTTCCAGAAGTA 
   pGEM-Teasy-humanDC-SIGN   (951) CAAAAGTGCTGAGGAGCAGAACTTCCTACAGCTGCAGTCTTCCAGAAGTA 
                                   1001                                          1050 
              human clone2   (940) ACCGCTTCACCTGGATGGGACTTTCAGATCTAAATCAGGAAGGCACGTGG 
   DC_SIGN NM_021155 Human   (932) ACCGCTTCACCTGGATGGGACTTTCAGATCTAAATCAGGAAGGCACGTGG 
Human DC SIGN cloned A' rc   (940) ACCGCTTCACCTGGATGGGACTTTCAGATCTAAATCAGGAAGGCACGTGG 
   pGEM-Teasy-humanDC-SIGN  (1001) ACCGCTTCACCTGGATGGGACTTTCAGATCTAAATCAGGAAGGCACGTGG 
                                   1051                                          1100 
              human clone2   (990) CAATGGGTGGACGGCTCACCTCTGTTGCCCAGCTTCAAGCAGTATTGGAA 
   DC_SIGN NM_021155 Human   (982) CAATGGGTGGACGGCTCACCTCTGTTGCCCAGCTTCAAGCAGTATTGGAA 
Human DC SIGN cloned A' rc   (990) CAATGGGTGGACGGCTCACCTCTGTTGCCCAGCTTCAAGCAGTATTGGAA 
   pGEM-Teasy-humanDC-SIGN  (1051) CAATGGGTGGACGGCTCACCTCTGTTGCCCAGCTTCAAGCAGTATTGGAA 
                                   1101                                          1150 
              human clone2  (1040) CAGAGGAGAGCCCAACAACGTTGGGGAGGAAGACTGCGCGGAATTTAGTG 
   DC_SIGN NM_021155 Human  (1032) CAGAGGAGAGCCCAACAACGTTGGGGAGGAAGACTGCGCGGAATTTAGTG 
Human DC SIGN cloned A' rc  (1040) CAGAGGAGAGCCCAACAACGTTGGGGAGGAAGACTGCGCGGAATTTAGTG 
   pGEM-Teasy-humanDC-SIGN  (1101) CAGAGGAGAGCCCAACAACGTTGGGGAGGAAGACTGCGCGGAATTTAGTG 
                                   1151                                          1200 
              human clone2  (1090) GCAATGGCTGGAACGACGACAAATGTAATCTTGCCAAATTCTGGATCTGC 
   DC_SIGN NM_021155 Human  (1082) GCAATGGCTGGAACGACGACAAATGTAATCTTGCCAAATTCTGGATCTGC 
Human DC SIGN cloned A' rc  (1090) GCAATGGCTGGAACGACGACAAATGTAATCTTGCCAAATTCTGGATCTGC 
   pGEM-Teasy-humanDC-SIGN  (1151) GCAATGGCTGGAACGACGACAAATGTAATCTTGCCAAATTCTGGATCTGC 
                                   1201                                          1250 
              human clone2  (1140) AAAAAGTCCGCAGCCTCCTGCTCCAGGGATGAAGAACAGTTTCTTTCTCC 
   DC_SIGN NM_021155 Human  (1132) AAAAAGTCCGCAGCCTCCTGCTCCAGGGATGAAGAACAGTTTCTTTCTCC 
Human DC SIGN cloned A' rc  (1140) AAAAAGTCCGCAGCCTCCTGCTCCAGGGATGAAGAACAGTTTCTTTCTCC 
   pGEM-Teasy-humanDC-SIGN  (1201) AAAAAGTCCGCAGCCTCCTGCTCCAGGGATGAAGAACAGTTTCTTTCTCC 
                                   1251                                          1300 
              human clone2  (1190) AGCCCCTGCCACCCCAAACCCCCCTCCTGCGTAG---------------- 
   DC_SIGN NM_021155 Human  (1182) AGCCCCTGCCACCCCAAACCCCCCTCCTGCGTAG---------------- 
Human DC SIGN cloned A' rc  (1190) AGCCCCTGCCACCCCAAACCCCCCTCCTGCGTAG---------------- 
   pGEM-Teasy-humanDC-SIGN  (1251) AGCCCCTGCCACCCCAAACCCCCCTCCTGCGTAGAATCACTAGTGAATTC 
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Figure 5.3.3. Nucleotide sequence alignment of human DC-SIGN. 

Human DC-SIGN was sequenced in the pGEM®-T easy vector, using T7 and SP6 primers (Sequencing done at Flinders Sequencing Facility; section 2.7.1.3). Sequencing 
results were aligned using Vector NTI software. Several single nucleotide polymorphisms are highlighted. 

Legend: human clone2 and Human DC SIGN cloned A’ rc = results from 2 different PCRs; DC_SIGN NM_021155 Human = published human DC-SIGN sequence from 
Genbank; pGEM-Teasy-humanDC-SIGN = previously cloned human DC-SIGN from this laboratory.458 
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5.3.1.2 Ligation into pCI mammalian expression vector 

To enable transfection of a mammalian cell line (CHO cells) with marmoset or human 

DC-SIGN, NotI digested DC-SIGN from the maxiprep (section 5.3.1.1) was gel purified 

and ligated into the pCI mammalian expression vector (Figure 5.3.4). DH5α E. Coli 

competent cells were again transformed, and grown on LB-agar plates containing 

ampicillin. White colonies (containing plasmids conferring ampicillin resistance) were 

screened for marmoset or human DC-SIGN inserts of the correct size and orientation 

using NotI and XmAI/ApaI restriction digests, respectively, and agarose gel 

electrophoresis (Figure 5.3.5). Analysis with Vector NTI® software indicated that 

XmaI/ApaI restriction digest would elaborate inserts of ~800-900bp or ~300-350bp 

depending on whether DC-SIGN was correctly or incorrectly oriented, respectively. 

Colonies determined to contain plasmids with DC-SIGN of the correct size and 

orientation were used in a maxiprep to isolate plasmid DNA. 
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Figure 5.3.4. Schematic representation of sub-cloning of marmoset and human DC-SIGN 
into the pCI mammalian expression vector. 

Marmoset and human DC-SIGN were excised from pGEM®-T easy vector with NotI restriction enzyme, 
subjected to agarose gel electrophoresis, recovered using a DNA Gel Recovery Kit® (Zymo Research), 
and sub-cloned into NotI digested pCI mammalian expression vector. The diagram indicates the correct 
5’-3’ orientation of marmoset/human DC-SIGN within the plasmid vector to ensure successful 
transcription via the CMV enhancer/promoter region. Ampr = ampicillin resistance gene  

Modified from a figure by Natasha Rogers (2011).458 

pCI mammalian expression vector map © 1994-2006 Promega Corporation.   
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Figure 5.3.5. Cloned marmoset and human DC-SIGN were successfully ligated into pCI 
mammalian expression vector in the correct orientation. 

Agarose gel electrophoresis was performed following restriction digest of pCI mammalian expression 
vector containing human or marmoset DC-SIGN. This result confirms marmoset or human DC-SIGN is 
present within pCI in correct orientation: 
- NotI digest elaborates plasmid and a DC-SIGN fragment of 1215 bp (human) or 1113 bp (marmoset) 
- XmAI/ApaI digest should elaborate a fragment of approximately 800-900bp if in correct orientation 

(300-350bp if incorrect orientation) 
L = SPP1 molecular weight marker; m = marmoset DC-SIGN in pCI; h = human DC-SIGN in pCI;  p = 
pCI alone; 1 = NotI restriction digest (to confirm product size); 2 = XmaI/ApaI restriction digest (to 
confirm correct orientation); Plasmid = plasmid fragment. 
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5.3.1.3 Amino acid sequence of marmoset and human DC-SIGN and selection of 
antigenic peptide sequences 

Following DNA sequencing, the amino acid sequence alignment of human and cloned 

marmoset DC-SIGN were compared. The three antigenic peptides #1, #2 and #3 used 

for mouse immunisations to generate monoclonal antibodies were selected from within 

the marmoset DC-SIGN sequence, based on their likely immunogenicity. Sequence 

alignments are shown in Figure 5.3.6. There was approximately 80% homology 

observed between marmoset and human DC-SIGN, with the most significant difference 

noted being a deletion of 26 amino acids within the marmoset peptide, as reported 

previously.458 
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                                                1                                               50 

                 Antigen 1, 2, 3 DC SIGN        -------------------------------------------------F 

DC_SIGN NM_021155 Human protein sequence    (1) MSDSKEPRLQQLGLLEEEQLRGLGFRQTRGYKSLAGCLGHGPLVLQLLSF 

                        Marm2seq Protein    (1) MSDSQEPRLQQMGFLEEE---ELGFQQTRGYKSLAGCLGHGPLVLQLLSF 

                                                51                                             100 

                 Antigen 1, 2, 3 DC SIGN        TLLAGVLVAILVQVS----------------------------------- 

DC_SIGN NM_021155 Human protein sequence   (51) TLLAG----LLVQVSKVPSSISQEQSRQDAIYQNLTQLKAAVGELSEKSK 

                        Marm2seq Protein   (48) TLLAGVLVAILVQVSKVPSSISQGQS-----------------------K 

                                                101                                            150 

                 Antigen 1, 2, 3 DC SIGN        -------------------------------------------------- 

DC_SIGN NM_021155 Human protein sequence   (97) LQEIYQELTQLKAAVGELPEKSKLQEIYQELTRLKAAVGELPEKSKLQEI 

                        Marm2seq Protein   (75) QEEIYQELTWLKAAVGELPEKSKQEEIYQELTQLKAAVGELPEKSKQQEV 

                                                151                                            200 

                 Antigen 1, 2, 3 DC SIGN        ------------------------------------------QQEIYQEL 

DC_SIGN NM_021155 Human protein sequence  (147) YQELTWLKAAVGELPEKSKMQEIYQELTRLKAAVGELPEKSKQQEIYQEL 

                        Marm2seq Protein  (125) YQELTRLKAAVGELPEKSKQQEIYQELTRLKAAVSELPDRSKQQEIYQEL 

                                                201                                            250 

                 Antigen 1, 2, 3 DC SIGN        LQLKAAVGE----------------------------------------- 

DC_SIGN NM_021155 Human protein sequence  (197) TRLKAAVGELPEKSKQQEIYQELTRLKAAVGELPEKSKQQEIYQELTQLK 

                        Marm2seq Protein  (175) LQLKAAVGELPEKSKQQ-IYQKLTELKAAVGKLPEKSKQQEIYQELTQLK 

                                                251                                            300 

                 Antigen 1, 2, 3 DC SIGN        --------------------------------NSVTACQEVGAQLVII-- 

DC_SIGN NM_021155 Human protein sequence  (247) AAVERLCHPCPWEWTFFQGNCYFMSNSQRNWHDSITACKEVGAQLVVIKS 

                        Marm2seq Protein  (224) AAVERLCRPCPWEWTFFQGNCYFISNSQRNWPNSVTACQEVGAQLVIIKS 

                                                301                                            350 

                 Antigen 1, 2, 3 DC SIGN        -------------------------------------------------- 

DC_SIGN NM_021155 Human protein sequence  (297) AEEQNFLQLQSSRSNRFTWMGLSDLNQEGTWQWVDGSPLLPSFKQYWNRG 

                        Marm2seq Protein  (274) DEEQNFLQLQSSRSNRLAWMGLSDLKQEGTWQWVDGSPLSPSLRRYWNQG 

                                                351                                            400 

                 Antigen 1, 2, 3 DC SIGN        -------------------------------------------------- 

DC_SIGN NM_021155 Human protein sequence  (347) EPNNVGEEDCAEFSGNGWNDDKCNLAKFWICKKSAASCSRDEEQFLSPAP 

                        Marm2seq Protein  (324) EPNNIGEEDCAEFNGNGWNDDRCSAAKFWICKKSAASCSRDEERLLS--- 

                                                401 

                 Antigen 1, 2, 3 DC SIGN        -------- 

DC_SIGN NM_021155 Human protein sequence  (397) ATPNPPPA 

                        Marm2seq Protein  (371) -------- 

Figure 5.3.6. Comparison of the amino acid sequences of marmoset and human DC-SIGN, 
showing the alignment of antigens #1, #2 and #3 within the marmoset peptide. 

Sequence alignment was performed with Vector NTI® software; differences between the amino acid 
sequences are highlighted. There is approximately 80% homology observed between marmoset and 
human DC-SIGN; the antigenic peptides chosen have complete homology with marmoset DC-SIGN. 

Marm2seq protein = cloned marmoset DC-SIGN amino acid sequence; DC_SIGN NM_021155 Human 
protein sequence  = published human amino-acid sequence, as per GenBank.  

Amino acid positions of the antigenic peptides in relation to the human sequence are as follows: #1 – 193; 
#2 – 283; #3 – 50 
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5.3.2. Screening of hybridoma supernatants for binding to marmoset and human 

MoDC 

Marmoset and human MoDC were incubated with 15 hybridoma supernatants 

(numbered #7 to #21 inclusive in these studies) generated as described in section 5.2.3, 

a secondary anti-mouse FITC, and analysed by flow cytometry.  Initial screening 

revealed a small population of in vitro propagated marmoset MoDC that were stained 

with several of the hybridoma supernatants, particularly #20 and #21 (Figure 5.3.7). 

Similar screening experiments using human MoDC did not show any evidence of cell 

staining by the supernatants, despite strong staining by the anti-human DC-SIGN 

antibody DCN46 (data not shown). 

5.3.3. Screening of hybridoma supernatants for binding to marmoset and human 

DC-SIGN transfected CHO cells 

Due to a lack of strong binding of either DCN46 or the marmoset DC-SIGN hybridoma 

supernatants to the surface of in vitro propagated marmoset MoDC, a CHO cell line was 

transfected with cloned marmoset or human DC-SIGN using Lipofectamine™ 2000. 

DC-SIGN transfected CHO cells were stained with hybridoma supernatants and a 

secondary antibody as above, and analysed by flow cytometry.  

Significant binding to both marmoset and human DC-SIGN was seen with five of the 

supernatants (#14, #15, #17, #20 and #21), as shown in Figure 5.3.8 and Figure 5.3.9, 

respectively. The strongest staining was observed with supernatants #20 and #21. 

5.3.4. Immunofluorescence microscopy: binding of hybridoma supernatants to DC-

SIGN in marmoset and human lymphoid tissues 

Immunofluorescence microscopy of marmoset spleen and thymus, and human spleen 

stained with five of the hybridoma supernatants that demonstrated the strongest binding 

to marmoset/human DC-SIGN transfected CHO cells, as well as the anti-human DC-

SIGN antibody DCN46, was undertaken. In marmoset thymus and spleen (Figure 5.3.10 

and Figure 5.3.11), supernatant #20 and #21 showed evidence of strong binding, as did 

DCN46. In human spleen tissue, DCN46 binding was observed (as expected; this was 

the positive control), and there was weak binding seen of supernatant #20, but not #21 

(Figure 5.3.12).  
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Figure 5.3.7. Flow cytometry screening of binding of hybridoma supernatants to 
marmoset MoDC. 

Marmoset MoDC were stained with 15 hybridoma supernatants (numbered #7-#21 inclusive) targeting 
marmoset DC-SIGN and a secondary sheep anti-mouse FITC. X63 supernatant was used as a negative 
control (not shown here). In addition, FITC conjugated isotype control and DC-SIGN (clone DCN46) 
were also used as additional controls (shown here). There were a small population of cells observed to 
show binding with several of the supernatants, particularly supernatants #20 and #21. No binding of 
DCN46 to marmoset MoDC was seen. In similar experiments with human MoDC, no binding was seen.
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Figure 5.3.8. Hybridoma supernatants bind to marmoset DC-SIGN expressed on the surface of CHO cells. 

Flow cytometry of CHO cells transfected with marmoset DC-SIGN within the mammalian expression vector pCI using LipofectamineTM 2000, screened for positive staining 
using generated hybridoma supernatant clones. X63 and DCN46 (unconjugated) were used as negative and (human DC-SIGN) positive controls, respectively. Secondary 
staining with sheep anti-mouse FITC conjugated antibody (clone AQ326). The strongest staining was observed with supernatant clones #14, #15 (not shown), #17, #20 and 
#21. Other clones screened were negative (not shown). 
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Figure 5.3.9. Hybridoma supernatants bind to human DC-SIGN expressed on the surface of CHO cells. 

Flow cytometry of CHO cells transfected with human DC-SIGN within the mammalian expression vector pCI using LipofectamineTM 2000, screened for positive staining 
using generated hybridoma supernatant clones. X63 and DCN46 (unconjugated) were used as negative and positive controls, respectively. Secondary staining with sheep anti-
mouse FITC conjugated antibody (clone AQ326). The strongest staining was observed with supernatant clones #14, #15 (not shown), #17, #20 and #21. Other clones screened 
were negative (not shown). 
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MARMOSET THYMUS 

 

Figure 5.3.10. Hybridoma supernatants targeting marmoset DC-SIGN and anti-human 
DC-SIGN (DCN46) bind to cells in marmoset thymus. 

Immunofluorescence microscopy of sections of marmoset thymus tissue stained with hybridoma 
supernatants or control antibodies and then a secondary sheep anti-mouse FITC. Binding is shown by 
green staining; cell nuclei are stained blue with DAPI counterstain. (A) Marmoset thymus stained with 
X63 negative control; (B) marmoset thymus stained with unconjugated anti-human DC-SIGN (DCN46); 
(C) and (D) marmoset thymus stained with supernatants #20 and #21, respectively. There was evidence 
of staining of marmoset thymus cells with DCN46, and both hybridoma supernatants #20 and #21. 
There was minimal staining of marmoset thymus cells observed with the other supernatants tested (# 14, 
#15 and #17 – data not shown). 

Original magnification = x200. 

  

A – X63 negative control B – DCN46  

C – supernatant #20  D – supernatant #21  
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MARMOSET SPLEEN 

 

Figure 5.3.11. Hybridoma supernatants targeting marmoset DC-SIGN and anti-human 
DC-SIGN (DCN46) bind to cells in marmoset spleen. 

Immunofluorescence microscopy of sections of marmoset spleen tissue stained with hybridoma 
supernatants or control antibodies and then a secondary sheep anti-mouse FITC. Binding is shown by 
green staining; cell nuclei are stained blue with DAPI counterstain. (A) Marmoset spleen stained with 
X63 negative control; (B) marmoset spleen stained with unconjugated anti-human DC-SIGN (DCN46); 
(C) and (D) marmoset spleen stained with supernatants #20 and #21, respectively. There was evidence of 
staining of marmoset spleen cells with DCN46, and both hybridoma supernatants #20 and #21. 
There was minimal staining of marmoset spleen cells observed with the other supernatants tested (# 14, 
#15 and #17 – data not shown). 

Original magnification = x200. 

 

 

  

A – X63 negative control B – DCN46 
 

C – supernatant #20 
 

D – supernatant #21 
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HUMAN SPLEEN 

 

Figure 5.3.12. Hybridoma supernatants targeting marmoset DC-SIGN bind to cells in 
human spleen. 

Immunofluorescence microscopy of sections of human spleen tissue stained with hybridoma supernatants 
or control antibodies and then a secondary sheep anti-mouse FITC. Binding is shown by green staining; 
cell nuclei are stained blue with DAPI counterstain. (A) Human spleen stained with X63 negative control; 
(B) human spleen stained with unconjugated anti-human DC-SIGN (DCN46) as a positive control; (C) 
and (D) human spleen stained with supernatants #20 and #21, respectively. There was evidence of weak 
staining of human spleen cells with hybridoma supernatant #20 but not #21. There was minimal 
staining of human spleen cells observed with the other supernatants tested (# 14, #15 and #17 – data not 
shown). 

Original magnification = x200. 

 

 

  

 A – X63 negative control B – DCN46 (positive) control 

 C – supernatant #20  D – supernatant #21 
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5.3.5. Generation of purified monoclonal antibodies targeting marmoset DC-SIGN 

from hybridoma supernatants  

Following the results of the studies outlined in sections 5.3.3 and 5.3.4 above, two of 

the hybridoma clones were selected for purification of monoclonal antibody, #20 and 

#21 (clones 9E6E12 and 9E6A8 respectively). Antibody purification and QC testing 

were performed commercially by Neubody Pty Ltd (data not shown here). 

5.3.6. Identification of DC-SIGN positive cells in marmoset spleen; lack of staining 

with generated monoclonal antibodies. 

Marmoset spleen cells were stained and underwent multi-colour flow cytometry 

analysis to identify the presence of DC-SIGN positive cells (Figure 5.3.13). A gating 

strategy was used to identify cells that are negative for lineage markers (CD3, CD20 

and CD56, i.e. T cells, B cells and NK cells, but not excluding cells of 

monocyte/macrophage lineage, i.e. CD14+), and expressing Class II and the myeloid 

marker CD11c. Within this cell population, approximately 20% of cells (<1% of the 

overall splenocyte gated population) express DC-SIGN as shown by staining with the 

anti-human DC-SIGN antibody DCN46. When the same strategy was used and cells 

were stained with the generated monoclonal antibodies (9E6A8 and 9E6E12; purified 

from hybridoma clones #21 and #20 respectively), no staining was seen. 
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Figure 5.3.13. Anti-human DC-SIGN (DCN46) stains a population of Lineage- Class II+ 
Cd11c+ marmoset spleen cells, but no staining is observed with generated monoclonal 
antibodies. 

Marmoset spleen cells were stained with FITC-conjugated Lineage (Lin) markers (see text), Class II-
PECy5 and CD11c-APC. Anti-human DC-SIGN (DCN46) stained a population of cells in the Lin- Class 
II+ Cd11c+ fraction, representing 0.86% of the overall splenocyte gated population. Generated 
monoclonal antibody (9E6A8, purified from hybridoma supernatant #21) did not demonstrate any 
staining using the same strategy; similar results were observed with monoclonal antibody 9E6E12 (from 
supernatant #20). 

Panels (1) and (2) show the gating strategy for Lin- Class II+ CD11c+ cells; (3) and (4) show isotype 
control PE and DCN46 PE stained gated cells respectively; (5) and (6) show unconjugated mouse IgG + 
secondary anti-mouse PE, and 9E6A8 + secondary anti-mouse PE staining, respectively. >200,000 events 
were collected per sample; data are representative of 3 experiments  
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5.3.7. Studies of binding of purified monoclonal antibodies to marmoset and human 

DC-SIGN 

CHO cells transfected with marmoset or human DC-SIGN were incubated with a range 

of quantities of purified monoclonal antibody clone 9E6A8, unconjugated anti-human 

DC-SIGN (DCN46), or X63 as a negative control. Anti-mouse FITC was used to 

confirm antibody binding, and cells were analysed using single colour flow cytometry. 

Although both marmoset and human DC-SIGN transfected CHO cells showed binding 

by DCN46, there was no evidence of binding by 9E6A8 at any of the concentrations 

tested (see Figure 5.3.14). These studies were repeated several times with different 

preparations of 9E6A8 supplied by Neubody (including supernatant used for the 

purified antibody; data not shown) with similar results; in addition further studies of 

supernatant from purified 9E6E12 also showed no evidence of binding (data not 

shown).  

Subsequent correspondence with Neubody indicated that there had been problems with 

contamination of the hybridoma cultures encountered during production, and it was 

thought that this might have affected the functionality of the final produced antibody. 
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Figure 5.3.14. Anti-human DC-SIGN (DCN46) – but not generated monoclonal antibody 
9E6A8 – binds to CHO cells transfected with marmoset and human DC-SIGN  

Despite a range of quantities of monoclonal antibody being used, there was no evidence of 9E6A8 
binding to CHO cells transfected with either marmoset or human DC-SIGN. Similar results were 
observed with supernatants of both 9E6A8 and clone 9E6E12 (data not shown; see text). Strong binding 
by DCN46 to both marmoset and human DC-SIGN was observed, consistent with previous results.  

 

(A) Marmoset DC-SIGN transfected CHO cells 

(B) Human DC-SIGN transfected CHO cells 
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5.4. Discussion 

This chapter presents the results of a strategy to develop a monoclonal antibody 

targeting marmoset DC-SIGN that would ideally also be cross-reactive with human DC-

SIGN. Such an antibody could potentially be investigated in the marmoset transplant 

model as a means to target therapeutics to DC in situ via DC-SIGN. Although two of 

the initially produced hybridoma supernatants showed promising binding to marmoset 

DC-SIGN transfected CHO cells, and to putative tissue dendritic cells in marmoset 

spleen and thymus, the final purified antibody clones (9E6A8 and 9E6E12) did not 

demonstrate confirmed binding. After investigation by the commercial company 

involved in the generation of the hybridomas, it was determined that contamination of 

the cultures had occurred, and this may have caused the lack of functionality observed 

for the purified antibodies. The exact nature of the contamination has not been disclosed 

to this laboratory. Alternatively, other factors present within the hybridoma cultures620 

(e.g. the tissue culture media used) for the initially screened supernatants but excluded 

by the purification process may have affected the epitope specificity of the monoclonal 

antibodies. Regrettably, it has not been possible to address these issues within the 

timeframe for the studies outlined in this thesis. Nevertheless, these studies have 

demonstrated that the anti-human DC-SIGN antibody DCN46 (BD Biosciences) does 

have cross reactivity with marmoset DC-SIGN, and appears suitable to use in further 

studies of targeting marmoset DC-SIGN+ cells. 

The studies reported here demonstrate for the first time that anti-human DC-SIGN 

antibodies (DCN46) not only bind to marmoset DC-SIGN expressed in a cell-line, but 

also to putative tissue-resident DC present in marmoset spleen and thymus. This is an 

important finding, as this provides a rational basis to target marmoset tissue resident DC 

in situ with antibodies targeted to marmoset DC-SIGN, and thus underlines the 

feasibility of evaluating DC-targeted cell-specific therapy in this NHP transplant model. 

Multi-colour flow cytometry of freshly isolated marmoset spleen confirms that these 

cells are positive for Class II and CD11c, can be found in the lineage (CD3, CD20 and 

CD56) negative fraction, and represent <1% of the total splenocyte gated population. In 

this study, monocyte/macrophage markers (e.g. CD14, CD11b, CD16) were not 

included in the lineage cocktail due to other studies indicating that these markers may 

present on NHP myeloid DC; it was thus desirable to avoid excluding these 
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cells.85,387,388 However, the inclusion of CD56 in the lineage cocktail may not 

necessarily be appropriate as others have reported that CD56 is not a marker of NK cells 

in NHP, and may be present on some NHP DC.388,434 Further studies are ongoing to 

fully delineate the expression of DC surface markers in marmosets and the phenotype of 

these cells (unpublished results; Jesudason S, Kireta S, Collins MG et al). 

Prior to these studies, DC-SIGN had not been detected on the surface of in vitro 

propagated marmoset MoDC using anti-human DC-SIGN antibodies,403,621 despite this 

marker being highly expressed on human MoDC.218 It has been uncertain whether this 

observation was due to lack of cross-reactivity of the antibody with marmoset DC-

SIGN, or the absence of DC-SIGN expression on in vitro propagated marmoset MoDC. 

Alternatively, the use of recombinant human IL-4 – which may not be completely cross-

reactive in marmosets, and is critical to the expression of DC-SIGN in MoDC622 – 

during in vitro propagation of marmoset DC might lead to inadequate induction of 

marmoset DC-SIGN. However, previous studies having confirmed intact signalling via 

STAT-6 following culture of monocytes with rh-IL-4 in this species,403 making this less 

likely. Interestingly, the initial screening studies of binding of the hybridoma 

supernatants (Figure 5.3.7) to marmoset MoDC did show staining of a small population 

of MoDC, suggesting the possibility of some level of DC-SIGN expression. 

Regrettably, it has not been possible to further investigate this finding due to the limited 

availability of the initially screened supernatants, and the lack of a functional purified 

antibody at the conclusion of the production process. Nevertheless, the demonstration of 

binding by anti-human DC-SIGN to marmoset tissue resident cells in spleen and thymus 

supports the conclusion that DC-SIGN is not highly expressed on in vitro propagated 

marmoset DC. 

To generate monoclonal antibodies targeting marmoset DC-SIGN, a standard 

hybridoma technology approach was utilised.613 Mouse immunisations were performed 

using a mixture of three different immunogenic peptides (linked with the adjuvant 

KLH) from throughout the marmoset DC-SIGN peptide that were thought to be likely to 

be cross-reactive with the human peptide due to only small amino acid differences. This 

approach may have led to significant numbers of the hybridomas produced not being 

optimal to target DC-SIGN due to differences between the structure of the isolated 

peptides and the quaternary structure of DC-SIGN expressed on the surface of cells.623 

Others have used whole cells expressing DC-SIGN (i.e. human immature MoDC) as an 
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immunogen, but this was not possible here due to the lack of any easily obtainable cells 

known to strongly express marmoset DC-SIGN.218,622 An alternative approach might 

have been to use the extracellular domain of marmoset DC-SIGN expressed within a 

plasmid or vaccinia virus, which has also been used successfully to generate antibodies 

to DC-SIGN.624 

Human DC-SIGN consists of a carbohydrate recognition domain, a neck region, and a 

cytoplasmic domain, and is known to undergo tetramerization at the cell surface,623 

through the interaction of hydrophobic repeat residues in the neck region (see Figure 

1.3.5). It is unknown whether the marmoset DC-SIGN protein exhibits the same 

quaternary structure at the cell surface, but the high level of homology (80%) and the 

presence of a similar arrangement of tandem repeats suggests that it would. In these 

studies, the two hybridoma clones observed to have the highest reactivity against 

marmoset DC-SIGN (#20 and #21) were both known to be reactive against antigen #1 

in ELISA, consisting of a 17-amino acid sequence beginning at position 193, which is 

analagous to being within the neck region of human DC-SIGN (see Figure 1.3.5 and 

Figure 5.3.6). DCN46 is also known to target the neck region of DC-SIGN625-627; 

antibodies targeting the neck region of DC-SIGN have advantages over other regions of 

the protein in terms of delivery of antigen to DC and cross-presentation.628 

Because of the lack of a readily available method to propagate DC-SIGN+ marmoset 

DC in vitro, marmoset DC-SIGN was cloned, and transfected into a CHO cell line using 

a mammalian expression vector and Lipofectamine 2000.629 Human DC-SIGN 

transfected CHO cells were also generated, to provide a positive control for antibody 

binding, using DCN46. This method results in transient expression of DC-SIGN with a 

relatively low transfection efficiency (10-25% observed in these studies) that reduces 

with time, has to be optimised, and results in a much lower DC-SIGN staining intensity 

than that observed with human immature MoDC.218 This reduces the ability of these 

studies to obtain a high degree of resolution between different antibody binding 

affinities (i.e. between the hybridoma clones). An alternative approach for future studies 

might be the generation of a stable DC-SIGN expressing cell line, which has been 

achieved by others, albeit with more labour intensive requirements.622,630 

In conclusion, ultimately the studies reported in this chapter were not successful in 

generating a monoclonal antibody specifically targeting marmoset DC-SIGN. However, 
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there is now sufficient evidence of cross-reactivity of the anti-human antibody DCN46 

to marmoset DC-SIGN to proceed to use this antibody in studies of targeted therapy to 

marmoset DC. DCN46 has been confirmed to bind both marmoset DC-SIGN transiently 

expressed in a CHO cell line, and also to Lineage- CD11c+ Class II+ putative DC in 

marmoset spleen and thymus. These findings support the feasibility of using this 

antibody to deliver cell-specific therapy to resident DC in marmoset lymphoid tissues. 
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Chapter 6:  DEVELOPMENT OF 

IMMUNOLIPOSOMES AND 

NANOPARTICLES TARGETING HUMAN 

AND MARMOSET DC-SIGN TO 

MODIFY DENDRITIC CELL FUNCTION 
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6.1. Introduction 

DC are specialised antigen presenting cells that are pivotal in the initiation and 

maintenance of immune responses.71,72 Following antigen exposure, and depending on 

the context, DC can elicit either an immune activation response or promote tolerance or 

anergy. In addition to endogenous factors, a number of different immunosuppressive 

agents have been shown to affect DC function in vitro and in vivo and may promote a 

toleregenic phenotype.315,323,631 In the field of transplantation, there has been 

considerable work done to try and harness the tolerogenic potential of DC and reduce or 

eliminate the need for systemic immunosuppression,229,632 although these are yet to 

reach clinical application.  

It has been demonstrated that immunoliposomes455,479,633,634 and PLGA 

nanoparticles498,500,635 can be used successfully to target chemotherapeutic and other 

agents to neoplastic cells. In a major advance, a recent phase 1 human clinical trial has 

reported efficacy and safety data for doxorubicin loaded immunoliposomes targeting 

epidermal growth factor receptor (EGFR)-expressing tumour cells in 26 patients with 

advanced solid tumours administered the drug between 2007 and 2010.636 Targeting 

strategies are focused towards cell-specific chemotherapeutic drug delivery to avoid 

‘off-target’ unwanted side effects such as myelosuppression and gastrointestinal or 

cardiac toxicity that are frequently dose-limiting and contribute to reduced therapeutic 

efficacy. Alternatively, targeted nanocarriers may be used to effectively deliver antigens 

to dendritic cells as a vaccination strategy, e.g. to promote anti-tumour immune 

responses.637 Targeting may be facilitated via passive uptake of particulate nanocarriers, 
638,639 or by active targeting via the use of monoclonal antibodies grafted to the surface 

of nanocarriers.640-642  

Specific targeting of dendritic cells via their surface receptors using drug-containing 

nanocarriers, such as liposomes or nanoparticles, has considerable potential as a therapy 

to alter the immune response to a transplant. The delivery of immunosuppressive or 

immunomodulatory drugs directly to DC has the potential to reduce the significant 

toxicity associated with current standard ‘non-targeted’ immunosuppression.44 This 

strategy would seek to manipulate the indirect pathway of allorecognition,268 by altering 

the function of DC in situ. Such an approach may have considerable advantages in the 
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setting of acute transplantation over cellular therapy based approaches in terms of 

logistics, timeliness and cost.229 To date there have been not been studies specifically 

evaluating such an approach. 

DC express numerous surface receptors, including the C-type lectins, which are 

involved in antigen uptake, migration and adhesion. DC-SIGN is a C-type lectin that is 

abundantly expressed on immature tissue and monocyte derived DC, and is 

downregulated on mature DC; it has a vital role in DC function and is a highly specific 

marker for DC.193,218,220,415,618 DC-SIGN is also expressed on NHP DC,621 but does not 

have a direct functional orthologue in mouse DC populations.643 

The aims of this chapter are: 

1. To develop immunoliposomes and polymeric nanoparticles targeting DC-SIGN 

that could be used in further in vivo studies of targeted drug delivery to dendritic 

cells in the common marmoset (Callithrix jacchus) NHP model; and 

2. To determine whether treatment of dendritic cells with an immunomodulatory 

drug (Curcumin) contained within DC-SIGN targeted immunoliposomes or 

nanoparticles has specific effects on DC function in vitro. 
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6.2. Methods 

6.2.1. Materials 

Materials used for the preparation of immunoliposomes and PLGA nanoparticles are 

listed with details of manufacturers in Chapter 2 (section 2.2.4 and section 2.8). 

6.2.2. Preparation and characterisation of immunoliposomes 

PEG liposomes were prepared as described by Tuscano et al,479 and Wicki et al,644 and 

then incubated with micelles conjugated to monoclonal antibodies to generate 

immunoliposomes using a post-insertion method (see Chapter 1, section 1.7.1.2).479 

DCN46 (anti-human DC-SIGN; IgG2b – BD Pharmingen) was used to target to DC-

SIGN on the surface of dendritic cells; an IgG isotype antibody (clone P3.6.2.8.1; 

IgG1κ – eBiosciences) was used as a negative control. Human serum albumin (HSA, 

Sigma Aldrich) was used in place of antibodies in some studies. The lipophilic 

fluorescent marker dye DiI (peak excitation 549nm; peak emission 565nm) was 

incorporated into the lipid bilayer of blank PEG-liposomes, as it is known to stably 

incorporate into cell membranes.  

6.2.2.1 Preparation of PEG liposomes and incorporation of DiI 

Liposomes (5mM) were prepared by thin lipid film hydration (see Chapter 1, section 

1.7.1.1). DPPC and cholesterol at a 3:2 molar ratio were combined with 5mol% mPEG-

DSPE-2000 (polyethylene glycol (Mr 2000) covalently linked via a carbamate bond to 

DSPE (distearoyl-phosphatidyl-ethanolamine)) and 0.3mol% DiI in chloroform. In 

some preparations, 0.3mol% coumarin 6 was used as an alternative to DiI to minimise 

interference with the protein quantitation assay. Solvent was evaporated for 3 hours in 

the dark to produce a thin lipid film using a rotary evaporator  (Büchi Rotavapor® R-

210, Büchi Labortechnik). Liposomes were rehydrated with HEPES buffer (25mM) in a 

55°C water bath for 90 minutes in the dark. Following rehydration, liposomes were 

extruded for 10 cycles through 400nm and 200nm Nucleopore™ polycarbonate 

membranes (Capitol Scientific). Liposome vials were sealed, stored in the dark at 4°C, 

and used within 7 days. 
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6.2.2.2 Preparation of PEG-maleimide-micelles 

Micelles were prepared by thin lipid film hydration. DSPE-PEG-mal (maleimide-

derivatized mPEG-DSPE) and mPEG-DSPE-2000 were combined at a 4:1 molar ratio 

in chloroform. Solvent was evaporated under nitrogen gas (N2) to produce a thin lipid 

film. The lipid film was rehydrated with deoxygenated HEPES buffer (25mM) in a 

55°C water bath for approximately 30 minutes. Once rehydration was complete, 

micelles were immediately incubated with purified, thiolated DCN46 (alternatively IgG 

or HSA) as described below. 

6.2.2.3 Conjugation of monoclonal antibodies to micelles 

DCN46 (60µg), or alternatively isotype IgG, was thiolated by incubating with Traut’s 

reagent at a 1:10 molar ratio for 1 hour at room temperature. For some preparations 

where subsequent protein quantitation experiments were planned (section 6.2.5 below), 

either 60µg or 300µg of HSA was used as an alternative to antibody. Thiolated DCN46 

was then purified using a Zebra™Spin desalting column (Thermo Scientific). Briefly, 

the desalting column was equilibrated with HEPES (25mM) by adding buffer to the 

column and centrifuging for 1 minute at 1500g (RCF) 3 times. Once equilibrated, 

thiolated DCN46 was added to the column and centrifuged for 2 minutes at 1500g. The 

DCN46 flow through was collected and immediately incubated with micelles at a 1:5 

molar ratio, under N2 conditions with continuous stirring overnight. 

6.2.2.4 Synthesis and purification of immunoliposomes via post-insertion of micelles 
into liposomes 

DiI-PEG liposomes (1ml) were incubated with 100µl of the DCN46-micelle preparation 

at a 1:0.05 molar ratio in a 55°C water bath for 1 hour. DCN46 immunoliposomes were 

purified from the mixture using a Sepharose®CL-4B separation column (Sigma 

Aldrich). Briefly, the column was equilibrated with HEPES (25mM). Following 

equilibration, the DCN46 immunoliposome preparation was added to the top of the 

column and the flow through was collected in separate aliquots according to time and 

appearance. The collection with the highest lipid concentration (determined by colour 

intensity) was utilised. 
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6.2.2.5 Characterisation of immunoliposome preparations 

Blank liposome and immunoliposome preparations were diluted 1:100 with sodium 

chloride (10mM) prior to analysis. Size, polydispersity and zeta potential estimations 

were analysed using a Zetasizer Nano (Malvern Instruments). Polydispersity is a 

measure of the heterogeneity of particle sizes in a mixture. Zeta potential is defined as 

the potential difference across phase boundaries between solids and liquids; in the case 

of colloid interfaces (as in liposomes or polymeric nanoparticles) it refers to the charge 

difference between the surface of the dispersion particle and the medium in which it is 

dispersed. Samples were tested in triplicate. 

The concentration of DPPC phospholipid was determined indirectly by measuring the 

DiI concentration in liposome and immunoliposome preparations. Lipids in the samples 

were dissolved in ethanol (1:10 dilution) prior to analysis. A Cary Eclipse fluorescence 

spectrophotometer (Agilent Technologies) with excitation and emission wavelengths set 

to 525nm and 575nm respectively was used to measure the DiI absorbance of each 

sample. Results were compared with a standard curve of DiI fluorescence at known 

concentrations. Samples and standards were tested in triplicate. 
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6.2.3. Preparation and characterisation of PLGA nanoparticles targeting DC-SIGN 

PLGA nanoparticles containing either the fluorescent hydrophobic molecule Coumarin 

6 (peak excitation 450nm; peak emission 540nm) or the (also hydrophobic) NF-κB 

inhibitor Curcumin were prepared by nanoprecipitation,496 as described in Chapter 1 

(section 1.7.2.1) and outlined below. In order to target nanoparticles to DC-SIGN on the 

surface of dendritic cells, drug-containing PLGA nanoparticles were conjugated to 

DCN46 (anti-human DC-SIGN, BD Pharmingen) or an irrelevant IgG isotype as a 

control using carbodiimide chemistry (see section 1.7.2.2). In some experiments, HSA 

was used in place of these antibodies. Following preparation, the nanoparticles were 

stored in the dark at 4°C, and were ultrasonicated for a minimum of 5 minutes prior to 

use.  

6.2.3.1 Preparation of PLGA nanoparticles containing Coumarin 6 or Curcumin 

PLGA-mPEG and PLGA-PEG-COOH (10mg/ml in acetonitrile) were combined at a 

ratio of 1mg: 0.575mg in a round bottom flask. Coumarin 6 (2mg/ml in acetone) was 

added to at a 0.3% mass (w/w) ratio to PLGA. Alternatively, Curcumin (1mg/ml in 

acetone) was added to at a 5% w/w ratio to PLGA. Ultrapure (milliQ H2O) at a two-fold 

volume was added dropwise slowly to the solution over 10 minutes while shaking the 

flask. Residual organic solvent was removed by rotary evaporation in the dark over 45-

60 minutes at reduced pressure. The resulting PLGA nanoparticles containing either 

Coumarin 6 or Curcumin were centrifuged at 10,000g for 15 minutes at 4°C, and 

supernatant was carefully removed. The nanoparticles were resuspended in ultrapure 

water, and stored in the dark at 4°C until use. 

6.2.3.2 Conjugation of monoclonal antibodies to PLGA nanoparticles 

In order to bind monoclonal antibodies to the surface of drug containing PLGA 

nanoparticles, unbound available amine groups on immunoglobulin molecules were 

conjugated to free carboxyl terminals of the polymer using carbodiimide chemistry (see 

Chapter 1, section 1.7.2.2).498 Free carboxyl groups on the PEG-PLGA-COOH 

component of the PLGA nanoparticles were activated using a solution of EDC (15mg) 

and NHS (20mg) that had been combined in ultrapure water. The PLGA nanoparticles 

were reacted with the NHS/EDC preparation at a 2:1 volume ratio, at room temperature, 

and mixed gently. The resulting activated PLGA nanoparticle preparation was 
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centrifuged at 10,000g at 4°C for 15 minutes, supernatant was removed and the 

nanoparticles were resuspended in filtered HEPES buffer. 

Monoclonal antibodies (DCN46 or IgG isotype) were added to the activated 

nanoparticles at a 1:5 mass ratio of IgG to activated PLGA nanoparticles (PEG-PLGA-

COOH equivalent) and incubated at room temperature for a minimum of 6 hours, or 

overnight. In some preparations utilised in characterisation experiments, HSA at the 

same mass ratio was used as an alternative to antibodies. The antibody conjugated 

PLGA-nanoparticles were then purified by centrifuging at least twice at 4°C for 15 

minutes at 15,000g with removal of supernatant. The final preparation was resuspended 

in HEPES buffer, and stored in the dark at 4°C until use.  

6.2.3.3 Characterisation of PLGA nanoparticles 

Size, polydispersity and zeta potential (see description in section 6.2.3.3 above) of the 

conjugated PLGA nanoparticles were assessed using dynamic light scatter on a 

Zetasizer Nano (Malvern Instruments). PLGA preparations were subjected to 

ultrasonication prior to taking measurements or use in subsequent cell culture 

experiments. 
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6.2.4. DC-SIGN binding assay – enzyme-linked immunosorbent assay (ELISA) 

Immunoliposomes and PLGA nanoparticles conjugated to DCN46 were tested for the 

ability to bind DC-SIGN in a modified ELISA assay. Unconjugated and IgG-conjugated 

preparations were used as negative controls. 

A 96-well ELISA plate (Maxisorp, Nunc Nalge International) was coated with 

100µl/well of recombinant human DC-SIGN/CD209 Fc chimera fusion protein (R&D 

systems) at a concentration of 4µg/ml in bicarbonate buffer (pH 9.6). The plate was 

incubated at 37°C for 2 hours followed by overnight incubation at 4°C. Unbound fusion 

protein was removed and the plate was washed several times with PBS-Tween wash 

buffer. 200µl/well of PBS/10% FCS was added as a blocking agent and the plate was 

incubated for 2 hours at room temperature, and washed with PBS-Tween. Samples of 

DCN46 or IgG immunoliposomes, or blank liposomes, or alternatively DCN46-PLGA, 

IgG-PLGA or unconjugated PLGA nanoparticles were added at various dilutions in 

PBS, 100µl/well. Serially diluted samples of unconjugated anti-human DC-SIGN 

antibody (clone DCN46) were used as standards; alternatively DC-SIGN antibody was 

used as a positive control and PBS was used as a negative control. The plate with 

samples and standards/controls (in duplicate) was then incubated for 2 hours at room 

temperature, washed with PBS-Tween, and goat anti-mouse IgG (Fc specific) 

peroxidase antibody (Sigma-Aldrich) was added (50µl/well, diluted 1:9000 in PBS), 

before a further incubation for 1 hour at 37°C. After further washes, TMB substrate 

solution was added (100µl/well), the plate was incubated for 15-20 minutes at 37°C, 

and the reaction was stopped by adding 100µl/well of stop solution (0.5M H2SO4). The 

absorbance was measured within 30 minutes using a BioRad microplate reader at 

450nm. 

Raw data was imported using Microplate Manager 5.2.1 software (BioRad) and the 

degree of DC-SIGN binding activity was estimated by comparison with a standard 

curve generated using the anti-DC-SIGN standards, or assessed qualitatively versus the 

positive and negative controls. Microsoft Excel software (Microsoft Corporation) and 

GraphPad Prism version 5.0d or 6.0b for Mac OS (GraphPad software) were used for 

analysis.  
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6.2.5. Protein quantification assay 

To estimate the yield of antibody (either DCN46, IgG, or alternatively HSA) in 

immunoliposome preparations, a bicinchonimic acid (BCA) protein quantitation assay 

was used (Pierce® BCA Protein Assay Kit, or Micro BCA Protein Assay Kit – Pierce 

Biotechnology/Thermofisher). In some experiments, Coumarin 6 (peak excitation 

450nm; peak emission 540nm) was used in place of DiI in the liposome preparations, to 

minimise interference with the absorbance measurement of the BCA assay (562nm). 

Protein content was measured in immunoliposomes (conjugated to DCN46 or HSA), 

with unconjugated liposomes assayed as controls. To reduce the likelihood of 

phospholipid interference in the BCA assay, liposomes were lysed in HEPES buffer 

containing either 5% (w/v) Triton X-100 (Sigma-Aldrich), or alternatively 2% (w/v) 

SDS (Sigma-Aldrich). In the latter case, lipids were maintained in 2% SDS for up to 20 

hours to maximise lipid dissolution.645 

BCA assays were performed according to the manufacturers instructions in the 96-well 

plate format with some modifications. Standards were prepared used bovine serum 

albumin (BSA) supplied with the kit. Samples containing lipids and protein were 

assayed after SDS lysis undiluted, and at 1:10 and 1:100 dilutions in HEPES. Standards 

(in triplicate) and samples (in duplicate) were assayed in 50µl of buffer per well of a 96-

well flat-bottomed polystyrene plate (Greiner Bio-One). BCA kit Reagent A was mixed 

with Reagent B at a 50:1 ratio and added to samples and standards at a working ratio of 

4:1 (200µl per well). The plate was covered and incubated at 37°C for 30-60 minutes, 

cooled to room temperature and the absorbance was measured using a BioRad 

microplate reader at 562nm. Alternatively, samples and standards in 150µl of buffer 

were assayed using a Micro BCA kit. Micro BCA reagents A, B and C were mixed in a 

25:24:1 ratio and 150µl of this working reagent was added to each well. The plate was 

covered and incubated at 37°C for up to 2 hours, cooled to room temperature and the 

absorbance read as above.  

Raw data was imported using Microplate Manager 5.2.1 software (BioRad) and protein 

concentration was estimated by comparison with a standard curve generated using the 

BSA standards. Microsoft Excel software (Microsoft Corporation) was used for 

analysis.  
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6.2.6. Cell culture 

Human PBMC were sourced from buffy coats obtained by the South Australian Red 

Cross blood service from de-identified healthy blood donors. Protocols for human 

monocyte-derived DC (MoDC) generation, obtaining marmoset splenocytes, reagents 

and media, DC and two-way mixed lymphocyte reactions are described in Chapter 2. 

6.2.7. Immunoliposome and PLGA nanoparticle uptake by human MoDC 

6.2.7.1 MoDC culture with immunoliposomes or PLGA nanoparticles 

Human immature MoDC were generated as described in section 2.4.3.2. On day 6 or 7 

of culture with GM-CSF/IL-4, immature MoDC (which express high levels of DC-

SIGN) were collected from flasks and counted. MoDC (either fresh or thawed following 

cryopreservation where this was required (section 2.4.4)) were resuspended at a density 

of 0.5-1.0x106/ml in CM, and cultured in a volume of 0.5ml/well in 24-well plates. Heat 

inactivated rabbit serum (10% v/v) was added as an Fc receptor blocking agent and 

incubated with the cells for 30 minutes.  

DiI immunoliposomes incorporating either DCN46, or IgG, or alternatively 

unconjugated DiI liposomes were added to the MoDC culture (0.1mM DPPC lipid 

equivalent per 0.5ml well). As an additional negative control, cells were incubated in 

media alone, with an equivalent amount of PBS added to each well. Cells and liposomes 

were incubated overnight (16 hours) in a humidified incubator at 37°C with 5% CO2.  

Fluorescent PLGA nanoparticles containing coumarin-6 and conjugated to the 

monoclonal antibodies DCN46, IgG, or unconjugated, were added to MoDC culture at 

an approximate concentration of 7µg of PLGA-PEG-COOH equivalent in 10µl of 

HEPES buffer per 0.5ml well (14µg/ml). As a negative control, MoDC were also 

cultured with media alone. Cells and nanoparticles were co-cultured for 60 minutes at 

either 37°C or 4°C. To confirm the specificity of nanoparticle targeting to DC-SIGN, 

MoDC were incubated with unconjugated anti-human DC-SIGN antibody (DCN46) for 

30 minutes at 4°C prior to adding PLGA nanoparticles as a competitive binding assay in 

some experiments. 
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6.2.7.2 Flow cytometry of MoDC for immunoliposome or PLGA nanoparticle uptake 

Following culture as above, MoDC were analysed by flow cytometry, as described in 

Chapter 2 (section 2.6), with modifications as outlined here. Cells were collected into 

FACS tubes, washed extensively to remove unbound liposomes or nanoparticles, and 

resuspended in staining buffer. As a positive control, a portion of MoDC that had been 

cultured in media alone were incubated with DC-SIGN PE (in the case of 

immunoliposomes) or DC-SIGN FITC (PLGA nanoparticles) or isotype FITC 

antibodies for 20 minutes at 4°C. After equilibration to room temperature, all cells were 

fixed with FACS lysing solution and single colour flow cytometry was performed as 

described in section 2.6.  

Uptake of immunoliposomes was measured by determining the degree of DiI 

fluorescence (with DC-SIGN PE as a positive control) in the PE channel of a FACS 

Canto II flow cytometer (BD Biosciences). Uptake of PLGA nanoparticles was 

measured by determining the degree of Coumarin 6 fluorescence (with DC-SIGN FITC 

as the positive control) in the FITC channel of the cytometer. For each sample, 20,000 

events were collected. Cells were selected for inclusion in the analysis gate according to 

forward and side scatter characteristics (Figure 6.2.1). 

 

Figure 6.2.1. Forward and side scatter plot showing representative gate used to select DC-
SIGN positive MoDC in the flow cytometry studies of immunoliposome and PLGA 
nanoparticle uptake. 
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6.2.7.3 Immunofluorescence microscopy 

A sample of MoDC cultured as in section 6.2.7.1 were prepared as a cytospin sample 

and immunofluorescence microscopy was performed as described in Chapter 2 (section 

2.5) to determine the cellular uptake of DiI or Coumarin 6.  

6.2.8. PLGA nanoparticle uptake by marmoset splenocytes 

6.2.8.1 Marmoset splenocyte culture with nanoparticles 

Marmoset splenocytes were obtained following euthanasia as described in section 

2.4.2.5. Spleen cells were resuspended at a density of 1x107/ml in CM. Cells were 

incubated overnight at 37°C in the dark, in 6-well plates (2ml/well). Fluorescent PLGA 

nanoparticles containing coumarin-6 and conjugated to the monoclonal antibodies 

DCN46, IgG, or unconjugated at an concentration of ~28µg of PLGA-PEG-COOH 

equivalent in 40µl of HEPES buffer per 2ml well (i.e. ~14µg/ml) prior to incubation. As 

a negative control, splenocytes were also cultured with media alone.  

6.2.8.2 Flow cytometry of marmoset splenocytes for PLGA nanoparticle uptake 

Following culture as above, splenocytes were analysed by flow cytometry, as described 

in Chapter 2 (section 2.6), with modifications as outlined here. Cells were collected into 

FACS tubes, washed extensively, and resuspended in staining buffer. After blocking 

with rabbit serum, splenocytes underwent multi-colour staining with Class II PE-Cy5 

and CD11c APC to identify the population likely to contain DC-SIGN positive cells (as 

described in Chapter 5, section 5.3.6 above) that might be targeted by PLGA 

nanoparticles. Both isotype and FMO controls were used. Coumarin-6 fluorescence was 

read in the FITC channel (FL1), due to their similar excitation and emission spectra. 

Compensation controls included the following: 

1. Unstained cells 

2. FL-1 compensation: CD3 FITC 

3. FL-3 compensation: Class II PE-Cy5 

4. FL-5 compensation: CD11c APC 
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Uptake of PLGA nanoparticles was measured by determining the degree of Coumarin 6 

fluorescence in the FITC channel of a FACS Canto II flow cytometer (BD Biosciences). 

Between 100,000 and 200,000 events were recorded. Doublet discrimination was not 

performed. Cells were selected for inclusion in the analysis gate according to forward 

and side scatter characteristics (Figure 6.2.2) 

 

 

Figure 6.2.2. Forward and side scatter plot showing gate used to select marmoset 
splenocytes in the flow cytometry studies of PLGA nanoparticle uptake. 

 

6.2.9. Curcumin-containing PLGA nanoparticles – effects on human MoDC  

6.2.9.1 MoDC culture and treatment with Curcumin PLGA nanoparticles 

Human MoDC were generated as described in section 2.4.3.2. On day 5 of culture with 

GM-CSF/IL-4, curcumin-containing PLGA nanoparticles conjugated to DCN46, or 

irrelevant IgG, were added to selected wells in the 6-well plate at an approximate 

concentration of 7µg of PLGA-PEG-COOH equivalent in 10µl of HEPES buffer per 

0.5ml well (14µg/ml), similar to the approach used in section 6.2.7.1 above. MoDC 

treated with the PLGA nanoparticles were matured 24 hours later by the addition of 

LPS (10ng/ml) to cells on day 6 of culture. Untreated cells, both immature and mature 

MoDC, were also cultured as controls. 
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1. Immature MoDC – 7 days of GM-CSF/IL-4 culture 

2. Mature MoDC – as per (1) but treated with LPS on day 6 

3. Mature MoDC – as per (2) but pre-treated for 24 hours with DCN46 conjugated 

Curcumin-PLGA nanoparticles on day 5 prior to LPS maturation 

4. Mature MoDC – as per (2) but pre-treated for 24 hours with IgG conjugated 

Curcumin-PLGA nanoparticles on day 5 prior to LPS maturation 

6.2.9.2 Flow cytometry for DC maturation markers 

Following culture as above, MoDC were analysed by flow cytometry as described in 

Chapter 2 (section 2.6). Cells were collected into FACS tubes, washed extensively to 

remove unbound nanoparticles, and resuspended in staining buffer. Samples of MoDC 

(~105cells/tube) were stained with the following monoclonal antibodies: Class II PE-

Cy5, CD80 FITC, CD86 FITC, CD83 FITC, and DC-SIGN FITC. Isotype matched 

FITC and PE-Cy5 antibodies were used as controls. After equilibration to room 

temperature, all cells were fixed with FACS lysing solution, washed, and single colour 

flow cytometry was performed as described in section 2.6.  

6.2.9.3 Mixed leucocyte reaction 

MoDC treated with nanoparticles and controls (as per section 6.2.9.1 above) were 

analysed for their capacity to stimulate T-cell proliferation in a dendritic cell MLR, 

using the methods described in Chapter 2 (section 2.4.3.4.1). All stimulator MoDC were 

irradiated prior to being added to the MLR. Nylon wool T-cells were used as responder 

cells. 

In addition, curcumin-containing PLGA nanoparticles conjugated to either DCN46 or 

IgG were added directly to a two-way MLR (Chapter 2, section 2.4.3.4.2) at varying 

doses to determine the effects of PLGA nanoparticle-encapsulated curcumin on 

alloproliferation. 
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6.3. Results 

6.3.1. Immunoliposomes 

6.3.1.1 Characterisation of immunoliposomes 

The size, polydispersity and zeta potential of the DiI containing liposome preparations 

were determined in triplicate using dynamic light scattering. Results are shown in Table 

6.3.1. 

 

Table 6.3.1 Physicochemical characteristics of liposome preparations 

Sample Size* (nm) Polydispersity index Zeta potential* (mV) 

Unconjugated liposomes 162 ± 0.92 0.06 ± 0.02 -27 ± 2.7 

DCN46 immunoliposomes 173 ± 2.9 0.191 ± 0.02 -21 ± 2.6 

IgG immunoliposomes 166 ± 1.2 0.118 ± 0.02 -23 ± 1.0 

                                                
* Mean ± standard deviation 
 

Conjugation of DCN46 and IgG to immunoliposomes via micellar incorporation led to a 

small increase in size (~4-11nm; p=0.0011, one-way ANOVA) and a small increase (i.e. 

reduction of negative charge) of zeta potential (~+4-6mV; p=0.043; one-way ANOVA) 

compared with unconjugated liposomes. All liposome preparations were 

monodispersed, as shown by polydispersity indices less than 0.3, although the DCN46 

and IgG conjugated immunoliposomes were less monodispersed than the unconjugated 

liposomes  (p=0.0006; one-way ANOVA).  

Repeated measurements of these physicochemical characteristics in DCN46 

immunoliposomes and the unconjugated liposome preparations at 1, 20 and 97 days 

after storage in buffer at 4°C showed no significant differences in any of the measured 

properties over time.  
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The concentration of DPPC phospholipid in liposome preparations was determined 

indirectly by measuring the DiI concentration in liposome and immunoliposome 

preparations. Results were compared with a standard curve of DiI fluorescence at 

known concentrations. Unconjugated liposomes (~1mM DPPC equivalent) were diluted 

approximately 5-fold following the process of antibody conjugation and purification 

(DCN46 and IgG immunoliposome preparations were approximately 0.2-0.24mM of 

DPPC equivalent), and in all subsequent studies appropriate adjustments were made to 

ensure an equivalent amount of phospholipid/DiI was utilised in each experimental 

group.   

6.3.1.2 Immunoliposomes conjugated with DCN46 bind to DC-SIGN in an ELISA 

Using a modified ELISA assay, the functionality of DCN46-conjugated 

immunoliposomes was confirmed. However, the amount of functional DCN46 detected 

in the immunoliposome preparations was low (compared with the concentrations 

initially added to the micelles, 60µg/ml) in this semi-quantitative assay (Figure 6.3.1).  
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Figure 6.3.1. Immunoliposomes conjugated to DCN46 show evidence of binding to DC-
SIGN in a semi-quantitative ELISA assay. 

Serially diluted samples of unconjugated liposomes, or immunoliposomes conjugated to DCN46 (DC-
SIGN antibody) or an irrelevant IgG were assayed for binding in an ELISA plate coated with recombinant 
human DC-SIGN-Fc chimera. Serially diluted samples of purified DC-SIGN antibody were used as 
standards. At all dilutions tested (neat, 1:2 and 1:4), there was evidence of DCN46 binding to DC-SIGN. 
Semi-quantitative analysis indicated a low level of functional DCN46 (range ~200 to ~500 pg/ml) 
compared with the amount of DCN46 added to the micelles (60µg/ml), in the neat preparations. Results 
for DCN46 immunoliposomes versus unconjugated liposomes are representative of two separate 
experiments; IgG-immunoliposomes were included in one of the experiments. Results shown are mean ± 
standard deviation. At all dilutions tested, the difference between DCN46 immunoliposomes and IgG or 
unconjugated liposomes was significant (p<0.001; unpaired t test). 
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6.3.1.3 DCN46 immunoliposomes do not show significant uptake by human MoDC 
after overnight culture 

Immunoliposome preparations containing the fluorescent dye DiI and conjugated to 

DCN46, irrelevant IgG, or unconjugated, were cultured with human MoDC overnight at 

37°C. Flow cytometry for DiI fluorescence in the PE channel did not show evidence of 

DiI immunoliposome uptake by human MoDC, whether conjugated to DCN46 or not 

(Figure 6.3.2).  

Immunofluorescence microscopy of cells after overnight culture with the liposome 

preparations showed similar results (Figure 6.3.3). 
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Figure 6.3.2. DiI immunoliposomes targeted to DC-SIGN incubated overnight with human 
MoDC do not show evidence of significant uptake. 

Human immature MoDC (day 6 or 7 in culture with GM-CSF/IL-4) were incubated overnight at 37°C 
with different formulations of liposomes containing DiI, and liposome uptake was assessed by flow 
cytometry in the PE channel. All plots are normalised to control unstained cells, represented by shaded 
histograms. The numbers indicate the percentage of cells taking up liposomes. MoDC stained with 
isotype PE, or DC-SIGN PE, were used as negative and positive controls, respectively. MFI = mean 
fluorescence intensity; liposomes = non-conjugated liposomes; blank micelles = micelles in preparation 
had not been conjugated to antibody; IgG-immunoliposomes = liposomes conjugated to isotype IgG; 
DCN46-immunoliposomes = liposomes conjugated to clone DCN46 (targets DC-SIGN). Results shown 
are representative of three experiments.  
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Figure 6.3.3. DiI immunoliposomes targeted to DC-SIGN incubated overnight with human 
MoDC do not show evidence of significant uptake. 

Immunofluorescence microscopy of cytospin samples of human MoDC incubated overnight with 
immunoliposomes containing DiI. Cell nuclei are stained blue with DAPI counterstain. (A) MoDC 
incubated with media alone (negative control); (B) MoDC incubated with immunoliposomes conjugated 
to DCN46 antibody. Background autofluorescence detected in the rhodamine channel (shown in red; used 
to detect DiI) is seen, but no evidence of specific DiI uptake in the cytoplasm of MoDC is seen. MoDC 
incubated with IgG conjugated immunoliposomes or unconjugated liposomes showed similar findings 
(data not shown). 
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6.3.1.4 Protein quantitation assay 

Liposome preparations (both unconjugated and immunoliposomes) were assayed for the 

presence of protein to determine the antibody yield of the conjugation process using a 

BCA assay (working range for protein detection 20-2000µg/ml; with enhanced protocol, 

sensitivity down to 5µg/ml). In some experiments, a micro BCA assay was used 

(working range 2-20 µg/ml). Initial experiments using DCN46 immunoliposomes 

dissolved in Triton X-100 indicated significant interference with the assay by lipids 

present in the preparation (data not shown). In subsequent experiments, human serum 

albumin (HSA) was used as an alternative to DCN46 antibody in immunoliposome 

preparations, to minimise inappropriate use of expensive antibody reagents.  

A stepwise logical approach was subsequently followed to optimise the assay by (1) 

using sodium dodecyl sulphate (SDS) as an alternative to Triton X-100 to more 

effectively dissolve lipids, (2) using coumarin 6 rather than DiI as a liposome marker to 

avoid fluorescence interference, (3) extending the incubation time with SDS to 

maximise lipid dissolution, (4) increasing the amount of protein available for 

conjugation in the preparation, and (5) assaying liposome preparations spiked with 

known protein concentrations. 

Figure 6.3.4 demonstrates that incubating liposomes with 2% SDS for 45 minutes rather 

than Triton X-100 reduced the extent of lipid interference, but did not fully reduce 

inappropriate ‘protein’ detection. A small difference was observed between DiI and 

coumarin 6 liposomes (reduced ‘protein’ detected in the latter), therefore coumarin 6 

was used in subsequent liposome preparations for BCA analysis. 

Figure 6.3.5 shows that when a longer incubation with 2% SDS was used (20 hours at 

room temperature, rather than 45 minutes at 37°C), there was evidence of persistent 

lipid interference in the assay. No significant differences were observed between blank 

and immunoliposome preparations, despite a higher amount of protein being used for 

conjugation to liposomes in one of the groups. 
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Figure 6.3.4. Protein quantitation assay: incubation of liposome preparations with Triton 
X-100 or SDS to remove phospholipid contamination. 

Following incubation of liposome preparations with either 5% Triton X-100 or 2% SDS for 45 minutes at 
37°C, there was evidence of significant interference with the BCA assay, with detection of significant 
amounts protein in ‘blank’ DiI or coumarin 6 (C6) liposomes. SDS was more effective than Triton X-100. 
There was no difference observed between ‘blank’ liposomes and protein (human serum albumin, HSA) 
conjugated liposomes. There was a small reduction in protein detected between coumarin 6 and DiI 
liposomes, indicating dye fluorescence was not the primary cause of observed interference. Liposome 
samples and standards were measured in duplicate and triplicate, respectively. Results shown are mean ± 
standard deviation. 
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Figure 6.3.5. Protein quantitation assay: coumarin 6 liposome preparations with differing 
levels of protein conjugated to liposomes. 

Preparations of coumarin 6 liposomes, either ‘blank’ or conjugated to human serum albumin (HSA), were 
assayed for the presence of protein using the BCA assay. Two different amounts of HSA were added 
preparations for conjugation, a standard dose (60µg) and a high dose (300µg). Preparations were 
incubated with 2% SDS for an extended period (20 hours) at room temperature to maximise lipid 
dissolution. Liposome samples and standards were measured in duplicate and triplicate, respectively. 
Results shown are mean ± standard deviation. 
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Because of evidence of ongoing phospholipid interference, further assays were 

performed to determine whether the BCA assay was capable of detecting known 

amounts of protein in the presence of phospholipid, i.e. whether this interference could 

be eliminated in the presence of adequate amounts of protein. Using a range of HSA 

protein concentrations (to reflect different degrees of conjugation efficiency of HSA, 

representative of DCN46 antibody used in the immunoliposome preparations described 

in sections 6.3.1.2 and 6.3.1.3 above) liposome preparations spiked with known 

amounts of HSA protein were assayed using the protein quantitation assay. Results of 

this experiment are shown in Table 6.3.2. 

 

Table 6.3.2 Protein quantitation assay: Coumarin 6 liposomes spiked with known 
concentrations of human serum albumin (HSA) to reflect 10%, 60% and 100% 
conjugation of DCN46 antibody used in immunoliposome preparations.  

All liposome samples were incubated with 2% SDS for 20 hours prior to analysis. Results presented are 
mean ± standard deviation; samples were assayed in duplicate. 

Sample Expected protein 

concentration 

(µg/ml) 

Detected protein 

concentration 

(µg/ml) 

Difference (%)  

Blank liposome sample 0 15.5 ± 3.9  

Spiked liposome sample (10%) 5.9 33.0 ± 2.1 +27.1 ± 2.1 (>100%) 

Spiked liposome sample (60%) 35.5 45.7 ± 6.3 +10.2 ± 2.1 (~30%) 

Spiked liposome sample (100%) 59 52.7 ± 2.3 -6.3 ± 2.3 (~10%) 
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6.3.2. PLGA nanoparticles 

6.3.2.1 Characterisation of PLGA nanoparticles 

The size, polydispersity and zeta potential of PLGA nanoparticles were determined in 

triplicate using dynamic light scattering. For the characterisation experiments, coumarin 

6 PLGA nanoparticles were conjugated to human serum albumin (HSA); in all 

subsequent experiments nanoparticles were conjugated to either DCN46 or IgG (as 

described in the relevant sections). Results are shown in Table 6.3.3. 

 

Table 6.3.3 Physicochemical characteristics of PLGA nanoparticles 

Sample Size* (nm) Polydispersity index Zeta potential* (mV) 

Unconjugated PLGA 

nanoparticles 

119 ± 1.8 0.08 ± 0.03 -22.5 ± 0.1 

HSA conjugated PLGA 

nanoparticles 

138 ± 0.1† 0.09 ± 0.01 -13.9 ± 1.1‡ 

                                                
* Mean ± standard deviation 
† p=0.0001 for size of HSA-conjugated versus unconjugated PLGA nanoparticles (unpaired t test) 
‡ p=0.0002 for zeta potential of HSA-conjugated vs unconjugated PLGA nanoparticles (unpaired t test) 
 

Conjugation of HSA to PLGA nanoparticles via carbodiimide chemistry increased the 

size and reduced (made less negative) the zeta potential of nanoparticles compared with 

unconjugated PLGA nanoparticles. All PLGA nanoparticle preparations were 

monodispersed, as shown by polydispersity indices less than 0.3.  

6.3.2.2 PLGA nanoparticles conjugated with DCN46 bind to DC-SIGN in an ELISA 

Using a modified ELISA assay, the functionality of DCN46-conjugated PLGA 

nanoparticles was confirmed (Figure 6.3.6). Strong binding was observed, suggesting 

high levels of functional DCN46 on the surface of these PLGA nanoparticles, and thus 

that these nanoparticles would be a suitable drug delivery system to use for further in 

vitro studies of targeting to DC-SIGN on the surface of human or marmoset DC.  
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Figure 6.3.6. PLGA nanoparticles targeted to DC-SIGN show evidence of strong binding 
to DC-SIGN in a qualitative ELISA assay. 

Serially diluted samples of unconjugated PLGA nanoparticles, or PLGA nanoparticles conjugated to 
DCN46 (DC-SIGN antibody) were assayed for binding in an ELISA plate coated with recombinant 
human DC-SIGN-Fc chimera. Purified DC-SIGN antibody (5µg/ml) was used as a positive control; PBS 
was used as a negative control. Results for neat and 1:10 dilution of PLGA-DCN46 showed strong 
binding that exceeded the limits of the assay (shown by the break in the X-axis); at 1:100 the reactivity 
was comparable to the positive control. Results are representative of two separate experiments. 

* = Strong binding; exceeded limits of the assay 

** = p<0.001 for PLGA-DCN46 1:100 versus either PLGA 1:100 or negative control 

*** = p=NS for PLGA-DCN46 1:100 versus the positive control  

NS = statistically non significant; SD = standard deviation 
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6.3.2.3 Coumarin-6 PLGA nanoparticles targeting DC-SIGN bind to and are taken 
up by human MoDC to a greater extent than non-targeted PLGA 
nanoparticles 

PLGA nanoparticles containing the fluorescent hydrophobic molecule Coumarin 6 were 

cultured with human MoDC for 1 hour at either 4°C (Figure 6.3.7) or 37°C (Figure 

6.3.8). Flow cytometry demonstrated that PLGA nanoparticles were taken up non-

specifically by MoDC, particularly at 37°C. PLGA uptake was significantly enhanced 

by conjugation of PLGA with the DC-SIGN targeting antibody DCN46. In the presence 

of a competitive agonist (purified DC-SIGN antibody, also clone DCN46), this uptake 

was reduced, confirming the specificity of targeting.  

Immunofluorescence microscopy confirmed that PLGA nanoparticles targeted to DC-

SIGN had the highest degree of uptake into the cytoplasm of human MoDC (Figure 

6.3.9). 
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Figure 6.3.7. Coumarin 6-PLGA nanoparticles targeted to DC-SIGN incubated at 4°C 
with human MoDC are taken up to a greater extent than non-targeted nanoparticles. 

Human MoDC (day 6 or 7 in culture with GM-CSF/IL-4) were incubated for 1 hour at 4 degrees with 
different formulations of PLGA nanoparticles containing Coumarin 6, and PLGA uptake was assessed by 
flow cytometry in the FL-1 channel (labelled FITC-A here). All plots are normalised to control unstained 
cells, represented by shaded histograms. The numbers indicate the percentage of cells taking up PLGA. 
MoDC stained with isotype FITC or DC-SIGN FITC were used as negative and positive controls, 
respectively. CTRL = control; MFI = mean fluorescence intensity; PLGA = non-conjugated PLGA 
nanoparticles; PLGA-IgG = PLGA nanoparticles conjugated to isotype IgG; PLGA-DCN46 = PLGA 
nanoparticles conjugated to clone DCN46 (targets DC-SIGN); +Ab – anti-DC-SIGN antibody added to 
culture prior to PLGA nanoparticles as a competitive agonist for DC-SIGN. Results are representative of 
two experiments. 
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Figure 6.3.8. Coumarin 6-PLGA nanoparticles incubated at 37°C with human MoDC are 
taken up non-specifically by cells; targeting to DC-SIGN significantly improves this 
uptake.  

Human MoDC (day 6 or 7 in culture with GM-CSF/IL-4) were incubated for 1 hour at 37 degrees with 
different formulations of PLGA nanoparticles containing Coumarin 6, and PLGA uptake was assessed by 
flow cytometry in the FL-1 channel (labelled FITC-A here). All plots are normalised to control unstained 
cells, represented by shaded histograms. The numbers indicate the percentage of cells taking up PLGA. 
MoDC stained with isotype FITC or DC-SIGN FITC were used as negative and positive controls, 
respectively. CTRL = control; MFI = mean fluorescence intensity; PLGA = non-conjugated PLGA 
nanoparticles; PLGA-IgG = PLGA nanoparticles conjugated to isotype IgG; PLGA-DCN46 = PLGA 
nanoparticles conjugated to clone DCN46 (targets DC-SIGN); +Ab – anti-DC-SIGN antibody added to 
culture prior to PLGA nanoparticles as a competitive agonist for DC-SIGN. Results are representative of 
two experiments. 
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Figure 6.3.9. DC-SIGN targeted PLGA nanoparticles are taken up into the cytoplasm of 
human MoDC to a greater extent than non-targeted nanoparticles. 

Immunofluorescence microscopy of cytospin samples of human MoDC incubated with PLGA 
nanoparticles containing Coumarin 6. PLGA nanoparticle uptake is shown via the green staining of cell 
cytoplasms with Coumarin 6. Cell nuclei are stained blue with DAPI counterstain. (A) MoDC incubated 
with unconjugated PLGA nanoparticles; (B) MoDC incubated with PLGA nanoparticles conjugated to 
irrelevant IgG; (C) MoDC incubated with PLGA nanoparticles conjugated with DCN46 antibody. 
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6.3.2.4 Coumarin-6 PLGA nanoparticles are taken up non-specifically by a small 
population of CD11c+Class II+ marmoset splenocytes  

After overnight culture of fresh marmoset splenocytes with PLGA nanoparticles, there 

was minimal Coumarin-6 fluorescence observed in the whole spleen population (data 

not shown). However, a small population of CD11c+Class II+ cells demonstrated high 

intensity Coumarin-6 fluorescence (mean fluorescence intensity >100,000) with 

unconjugated, IgG and DCN46 conjugated PLGA nanoparticles (Figure 6.3.10). 
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Figure 6.3.10 Coumarin 6-PLGA nanoparticles incubated overnight with marmoset 
splenocytes are taken up by a small population of Class II+ CD11c+ cells.  

Marmoset spleen cells were incubated overnight with different formulations of PLGA nanoparticles 
containing Coumarin 6, and PLGA uptake (Coumarin-6 fluorescence) was assessed by multi-colour flow 
cytometry of likely DC (CD11c+ Class II+ cells) in the FITC channel. Density plots are shown. The top 
two panels show isotype control and Class II-CD11c stained cells respectively. The top right panel shows 
the gate used in subsequent panels. A FITC FMO control (gated at 0.1% positive) was used as the 
negative control for Coumarin-6 staining. A small population of highly fluorescent cells (MFI typically 
>100,000, range 0.47-0.70% of cells) were observed after incubation with PLGA nanoparticles 
conjugated to IgG, DCN46 or an unconjugated control, indicating that targeting with DC-SIGN specific 
antibody did not seem to have any effect on this non-specific uptake. Data are from one experiment.  
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6.3.2.5 Curcumin containing PLGA nanoparticles – effects on DC maturation and 
function 

Flow cytometry analysis of human MoDC treated with curcumin-containing PLGA 

nanoparticles revealed non-significant alterations in the expression of some DC 

maturation markers, as shown in Figure 6.3.11. Compared with untreated mature DC, 

treatment with DCN46 targeted curcumin PLGA nanoparticles appeared to slightly 

reduce the expression of DC-SIGN, CD80 and CD83, and increase the expression of 

Class II and CD86. Non-targeted (IgG) curcumin PLGA nanoparticles had similar 

effects on Class II and CD86, but not on CD80 or CD83, suggesting a degree of specific 

effect via targeting to DC-SIGN. Overall, the effects were however modest, and were 

not suggestive of a significant resistance to the maturation effects of LPS. 

When MoDC treated with curcumin containing PLGA nanoparticles were investigated 

for their stimulatory capacity in a dendritic cell MLR, no significant effects of the 

curcumin-nanoparticle treatment were observed (see Figure 6.3.12). However, when 

graded doses (with a five-fold higher neat concentration) of PLGA nanoparticles 

containing curcumin were added to a non-specific two-way MLR, there was evidence of 

significant suppression at the higher concentrations (see Figure 6.3.13).  
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Figure 6.3.11. Human MoDC treated with curcumin containing PLGA nanoparticles targeted to DC-SIGN show alterations in DC maturation 
markers. 

Human MoDC (day 5 in culture with GM-CSF/IL-4) were treated with different formulations of PLGA nanoparticles containing the immunomodulatory agent curcumin, 
given a maturation stimulus with lipopolysaccharide (LPS; 10ng/ml) on day 6, then stained on day 7 with monoclonal antibodies to the DC markers DC-SIGN, Class II, 
CD80, CD86 and CD83, prior to flow cytometry analysis. All plots are normalised to cells stained with the relevant isotype control antibodies, represented by shaded 
histograms. The numbers indicate the percentage of cells positive for the relevant DC marker. Untreated mature (given LPS) and immature (media only) MoDC were used as 
controls. Data reflect one experiment. 

Immature = control MoDC untreated with either LPS or PLGA nanoparticles; Mature = control MoDC, treated with LPS only; Curc-IgG-NP = MoDC treated with curcumin 
PLGA nanoparticles conjugated to IgG, prior to LPS; Curc-DCN46-NP = MoDC treated with curcumin PLGA nanoparticles conjugated to DCN46 (targets DC-SIGN) prior 
to LPS. 
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Figure 6.3.12. Human MoDC treated with curcumin containing PLGA nanoparticles 
targeted to DC-SIGN did not exhibit significant differences in allostimulatory capacity in 
a dendritic cell mixed leucocyte reaction (MLR).  

Human MoDC (day 5 in culture with GM-CSF/IL-4) were treated with different formulations of PLGA 
nanoparticles containing curcumin (equivalent concentration of PLGA 14µg/ml), and matured with 
lipopolysaccharide (LPS; 10ng/ml) on day 6, and at day 7 were cultured to assess for allostimulatory 
capacity in a dendritic cell MLR. All stimulator MoDC were irradiated with 30Gy prior to co-culture with 
nylon wool T-cells (generated as per section 2.4.3.3) at various T-cell: DC ratios. T-cell proliferation was 
assessed by 3H-thymidine incorporation Results shown are mean ± standard deviation and reflect one 
experiment. While maturation stimulation with LPS resulted in a significant increase in T-cell 
proliferation (at least at the 10:1 T-cell:DC ratio), this was not significantly affected by treatment with the 
curcumin containing PLGA nanoparticles. All samples were measured in quintuplicate. 

DC = human MoDC; Curc-IgG-NP = curcumin PLGA nanoparticles conjugated to IgG; Curc-DCN46-NP 
= curcumin PLGA nanoparticles conjugated to DCN46 (targets DC-SIGN). 

* = p<0.001 for T-cell proliferation versus immature DC 
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Figure 6.3.13. Curcumin containing PLGA nanoparticles cause dose-dependent 
suppression of alloproliferation in a two-way mixed leucocyte reaction (MLR). 

PBMC isolated from two donors were co-cultured in a mixed two-way MLR; cells were not subjected to 
irradiation. Curcumin containing PLGA nanoparticles (conjugated to DCN46 to target DC-SIGN, or an 
irrelevant IgG) were added at graded concentrations (neat, 1:4 and 1:8 dilution) directly to the cells on the 
first day of culture. The equivalent concentration of PLGA nanoparticles (PEG-PLGA-COOH) was 
~70µg/ml (a five-fold increase on the previous experiments) in the neat nanoparticle preparations. T-cell 
proliferation within the culture was assessed by 3H-thymidine incorporation. There was evidence of a 
significant suppression of proliferation with the highest dose of nanoparticles, but this was non-specific 
and not enhanced by specific targeting to DC-SIGN. Results shown are mean ± standard deviation, and 
reflect data from one experiment. All samples were measured in quintuplicate. 

* = p<0.0001 – co-culture versus IgG-Curc-NP treated PBMC (one way ANOVA); **p<0.0001 – co-
culture versus DCN46-Curc-NP treated PBMC (one-way ANOVA);PBMC = peripheral blood 
mononuclear cells; Curc-IgG-NP = curcumin PLGA nanoparticles conjugated to IgG; Curc-DCN46-NP = 
curcumin PLGA nanoparticles conjugated to DCN46 (targets DC-SIGN). 
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6.4. Discussion 

This chapter presents the results of two approaches to develop cell-specific therapy to 

target DC in situ; using firstly targeted immunoliposomes, and secondly targeted 

polymeric PLGA nanoparticles. In these studies, the monoclonal antibody DCN46 (BD 

Biosciences) was used as the means to target human or marmoset DC-SIGN via linking 

DCN46 to the surface of liposomes or nanoparticles. This antibody was chosen on the 

basis of demonstrated binding/cross-reactivity to both human and marmoset DC-SIGN, 

as outlined in the studies presented in Chapter 5. DC-SIGN expression and function 

shows considerably similarity between humans and non-human primates, and does not 

have a direct functional orthologue in mice643; thus therapy targeted to DC-SIGN is 

most appropriately evaluated in vitro with human cells and in vivo using a suitable NHP 

model.  

6.4.1. Immunoliposomes targeting DC-SIGN 

Immunoliposomes targeting DC-SIGN were developed using a post-insertion method, 

first described by Ishida et al,478 and subsequently utilised in a number of other studies 

of targeted immunoliposomes (see Chapter 1, section 1.7.1).477,479,646 This method 

involves the conjugation of antibodies to the distal end of a PEG-lipid in micellar phase 

via a covalent reaction between maleimide groups within the DSPE-PEG-mal lipid, and 

sulfhydryl groups on lysine residues within thiolated antibodies. Subsequently, antibody 

conjugated-micelles are added to pre-prepared drug-containing (in this case DiI) 

liposomes to facilitate incorporation into the lipid bilayer, and purified based on size 

using a Sepharose®CL-4B column. This method offers flexibility by enabling the 

generation of drug containing liposomes that can be conjugated at a later date to any 

desired antibody (or other protein ligand) via the use of different antibodies in the 

micelle preparations.477  

Immunoliposomes incorporating DiI as a lipophilic fluorescent marker (within the lipid 

bilayer) and the monoclonal antibody DCN46 on their surface were successfully 

generated, and physicochemical characterisation demonstrated that these were of 

suitable size for optimal uptake by DC,639 and were of a generally uniform size (as 

measured by polydispersity index; Table 6.3.1). The presence of a net negative charge 
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on the surface would be expected to reduce the likelihood of non-specific uptake by 

DC,638,639 and thus increase the potential for effective targeting via antibody binding to 

DC-SIGN. There was a small increase in both the size and zeta potential observed for 

immunoliposomes (DCN46 or IgG) versus unconjugated liposomes, indicating the 

successful conjugation of positively charged antibody to the (negatively charged) PEG. 

Notably, there was also a small increase in polydispersity, which could be due to 

increased aggregation from reduced steric repulsion of negatively charged PEGylated 

liposomes, 647 electrostatic interactions between net positive charge on DNC46 and the 

negatively charged PEG, as observed by Badiee et al, 642 or even as a consequence of 

the presence of free micelles in the formulation following purification. 

Using a modified DC-SIGN ELISA, based on a method described by Badiee et al, 642 

the presence of functional DCN46 binding to DC-SIGN in the DCN46 

immunoliposome preparation was demonstrated (Figure 6.3.1). This was an important 

finding, as conjugating antibody to liposomes via the post insertion method may result 

in a random orientation of antibodies on the liposome surface,648 without necessarily 

having a high yield of functional F-ab regions available to interact with DC-SIGN. 

However, in this semi-quantitative assay, the level of functional DCN46 detected was 

low (mean 328pg/ml) compared with the amount of antibody added to the liposome 

preparations (~60µg/ml). Although conjugation efficiency cannot be directly estimated 

using this approach (due to the randomness of orientation of DCN46 and steric 

interference with the assay by liposomes), this difference suggests relatively low 

amounts of functional surface antibody post conjugation. 

Despite evidence of functional DCN46 on the surface of immunoliposomes, following 

culture of targeted immunoliposomes with human MoDC expressing high levels of DC-

SIGN, there was no evidence of uptake of fluorescent liposomes by these cells observed 

in either flow cytometry or immunofluorescence microscopy (Figure 6.3.2 and Figure 

6.3.3). A number of factors may have contributed to this finding. 

Firstly, it is possible that the DCN46 on the surface of immunoliposomes was not 

present in adequate amounts to facilitate binding to DC-SIGN in cell culture. Because 

of the semi-quantitative nature of the DC-SIGN ELISA assay, attempts were made to 

determine the antibody yield in the liposome preparations by assaying protein 

concentration using a BCA assay, as described by Badiee et al.642 Although BCA assays 
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have been frequently used to determine the antibody yield in immunoliposome 

preparations,471,479,633,642 in this study it was not possible to eliminate interference with 

the assay despite using a number of methods of optimisation (outlined in section 

6.3.1.4). The BCA assay detects a colour change when protein binds to the BCA reagent 

generating complexes with a strong absorbance at 562nm. The presence of phospholipid 

can result in artificially high values by interfering with the BCA reagent to generate a 

chromophore complex with an absorbance close to 562nm.649,650 It is therefore possible 

that if a low level of antibody/protein was present in the liposome formulations, and that 

this was inadequate to compete with residual lipid present even after prolonged 

incubation with 2% SDS (Figure 6.3.5).645,651 It was subsequently demonstrated that a 

conjugation efficiency of between 60 and 100% would have been needed to out-

compete lipid effectively to detect levels of protein within ~10-30% of expected using 

the BCA assay (Table 6.3.2). It thus seems likely that the conjugation efficiency was 

lower than this level, despite the use of an appropriate, previously validated method of 

conjugation.478  

In addition to a low level of antibody on the surface of immunoliposomes, it is possible 

that the Sepharose® CL-4B column chromatography purification step (which separates 

particles based on size) did not result in the complete removal of any remaining 

DCN46-micelles in the preparation. In a separate assay of micelles conjugated to 60µg 

of HSA (as a surrogate for antibody) using similar preparation methods, the mean size 

of micelles was ~171nm (unpublished results; Kitto LJ) substantially higher than that 

typically reported in literature of <100nm.652 If this similarity in size had been the case 

with the studies presented here (where micelle size was not specifically assessed), it is 

possible that steric repulsion led to poor incorporation of micelles into liposomes and 

that subsequent separation by the purification column was incomplete. The reasons for 

such an unexpected increase in micelle size are not known, but could be due to the low 

volumes used and thus a lack of adequate dispersion of the lipid film during 

rehydration, which could be minimised in future by increasing the reagent amounts, or 

by additional vortexing and sonication.652 If DCN46-micelles were present even at low 

concentration then it would be expected that the ELISA would detect the presence of 

these, and that if micelle binding to MoDC occurred in culture that no DiI fluorescence 

would be detected (due to the DiI being present only in liposomes). 
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The presence of DiI in the immunoliposome preparations should have resulted in 

detection of some degree of DiI fluorescence in the event of non-specific uptake by 

MoDC. That there was minimal fluorescence detected raises the possibility of the loss 

of DiI fluorescence during the process of purification of immunoliposomes. In this 

study, 0.3mol% of DiI (i.e. 0.3% of total phospholipid (mol)) was used in the initial 

preparation of liposomes; similar studies have reported using either 0.3mol%644,653 or 

0.2mol%.642 However, the purification process caused a five-fold reduction in 

concentration of immunoliposomes compared with unconjugated liposomes (section 

6.3.1.1). This may have resulted in a relatively low concentration of DiI being present in 

the liposome preparations in buffer, despite DiI fluorescence being detected in the neat 

samples, prior to addition to cell culture. Although physicochemical characteristics such 

as size and zeta potential remained stable up to 97 days, it is also possible that DiI 

fluorescence was lost from liposomes during storage; this was not specifically assessed. 

In conclusion, although immunoliposomes conjugated to DCN46 appeared to be 

successfully generated in these studies, there was no evidence of uptake by MoDC 

expressing DC-SIGN. This is most likely to be due to an inadequate amount of 

functional DCN46 to facilitate targeting. Future studies could address this by (1) 

increasing the amounts of reagents used to prepare the micelles, and ensuring these were 

of appropriate size by the inclusion of additional sonication and vortexing steps and 

subsequent physicochemical assessment652; (2) ensuring adequate amounts of DCN46 in 

micelles prior to their addition to liposomes and subsequent purification, either with the 

use of a BCA, or another protein quantification assay not subject to interference from 

lipid,654 such as a sandwich ELISA using a secondary anti-mouse-Ig antibody to detect 

antibody directly; (3) increasing the content of fluorescence (DiI or other similar agent) 

contained within liposomes and/or measuring DiI fluorescence immediately prior to cell 

culture to ensure adequate fluorescence remains present; or (4) using an alternative 

approach to conjugate DCN46 to liposomes, e.g. direct conjugation via maleimide 

groups contained within PEG-lipids in liposome formulations.644 

Given the difficulties encountered in developing immunoliposomes targeted to DC-

SIGN, an alternative approach utilising polymeric PLGA nanoparticles was undertaken 

for subsequent studies. 
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6.4.2. PLGA nanoparticles targeting DC-SIGN 

PLGA nanoparticles were generated using nanoprecipitation496 and conjugated to 

DCN46 using a carbodiimide chemistry method (see Chapter 1, section 1.7.2).489,498 A 

major advantage of PLGA nanoparticles over liposomes is the ability to incorporate 

hydrophobic drugs at a higher concentration than their intrinsic water solubility within a 

hydrophobic core,655 and surround this with a hydrophilic shell to facilitate drug 

delivery to tissues. Nanoprecipitation, also known as the solvent displacement method, 

is a convenient and reproducible process for the preparation of monodisperse, polymeric 

nanoparticles in a size range of approximately 50-300nm. 496 The approach adopted here 

involved using a commercially prepared amphiphilic PLGA-b-PEG co-polymer to 

encapsulate a high concentration of hydrophobic drug (in this case, coumarin 6, or 

curcumin) within the hydrophobic core of a polymeric nanoparticle with an exterior 

shell of hydrophilic PEG. By using PLGA-PEG-COOH as one of these copolymers (in 

combination with PLGA-mPEG), conjugation of amine groups on DCN46 (or IgG) to 

free carboxyl terminals of the PLGA polymer was achieved by activation of the 

carboxyl groups with EDC in the presence of NHS and the subsequent formation of 

covalent amide bonds.498,500,501,656 Any residual free antibody was then removed from 

the preparation by centrifugation, and nanoparticles were resuspended in buffer at the 

desired concentration for further studies.  

Physicochemical characterisation (Table 6.3.3) of unconjugated PLGA nanoparticles 

containing coumarin 6 generated in these studies demonstrated that these were of a 

mean size of 119nm, were of uniform size (monodispersed), and had a net negative 

charge (mean -22.5mV). Conjugation of human serum albumin (HSA; used as a model 

protein in place of DCN46 antibody due to cost restraints) led to a significant increase 

in size (to a mean of 138nm) and a reduction of the negative charge to a mean of -

13.9mV. These results are consistent with successful conjugation of positively charged 

HSA with an estimated size of 38x150Å (3.8x15nm)657 to the surface of the 

nanoparticles.  

In contrast to the results observed for the immunoliposomes (discussed above), PLGA 

nanoparticles containing coumarin 6 and conjugated to DCN46 showed evidence of a 

high level of DCN46 functional activity in a qualitative (i.e. non quantitative) modified 

DC-SIGN ELISA.642 BCA assays of the protein content of the preparations were not 
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performed, but could be used in future studies to assess the degree of conjugation 

efficiency, 650,656 and would be unlikely to be subject to interference, an advantage of 

using polymeric nanoparticles rather than phospholipid containing liposomes. 

After culture of the PLGA nanoparticles with human MoDC (expressing high levels of 

DC-SIGN), there was evidence of enhanced uptake by MoDC of nanoparticles 

conjugated to DCN46, compared to unconjugated or IgG-conjugated nanoparticles. In 

addition, specificity to DC-SIGN was demonstrated by adding a blocking antibody to 

the culture. Two different incubation temperatures – 4°C and 37°C – were used to 

investigate differences in binding to DC-SIGN, and uptake by metabolically active 

cells, respectively.640 These demonstrated that in addition to targeted uptake there was 

evidence of non-specific uptake of nanoparticles by MoDC, particularly at 37°C. This is 

an unsurprising finding, given the specialised antigen uptake capabilities of the 

immature human MoDC used in these studies,73,195 the size of these nanoparticles,639 

and the lack of any competing cells or inhibitory factors in the culture. Given the 

functions of DC-SIGN, it is likely that uptake of DC-SIGN targeted PLGA 

nanoparticles occurs via receptor-mediated endocytosis, although the mechanism of 

uptake was not specifically examined here. Others have shown that PLGA nanoparticles 

targeted to DC surface receptors (e.g. via CD11c or DEC-205) can be taken up through 

receptor-mediated endocytosis, and also via phagocytosis.376,451 Future studies could 

thus be designed in this particular model to explore these mechanisms in detail via 

blockade of these pathways.  

To investigate whether the DCN46 PLGA nanoparticles would have potential utility in 

an in vivo marmoset NHP model, it is important to determine whether marmoset DC 

expressing DC-SIGN would also be effectively targeted by the preparation. As 

propagated marmoset MoDC do not express high levels of DC-SIGN,403,621 a 

preliminary study of overnight culture of nanoparticles with marmoset spleen cells was 

undertaken. As shown in Chapter 5 (section 5.3.6), a population of DC-SIGN 

expressing DC can be identified in freshly isolated marmoset spleen that are negative 

for lineage markers, and express Class II and the myeloid DC marker CD11c. Results 

from this preliminary study suggested that the nanoparticles were taken up by a small 

population of marmoset CD11c+ Class II+ cells (Figure 6.3.10), albeit in a non-specific 

fashion, i.e. targeting had no discernable effect. Whether these represent DC-SIGN 

positive marmoset splenic DC is not certain, however, as it was not possible to include 
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lineage markers, due to the available marmoset cross reactive antibodies for lineage 

markers all being conjugated to FITC, which has similar excitation and emission spectra 

to coumarin 6. Ethical concerns regarding the inappropriate use of primates to obtain 

fresh tissue (without other indications for euthanasia), as well as the costs involved, 

limit the opportunities to obtain fresh marmoset splenocytes to use in these studies, and 

stored frozen marmoset spleen cells have been of variable quality in flow cytometry 

studies to identify rare populations of cells such as DC-SIGN+ cells (unpublished 

results; Collins MG and Jesudason S).  

In order to explore the potential of DC-SIGN targeted PLGA nanoparticles to modify 

DC function, the hydrophobic immunomodulatory drug curcumin (see section 1.5.2) 

was incorporated as a model drug within the nanoparticles. In a preliminary study, 

MoDC treated with curcumin containing DC-SIGN targeted nanoparticles showed 

modest alterations in the expression of some maturation markers (CD80 and CD83) 

compared with non-targeted nanoparticles (Figure 6.3.11), however there was no 

evidence of any functional effects on allostimulation in a dendritic cell MLR (Figure 

6.3.12). The lack of any functional effect may have been due to an inadequate dose of 

curcumin delivered to the MoDC, as increasing the dose of nanoparticles showed 

evidence of non-specific suppression of alloproliferation in a two-way MLR (Figure 

6.3.13). Further studies need to be undertaken to determine the appropriate dose of 

curcumin nanoparticles required, whether higher doses would lead to more specific 

effects on DC function, and whether targeting via DC-SIGN enhances any such effects. 

In several other studies of curcumin loaded nanoparticles,658,659 a mass ratio of ~10% 

curcumin to PLGA has been used, twice the amount (5%) used in this study, a dose 

chosen on the basis of previous work done in this laboratory using liposomes loaded 

with curcumin.660 In addition, whether any leakage of curcumin from the nanoparticles 

occurred during storage is uncertain, but would be expected over time and could be 

specifically assessed.661 The use of other, more potent immunosuppressive agents such 

as cyclosporine662 or rapamycin663 within the nanoparticles might also enhance the 

effectiveness of targeted nanoparticle therapy on DC.  
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6.4.3. Conclusions 

In the context of this thesis, these studies represent significant progress towards 

developing a nanocarrier-based DC targeted therapy in the common marmoset 

preclinical model of transplantation.  

Although it was not possible to generate DCN46 immunoliposomes that showed 

evidence of targeting to DC-SIGN in vitro, there are a number of factors that might be 

addressed in future studies to achieve this. Optimisation of the preparation of DCN46 

micelles and ascertainment of conjugation efficiency prior to adding these to drug 

containing liposomes is necessary. Alternatively, another approach could be taken to 

directly conjugate DCN46 to the surface of liposomes, rather the using the post-

insertion method. If successful, the development of DC-SIGN targeted 

immunoliposomes offers the potential to deliver highly concentrated water-soluble 

drugs directly to DC to avoid systemic immunosuppressive toxicity, and further work to 

achieve this aim is warranted.  

Solid PLGA nanoparticles – containing concentrated hydrophobic drugs and targeting 

DC-SIGN – were successfully generated in this study, and were shown to be taken up 

preferentially by monocyte-derived DC. It is now necessary to further develop these for 

use in the marmoset model by repeating the studies of targeting to marmoset splenic 

DC, and confirming that curcumin (or other suitable immunosuppressive drug) 

containing nanoparticles will modify DC function appropriately in vitro as well as in 

vivo. Ultimately, further testing of this therapy in a pre-clinical transplant NHP model to 

ascertain its effects on graft survival will be an important step towards the translation of 

this approach into the clinic. 
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Chapter 7:  CONCLUSIONS AND 

FUTURE DIRECTIONS 
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7.1. Summary and Conclusions 

Kidney transplantation represents the best treatment for end-stage kidney disease,9,10 but 

challenges remain because of the detrimental effects of immunosuppressive strategies 

on both patient and graft outcomes. Promoting tolerance in clinical transplantation, and 

thus avoiding or minimising immunosuppression, remains an important goal of 

investigators in this field. Current approaches to tolerance induction that have been the 

subject of clinical trials,60,61,64 while showing promising results, continue to have 

significant drawbacks, due to the need for heavy initial immunosuppression and the 

potential for immunodeficiency as a result.65 

DC play a pivotal role in the initiation and maintenance of immune responses in vivo, 

and the development of therapies utilising or targeting DC presents opportunities to 

manipulate the immune response in the setting of transplantation, and to promote 

tolerance induction. The use of cellular DC therapies, of both donor and recipient 

origin, and propagated in vitro with immature or semi-mature phenotypes has been 

shown to promote tolerogenic responses in small animal models,229 but to date there has 

been relatively limited translation of these findings into robust non-human primate 

models,350,351 and minimal investigation of the behaviour of these cells in vivo post 

infusion. As an alternative approach, targeting DC in situ, with the use of nanocarriers 

such as liposomes or nanoparticles,376,451-453 is a promising therapeutic strategy that 

could be utilised to promote tolerogenic responses, but to date has not been explored in 

transplant models. 

The overall aim of the work undertaken for this thesis was to further develop the 

potential of DC based immunotherapies in a small and clinically relevant NHP model, 

the common marmoset monkey.  

In order to establish the utility of marmosets as a suitable kidney transplant model, it is 

necessary to comprehensively characterise the nature of the spontaneous renal 

pathology that has been observed in these animals.541-548,550,551,565 The work described in 

Chapter 3 represents the only comprehensive study of marmoset renal histology, 

immunofluorescence and electron microscopy, correlated with blood and urine 

biochemistry findings, that has been reported to date. This work has established that 

marmosets develop a benign glomerulopathy characterised by mesangial expansion and 
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the presence of immunoglobulin deposits, which is associated with mild to moderate 

proteinuria. This glomerulopathy is not associated with renal dysfunction, does not 

progress with age, and does not appear to be related to the clinical occurrence of weight 

loss or the so-called wasting marmoset syndrome. The presence of this glomerulopathy 

would not present any barriers to the assessment of renal function or histology (e.g. to 

assess for the presence of acute rejection) in a marmoset kidney transplant model. 

In Chapter 4, the trafficking behaviour of marmoset DC propagated in vitro from 

monocytes or haematopoetic progenitors in peripheral blood, given as cellular therapy 

and administered subcutaneously and intravenously, respectively, was explored using 

both autologous and allogeneic cells in marmoset monkeys. Prior work from this 

laboratory has established the stably immature and semi-mature phenotypes of these DC 

types, respectively,403 and established that intravenously injected marmoset allogeneic 

MoDC lead to non-specific suppression of recipient immune responses.303 Prior to the 

initiation of this study, the accepted paradigm established from small animal models 

was that injected donor-derived (allogeneic) DC exert therapeutic effects via trafficking 

to secondary lymphoid tissue and then direct interaction with recipient T-cells. The 

results of this study indicate however that allogeneic DC, whether administered 

intravenously or subcutaneously, are not present in secondary lymphoid tissues at 48 

hours post administration. This finding is in contrast to results from this and other 

studies of both subcutaneously and intravenously administered autologous DC (see 

discussion, Chapter 4). These results suggest that allogeneic DC do not exhibit normal 

trafficking behaviour in vivo, at least in this NHP model. This leads to the speculation 

that these cells may be removed promptly by recipient NK cells,369 and that the 

observed effects of therapeutic donor DC on immune responses may in fact occur via 

the acquisition and reprocessing of donor antigen by recipient DC, as has been recently 

shown by others.331,602 

Given the findings of Chapter 4, and the logistical difficulties with cellular DC therapies 

in the setting of transplantation, the potential of targeting of marmoset DC in vivo via 

the DC-specific cell surface receptor DC-SIGN utilising monoclonal antibodies and 

drug-containing nanocarriers was investigated in Chapters 5 and 6. A strategy to 

develop a monoclonal antibody cross-reactive with both human and marmoset DC-

SIGN was used and is outlined in the studies reported in Chapter 5. Marmoset DC-

SIGN was successfully cloned and used both as a template for immunogenic peptides 
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used to generate monoclonal antibodies via mouse immunisations and the use of 

hybridoma technology, and also to successfully transfect a CHO cell line to express 

marmoset DC-SIGN. The latter was used to screen the generated monoclonal antibodies 

as well as a commercial anti-human DC-SIGN; binding was confirmed using 

immunofluorescence of marmoset lymphoid tissues. Although unforeseen problems 

with the produced monoclonal antibodies ultimately prevented their use in subsequent 

studies (see discussion, Chapter 5), a commercial anti-human DC-SIGN (DCN46) was 

identified as being cross-reactive with marmoset DC-SIGN. This antibody was used to 

confirm that although marmoset monocyte-derived DC do not express DC-SIGN, 

marmoset tissue resident DC-SIGN+ DC are present in spleen in the Lineage- Class II+ 

CD11c+ fraction, a finding that has not previously been reported in this species.621 

Chapter 6 presents the results of a series of studies that were undertaken to develop a 

nanocarrier targeting human and marmoset DC-SIGN that might be suitable to evaluate 

as a cell-specific drug delivery strategy in vivo using a marmoset model of 

transplantation. Several approaches were undertaken using different methods of 

conjugation of the monoclonal antibody to two different nanocarrier types – liposomes 

and PLGA nanoparticles – respectively. Ultimately, PLGA nanoparticles conjugated to 

DCN46 were successfully developed that showed evidence of specific targeting to 

human DC-SIGN+ DC in vitro, appeared to be taken up (non-specifically) by marmoset 

splenic DC, and can be loaded with the immunomodulatory drug curcumin and 

demonstrate suppressive effects in a mixed leucocyte reaction, although the specificity 

of this approach via drug-targeting to DC has yet to be established. These findings 

represent a significant advance for this model, and establish the feasibility of continuing 

studies to established immunosuppressive drug loaded PLGA nanoparticles targeted 

specifically to DC. 

In conclusion, this studies outlined in this thesis have significantly advanced the 

marmoset NHP model as a means to develop DC based immunotherapies to promote 

tolerance in kidney transplantation. In particular, the feasibility of DC targeted therapy 

in marmosets using anti-DC-SIGN monoclonal antibody-conjugated PLGA 

nanoparticles has been established, and this represents an exciting development towards 

the ability to target immunosuppressive or immunomodulatory drugs directly to DC in 

vivo in the setting of transplantation.  
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7.2. Future directions 

The findings from this thesis provide a platform for ongoing studies that have the 

potential to establish the therapeutic efficacy of DC based immunotherapies in the 

marmoset NHP transplant model.  

Further studies are needed to determine the best approach to tolerance induction in the 

marmoset model. Cellular DC therapy, either of donor or recipient origin, or therapies 

targeted specifically to DC in vivo offer considerable potential as novel therapies in 

transplantation, but which of these is optimal is unclear. Additional studies to optimise 

and further evaluate DC targeted PLGA nanoparticles as a drug delivery method for 

immunosuppression in a cell-specific fashion are needed, and it is important to 

determine the immunosuppressive effects of such an approach. Although this thesis 

examined the use of curcumin, it will be important to investigate other agents including 

cyclosporin, rapamycin, co-stimulation blockade, or anti-inflammatory cytokines for 

their effects on the immune response using this approach. Finally, whether targeting DC 

via DC-SIGN offers the best means to deliver immunosuppressive therapies without 

off-target effects remains to be determined, and there are a number of other cell-surface 

proteins that might have advantages over DC-SIGN as therapeutic targets.  

Ultimately, this NHP model can be used to facilitate the translation of these novel 

therapies towards clinical trials in human subjects undergoing transplantation.  

7.2.1. Proposed further studies evaluating allogeneic DC therapy in marmosets: 

allogeneic DC trafficking and effects on the immune response in vivo 

Future studies are needed to determine whether donor or recipient derived marmoset DC 

have potential as cellular therapies to direct the immune response towards tolerance. 

The choice of donor or recipient origin of DC, the dose, route, frequency and timing of 

administration still need further evaluation in terms of the evoked immune responses in 

vivo prior to definitive testing in a marmoset model of transplantation. Further work on 

the trafficking of administered DC in vivo forms an important part of this, preferably 

through the development of non-invasive techniques. Specific studies that could be 

undertaken include: 
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• Evaluation of the migratory capacity of marmoset in vitro propagated DC (both 

MoDC and HPDC), with flow cytometry of DC for expression of chemokine 

receptors for which marmoset cross-reactive antibodies are now available; and the 

use of in vitro techniques to evaluate DC migration including Transwell® migration 

or a chemotaxis chamber. 

• Use of alternative tracking methodologies for injected DC that do not involve killing 

the animal, and would be suitable to use in a small primate, such as 

bioluminescence, scintigraphy of radiolabelled DC, or MRI of magnetically labelled 

DC. Use of these techniques may allow more detailed imaging of DC trafficking 

and interaction with other cell types over time in a live animal. 

• Assessment of the viability of remaining autologous and allogeneic DC at the site of 

subcutaneous injection, at various times after administration, e.g. with the use of 

immunofluorescence markers of apoptosis and necrosis. In addition staining for the 

presence of recipient cells that might be present and lead to the death of 

administered DC, e.g. T-cells, macrophages, NK cells (with the use of cross-reactive 

CD3, CD11b or CD56 markers). 

• Further studies of the immunologic effects over time of allogeneic intravenously 

administered marmoset HPDC, including studies evaluating differing doses, 

frequency and duration/number of administered treatments, and comparison with 

previously observed effects of intravenously administered marmoset MoDC, e.g. 

with the use of MLR to assess donor specificity, and ELISPOT for interferon-γ 

production. 

• Ultimately, the tolerogenic potential of marmoset allogeneic DC cellular therapy 

(HPDC or MoDC) should be tested for its effects on allograft survival in a kidney 

(or other solid organ) transplant model. 

7.2.2. Proposed further studies of monoclonal antibodies targeted to marmoset DC-

SIGN, and the evaluation of marmoset DC-SIGN+ cells identified using 

DCN46 monoclonal antibody 

An important component of further development of the marmoset model and targeting 

to DC-SIGN is the generation of marmoset specific antibodies to this molecule, and 
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further characterisation of the nature of marmoset DC-SIGN expressing cells in vivo. 

Whether these cells actually represent DC from a morphologic, phenotypic or functional 

perspective remains to be confirmed. Specific studies that should be performed include: 

• Generation of a stable cell-line expressing marmoset DC-SIGN, to facilitate the 

generation of additional monoclonal antibodies (e.g. using whole cells expressing 

marmoset DC-SIGN for mouse immunisations and hybridoma generation), and 

enable rapid and reproducible screening of such monoclonal antibodies for DC-

SIGN binding. 

• Replication of results described herein showing binding by DCN46 to a population 

of putative DC in the lineage- CD11c+ Class II+ fraction marmoset spleen, and 

further evaluation of these cells for their functional and phenotypic characteristics. 

This could potentially be achieved via the use of FACS cell sorting isolation and 

subsequent flow cytometry analysis for surface marker expression, and RT-PCR or 

ELISA to assay the expression and secretion profile of DC cytokines (e.g. IL-12). 

• Further detailed evaluation of the surface marker expression profiles (e.g. Lineage, 

myeloid and lymphoid marker expression) of DC-SIGN+ and DC-SIGN- cells in 

marmoset spleen and other tissues (e.g. thymus, liver) utilising flow cytometry and 

known marmoset cross-reactive antibodies. 

7.2.3. Proposed further studies of DC-SIGN targeted immunoliposomes 

Although DC-SIGN targeted immunoliposomes were not successfully generated in this 

thesis, there are a number of approaches that could be taken to enable further studies of 

these nanocarriers as a means of manipulation of the immune response: 

• Re-evaluate the methods utilised to generate DCN46 conjugated immunoliposomes, 

including further detailed physico-chemical and functional characterisation of 

liposomes, micelles and immunoliposomes at each step to ascertain where potential 

problems might have occurred leading to poor DCN46 yield in the final preparation. 

In particular, ensuring that DCN46-conjugated micelles were functionally active in 

the ELISA (i.e. bind DC-SIGN), were of appropriate size (<100nm), were 

incorporated effectively into liposomes, and were not retained inappropriately in the 

preparation (separately from liposomes) during the purification steps. Optimising 
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micelle preparation by ensuring adequate dispersion of the lipid film with higher 

reagent volumes, and the use off additional vortexing and sonication steps is an 

important component of this.  

• Investigations for the continued presence of DiI within liposomes/immunoliposomes 

at all steps in the process, to ensure that immunoliposomes present in the final 

preparation are capable of being identified in cells utilising the techniques described 

here. 

• Use of an alternative method of immunoliposome generation to the post-insertion 

method, e.g. direct linking of antibody to liposomes (rather than to micelles) via the 

use of a heterobifuntional cross-linking agent, or grafting antibodies directly to the 

PEG chains with the use of carbodiimide chemistry. 

7.2.4. Proposed further studies of DC-SIGN targeted PLGA nanoparticles 

Targeting therapies to DC via DC-SIGN using PLGA nanoparticles holds considerable 

potential as a novel approach to immunosuppression, although the efficacy of such an 

approach in transplantation is yet to be established. Specific studies to translate this 

therapy towards clinical application include:  

• Further detailed characterisation of the DC-SIGN targeted nanoparticles, including 

determination of the yield of DCN46 in the final nanoparticle preparation, e.g. with 

the use of an optimised BCA assay, electron microscopy analysis of the morphology 

of the produced nanoparticles, and spectroscopy analysis to determine the drug 

content of generated nanoparticles. 

• Investigation of the mechanisms of uptake of DC-SIGN targeted PLGA 

nanoparticles by DC, i.e. with the use of assays blocking receptor-mediated 

endocytosis or phagocytosis pathways. 

• Confirmation of binding of DC-SIGN targeted nanoparticles to marmoset DC-

SIGN, via flow cytometry analysis of a marmoset DC-SIGN expressing cell line 

incubated with nanoparticles (e.g. transfected CHO cells, or a stable marmoset DC-

SIGN cell-line, as suggested above). 
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• Replication of the preliminary study and further investigation of uptake of DC-

SIGN targeted nanoparticles by marmoset spleen cells, to confirm the effectiveness 

of targeting, and further characterise in vitro the surface marker profile and function 

of cells positive for nanoparticles. 

• Replication of the preliminary study of the effects of curcumin-containing DC-

SIGN targeted PLGA nanoparticles on human DC, with assays of both surface 

marker expression and stimulatory potential in an allogeneic DC MLR, using the 

appropriate (higher) dose of nanoparticles identified in the two-way MLR study.  

• Development of DC-SIGN targeted PLGA nanoparticles loaded with other 

immunosuppressive drugs such as cyclosporin or rapamycin, in order to undertake 

studies of targeting of more potent immunosuppression direct to DC. It would be 

necessary to determine the appropriate drug dose to show effects in vitro before 

proceeding to studies in vivo. 

• Administration of immunosuppressive drug-loaded DC-SIGN targeted PLGA 

nanoparticles versus non-targeted immunosuppressive drugs to marmoset monkeys 

to ascertain the effects on the immune response in vivo, and any differences in side 

effect profiles. Ultimately, it is planned that targeted immunosuppressive PLGA 

nanoparticles could be administered to marmoset recipients of an allograft (e.g. a 

kidney transplant) and allograft survival determined in comparison to allograft 

recipients receiving standard immunosuppression. 

 

*** 

In conclusion, there is considerable scope for the further development of both cellular 

DC therapies, and DC-targeted nanocarrier based therapies in the marmoset NHP 

model. In particular, the ability to target immunosuppressive drugs to DC specifically 

and minimise toxic side effects holds considerable potential as a novel therapy in solid 

organ transplantation. 
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