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SummarY

T cel1 activation occurs by the recognition of antigens presented by

antigen presenting cells in the presence of sufficient CD28 costimulation. CTLA4 fusion

proteins and interleukin 10 (IL10) are able to abrogate CD28 costimulation and therefore

T cell activation. This thesis investigates the combined activity of these agents on allo-

immunity and characterises the development of a gene therapy strategy utilising dendritic

cells (DC) as a cellular vehicle to deliver CTLA4 fusion proteins.

Chapter 3 describes the effect of combined treatment of the DC-MLR with

suboptimal doses of CTLA4-Ig and ILl0. Inhibition of the MLR was augmented using

the combination of the agents and interestingly a key role for Natural Killer (NK) cells in

sensitising both DC and T cells to the inhibitory function of CTLA4-Ig and IL10 at low

concentrations was highlighted.

Chapter 4 details the isolation and characterisation of ovine DC obtained by

cannulation of the afferent lymphatics of the prefemoral lymph node of sheep.

Importantly the isolated DC were potent allo-stimulators of the DC-MLR in vitro and

were able to rapidly migrate to secondary lymphoid tissues upon in vivo admtnistration.

Moreover the intradermal injection of allogeneic DC and lymphocytes provoked a strong

cutaneous reaction, confirming in vivo function and supporting the use of these cells for

genetic manipulation to induce alloreactive T cell hyporesponsiveness'

Chapter 5 describes the generation of an adenoviral construct encoding a fusion

of the extracellular domain of ovine CTLA4 and the gene for Enhanced Green

Fluorescent protein (EGFP). The adenoviral vector was able to infect both fibroblasts

XVII



and dendritic cells allowing production of CTLA4-EGFP proteins and detection of

CTLA4-EGFP expression in transfected cells by virtue of the inherent fluorescence of

EGFp. CTLA4-EGFP was able to bind to the CD80/86 ligands expressed on DC

resulting in alloreactive T cell hyporesponsiveness. Moreover both ovine and human DC

transfected with the adenoviral CTLA4-EGFP construct were able to inhibit the DC-

MLR providing in vitro proof of concept and supporting the assessment of adenoviral

CTLA4-EGFP transduced DC in an in vivo model of alloreactivity.

In Chapte r 6 an immunocompromised NOD-scld model of vascularised ovine skin

transplantation was used to test the ability of adenoviral CTLA -EGFP transduced DC to

modify ovine skin allograft rejection after challenge with allogeneic ovine lymphocytes'

Adenoviral CTLA4-EGFp transduced DC were able to migrate to the skin allograft and

in comparison to DC transfected with the adenoviral vector blank control, inhibited

rejection of the skin allograft. Moreover the inhibition of rejection was not associated

with detectable levels of CTLA4-EGFP in circulation, indicating that adenoviral CTLA4-

EGFP transduced DC are able to inhibit alloreactivity without the requirement of

systemic immunosuppression. These data indicate that CTLA4-EGFP transduced DC are

able to induce alloreactive T cell hyporesponsiveness in vitro and in vivo and supports

further investigation in a preclinical ovine model of renal transplantation.

XVIII



Chapter I
Literature Review
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L.1. Introduction

The CD28 costimulatory pathway facilitates a major signaling mechanism required

for T cell activation. Modulation or ablation of this pathway can inhibit T cell activation

which when applied to allogeneic immune responses has the potential to induce tolerance

and promote allograft acceptance. The fusion protein, CTLA4-Ig and the cytokine,

Interleukin 10 (L-10) are proteins each capable of modulating the CD28 costimulatory

pathway. This review of the literature will provide a background to the structure,

expression and immune functions of both proteins with particular focus on how they relate

to the CD2g costimulatory pathway and the allostimulatory function of dendritic cells.

Since the focus of this thesis is on the application of cTLA4-Ig and IL-10 in the

transplantation setting an overview of established and novel immunomodulatory therapies

used in particular to prolong allograft transplant acceptance is also depicted.

1.2. T-Cell Activation

Full activation of T cells requires two separate but complementary signals (1)'

Antigen presenting cells (APC) are able to present antigens in association with Major

Histocompatibility complex (MHC) molecules to T cells. Recognition of these

MHc/Antigen complexes by the T cell receptor (TCR) provides the first signal, however

this alone is not sufficient for T cell activation. The second signal is provided by

interactions between costimulatory molecules on the APC and the T cells including the

CDZ1, CD40, ICOS and OX40 costimulatory molecules. Costimlulatory molecule

interactions can reduce the number of engaged TCR required by more than 80o/o (2),

thereby reducing the threshold required for T cell activation. The cross-linking interactions
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between CD28 and CD80/CD86 costimulatory molecules provide one of the most

important costimulatory pathways. Notably TCR engagement in the absence of sufficient

costimulation leads to T cell arLergy, which is defined as a state in which the T cell is viable

but fails to display functional responses such as proliferation or production of interleukin 2

(IL-2) in response to its specific antigen (3,4).

Prolonged engagement between the APC and T cell is required to facilitate TCR

engagement and costimulation, leading to full T cell activation (5, 6). This requirement is

met by the formation of an immunological synapse'

1.3. The Immunological SYnaPse

The immunological synapse is a term used to describe the complex and highly

structured interface between APC and T cells, which facilitates prolonged molecular

interactions. The physical organisation of the immunological synapse is characterised by a

ring of adhesion molecules, including CD2, CD48, LFA-1 and ICAM-1 molecules which

form the peripheral supramolecular activation cluster (p-SMAC) around a central cluster of

TCR-peptide-MHC molecules (c-SMACX7, 8). The immunological synapse acts to

prolong the duration of T cell/APC interactions and associate the necessary signaling

molecules to an intimate core (8-10). The importance of the immunological synapse is

demonstrated by interference of key molecules including ICAM-I, LFA-I, CD48 and CD2,

the disruption of any of which prevents T cell activation (11-13).
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1.4. The CD28 Costimulatory Pathway

1.4.1. CD28 Expression and Function

The CD28 costimulatory pathway represents the most potent and best-characterised

costimulatory pathway. The functional role played by the CD28 costimulatory pathway is

highlighted in CD28 knockout mice. T cells isolated from CD28-/- mice have severely

reduced proliferative capacity to allostimulation, antibody stimulation directed against the

TCR, and specific antigen stimulation (14-16). In vivo, CD28 deficiency also results in

reduced immune responses to allograft antigens, graft-versus-host disease and autoimmune

disorders, including experimental allergic encephalomyelitis (EAE) and arthritis (17, 18)'

CD28 is a membrane-bound glycoprotein constitutively expressed on all murine T

cells and on 80% of human T cells (19,20). CD28 binds to its ligands CD80 and CD86

(f1gure l.l.a), which are expressed on the surface of APC including monocytes, B

lymphocytes and dendritic cells (21). CD28 is able to engage CD80/86 within the central

cluster of the immunological s¡mapse (8,22) and thus acts in close proximity with TCR

engagement (9). Despite sharing structural and binding similarities to adhesion molecules

(23), CD28 has been shown to offer no additional support to the adhesion of the

immunological synapse or directly support TCR engagement, thus its primary purpose

appears to be that of costimulation (24). CD28 costimulation lowers the threshold for T

cell activation by reducing the number of TCR-MHC interactions required, promotes clonal

expansion by upregulation of IL-2, controls T cell differentiation by monitoring IL-4

production (25, 26) and increases T cell survival by up-regulation of the anti-apoptotic

protein Bcl-xr expression (27). CD28 costimulation also upregulates the expression of other
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costimulatory molecules such as CD40 ligand and ICOS, which, through the engagement

with their respective receptors further enhance the immune response (28,29)'

1.4.2. CD28 Biochemical PathwaYs

While the biological activity of CD28 costimulation has been well characterised, the

precise signal transduction pathways of CD28 remain to be defined. Current literature

indicates that CD28 is able to mediate multiple intracellular signals, some of which

converge with TCR signaling pathways synergising the induction of multiple transcription

factors. These include the activation of the JUN-kinase pathway, the recruitment of

phosphatidylinositol-3-kinase (PI3K), the pleckstrin homology domain containing tyrosine

kinase Itk, and the activation of the Src family kinase Lck (30-33). CD28-mediated

activation of pI3K further induces the recruitment of PKC-d to the central cluster of the

immunological synapse in addition to the nuclear locaTization of NF-rc8, and upregulation

of IL-2 transcription (34). The integration of CD28 costimulatory pathways and TCR

signaling are shown in fÏgure 1.2.

CD28 costimulation also acts to remove TCR antagonists. Cbl-b proteins, which are

negative regulators of tyrosine kinase signaling, bind to the TCR preventing signaling (35,

36). Engagement of CD28 promotes signals which degrade cbl-b on the TCR abrogating its

suppressive activity (37). Conversely CTLA4 engagement (section 1'5) functions to

induce the re-expression of cbl-b which may then tetatget the signaling domains of the

rcR (37).

While the exact signaling mechanisms of CD28 costimulation are still under

investigation, it is clear that CD28 engagement in conjunction with TCR signaling leads to
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the rapid expansion of antigen-specific T cells. However unregulated T cell expansion can

lead to lethal T cell hyperproliferative disorders (38). CTLA4, which is a negative

regulator of T cell activation, provides the required down-regulatory mechanism to keep T

cell proliferation under control. Figure 1.1 provides an outline of the CD28 costimulatory

interactions and the involvement of CTLA4'

1.5. CTLA4 Expression' Structure and Function

CTLA4 was the fourth gDNA found in a search for genes specifically expressed in

cytotoxic T cells and was thus named "Cytotoxic T Lymphocyte Associated Antigen" (39).

Its subsequent charact eizationhas made it one of the most important negative regulators of

immune responses and has been exploited to prolong allograft acceptance, and attenuate

rheumatoid arthritis and autoimmunity.

1.5.1. Regulation of CTLA4 Expression and Distribution

CTLA4 expression is limited to activated T lymphocytes including CD8*

(cytotoxic) T cells as well as both Th1 and Thz CD4* (helper) T cell subsets (40).

Expression is regulated primarily by IL-2, produced in response to CD28 costimulation

(41) and therein is limited to those T cells which co-express CD28 (a\.The importance of

CD1B in CTLA4 induction is demonstrated by the rapid up-regulation of CTLA4

expression after cross-linking the CD28 molecule with antibodies (42), while significantly

less CTLA4 is expressed in CD28 knockout mice (43). The human CTLA4 gene is located

on Chromosome 2 (44) and the transcriptional regulation is controlled by a promoter
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located 335bp upstream of the CTLA4 gene which contains a number of conserved

regulatory elements involved in positive and negative gene regulation (40).

While CTLA4 6RNA expression can be detected within t h of TCR engagement,

peaking between 24 and36h (42), up-regulation of the CTLA4 protein expression peaks

between 48 and 72 h after T cell activation (43). Even at peak expression, however, the

majority of CTLA4 is located in vesicles within the cell from where it is trafficked to the

plasma membrane at the site of TCR engagement (45)'

Upon T cell activation, the majority of CTLA4 is localized in intracellular vesicles

in close proximity to the microtubule-orgarizing center (MTOC), which are rapidly

repositioned close to the immunological synapse upon TCR engagement (45, 46)'

Moreover the translocation of CTLA4 to the cell surface is promoted by the strength of

TCR signaling.

Expression of CTLA4 on the cell surface is modulated by calcium flux and direct

phosphorylation of its intracellular domain (45-47). This intracellular domain has been

identified as the tyrosine-based localisation motif (YVKM) (48, 49). Surface expression of

CTLA4 on T cells may be transient as the YVKM motit in an unphosphorylated state,

interacts with the medium chain of the AP-2 clathrin-coated pit adapter protein, resulting in

rapid endoclosis and intracellular accumulation (41, 41, 50). Conversely phosphorylation

of T¡101 results in the stabilization of CTLA4 expression on the cell surface. These factors

partially account for the 30 to 50 fold lower surface expression of CTLA4 compared to

CDzg even at peak T cell activation. (51). Memory T cells which t1pically possess greater

quantities of intracellular CTLA4 than naiVe T cells also demonstrate prolonged surface

expression of CTLA4 (52).
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1.5,2. The Molecular Structure of CTLA4

CTLA4 is a membrane bound glycoprotein consisting of single extracellular,

transmembrane and cytoplasmic domains and is a member of the immunoglobulin (Ig)

superfamily (39). Other members of the Ig superfamily include MHC class I and II

products, the immunoglobulins and numerous T cell receptors including CD4, CD8,

ICANIII2, VCAM, CD2, CD28, CD80 and CD86 (53). Characteristic of a number of

immunoglobulin superfamily proteins, CTLA4 consists of a single Ig variable-region-like

(V-like) domain flanked by 2 hydrophobic regions (39)'

CTLA4 is a structural homologue of CD28 and is able to bind to the ligands of

CDZ1, namely CDS0/86 (54). This binding effect is at least in part due to a hydrophobic

Mypppy hexapeptide motif, which is conserved in CTLA4 and CD28 from most species

(55, 56). The only exceptions are ovine and bovine CD28 in which the methionine residue

is replaced by a leucine residue (57). The MYPPPY motif makes up the Complementarity

Determining Region 3 (CDR3) -like binding domain which is important for binding to

CDS0/S6 (5g). Although rhe MYPPPY motif is the primary motif involved in CD80/86

ligation, analogous regions to the CDRl-like binding domain have been shown to

potentiate the different binding affinities of CTLA4 and CD28 (59)'

Both CTLA4 and CD28 form disulphide-linked homodimers. Unlike most v-type

immunoglobulin domains such as the TCR, the formation of the CTLA-4 homodimer

places the CD80/86 binding sites distal to the dimer interface allowing each CTLA4 dimer

to bind 21igands(5g) (figure 1.3). This potentially allows a very stable multi-meric lattice

organisation which may disrupt the assembling of components of the immunological

synapse, thereby preventing optimal cD28 and TCR signaling (60-62).
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1.5.3. Functional Characteristics of CTLA4

CTLA4 acts as a negative regulator of T cell proliferation. The vital role played by

CTLA4 is demonstrated by lethal lymphoproliferative disorders in mice deficient in

CTLA4 as a result of unchecked polyclonal CD4* T cell expansion (63,64). In these mice

virtually all peripheral T lymphocytes demonstrated an activated phenotype, with a four-

fold increase in the proportion of T cells in active cell cycle (38, 63). The

lymphoproliferative disorder is a direct function of unchecked interactions between CD28

and CDg0/g6, as CTLA4-Ig treatment of CTLA4-/- mice attenuates T cell activation (65).

The inhibition of proliferation was dependent on continual CTLA -Ig admìnistration as

cessation of the treatment rapidly restored T cell activation (66). Given that CTLA4-/- mice

have normal thymocyte development (64), these observations implied that CTLA4 plays an

important role in the regulation of peripheral T cell tolerance and homeostasis.

CTLA-4 engagement with CD80/86 inhibits IL-2 (theprimary T cell growth factor)

production and the expression of CD69 (an early marker of T cell proliferation), restricting

progression of the cell cycle from Gl to S phase (67). CTLA4 engagement can also lead to

the production of transforming growth factor-p (TGF-p) by T cells (63). The importance of

TGF-p in CTlA4-mediated T cell inactivation was demonstrated by CTLA4 engagement

of TGF-Bl-/- T cells in a proliferation assay, with only 38% suppression compared to 95o/o

for wild-type T cells (68). In other studies CTLA4 engagement has also been shown to

augment anti-tumor immunity (69) and regulate autoimmune diabetes (70)'

While CTLA4 engagement regulates T cell activity, the precise biological outcome

appears to depend on the state of T cell activation. Although expressed at low levels on
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resting CD4* T cells, cross-linking of CTLA4 with agonistic antibodies blocks the

transition from Go to Gr and induces Bcl-xl, preventing apoptosis (71', 72). Conversely

activated CD4* T cells treated in this manner induce Fas-independent cell death (71).

These differences reflect the roles of CTLA4 in both the regulation of activated T cells and

in the maintenance of peripheral tolerance.

A number of models have been proposed to explain some of the salient features of

CTLA4 with regard to the inhibition of T cell activation. The first two models were

proposed in 1997 with both likely to contribute to varying degrees. The models are the

"proximal competition" model and the "distal signaling" model (26) and are outlined in

Figure 1.4. These were followed by the "threshold" and "attenuation" models reported in

2001 which focus on different aspects of CTLA4 function (73).

1.5.3.1. The "Proximal Competition" Model of CTLA4 Induced Antagonism

CTLA4 binds to CD80/86 molecules with greater binding affinity than CD28 (74,

75). In this model CTLA4 purely out competes CD28 with respect to CD80/86 binding,

reducing CD28 mediated costimulation. This model does not attribute any regulatory

function to CTLA4 signaling. In support of this model Masteller (49), demonstrated that

the introduction of a mutant form of CTLA4 lacking the cloplasmic domain into CTLA4

deficient mice partially rescued the lethal lymphoproliferative disorder associated with

CTLA4 knockout mice. Further studies also support a role for CTlA4-mediated inhibition

in the absence of cytoplasmic signaling(75-77).
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1.5.3.2. The o'Distal signaling" Model of GTLA4 Induced Antagonism

In the distal signaling model, T cell inactivation occurs as a result of negative

signaling by the CTLA4 molecule. The importance of CTLA4 intracellular signaling is

illustrated by the IOO% conservation of the cytoplasmic domain between species, implying

a strong intracellular signaling function maintained by evolutionary pressure @Q' In the

,,distal signaling" model CTLA4, once bound to CD80186, anfagonises the CD28 and/or

TCR pathways by intracellular mechanisms the precise nature of which are not entirely

understood. Supporting this model, cross-linking of the CTLA4 receptor on purified T

cells with antibodies in conjunction with CD3 and CD28 cross-linking resulted in a

significant reduction of T cell proliferation (7S). This provided strong evidence for the

inhibitory signaling properties of CTLA4 given the absence of ligand competition between

CTLA4 and CD28 in the experiment. Furthennore CTLA4 is able to mediate inhibitory

effects in CD28 deficient mice (79). Recent data also support this model by the

observations that a CD80/86-nonbinding CTLA4 mutant was still able to inhibit T cell

proliferation, clokine production and TCR-mediated ERK activation (80)'

Both models play a role in T cell antagonism although the extent of their influence

appears to be related to the level of CD80/86 expression. As CTLA4 is expressed at much

lower levels than CD28 (51), the "proximal competition" model is likely to operate most

efficiently under conditions of low CD80/86 while the "distal signaling" model is likely to

be more prevalent under conditions of high CD80/86 expression (75).

1.5.3.3. The ,,Threshold" model of GTLA4 induced antagonism

In situations of low expression of CD80/86 ligands, the constitutive intracellular pool of

CTLA4 may translocate to the immunological synapse within hours of TCR engagement
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(45, 81). By virtue of its higher binding affinity (74),the low levels of CTLA4 from within

the intracellular pool may be sufficient to prevent T cell activation by raising the threshold

for T cell activation. This is likely to play a vital role in the maintenance of peripheral

tolerance. Thus in the threshold model, CTLA4 may restrict the clonal representation of T

cells reacting to an APC with TCR signaling above a designated threshold.

1.5.3.4. The ,,Attenuation,' model of cTLA4 induced antagonism

The attenuation model is derived from the observation that CTLA4 preferentially regulates

T cells which have strong and stable engagement of the TCR (S2). In this model, CTLA4

expression is rapidly upregulated as a consequence of strong TCR and costimulatory

molecule signaling, as high levels of CD80/86 on APC are likely to overcome the initial

CTLA4 pools. Therefore in activated T cells, CTLA4 functions to broaden the repertoire of

T cells clonally expanding, by restricting the domination by any one antigen-specific T cell

clone (82).

1.5.4. CTLA4 Signaling PathwaYs

The precise nature of CTLA4 signaling pathways remains elusive however

experimental dataindicates that CTLA4 ligation is able to modulate early TCR and CD28

signaling events and also events further downstream.

Engagement of CTLA4 on the cell-surface is able to inhibit TCR signaling by

utilizing the tyrosine phosphatase SHP-2 to dephosphorylate the TCR-( chain (83, 84)'

CTLA4 also associates with PI3K, which is an important protein for CD28 signaling

pathways (85). Therefore CTLA4 may sequester PI3K, thereby restricting CD28 signaling.
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Through the decreased accumulation of nuclear factor of activated T cells (NFAT) and

activator protein 1 (AP-l) in the nucleus, CTLA4 is also able to inhibit CD3 and CD28

mediated IL-2 production (86). Furthermore CTLA4 engagement increases hB-oc (an

inhibitor of NFrcp) and a decrease in RelA translocation to the nucleus, which

downregulates the production of cytokines including IL-2,IL-3,IL-4, IL-10 and IFN-y (87,

88). The influence of CTLA4 engagement on TCR and CD28 signaling is shown in figure

1.5. Moreover CTLA4 ligation provokes the re-expression of cbl-b which antagonises TCR

signaling (37).

1.6. Expression and Function of CD80 and CD86 Ligands

CD80 (alternatively termed 87.1) was identified in 1982 (89), but it wasn't until

1.987 thatit was identified as the ligand for CD28 (90). The search for a second ligand for

CD28 on APC was undertaken after it was shown that while CTLA4-Ig could effectively

block primary T cell responses, antibodies against CD80 were not effective (91). Moreover

CTLA4-Ig was able to bind to B cells from CD80-/- mice implying a second ligand also

recognised by CTLA4 (91). CD86 (also known asB7.2) was subsequently identified as the

second ligand for CD28 in 1993 (92).

1.6.1. CD80 and CD86 ExPression

Although CD80 and CD86 only share 25%o amino acid similarity, they share a

similar secondary structure, namely, a single IgV- and a IgC domain with 4 conserved

cysteine residues which allow the formation of disulphide bonds between the two Ig

domains. CD86 is however thought to be expressed on the cell surface as a monomet (93,
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94) while CD80 has been shown to form a bivalent homodimer (61)' Importantly both

cDgo and cDg6 are able to bind to cD28 and GTLA4 (95). A particular difference

between CD80 and CD86 lies in their clifferent kinetics of expression. CD86 is expressed

on ApC at low levels and is rapidly up-regulated upon activation, while CD80 is absent on

resting ApC and has delayed expression kinetics (95). Up-regulation of both CD80 and

cD86 expression is augmented by cD40lcD40L costimulation (96'97).

1.6.2. CD80 and CD86 Binding to CD28 and CTLA4

CTLA4 is able to bind to CD80 and CD86 with 10 fold greater affinity than CD28,

however both CTLA4 and CD28 demonstrate differential binding affinities to each ligand'

CDgg binds to CTLA4 13-fold stronger than CD86, while CD28 binds to CD86'with 2 to 3

-fold higher affinity than cD80 (74, 93). Taken with the delayed onset of cD80

expression, which closely matches that of CTLA4, this supports a biased influence of CD80

over cDs6 on inhibitory function. Moreover the recruitment of GTLA4 to the

immunological synapse is highly dependent on CD80, in contrast to CD28 which is

primarily dependent on CD86 (9S). This does not however preclude CD80 from playing a

strong stimulatory role in the absence of GTLA4 as CD80 augments cD86 costimulation'

In particular in the absence of CD80 expression, insufficient levels of IL-2 are produced to

mediate T cell activation (99). CD80 and CD86 may also play different roles in transplant

rejection as blockade of CD86 at the time of transplantation with mAb prolongs allograft

acceptance in mice while blocking CDSO had no effect (100, 101). Furthermore CD80

mAb blockade in cD2g deficient mice shortened the duration of all0graft acceptance,

potentially by blocking interactions with CTLA4 (102)'
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CD80 and CD86 also play an important role in the homeostasis of regulatory T

(T,..r) cel1s. CD80/86 interactions with CD28 on T.., cells have also been shown to be vital

for T,,, cell viability (103, 104), while ligation of CTLA4 on T.., cells with CD80/86 on

responder T cells downregulates their immune responsiveness (105).

V/hile engagement of CD80/86 was originally thought to induce unidirectional

signals to the T cell, evidence now exists to the contrary. Cross-linking of CD80/86

expressed on DC with CTLA4-Ig or membrane bound CTLA4 (including from T,., cells)

can stimulate IFN-y production, which, in an autocrine or paracrine manner can induce DC

production of 23-díoxygenase (IDO), that in turn degrades tryptophan to byproducts able

to inhibit T cell proliferation (106-103). The importance of IDO in the mode of action of

CTLA4-Ig came by the abrogation of CTLA4-Ig protection by pharmacologically

inhibiting IDO (106). Úr comparison to the tolerogenic properties after CTLA4 binding,

CD28 engagement of CD80/86 on DC was stimulatory, resulting in increased expression of

IL6 and IFNy with an inhibition of tryptophan catabolism (109). Bidirectional signaling

also occurs between T cells and memory B cells as CD80 and CD86 expressed on memory

B cells are able to interact with CD28 on T cells, stimulating both T cell activation and

increased IgGl and IgE production by the B cells (110, 111)'

CD28 clearly provides a critical costimulatory pathway and can reduce the

threshold of TCR triggering required for T cell activation, while CTLA4 plays a vital role

in the maintenance of peripheral tolerance by restricting T cell reactivity to weak or self-

antigens. While CTLA4 acts as a critical regulator of the CD28 costimulatory pathway,

there are a number of other factors that can restrict CD28 costimulation'
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L.7. Other regulators of CD28 Costimulation

While the CD28 costimulatory pathway is negatively regulated by competition with

CTLA4 for binding to CD80/86 and inhibitory intracellular signaling by CTLA4

engagement, other receptor-ligand interactions and factors are able to modulate the

expression and function of CD28 costimulation and subsequent T cell activation.

programmed death-1 (PD1) is another member of the immunoglobulin superfamily, which

is expressed on activated CD4 and CD8 T lymphocytes (112). Engagement with its ligand

(pDL), expressed by macrophages and DC (113), is able to inhibit the early stages of T cell

activation. In addition to promoting apoptosis (112), PD-l blocks CD28-mediated

activation of pI3K, abrogating the effects of CD28 and inhibiting T cell proliferation (114)'

In combination with anti-CDl54, PDL fusion proteins were able to induce long-term

survival of islet allograft transplantation (115). Other recently identified cell-surface

molecules including B7-H3, Ft7-]F.4 and BTLA are able to inhibit T cell activation although

their influence on CD28 signaling has not been investigated (116).

Age has been shown to influence CD28 expression with significant down-regulation

of CD28 expression and increased T cell apoptosis in the elderly (118, 119). In this regard

the expression of the pro-inflammatory cytokine TNF-a is upregulated in the elderly and

rheumatoid arthritis patients and has been shown to reduce CD28 expression on T cells

(l2O). Moreover ligation of Fas (CD95) on T cells results in reduced CD28 mRNA

expression (121, 122). Taken together these factors account for the decreased ability to

mount effective immune responses in aging populations. The HIV virus is also able to

down-regulate CD28 expression, pafüal\y mediating immune deficiency associated with

AIDS (123, 124). While down-regulation of CD28 expression and signaling appears to
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correlate with disease progression, applied to allograft transplantation, therapeutic effects

may be achieved. Notably glucocorticoids and Cyclosporin A, which are used in current

immunosuppressive regimes, inhibit CD28-mediated production of IL-2 and activation-

induced CD28 expression (125, 126). Endogenous or exogenous interleukin 10 (IL-10) is

able to mediate numerous effects on the immune system including disruption to the CD28

costimulatory pathway and is the focus of the next section of this literature review.

1.8. Interleukin 10 (IL-10) Expression, Structure and X'unction

Interleukin 10 is a potent cytokine that is expressed by a range of cells with

pleotropic properties. A particular feature of IL-10 is its ability to mediate immune

responses by the modulation of CD28 costimulation. IL-10 was discovered during a search

for a cytokine produced by Th2 cells which could inhibit proliferation, effector function

and the development of Thl cells (127,128). Thus IL-10 was initially known as the

cytokine synthesis inhibitory factor (CSIF). The oDNA for mouse and human IL-l0 0DNA

were subsequently discovered (129, 130).

1.8.1. Interleukin L0 Expression

L-10 is expressed by B cells, DC, T helper cells, monocytes and macrophages

(13I, 132). The expression of IL-10 appears to be tightly regulated, as extremely low

levels of constitutive expression in resting cells are observed. The expression of IL-10 is

increased during differentiation of naive T cells to Th2 cells, while IL-10 is silenced in

committed Thl cells (133). IL-10 is typically expressed late after cell activation compared

to other cytokines and is influenced by various pathways including IFNy which inhibits the
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expression of IL-10 (134). Further attenuation of IL-10 expression results from CD28

costimulation (135).

Transcription of the IL-10 gene requires promoter activity of a TATA-box (77 bases

upstream of the ATG start codon) and up to 150 additional 5'nucleotides (136)' The IL-10

promoter is also influenced by two informative microsatellites, IL-l0.G and IL-l0.R, l.2kb

and 4 kb upstream of the transcription start site (137) and contains several transcription

factor responsive elements (138). IL-10 mRNA expression can be regulated by

transcription factors Spl and Sp3, which are constitutively expressed by several cell types

(139), while post-transcriptional regulation is controlled by mRNA destabilizing motifs

AUUUA and related sequences found in the 3'-untranslated region (UTR) of IL-10 mRNA

(140).

1.8.2. The Molecular Structure of IL-l0

Human IL-l0 and viral IL-10 are 17-18kDa peptides, devoid of N-glycosylation

(141) which exist as acid-sensitive, noncovalent homodimers (I42, 143).IL-10 is a member

of the four g-helix bundle family of cytokines (1a4). The mouse IL-10 and human IL10

genes are both located on mouse and human chromosome 1 and are encoded by five exons

(145). The amino acid and nucleotide sequences of human and murine IL-10 both have a

high degree of homology with the open reading frame of the Epstein-Barr virus genome

(129, l3o,146).

1.S.3. The Interleukin 10 Receptor (IL-10R)

The IL-10 receptor is composed of a heterodimer of IL-10R1 and IL-10R2. IL-

10Rl is expressed primarily on hemopoietic cells including non-activated T cells,
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monocytes, macrophages, B cells and DC (147).IL-10R1 incorporates the IL-10 binding

region while IL-10R2, which is constitutively expressed on a wider range of cells and

tissues, doesn't appear to be influenced by the cells state of activation (148). IL-10R2

doesn't play a significant role in IL-10 binding but instead plays an accessory subunit role

for the initiation of signaling by the recruitment of a Jak kinase (149, 150). The importance

of the IL-10R2 subunit is evident in IL-10R2-/- mice, which develop chronic enterocolitis,

similar to IL-l0-/- animals (141).

During T cell activation the expression of IL-10R1 is significantly downregulated,

rendering the activated T cell resistant to the inhibitory effects of IL-10 (I47) and may

account for the insensitivity of memory T cells to IL-10. As most cells and tissues

constitutively express IL-10R2, IL-10R1 expression and binding is the rate-limiting step,

which determines the reactivity of cells to IL-10 (148, 151). Furthermore IL-10R1

expression on DC diminishes upon DC maturation (152) which correlates with the

observation that mature DC are resistant to the effects of IL-10 (153).

1.8.4. The Functional Characteristics of IL-l0

The main role of IL- 10 is to control and limit the magnitude of an immune response,

as demonstrated in mice lacking IL-10 which exhibit spontaneous enterocolitis and other

symptoms similar to Crohn's disease (154). Moreover IL-l0 deficient mice have increased

Thl responses (155) resulting in enhanced clearance of infection (156) and elevated levels

of asthmatic and allergic responses (157, 158)'

L-10 is a pleotropic cytokine able to exert positive and negative effects on a range

of ce1ls. V/hile IL-10 is able to have a direct inhibitory effect on CD4+ T cells, the prime

mechanism of inhibition is via the modulation of APC including monocytes and dendritic
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cells. Contrary to these inhibitory effects IL-10 is able stimulate mast cells, CD8* T cells,

th¡rmocytes and B cells (130, 159-163).

The effects of IL-10 on APC include the blocked secretion of the inflammatory

cytokine IL-12 (164) and down-regulation of costimulatory molecule expression including

the CD80/86 (165, 166) and CD40 molecules (167, 168). Moreover IL-10 is able to block

DC maturation (153, 169-17l). A further inhibitory function of IL-10 on DC has been

recently discovered as IL-10 upregulates the cell-surface expression of the inhibitory

receptor LIR-2 on DC (172). These effects on APC down-regulate their stimulatory

capacity,preventing T cell proliferation. IL-10 can also act directly on CD4+ T cells by

impairing cellular function by inhibitinglL-2, TNF and IL5 production (173, I74). The

incidence of IL-l0 directly influencing T cell proliferation in the complete absence of APC

may be low, however, anti-CD3 proliferation assays have demonstrated a concomitant

requirement for CD28 costimulation (175). L-10 can also act to restore the expression of

TGF-BR2 on activated T cells which would otherwise be TGF-B insensitive, promoting

further inhibitory potential (17 6).

The activation or inhibition of CD8* T cells depends latgely on the presence of

ApC. While IL-10 has been shown to directly induce CD8* T cell activation (162, 177),

cD8+ T cell inhibition can occur indirectly via IL-10 treated APC (163).

1.8.5. Viral IL-l0

Viral homologues of IL-10 have been identified in a number of viral genomes

including Epstein Barr virus (EBV) and cytomegalovirus (cMV) which are expressed

during the lytic viral phase (178). CMV-IL-10 shares only 27o/o homology to hIL-10 (179)

while EBV-IL-I0 has 84Yo homology at the amino acid level (129)' The primary disparity

between hIL-10 and EBV-IL-IO (vIL-10) is an amino acid substitution at position 87,
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which prevents vIL-10 from stimulating mast cells and B cells while its

immunosuppressive properties on DC and T cells are retained (180).

1.8.6. IL-l0 Signaling PathwaYs

[-10 exerts its effects by the activation of the Jak/STAT pathway of signal

transduction (lal). By this means IL-10 is capable of inhibiting the production of pro-

inflammatory cytokines and chemokines (13a) including IL-l and TNF which have

syrergistic activity on inflammatory pathways as well as inhibiting endogenous IL-10

production (181). IL-l0 binding also results in an inhibition of the tyrosin phosphorylation

of CD28 (175). Furthermore ligation of the IL-I0R prevents the binding of the p85 subunit

of phosphatidyl-inositol 3-kinase (PI3-K) to CD28 thus blocking another CD28-signaling

pathway (1S2). Figure 1.6 illustrates the salient inhibitory functions of IL-10 with regard

to TCR and CD28 signaling pathways in T cells.

[-10 is able to inhibit NFrcp in CD4+ T cells and monocytes by firstly inhibiting

IKK activity, which subsequently inhibits NFrcÞ translocation and secondly by blocking

NFrÞ DNA binding within the nucleus (141, 183, 184). A number of proinflammatory

cytokines, chemokines, adhesion molecules, antigen-presentation and costimulatory

molecules expression are all regulated by NFrcB, which may explain the wide-acting

inhibitory effects of IL-10 (185, 186) although IL-10 can stimulate NFrcB activation in

CD8+ T cells (162).

1.9. Immunology of Transplant Rejection
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Figure 1.6.Influence of IL10 on T cell receptor signaling pathways
ILl0 receptor engagement on T cells results in the inactivation of PI3II thereby significantly
attenuating CD28 signaling. Moreover ILl0 engagement also inhibits NF-rB. As APC also
express the ILIO receptor, the engagement of which results in the down-regulation of
CD80/86 expression, ILl0 can also reduce the level of CD28 engagement further attenuating
CD28 costimulatory signals. ILl0 mediated effects are shown in purple.



1.9.1. Direct and Indirect Pathways of Allorecognition

T cells play an essential role in the initiation and co-ordination of the immune

response (1S7). Allografts are rejected following recognition by T cells of donor MHC

molecules on donor APC (direct allorecognition) or processed donor MHC antigens

presented by recipient APC (indirect allorecognition). The direct and indirect pathways are

illustrated in Figure 1.7. The direct pathway of allorecognition is believed to be the

primary cause of acute rejection while chronic rejection has been attributed to the indirect

pathway (188). Transplanted organs have been shown to contain "passenger leukocytes"

which migrate from the organs to the lymphoid tissue of the organ recipient within two

days of transplantation (189, 190). This efficiently exposes donor antigen presenting cells

to the recipient's immune system, facilitating direct allorecognition'

There are 100 fold more T cells capable of participating in the direct allorecognition

pathway than the indirect pathway (188), making the direct pathway an important target in

the prevention of allograft rejection. More recent research using immunospot techniques

has demonstrated that during acute murine skin allograft rejection, 90o/o of the T cell

repertoire was directed against intact MHC molecules while only 10% was indirectly

presented by host APC (191)

l.g.z.The Involvement of the Thl/Th2 Paradigm in Transplantation

CD4+ T helper (Th) cells can be divided into two distinct functional subsets (Thl

andT¡2) each able to produce their own set of cytokines and direct T cell differentiation

(IgZ). Thl cells specifically produce IL-2 andIFN-y and are associated with cell-mediated

immunity. Th2 cells specifically produce IL-4 and IL-10 and initiate the humoral response'

As demonstratedby Figure 1.8 Th1 andTht2 cells are reciprocally regulated.
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inhibits the development of Thl cells. ILl2 secreted by APC also promotes Thl
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Thl cells have been implicated in the rejection of transplants while Th2 cells are

thought to induce and maintain tolerance in transplantation models. This is supported by

the expression of TheTh2 cytokines IL-4 and,Il-10 in grafts of tolerant animals; while

rejected grafts were found to high levels of the Thl cytokine IFN-y (193).

The precise role of CD28 and CTLA4 on the Th1 and Th2balance remains elusive

and variable conclusions can be made depending on the model used. cD28 engagement

has been shown to control the production of IL-4 by a 3-phosphoinositide-dependent

protein kinase 1 dependent manner, which can drive Th2 development (194). However

CD28 ligation can also increase IL-2 secretion and IL-12 receptor expression promoting a

Thl response (25, 195). Conversely CTLA4 engagement has been shown to inhibit CD4* T

cells irrespective of their Th profile (88), atthough CTLA4 has been shown to preferentially

promote resistance to activation induced cell death (AICD) in Th2 cells (196)' 'Whether

CD2g engagement leads to Thl or Th2 differentiation may depend on other signals leading

to a preferential release of IL-4 or IL-I2'

The role of IL-10 on the ThllTh2balance is more clearly defined and notably IL-10

is currently used as a drug to treat chronic Thl-related diseases (197)' IL-10 can directly

inhibit both Thl andTh2 T cells although the effect is targeted stronger against Thl cells

(19S). Alternatively IL-10 can operate indirectly on the T cells by inhibiting IFNy and IL-

12 production by DC, while promoting Th2 cytokine production (164, 199-202)'

Furthermore inhibition of IL-10 production by DC using siRNA leads to the promotion of

Thl responses associated with highIL-IZ expression (168)'

1.10. Mechanisms of Alloreactive T cell HyporesponsiYeness
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As T cells are the main effector cells of rejection of allografts, much research has

been conducted to elucidate the various mechanisms by which T cells can induce immunity

or tolerance. T cell immunity as described in Section L.2 involves recognition of antigen in

the presence of sufficient costimulation and results in the clonal expansion of the reactive

cells. There is however a number of mechanisms through which T cell tolerance can be

induced which occur naturally to prevent autoreactive T cell activation. These mechanisms

include T ce1l arrergy,apoptosis, activation induced cell death (AICD) and the generation of

or interaction with regulatory T cells.

1.10.1. Anergy

T cell anergy is defined as 'a tolerance mechanism in which the lymphocyte is

intrinsically functionally inactivated following an antigen encounter, but remains alive for

an extended period of time in the hyporesponsive state' (203)'

T cell arrergy has been demonstrated by antigen presentation in the absence of

costimulation. The absence or blocking of CD80/86 with CTLA4-Ig upon antigen

presentation to T cells results in the inability of clones to proliferate or produce IL-2 upon

rechallenge (204). Thus the CD28 costimulatory pathway represents a vital signaling

mechanism, which prevents the induction of aîergy. Aflergy can tlpically be overcome by

the inhibition of anergic factors (205) or as a result of cell-cycle progression through

production of growth factors such as IL-2 (206). An essential function of the ability of

CD28 to circumvent anergy appears to be the induction of IL-Z secretion as anergy induced

by the blockade of CD28 costimulation can be overcome by the addition of IL-2 (207 ,208),

although in some circumstances TCR activation must also occur (209). Signaling through
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CTLA4 on the other hand can induce 'division affest' anergy which is a state unable to be

restored byIL-2 (207).

1.10.2. Apoptosis and Activation Induced Cell Death (AICD)

As immune cells are not shed, a process must be in place to restrict the number of

lymphocytes in circulation and permit regular turnover of cells. This process is known as

prograÍìmed cell death or apoptosis. Apoptosis is characterised by shrinkage of the cell,

collapse of the nucleus and phagocytosis by macrophages prior to cell lysis, to minimise

inflammatory responses (210). CD28 costimulation facilitates the expression of anti-

apoptotic proteins, including Bcl-XL, which promote cell survival (27). Evidence also

exists to support the induction of Bcl-XL by CTLA4 crosslinking (72). It therefore stands

to reason that blockade of CD80/86 with CTLA4-Ig promotes T cell apoptosis and has been

shown to be FasL independent (21I).

Activation induced cell death (AICD) is another form of apoptosis which occurs as

a result of activation via the TCR. AICD plays a vital role in both central and peripheral

tolerance preventing the induction of autoimmune disease and is mediated by the

expression and engagement of FasÆasl molecules or TNF activity (2I2).

1.10.3. Generation of and interactions with regulatory T cells

While the concept of regulatory or suppressor T cells was introduced in the 1970s

(ZI3), it wasn't until the availability of sufficient cell-surface markers in the 1990s that

permitted the characterisation of the CD4*CD25* phenotype of these cells (214). Notably

since 2001 there have been at least 500 publication each year characterising regulatory T

cells (215).

25



Three tlpes of regulatory T cells have been discovered in humans and mice. These

are the naturally occurring thymus-derived regulatory T (T'"r) cells as well as induced Tr1

cells and Th3 in the periphery. Tr.e cells act to prevent harmful immune responses to self

and nonself antigens and, play a vital role in autoimmune homeostasis (214). Thymus

generated T,.* cells are CD4* T cells which constitutively express CD25, the cr-chain of the

IL-2 receptor (214), and are contact dependent in their mode of action. CD4*CD25+ Tres

also express the transcription factor Foxp3 (forkhead box P3) (216), and have constitutive

CTLA4 cell-surface expression (217). T,"g cells are also able to induce 'infectious

tolerance' by converting naive T cells into suppressive cells (2IS-220). These converted

suppressive T cells mediated their inhibitory actions by IL-10 (221) or TGF-þ (222)

production.

In contrast Tr1 and Th3 regulatory T cells do not express the CD25 marker or

Foxp3 but maintain high levels of IL-10 and TGF-B expression respectively, to which their

inhibitory tunction is attribute d (223 -225)'

1.11. Current Immunosuppressive Treatments to Prevent Transplant

Rejection

To prevent rejection of allografts, a cohort of immunosuppressive drugs is used

each 2argeting different stages of immune responses, including T cell activation, cytokine

production and clonal expansion (226). These drugs act in a non-specific manner thereby

reducing immune responses against the transplant and also against infectious pathogens.

Therefore patients undergoing immunosuppressive therapy become more susceptible to

opportunistic infection (227,228) and cancer formation (229,230) in addition to drug
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specific side-effects such as those detailed in table 1.L. Current immunosuppressive

regimes involve combinations of immunosuppressive drugs to lower the individual side-

effects of each drug, whilst maintaining sufficient immunosuppression. Although these

drug regimes have vastly improved one-year survival rates, they do not induce tolerance

and over 50% of kidney transplants are still subject to chronic rejection within 10 years

(231,-233). Tolerance in the context of allografts is defined as donor-specific

unresponsiveness without the need for continual immunosuppression (234) and is the

ultimate goal of transplant treatments. Therefore there is alarge scope for the introduction

of new agents which act in a more specific manner with less side-effects, or new techniques

to induce allo-antigen specific tolerance'
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(23s)

(236,231)

(238,239)

(239,240)

(24r,242)

(243,244)

Pharmalogical Side Effects
Cushingoid Syndrome, Cataracts,

Hypertension, Bone necrosis,
Hyp erglycemia, HlrperliPidemia,

Growth retardation
Leukopenia

Thrombocytopenia
blastic anemia

Renal damage
Hlpertension

Vascular arteriosclerosis
Renal damage
Hlrpertension

Vascular arteriosclerosis

Minimal side-effects but must be used as

an adjuvant

APC and cytokines
General anti-infl ammatory agent

De novo ptnine biosynthesis.
Prevents mitosis of fast-dividing cells.

Blocks IL-2 production by inhibiting calcineurin

Inhibits calcineurin by targeting the corticoid receptor

klhibits purine synthesis and the type II isomer of inosine

monophosphate dehydrogenase thereby inhibiting
activated

Blocks IL-Z activation and phosphorylation of 70 56

kinase, inhibiting T cell progression from the G to S phase

ofcell cycle

Name

Steroids

Azathioprine

Cyclosporin

Tacrolimus

Mycophenolate
Mofetil
(MMF)

Rapamycin

Table 1.1. Current immunosuppressive drugs, their targets and specific side-effects

A number of immunosuppressive agents with ãifferent targets are used alone or in combination to treat allograft rejection. However

these drugs, while prolo-nging allograft survival, are systemic and non-discriminatory in their mode of action and thereby can increase

the patients risk of oppoJrrrri-.ti" infections and cancer formation. In addition a number of these drugs have specific pharmacological

side-effects as listed above.
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1.12. Inhibition/Blockade of the CD28 Costimulatory Pathway in

Transplantation

l.l2.l. Generation of Soluble CTLA4-Ig Fusion Proteins

Soluble CTLA4 fusion proteins (CTLA4-Ig) have been generated by fusing the

extracellular portion of CTLA4 to the hinge and CH2|CH3 regions of human IgGl (5a).

As CTLA4-Ig maintains the high binding affinity of native CTLA4 to CD80/86 (54) it is

able to prevent CD28 mediated costimulation in a similar manner to the "proximal

competition" model (Figure 1.4). Moreover binding of CTLA4-Ig to CD80/86 on DC can

induce IDO expression, further enhancing the immunosuppressive effect. LEA29Y which is

a high affinity variant of CTLA4-Ig is currently in stage II clinical trials as a calcineurin

sparing agent in organ transplantation (245).

1.12.2. Blockade of the CD28 Costimulatory Pathway

While treatment of DC with antibodies or antisense oligodeoxyribonucleotides

directed against the CD80 and CD86 ligands inhibits the proliferation and cytokine

secretion of T cells (246-248) the majority of experiments designed to block CD28

costimulation have utilised the duel specificity of CTLA4-Ig to both ligands'

The strong inhibitory effects of CTLA4-Ig on T cells have been demonstrated in

vitro and in vivo (54). CTLA4-Ig treatment at the time of transplantation has been

efficacious in prolonging allograft survival in murine models of cardiac (249, 250), corneal

(25I),renal (252), islet (253) and skin allografts (254). Although CTLA4-Ig has prolonged
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allograft survival in a number of animal models and in some cases induced tolerance, the

exact mechanisms of how this occurs are still unclear. Úr most cases CTLA4-Ig

administration at the time of transplantation prolonged allograft survival marginally but did

not induce tolerance. However delayed administration of CTLA4-Ig by 48h combined with

the addition of donor splenocytes at the time of transplantation induced long-term (< 100

days) allograft survival (255, 256). These experiments illustrate the importance of the

presentation of donor antigen early in the immune response for CTLA4-Ig to act

effectively. The benefits of the delayed administration of CTLA4-Ig may be a function of

the migration of passenger leukocytes from the organ or may indicate a requirement for

partial T cell activation prior to costimulatory blockade. Sayegh (255) demonstrated that

the major effect of the donor splenocytes administered in association with CTLA4-Ig was

due to the direct presentation of donor antigen as opposed to the persistence or

microchimerism of the donor splenocytes. The donor specificity of induced

hyporesponsiveness was also demonstrated by the rapid rejection of third party allografts.

CTLA4-Ig treatment attenuates acute and chronic rejection (255), indicating that

CTLA4-Ig is able to modulate both indirect and direct pathways of allorecognition.

Blockade of the CD2S-CD80/86 costimulatory pathway (using CTLA4-Ig) between DC

and T cells also results in an increase in T cell apoptosis as measured by the level of DNA

fragmentation in radiometric assays and by TUNEL assay (2I1). Moreover it was shown

using FasL deficient DC that the increased apoptosis after costimulatory blockade was due

to Fas/FasL independent pathways.
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1.12.3. The Effects of CTLA4-Ig on the Thl/Th2 Pathway in Allotransplantation

In addition to reducing T cell proliferation, CTLA4-Ig blockade results in a

significant shift in the polarisation of T cells towards a Th2 response. Guillot (257)

demonstrated that CTLA4-Ig treatment lead to permanent cardiac allograft acceptance in

rats, characterised by increased ILl3 expression and decreased TNF-a expression. Similar

results were found by Sayegh (258) in a murine renal transplant model. Although CTLA '

Ig treated mice still had mononuclear cell infiltration of the kidney this was associated with

high levels of the Th2 cytokines IL-4 and IL-10 with no evidence of tissue damage.

Kidneys of mice not treated with CTLA -Ig had severe tissue damage and mononuclear

infiltration, characterised by high levels of the Thl cytokines IL-2 and IFNy' It is however

possible that the Th2 expression is not a direct effect of costimulatory blockade, but rather

an outcome of inhibited T cell proliferation which may facilitate an increased effect of

other signals.

1.12.4. IL-l 0 and Transplantation

While IL-l0 has shown the ability to induce alloreactive T cell hlpo-responsiveness

in vitro, the matter is complicat ed in vivo by the broad taîge of IL- 1 0 responsive cells. A

number of different transplant models with different modes of IL-10 administration and

timing regimes have been used with sharply contrasting results.

Intraperitoneal delivery of recombinant murine IL-10 at days 1, 0 and -1 modestly

prolonged cardiac allograft acceptance at 25 p"glday (259). Higher or lower concentrations

or administration at only days 0 and 6 post transplant resulted in precipitous rejection. A

further study by Li (260) showed that anIL-10 regime given at days -3, -2, -1 pretransplant
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prolonged allograft acceptance over the whole dose range of 0.2 to 200 ¡tglday. In contrast

daily intraperitoneal administration of 100 pglday of murine IL-10 at days 0-6 post-

transplant resulted in exacerbated rejection characterised by increased circulating

complement-dependent cytotoxic antibody titers and CTL splenic activity (261). Localised

production of IL-10 however appears to have more success with intra-graft delivery

prolonging allograft acceptance as it may circumvent the systemic activation of B cells and

CDg* T cells (262-264). Thus it appears that limiting the systemic dose of IL-l0 or careful

control of the timing of deliveryis crucial to the therapeutic outcome of IL-10 treatment.

In contrast viral IL-10 has demonstrated prolongation of allograft survival in models for

which mammalian IL-10 exacerbates rejection and may be a reflection of its less pleotropic

nature (265,266).

1.12.5. Limitations of systemic cTLA4-Ig and IL-10 Treatments

The tolerogenic potential of CTLA4-Ig treatment has been demonstrated in a number

of small animal and non-human primate models, however, systemic administration of

CTLAA-Igis likely to lack allo-specificity in attenuating T cell proliferation and therein may

have similar limitations as current immunosuppressive drugs albeit over a shorter time span.

Systemic treatment has been circumvented by recombinant gene expression of CTLA4-Ig

within the transplanted graft and, has prolonged the survival of transplanted islets (267) and

hearts (257). Moreover aî ex vivo approach to coat islets with cTLA4-Ig prior to

transplantation in mice potentiated allograft survival and tolerance induction without

systemic immunosuppression (268). As systemic administration of IL-10 can exacerbate

allograft rejection (259,261,269), similar strategies have been used for IL-10. Notably ex
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vivo adenoviral transfection of comeal allografts and intracoronary liposomal transfection of

the IL-10 gene prolonged comeal and cardiac allograft survival, respectively Q62,263).

As transfection of whole organs can be difficult, genetic engineering of donor

dendritic cells to produce CTLA4-Ig or IL-10 is viewed as an alternative approach, which

would allow production of the proteins in a more localised fashion while providing allo-

specificity.

1.13. Dendritic Cells as Gene Therapy Targets to Induce Transplantation

Tolerance

1.13.1. The Role of Dendritic Cells in Transplantation

Dendritic cells (DC) are potent antigen presenting cells, expressing high levels of

MHC Class I and II molecules and costimulatory molecules including CD80 and CD86 (95,

270). DC represent a significant portion of the "passenger leukocytes" responsible for

direct allorecognition (189) and rapidly migrate to lymphoid tissue where they are able to

augment the rejection process by activating allo-reactive T cells. The importance of DC in

rejection was demonstrated by Lechler and Batchelor (271), by the induction of tolerance

which was achieved by depleting rat kidney allografts of passenger leukocle populations.

Re-administration of donor derived DC resulted in reversal of tolerance. This demonstrates

that DC are able to efficiently "educate" the recipient immune cells to donor antigens and

play vital roles in transplant rejection. DC in the immature state (iDC) are found in the

periphery and arc characterised by high antigen uptake capabilities and low costimulatory
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molecule and surface MHC expression, and thus are relatively weak stimulators of T cells.

As DC migrate to secondary lymphoid tissues after antigen uptake, they mature with an

increased T cell stimulatory capacity due to the upregulation of MHC and costimulatory

molecule expression and reduced antigen capturing ability (212). The ability of DC to

induce allostimulatory or tolerogenic responses has been shown to depend largely on the

level of expression of costimulatory molecules including CD80 and CD86 (273)' Indeed

studies using immature DC (iDC) which lack sufficient CD80/86 costimulatory molecules

have shown prolonged allograft survival in murine models of allograft transplantation

(274). However rejection inevitably occurred which was attributed to in vivo DC

maturation shifting the tolerogenic effect to an allostimulatory effect by the up-regulation

of costimulatory molecules.

1.13.2. Genetic ModifÏcation of Dendritic Cells

A range of vectors is available for the transfer of genetic material into cells

including viral and non-viral agents. Non-viral gene techniques include electroporation

(275, 276), ballistic gene transfer (276), ultrasound (277), cationic liposomes and more

recently use of nanoparticles (278) to facilitate gene transfer into target cells. However

while non-viral technologies involve simple manufacture and minimal immunogenicity,

gene transfer is often ineffrcient and transient (279-281). Viral vectors have been generated

which tl,pically offer higher levels of transfection efficiency. Advantages and

disadvantages of the various vectors are shown in table 1.2'
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References

(275-282)

(283-287)

(288-2e3)

(2e4-2e8)

(299,300)

I)isadvantages

Low transfection effi ciencY

Transient gene expression
Lack of clinical

Strong immunogenicity (limits readministration)
Moderate production costs

Preferential targeting of the liver

Transfection of non-dividing cells is limited
Potential of insertional mutagenesis

Difficult manufacture

Potential for insertional mutagenesrs

Strong immuno genecity (limits readministration)
Difficult manufacture

Lack of clinical
Potential for insertional mutagenesis

Difficult manufacture
Lack of clinical

Advantages

Low production costs

Low immunogenicity
Good

Hi gh trans fection efficiencY
No insertional mutagenesis

Infects dividing and non-dividing cells

High titres may be generated

Clinical
Prolonged transgene expressron

Transgene expressed in progeny cells
Clinical

Long-term transgene expresslon
Low toxicity

Hi gh trans fection efficiencY
Infects dividing and non-dividing cells

Gene Therapy
Vector

Non-Viral

Adenoviral

Retroviral

AAV

Lentiviral*

Table L.2. Advantages and disadvantages of gene therapy techniques

A range of different viral and non"-viral lene therapy agents hãve been developed to facilitate the incorporation of genetic

material into target cells. Tlpically non-viral vectors have reduced costs associated with manufacture and a good safety profile

although they arã ümited Uy poor tiansfection efficiency. Viral vectors, while demonstrating high transfection efficiency, aÍe

associated with immunological limitations and the potential for insertional mutagenesis. Viral vectors also have safety concerns

related to the generation of replication-competent viruses during manufacture ot in vivo-

*Lentiviral vectors have been developed from Retroviral vectors to overcome the requirement of cell division for transfection'
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In the context of genetic manipulation of DC, viral vectors are typically used as they

provide increased transfection efficiency compared to the non-viral alternatives. The

terminal differentiation status of DC does however limit the effectiveness of retroviral

vectors as the virus requires cells to undergo active division for infection' Adenoviral

vectors may be readily grown to high titres and are able to infect non-dividing cells, making

them ideal candidates for DC transfection. Importantly adenoviral transfection does not

perturb DC function (301) although DC maturation has been reported (302, 303). Human

monocyte-derived DC, particularly mDC, have been shown to lack coxsachie adenovirus

receptors (304, 305), which are the primary cell attachment molecule for adenoviral

serotype 5 vectors (306). However transfection of DC has been improved to levels greater

than 90Yo by targeting the adenoviral vector to CD40 using bispecific antibodies (307) or

adapter proteins (30S) or by combining the adenoviral vector with cationic liposomes (309).

More recently the mqdification of adenoviral vectors to express the fibre protein from

group B adenoviruses has facilitated high levels of DC transfection by permitting binding

to CD46 on the cell-surface (310, 311). Upon binding to DC, internalisation of adenoviral

vectors is facilitated by avB3 or avB5 (312,313)'

The primary limitations of adenoviral vectors are the induction of strong anti-viral

immune responses characterised by increased TNF, ILl and IL6 secretion and CTL

activation, which can result in the rapid clearance of adenoviral transfected cells and

particles (283-285). However the immunogenicity of adenoviral transfected DC can be

overcome by the incorporation of immunomodulatory genes as described in the next

section.
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1.13.3. Genetically Engineered Dendritic Cells in Tolerance Induction

The aim of DC treatment in a transplant setting is to increase the presentation of

donor antigens to T cells in a tolerogenic setting without the requirement of systemic

immunosuppression. Genetic modification of DC to produce immunomodulatory proteins

has focussed on molecules that either block or reduce costimulatory molecule expression

(IL-10, CTLA4-Ig, TGFB), thereby negating the effects of DC maturation or molecules that

promote apoptosis of allo-reactive T cells (FasL).

Treatment of DC with antisense oligonucleotides directed against CD40, CD80 and

CDS6 prevented autoimmune diabetes associated with an increase in regulatory T cells

(314). In a further study, APC were transfected with a gene encoding a modified form of

CTLA4,which was focussed to the endoplasmic reticulum preventing CD80/86 expression

by intracellular binding and thereby inducing alloreactive T cell anergy (315).

Genetic modification of donor DC to produce TGFp or FasL has prolonged heart

allograft survival but has not addressed the issue of DC maturation (316-318). IL-10

treatment of DC is appealing as it can induce maturation arrest and downregulation of

CD80/S6 expression on DC, resulting in decreased allostimulatory capacity and inability to

induce cytotoxic T cells (153, 165, 3I9,320). In vivo, this form of treatment has reduced

skin graft rejection in a humanised NOD-scid chimeric mouse model (264) and prolonged

small intestine allo-transplantation from 7.3 days to 19.8 days (32I). Furthermore daily

administration of IL-10 transduced DC in an ovine model of renal transplantation

demonstrated prolonged graft acceptance (322), however, the cessation of DC treatment

resulted in rapid graft rejection indicating that the modified DCs were acting in an

immuno suppres sive rather that tolero genic manner.

)t



An altemate approach is to block existing CDS0/86 ligands using CTLA4 fusion

proteins. Transduction of DC would permit continuous production of fusion proteins

capable of autocrine binding to the ligands and thereby is also likely to negate the effects of

DC maturation. CTLA4-Ig modified DC induce allo-antigen T cell hyporesponsiveness as

demonstrated by successful restimulation with third party but not donor-specific APC

(323). In vivo DC engineered to produce CTLA4-Ig have demonstrated modest

prolongation of islet allograft survival in murine models with survival increasing from 12

days to 20 days (253).

Adenoviral mediated gene transfer has been limited in many in vivo models by

virtue of the rapid induction of T cell mediated immune responses against the adenovirus

(324) although treatment with immunomodulatory proteins can attenuate this response. In

particular systemic CTLA4-Ig treatment attenuates anti-viral immunity, thereby enhancing

the persistence of adenoviral vectors in vivo (325). Moreover direct transfection of DC

with CTLA -Ig increases the survival of the cells in lymphoid tissues of MHC class II

mismatched allogeneic recipients (323), providing evidence that CTLA4-Ig can ac| as a

"stealth" gene to mask the immunogenicity of adenoviral vectors.

1.14. Targeting Multiple Dendritic Cell Pathways in Allotransplantation

While systemic administration of CTLA4-Ig or IL-10 has demonstrated prolonged

allograft acceptance, indefinite allograft survival has not been achieved in large animal

models. Furthermore, while genetic modification of DC to express CTLA4-Ig or IL-10 has

demonstrated strong inhibitory responses in vitro, only marginal prolongation of allograft

survival has been achieved. The redundancy of costimulatory pathways may account for the
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failure of each agent to induce tolerance, as other positive costimulatory pathways such as

ICOS may compensate for the loss of CD28 (326). Multiple pathways may therefore need

to be targeted. Supporting the requirement of multiple agents Gorczynski (327) showed that

portal vein infusion of dendritic cells transduced with adenoviral IL-10 and TGFp

prolonged murine renal allograft acceptance more than IL-10 alone. This was further

prolonged by the infusion of CHO cells transfected with OX-2 (CD200) oDNA. Moreover

the combination of CTLA4-Ig and OX40 (CD134) has also demonstrated additional

benefits (328). Bonham (329) showed that long term allograft survival by DC was only

accomplished when by transfection with adenoviral CTLA4-Ig was combined with

blockade of NFrcp. Given that IL-10 is able to attenuate NFrB, IL-10 may be a suitable

agent to use in combination with adenoviral CTLA4 constructs to transfected DC. As well

as operating through CD28 independent pathways, IL-10 is also able to downregulate

CD80 and CD80 ligand expression, which may benefit CTLA4-Ig treatment by reducing

the quantity required for complete sequestering of the ligands. Dendritic cell therapy with

donor immature DC has demonstrated prolongation of allograft survival, however there is

inferential evidence that the DC may mature in vivo (274). While IL-10 has been used to

arrest DC maturation, the in vivo administration of IL-l0 may be ineffective on pre-existing

mature DC since those cells are IL-10 resistant. Thus dual gene transfer of CTLA -Ig and

L-10 into DC potentially provides the advantage of safeguarding against costimulatory

signal mediated activation of T cells upon DC maturation; that is as CD80l86 are

upregulated, it is inferred that concomitant blockade by the autocrine and paracrine

secretions of CTLA4-Ig occurs.
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Genetic manipulation of donor DC to prolong allograft acceptance is an attractive

strategy in that it can induce allo-antigen specific hlporesponsiveness, while sparing the

non-donor reactive portion of the immune system. While promising results have been

obtained in rodent models, there is a need to translate these findings into large animal

models, which have more clinical relevance.

1.15. The Ovine Model of Renal Transplantation

The use of rodent models have been instrumental in the development of new

therapies to prevent allograft rejection and acquire knowledge of immunological pathways,

however direct extrapolation to clinical therapies is rare (330). The lack of correlation of

clinical observations with rodent models has been attributed to a number of factors

including the reduced prevalence and diversity of memory T cells (331-333) and the lack of

expression of MHC Class II molecules on the vascular endothelium (334), a feature which

has particular relevance to the rejection or acceptance of vascularised allografts (335).

Moreover, significant differences in T.., cell function have been highlighted between the

murine and human species (336). Large animal models, although still not representing a

perfect model of human immunity, address a number of these issues and are instrumental in

the validation of therapies prior to clinical applications. Indeed while rodent models can

provide important "proof of concept", large animal models represent a necessary step

before clinical trials can proceed (337). The laboratory at The Queen Elizabeth Hospital

(Adelaide, South Australia) has established an ovine model of renal transplantation based

on the seminal work of Pedersen and Morris (338). The model involves the heterotropic
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transplantation of the kidney to the neck region where it is anastomosed to the carotid

artery and jugular vein. The transplanted organ is able to maintain renal function under

immunosuppression and upon withdrawal exhibits rejection physiologically and

histologically similar to human renal allograft rejection (339). 'While non-human primates

do provide the closest matched models for human disease and therapy, use of such models

is often limited by significant financial and social concerns (340). In comparison the sheep

model represents reduced costs associated with purchase and husbandry. Moreover, the

placid nature of sheep in addition to the well-characterised immune system makes the sheep

model appealing for investigating pre-clinical therapies.
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1.16. Project Aims:

Much progress has been made in murine transplant models with respect to novel

immunomodulatory agents however, there is a requirement for reproducibility in large

animal models. As the Transplantation Immunology Laboratory at The Queen Elizabeth

Hospital has established an ovine model of renal transplantation, the focus of this thesis is

related to the isolation and characterisation of the ovine CTLA4 molecule and its effects on

the modulation of the ovine immune response both in vitro and in vivo. Since the effects of

CTLA4-Ig on human cells have been extensively characterised, this study endeavors to

compare both species and uses the human system to set in vitro baseline data.

The key aims of this study were

(Ð To examine the baseline effect of CTLA4-Ig immunomodulation in human DC-

MLR (Chapter 3) and due to the redundancy in CTLA4-Ig immunomodulation,

also to investigate the combination with the immunosuppressive cytokine IL-10,

based on the rationale described above in section L.15.

(iÐ To determine the immunomodulation of CTLA4 fusion proteins on ovine in vitro

allogeneic immune resPonses bY

a) isolating and characterising ovine DC obtained by cannulation of sheep

lyrnphatics (ChaPter 4)

b) generating adenoviral vectors incorporating a CTLA4-EGFP fusion

construct and subsequently transducing DC to induce T cell

hyporesponsiveness in the DC-MLR (Chapter 5)
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(iiÐ To examine ovine DC cellular therapy strategies in vivo by specifically

investigating the immunomodulation of ovine DC transduced with adenoviral

CTLA4-EGFP in a chimeric NOD-scld mouse model of ovine skin rejection

(Chapter 6).
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Chapter 2

Materials and
Methods
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2.1. Materials

2.1.1. Antibodies

2.1.1.1. Anti-Human antibodies

CD80 (IgGl)

CD86 (IgG1)

MY-4 FlTC-conjugated (IgG2b)

CD4-PE conjugated (IgGl)

CD56-FITC (IgG2b)

CDr4 (IeG2b)

CD83 (IgG2b)

CD83-PE (IeG2b)

CDla (IgG2a)

MHC Class I (IgG2b)

MHC Class II (IgG2a)

CCRT (IsGza)

CD40 (IgG2a)

CMRFS6 (IeGl)

CD3 (IgGl)

2.1.1.2. Anti-ovine antibodies

MHC Class I (SBU I, IgGl)

MHC Class II DQ/DR (SBU II, IgGl)

CD44 (clone 25.32, IgGl)

Immunotech, France

Serotec, UK

Coulter Corp., USA

BD Biosciences, USA

BD Biosciences, USA

Serotec, UK

Serotec, UK

Immunotech, France

Serotec, IJK

Laboratory-derived supernatant

Laboratory-derived supernatant

R&D Systems, USA

Serotec, UK

Dr D. Hart, Mater Medical Institute

BD Biosciences, USA

University of Melbournex

University of Melbourne*

University of Melbourne*
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CDla (clone 20.27, IgGl)

Anti bovine-CD2l (IgGl) - (ovine cross-reactive)

CDzs (IgGl)

CD31 (IgG2a)

CD4 (clone 44.38, IgG2a)

CDt4 (IeG1)

University o f Melbourne*

Serotec, UK

Serotec, IIK

Serotec, UK

University of Melbourne*

Serotec, UK

CD8 (clone 38.65, IgG2a) University of Melbourne*

*University of Melbourne, School of Veterinary Science, Australia

2.1.1.3. Control antibodies

1D4.s (IgGza)

x63 (IgGl)

PE conjugated mouse IgG2a

FITC conjugated mouse IgG2b

Dr P. Hart, Flinders University

ATCC, USA

BD Biosciences, USA

BD Biosciences, USA

2.1.1.4. Secondary antibodies

FITC conjugated Sheep anti-mouse IgG

PE conjugated Sheep anti-mouse IgG

Chemicon, Australia

Chemicon, Australia

2.1.1.5. Other antibodies

GFP polyclonal (goat anti-GFP)

GFP monoclonal (mouse anti-GFP)

Biotin conjugated horse anti-mouse IgG

Rockland, USA

Roche, USA

Vector Laboratories, USA
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2.1.2. Cell Lines

2.1.2.1. Bacterial

TGlc¿ E.coli

8J5183 E.coli

DHl0B E.coli

Staphylococcus aureus

2.1.2.2. Cell culture

Ovine adult fibroblasts

HEK-293 cells

CHO cells

IMVS, Adelaide

Vogelstein, B.*

IMVS, Adelaide

IMVS, Adelaide

Generated from ovine skin

Vogelstein, B.x

IMVS, Adelaide

*The Howard Hughes Medical lnstitute, Baltimore, USA

2.1.3. Cytokines and recombinant proteins

Recombinant Enhanced Green Fluorescent

Protein (EGFP)

Recombinant human Interleukin- 1 0 (IL- I 0)

Recombinant human Interleukin - 4 (IL- 4)

Recombinant human Granulocyte-Macrophage

Colony Stimulating Factor (GM-CSF)

Recombinant human Tumour Necrosis

Factor a (TNFo)

Recombinant human CTLA4-Ig

Clontech, USA

Bender Medsystems, Austria

Peprotec, USA

Schering-Plough, Australia

Genzyme Corporation, USA

R&D Systems
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2.1.4. Radiochemicals

¡3H1 -labeled thymidine

¡35 S1 -labeled methionine/cysteine

Amersham, Australia

ICN, USA

Becton Dickinson, USA

2.1.5. Flow Cytometry Reagents

FACS LysingrM solution

Sodium azide Aj ax Chemicals, Australia

2.1.6. Tissue Culture Reagents

BetaPlate scintillation fluid Wallac, Finland

Foetal Calf Serum (FCS) CSL, Australia

L-Glutamine Multicel, Australia

LymphopreprM Nycomed, NorwaY

Metrizamide NYcomed, NorwaY

Minimal Essential Medium (MEM) (cat 61100-061)Gibco BRL, USA

Mitomycin-c Kyowa Bristol-Myers Squib, Australia

Non-Essential Amino Acids (l0X) ICN Biomedicals, USA

Penicillin/Streptomycin Cytosystems, Australia

RPMI 1640 powdered media (cat: 1060120) ICN, USA

RPMI 1640, methionine/cysteine deficient (cat 16464) ICN, USA

Sodium pymvate ICN, USA

Trypsin Sigma, USA
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2.1.7 . Histological Reagents

Avidin/Biotin blocking kit

Harris Hematoxylin Solution

Normal horse serum

Poly-L-lysinerM

Streptavidin-Alkaline phosphate conjugate

SubXrM clearing solution

SubXrM mounting media

Vectastain ABC kit

2.1.8. Molecular Biology Reagents

Agarose (DNA grade)

Ampicillin

BgIII

Calf Intestine Phosphatase (CIP)

Custom oligonucleotides

EcoRI restriction endonuclease

EcoRVrestriction endonuclease

HindIII restriction endonuclease

KpnI restriction endonuclease

JETSTAR Midi Prep Plasmid kit

Kanamycin

Vector Laboratories, USA

Sigma, USA

ICN Biomedicals, Australia

Sigma, USA

Roche, Germany

Surgipath Medical Industries, USA

Surgipath Medical Industries, USA

Vector Laboratories, USA

Progen, Australia

Roche, Germany

Roche, Germany

Promega, USA

Genset Pacific, Australia

New England Biolabs, USA

Roche, Germany

Progen, Australia

Fermentas, Lithuania

Genomed, USA

Life Technologies, USA
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LipofectAMfNErM

MgCl2 solution (25 mM)

Mineral Oil

MMLV Reverse TranscriPtase

dNTPs

NotI restriction endonuclease

Oligo dT

PacI restriction endonuclease

PmeI restriction endonuclease

Protease inhibitor cocktail kit

pUC 1 9/HpaII Molecular Markers

RNase A

RNAsecure reagent

RNAsin

RNA Storage Soln. (lmM Sodium Citrate pH 6.a)

SPP 1 /EcoRI Molecular Markers

T4 Ligase

Tthl Polymerase

Tthl PCR buffer

Ultraclean DNA purification kit

Life Technologies, USA

Fisher Biotech, USA

Sigma, USA

Life Technologies, USA

Promega, USA

New England Biolabs, USA

Amersham, Australia

New England Biolab, USA

New England Biolab, USA

ICN Biomedicals, Australia

Geneworks, Australia

Sigma, USA

Ambion, USA

Promega, USA

Ambion, USA

Geneworks, Australia

Promega, USA

Fisher Biotech, USA

Fisher Biotech, USA

Geneworks, Australia
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2.1.9. Plasmid vectors

Living Colors@ pEGFP-N1 Expression Vector Clontech, USA

pAdEasyl

pShuttleCMV

pSecTagB

Stratagene, USA

Stratagene, USA

Invitrogen, USA

2.1.10. Immunoprecipitation Reagents

Acrylamid e @0%) 39 :l acrylamide :bis-acrylamide Bio-Rad, USA

nmpüfyrM Amersham, UK

p-mercaptoethanol Sigma, USA

Bovine serum albumin Sigma, USA

Bromophenol blue Bio-Rad, USA

Coomassie brilliant blue R-250 ICN Biomedicals, USA

Glycerol Ajax Chemicals, Australia

Low-range SDS-PAGE molecular weight standards Bio-Rad, USA

Nitro-cellulose membrane Bio-Rad, USA

Nonidet P-40 OfP-40) Sigma, USA

Normal rabbit serum ICN Biomedicals, Australia

Ovalbumin Sigma, USA

Sodium dodecyl sulphate (SDS) BDH, Australia

TEMED (N,NN',N' -Tetramethylethylenediamine) Bio-Rad, USA

Triton X-100 Bio-Rad, USA

Tnzmabase (Tris fhydroxymethyl] Aminomethane) Sigma, USA
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TnzmaHCl (Aminomethane Hydrochloride) Sigma, USA

2.l.ll. Other Reagents

Bacto-Yeast extract

Concanavalin A type IV (Con A)

Dimethyl sulphoxide (DMSO)

Diethanolamine

Ethylenediamine tetraacetic acid (EDTA)

Ethidiumbromide

Patent Blue V Dye

Phenol

Sigma 104 Substrate

Trypan Blue

Tween-20

Oxoid, UK

Sigma, USA

Aj ax Chemicals, Australia

Aj ax Chemicals, Australia

Sigma, USA

Sigma, USA

Sigma, USA

Progen, Australia

Sigma, USA

BDH, Australia

Bio-Rad, USA
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2.2. Solutions and Buffers

2.2.1. Agarose Gel Electrophoresis Buffers and Solutions

50x TAE
Compound Conc. Amount
Trizma base

Sodium acetate
EDTA
HzO

1.6 M
800 mM
40.27 mM

193.8 g
65.6 g
14.9 g
To 100m1

pH to 7.2. Dih,tted 1/10 in dHzO for use

6x Loadins Buffer
Compound Conc. Amount

5OX TAE
Glycerol
Bromophenol Blue
HzO

1X
s0%
24%

50 pl
1.25 ml
600 pl
To 2.5 ml

Ethidium Bromide (1.25 pelml)

Compound Conc Amount

Ethidium Bromide (10 mg/ml stock) 1.25 pglml 50 pl
To 400 ml

Agarose Gels

Compound Conc. Amount

Agarose (0.8% gel)
Agarose (I% gel)
Agarose (2% geI)
HzO

0.8%
r%
2%

0.48 g
0.6 g
l.2g
To 60ml

2.2.2. RNA Extraction Buffers and Solutions

Chloroform/iso-amyl alcohol
Compound Conc. Amount

Chloroform
Iso-amyl alcohol

98%
2%

196m1

4ml
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Solution D
Compound Conc Amount

Guanidine Thiocyanate Salt 4 M 72.5 g

0.75 M Sodium Citrate (pH 7.0) 25 mM 0.88 ml
10% N-Lauroylsarcosine 0.5% 1.32 ml
HzO To 25 ml

Dissolved at 65oC. 180 pl(0.1 M) B-mercaptoethanol added.

RNA Secure/Citrate Solution
Compound Conc. Amount

RNAsecure
RNA citrate storage solution

4%
96%

4pl
96 ¡tl

2.2.3. Cloning and Transfection Buffers and Solutions

Luria Broth (LB)
Compound Conc Amount
Bacto-Yeast Extract
Bacto-Tryptone
Sodium Chloride
HzO

)5o-.- è
5o
5o
To 500 ml

pH adjusted to 7.0 and autoclaved

LB Aear
Compound Conc. Amount
Bacteriological Agar 15 g

LB Toll
Kanamycin (30 mg/ml stock) 30 ¡tglml 1 ml

LB was heated until agar was dissolved and cooled to 55'C before kanamycin was

added. LB was into perti dishes and flamed to remove air bubbles.

lM CaClz
Compound Conc Amount

CaClz
HzO

1M 7.351 g
To 50 ml

Solution autoclaved
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lM MeClz
Compound Conc. Amount
MgClz.6HzO
HzO

Solution autoclaved

1M 10.165 g
To 50 ml

C aClzlMgClz Transformation Solution
Compound Conc Amount

lM CaClz

lM MgCl2.6HzO
HzO

0.1M
20 mM

2ml
400 pl
To 20 ml

Mini-Preparation Solution 1

Compound Conc. Amount

D-Glucose
Tris-HCl
0.5 M EDTA
HzO

50 mM
25 mM
10 mM

0.9 g
0.934 g
2ml
To 100 ml

pH adjusted to 8.0 and autoclaved

Mini-Preparation Solution 2

Compound Conc Amount
I M sodium hydroxide
20% SDS
HzO

Solution autoclaved

0.2M
t%

4ml
1ml
To 20 ml

Mini-Preparation Solution 3

Compound Conc. Amount

Potassium acetate
Glacial acetic acid
HzO

3M 29.4 g
I 1.5 ml
To 100m1

pH adjusted to 4.8 and autoclaved

Mini-Preparation Storase Solution (TE8/RNase)

Compound Conc. Amount

DNase inactivated RNaseA
TE8

200 ng 10 pl
5ml
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SOC Medium
Compound Conc. Amount
Bacto-Yeast Extract
Bacto-Tryptone
NaCl (sM)
KCI (1M)
HzO

10 mM
2.5 mM

5g
2og
2mL
2.5 mL
To 1L

pH adjusted to 7.0 and autoclaved

2.2.4. Tissue Culture Buffers and Solutions

Phosphate Buffered Saline (PBS)

Compound Conc Amount
Sodium dihydrogen orthophosphate 40.1 mM
Sodium chloride, l.2M
Sodium hydrogen orthophosphate 161 mM
HzO

Solution autoclaved and diluted 1/10 for use.

6.25 g
7og
22.85 g

To 1L

RPMI 1640

Compound Conc. Amount
RPMI 1640 powdered media
Sodium pynrvate
Sodium bicarbonate
HEPES
P enicillin/S treptomycin

lmM
23.81 mM
9.99 mM
50IU/ml

1 sachet
10 ml
)o

2.38 g
10 ml

Solution acidified to a pH of 7.3 by COz bubbling and filter sterilised.

S10e Tissue Culture Medium
Compound Conc Amount
Fetal calf serum (FCS)
L-Glutamine
RPMI

t0%
I%

10 ml
1ml
To 100m1

ModifÏed Essential Medium (MEM)
Compound Conc. Amount

MEM
Penicillin/streptomycin l%
NaHCO¡ 26 mM

S olution prepared under endotoxin-free conditions

1 sachet
10 ml
))o-'- Þ
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Complete MEM (cMEM) Culture Medium
Compound Conc Amount

FCS
L-Glutamine
Non-essential amino acids

MEM

rc%
r%
t%

10 ml
1ml
1ml
To 100 ml

Citric Saline Solution
Compound Conc. Amount

KCI
Sodium citrate
HzO

1.35 M
150 pM

10.06 g

4.4 mg
To 100 ml

Solution autoclaved

Electroporation Media
Compound Conc. Amount

D-glucose
DTT
RPMI 1640

10 mM
1mM

100 pl
1pl
To 10 ml

Mitomycin-C
Compound Conc. Amount

Mitomycin-C Kyowa
S10g

1mg/ml 1 vial
10 ml

S10g added to vial using a sterile 21G needle to prevent contamination.

2.2.5. Immunoprecipitation Buffers

RIPA buffer
Compound Conc Amount

NaCl (1M)
Sodium Dexoycholate
10% SDS
NP-40
Tris HCI
HzO

15 ml
5ml
lml
1mL
0.03 g

To 100 mL

10%
r%
t%
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Laemmli buffer
Compound Amount

Tris HCl (pH 6.8)
10% SDS
10% Glycerol
10x Protease inhibitor
Bromophenol blue (0.05% stock)
HzO

1.25 ml
2ml
2ml
1ml
500 pl
To 10 ml

10% (vþ B-mercaptoethanol added for reducing gels

Acrvlamide 107o Resolvins Gel
Compound Amount

40Yo Acrylamide (36:1 Acrylamide:Bis Acrylamide) 1735 ¡ú
HzO 4135 ¡ú
Solution A 1000 Pl
10% SDS 70 P'l
10% APS 45 p,l

TEMED 10 ¡rl
Gel poured immediately after TEMED and APS added

Acrvlamide 3Y" Stackins Gel

Compound Amount

40o/o Acrylamide (36:1 Acrylamide:Bis Acrylamide) 200 pl
HzO 1800 Pl
Solution B 640 Pl
10% SDS 21 p,l

10% APS 15 ¡rl
TEMED 5 Pl

Gel poured immediately after TEMED and APS added

SDS-PAGE Electrophoresis Buffer
Compound Conc. Amount

Trizma Base
Glycine
SDS
HzO

0.05 mM
0.37 mM
0.1%ow/v

0.006 g
0.028 g
1g
To 1000 ml
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Loading Buffer
Compound Conc. Amount

2X SDS Sample Buffer S)Yovlv 500 pl
2X Lysis Buffer 50o/o vlv 500 ¡rl

I0% (vlv) B-Mercaptoethanol added for reduced gels

2X Lysis Buffer (pH to 7.6')

Compound Conc. Amount

Trizma Base
10% Triton X-l00
10% SDS
NaCl
HzO

10 mM
l%ovlv
lo/o vlv
150 mM

0.012 g
1ml
100 pl
0.088 g
To 10 ml

pH adjustedto 7.6

2X Sample Buffer (pH to 6.8)

Compound Conc. Amount

Trizma Base
SDS
Glycerol
Bromophenol Blue
HzO

12 mM
6Yowlv
20Yovlv
0.03Yovlv

0.0726 g
?o
10 ml
0.015 g
To 50 ml

pH adjusted to 6.8

10X Stainins Solution
Compound Conc. Amount

Coomassie Brilliant Blue
Methanol
Glacial Acetic Acid
HzO

2.5o/o vlv
45%ovlv
I0%ovlv

12.5 g
225 ml
50 ml
To 500 ml

Diluted to 1X working conc. in Destain Solution

Destain Solution
Compound Conc. Amount

Methanol
Glacial Acetic Acid
HzO

45Yovlv
l0%ovlv

450 ml
100 ml
To 1000 ml
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2.2.6. Flow Cytometry Buffers and Solutions

FACS \Mashing Buffer
Compound Conc Amount
FCS
Sodium azide
PBS

ao/L,/O

0.t%
5ml
100 pl
To 100 ml

FACS Lysins Buffer
Compound Conc. Amount
FACS Lysing solution
PBS

rc% 10 ml
To 100 ml

2.2.7 . D ep ho sphorylation Buffers and Solutions

STE buffer (10x)

Compound Conc Amount

TrisHcl (pH 8)
NaCl
EDTA
HzO

100 mM
1M
10 mM

50 ng
5mg
0.5 ng
To 1000 ml

2.2.8. ELISA Solutions

Coating buffer
Compound Conc. Amount

NazCO¡
NaHCO¡
HzO

pH adjusted to 9.6.

150 mM
350 mM

0.159 g
0.293 g
To 100 ml
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PBS-Tween
Compound Conc. Amount
NaCl
KHzPO¿
Na3HPO4xl2HzO
KCl
Tween-20
HzO

0.14 M
1.5 mM
18.6 mM
2.7 r'ril¡4

8g
o.2g
)Qo''- Þ
0.2 g
1ml
To 1000 ml

pH adjustedto 7.2-7.4.

Diethanolamine buffer lner 500 ml)
Compound Conc. Amount
Diethanolamine
MgClzx6HzO
NaN¡
HzO

9.7%
0.5 mM
3mM

48.5 ml
50 mg
0.1 g
To 500 ml

Phosphate Substrate
Compound Conc. Amount

Sigma 104 substrate
Diethanolamine buffer

2 tablets
10 ml

Sigma 104 substrate tablets dissolved in buffer at37"C in the dark

2.2.9. Immunohistology Solutions

Diaminobenzidine substrate solution
Compound Conc. Amount

Diaminobenzidine
Tris buffer

1mg
1ml

Solution diluted 50% with a 0.02% hydrogen peroxide solution and stored in the dark.

Eosin
Compound Conc Amount

1olo aqueous eosin
1% phloxine
Glacial acetic acid
EtOH

10 mglml
10 mglml in HzO

2ml
95%

50 ml
5ml

390 ml
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Hvdrogen peroxide solution
Compound Conc Amount

Hydrogen peroxide
HzO

0.02% 2

To 10 ml
pl

2.3. General Methods

2.3.1. Cell Culture

2.3.1.1. Ovine and Human Peripheral Blood Mononuclear Cell (PBMC) Extraction

Buffy coats were prepared from heparinised peripheral blood obtained from healthy

donors (Red Cross Blood Service, Adelaide, Australia) and PBMC was isolated by

differential centrifugation through a Lymphoprep density gradient.

Blood was aliquoted into 50 mL V-bottom tubes (10 mL per tube) with 25 mL PBS

and underlayed with 10 mL of Lymphoprep. Tubes were centrifuged for 20 min at 770 g

(540 g for human cells) with the brake turned off. The mononuclear cell layer was

harvested and resuspended in PBS. Cells were centrifuged for a further 10 min at 770 g

(5a0 g for human cells). Cells were washed ín 45 mL PBS and centrifuged at 135 g (50 g

for human) for 10 min to remove plasma followed by two more PBS washes at 340 g.

Pellets were resuspended in2 mL S10g and a cell count performed using a 1:2 Trypan Blue

dilution on a haemocytometer.

2.3.1.2. Human Monocyte Derived Dendritic Cells

Monocytes were selected by adherence to plastic. Briefly, 5 x 107 PBMC were

panned for t h at 37"C in 10 ml RPMI plus 1% FCS in 75 cmz plastic tissue culture flasks

(Coming, USA). Non-adherent cells were removed and the remaining adherent cells were
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cultured in complete medium supplemented with 400 U/ml IL-4 and 800 U/ml GM-CSF for

5 days to generate immature DC (iDC). The addition of 10 nglml TNF-u to the iDC for a

further 2 days generated mature DC (mDC).

2.3.1.3. Nylon Wool Isolation of T Cells.

Following the removal of monocytes by adherence (2.3.1.2), nylon wool purified T

cells (NWT) were obtained by applying the non-adherent cells to nylon wool columns

equilibrated with RPMI. The non-adherent cells were incubated in the columns for 30 min

at 37"C to adsorb B cells and the enriched NWT cells were obtained by elution with RPMI

plus 10% FCS. Cells were washed twice in PBS prior to use.

2.3.1.4. Mixed Lymphocyte Reaction

PBMC were extracted from peripheral blood from two ovine or human individuals

(2.2.1.1). PBMC v/ere co-cultured in 96-well round-bottom plates (Corning, USA) with 1 x

10s cells from each individual in S10g media. The total volume for each well was 200 ¡t"L.

In case of the DC-MLR, autologous or allogeneic DC were used in place of one PBMC

population. Plates were incubated for 4 days in a 37"C, 5% COz enriched and humidified

incubator. V/ells were individually pulsed with 1 ¡rCi methyl ¡3q tfrymidine and incubated

for a further 18 h. Cells were harvested using a Microtitre Tomtec Cell Harvester (Turku,

Finland) onto Wallac gridded filter mats (Wallac, USA). Filter mats were treated with B-

scintillant and cellular tritium incorporation measured using a Wallac MicroBeta@

Scintillation Counter (USA). Results were expressed as the mean of triplicate wells +/-

standard deviation. Paired two-tailed student t-tests were used for statistical analysis.
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2.3.1.5. Cell Lines

Chinese hamster ovary (CHO) cells and fibroblasts were propagated tn 75 crri flasks in

S10g. Upon confluence, CHO cells and fibroblasts were detached from the flasks with 2

mM EDTA, washed in PBS and used to reseed tluee 75 cm2 flasks. Human embryonic

kidney 293 (HEK-293) cells were grown in DMEM, until 70%o confluence was achieved'

At this time cells were detached using citric saline solution, washed in PBS containing 5o/o

FCS and used to reseed three flasks. All cells were grown at37"C,5o/o CO2.

2.3.2. Molecular Biology Methods

2.3.2.1. Total RNA Extraction

Total RNA was isolated using the Acid Guanidinium Thiocyanate-Phenol-

Chloroform Extraction Method (341). Tissue or cells were vortexed with 500 ¡rl Solution

D to liberate intracellular components. Sequential addition of 50 pl sodium acetate (2M),

500 pl water-saturated RNA phenol and 100 pl chloroform:iso-amyl alcohol (49:1) was

performed with vortexing of the mixture between each addition. The solution was

incubated on ice for 15 min and centrifuged at 13 500 g for 20 min at 4oC. The upper

aqueous layer was removed and added to an equal volume of isopropanol. The mixture was

vortexed and RNA precipitated by overnight incubation at minus 70'C. RNA was pelleted

by centrifugation at 13 5009 for 10 min and washed twice withT5o/o ethanol. The purified

pellet was air-dried, resuspended in 10 ¡rl RNA secure citrate solution and heated at 65oC

for 10 min. RNA concentration \Mas determined by measuring the optical density (OD) of a
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1:50 dilution in sHzO at 260ntn in aBeckman (USA) spectrophotometer. One OD unit

correspondedto 2 p+glþL total RNA.

2.3.2.2. Reverse Transcription (RT)

One microgram of RNA was then added to 4 ¡tL Oligo dT, heated at 60'C for 5 mrn

and snap cooled on ice. 33 ¡tL RT-mastermix (table 2.1) was added giving a total volume

of40 pL.

Table 2.1. Reverse Transcription Master Mix

RT Component Volume/reaction

Sterile HzO 19 pl

5 x First Strand Buffer 8pl

10mM dNTPs 4vl

RNAsin 1 pl(aOu)

MMLV reverse transcriptase 1pl

33 pl

Tubes were vortexed, pulsed and incubated at 3l"C for t h. Reactions were heat

inactivated at 70"C for 10 min, snap cooled and pulsed. Volume was made up to 100 ¡rl

with sterile milliQ HzO and oDNA stored at -70"C.

2.3.2.3. Polymerase Chain Reaction (PCR)

Details of primers are set out in appendix 1. Tth Polyrnerase was used for all PCR

reactions. PCR mastermix (table 2.2) was prepared in a DNA free room and 22.5 ¡l
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aliquoted into PCR tubes. A drop of sterile mineral oil was added to prevent vapourisation

and.2.5 ¡rl oDNA added in the laboratory. PCR tubes were pulsed and reactions performed

in a Perkin Elmer DNA Thermal Cycler (USA)

Tabte 2.2. PCR Mastermix
PCR COMPONENT VoI/Reaction

Sterile Water 16.4 p.l

10x Tth Buffer 2.5 p,l

25 mM MgCl2 2.5 ¡:,1

dNTP (0.2 mM) 0.5 pl

Forward Primer (100 pM) 0.25 p,l

Reverse Primer (100 pM) 0.25 ¡:,1

Tth Polymerase 0.1 pl

cDNA 2.5 ¡:,1

TOTAL VOLUME 25 ¡i

2.3.2.4, Agarose Gel Electrophoresis

PCR products (12.5 p1), premixed with 2.5 pl 6x loading buffer, were

electrophoresed through 2Yo wlv agarose gels using a Bio-Rad Minigel apparatus'

Restriction digest products (10 ¡rl) were run with 2 ¡rl 6x loading buffer on lo/o w/v agarose

gels. Adenoviral digest products were run on 0.8% w/v agarose gels due to the large size of

the vectors. 2 pl of pUCl9 (Bresatec, Australia) or SPPl/EcoRI (Geneworks, Adelaide)

markers were premixed with 2.5 p"l of 6x loading buffer (2.5 ¡rl) and 10 pl TAE buffer. All

samples were loaded onto the gel and electrophoresed at 90 V for approximately th. Gels

were stained in ethidium bromide (1.25 ¡tglml) for 20 min and photographed under IfV

illumination using Kodak 667 Instant Film (Kodak, Australia).
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2.3.2.5. Endonuclease Restriction Digestion of DNA

Unless specified, 1 pg of DNA was digested in each reaction. DNA concentrations

of PCR products were calculated based on band intensity comparison with molecular

weight markers of known concentration, viewed on agarose gels under UV illumination

(2.2.5). Digest reactions were setup as per table 2.3 and were run overnight at 37"C.

Table 2.3: Restriction Digest Reactions

Single Digest Reaction

DNA lpg
10 x Buffer 2pl

10 x BSA 2vl

Enzyme 1 ¡r1(10 units)

HzO to 20 ¡tl

Double Digest Reaction

DNA 1pg

10 x Buffer 2pl

10 x BSA 2vl

Enzyme 1 1 ¡rl (10 units)

Enzyme 2 1 ¡r1(10 units)

HzO To 20 ¡rl

2.3.2.6. Agarose Gel PurifÏcation of Restriction Digest Products

Restriction digest products were loaded into multiple wells of a lo/o wlv agarose gel

and electrophoresed at 90 V for t h. Exterior lanes for each digest were excised, stained in

ethidium bromide and illuminated under UV light. Bands were marked on the excised

lanes and then used to identify the positions of the band regions on unstained lanes. Bands

were excised from the unstained lanes, homogenised and transferred to pre-weighed

eppendorf tubes for further purification (2.3.2.7). DNA recovery was estimated by
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comparison against band intensities of molecular weight markers of known DNA

concentration.

2.3.2.7 . UltracleanrM Purification of DNA

DNA in solution and isolated from gels was purified using the UltraCleanru DNA

Purification Kit (Mo Bio Laboratories, USA). Purification was performed following

manufacturer's guidelines, with an assumed 50% loss of DNA.

2.3.2.8. Ligation of DNA Fragments into Cloning Vectors

Ligation reactions were setup as per table 2.4 and incubated overnight at 4"C in 0.5

mL tubes:

2.3.2.9. Dephosphorylation of DNA Fragments

To 2 ¡tg (10 prl) of digested DNA, 1 ¡rl Calf Lrtestine Phosphatase (CIP), 5 ¡rl CIP

buffer (ProMega, USA) and 34 ¡rL sH2O was added. Dephosphorylation mixture was

incubated at 37"C for 15 min and 56"C for 15 min. Another 1 pl CIP was added and

incubated under the same cycle conditions. To inactivate the CIP 35 pl sHzO, 10 ¡r1 STE

XplDNA Írserts

lpl10 x Ligase Buffer

Plasmid DNA 1 pl (50 ng)

lplT4 Ligase erzyme

To 10 ¡rlSterile HzO

68



buffer (10x) and 5 pl SDS (I0%) was added and incubated at 70oC for 15 min. DNA was

purified as per 2.3.2,7

2.3.2.10. Preparation of CompetentE.coli TGla and DHL0B Cells

Competent TGlcr and DH10B E.coli cells were prepared following the same

protocol, Cells from laboratory glycerol stocks were streaked onto LB plates (30 ¡rg/ml).

A single colony was resuspended in LB media and grown at 37"C, shaking at 200 rpm.

lml of overnight culture was added to 25 mI LB and incubated (37"C,200 rpm) until the

culture reached ODooon- of 0.42. Cells were chilled on ice for 15 min and centrifuged at

280 g for 10 min at 4oC. Pellets were resuspended in 2 ml ice cold 0.1 M CaCIzl 20 mM

MgCl2 solution and incubated on ice for I h.

2.3.2.11. Transformation of Competent E.coli Cells

5 pl ligation mix (2.3.2.5) was added to 200 ¡rl competent E.coli cells (2.3.2.10) and

incubated on ice for 30min. Cells were heat-shocked for exactly 90 s at 42"C and chilled

on ice for 10 min. 500 ¡rl LB medium was added and cells were incubated at 37oC,200

rpm for t h. Cells were briefly pulsed in a centrifuge, 400 ¡"rl of supernatant was removed

to concentrate the cells and the pellet was resuspended by flick-mixing. The resulting 300

¡rl of the cell suspension was spread evenly onto two LB kanamycin (30 Vglml) plates and

incubated overnight at 37oC. Uncut plasmid with no insert was used as a positive control

for the efficiency of transformation and untransformed E.coli cells as a negative control.
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2.3.2.12. Plasmid Mini-preparation (Mini-prep)

Single colonies from transformation spread plates were isolated, resuspended in 2

ml LB kanamycin (30 pglml) and incubated at37"C,200 rpm overnight. One and a half ml

of the cell culture was used for mini-preparations. Culture was centrifuged on high setting

(11, 600 g) for I min and the cell pellet was resuspended in 100 ¡rl Mini-prep Solution-l for

5 min. Cells were lysed by mixing with 200 ¡rl Mini-prep Solution-2 and kept on ice for 5

min. The reaction was neutralised with 150 ¡rl Mini-prep Solution-3 for 5 min on ice. Cell

lysate was centrifuged for 10 min and the supernatant transferred to a new tube. DNA

phenol (225¡ú) and chlorolorm (225¡tl) were added and the cells were centrifuged on high

for 10 min. Plasmids were precipitated by the addition of 2 volumes (900 pl) of I00%

ethanol and centrifuged on high for 10 min. Plasmid pellets were washed with 250 p"L70%

ethanol, centrifuged for an additional 10 min and the pellet was air-dried. The pellet was

resuspended in 45 ml TE8 and 5 prl DNase inactivated RNaseA (200 pglml).

2.3.2.13. Plasmid Midi-prep aration (Midi-prep)

Single colonies were used to inoculate 2 m7 of LB Kanamycin (30 ¡rglml) and

glown overnight at 37"C 200rpm. The overnight culture was used to seed 100 ml LB

Kanamycin and incubated overnight at 37"C 200 rpm. Plasmid midi-prep was conducted

using a JetStar 2.0 Plasmid Midi Kit (Genomed, Germany) as per the manufacturer's

protocol. Column elution containing the plasmids was divided into 5 eppendorf tubes

(1 ml into each) and plasmids were precipitated by addition of 700 ¡rl cold isopropanol and

centrifuged at 11,6009 for 30 min at 4oC. Pellets were washed twice with 1.5 ml of 70o/o

ethanol and centrifuged for 20 min after each wash. Pellets were air-dried, resuspended in
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30 pl sterile milliQ water and pooled (total 150 pl). A 1 in 50 dilution was made in milliQ

water and absorbance readin gs at 260 nm were performed with milliQ water as the blank.

One OD unit corresponded to a DNA concentration of 2.5 Wglql.

2.3.2.14 DNA Sequencing

DNA sequencing was performed by at the Sequencing Facility in the Department of

Haematology at the Flinders Medical Centre. Complementary DNA (oDNA) of the gene of

interest was cloned into an expression vector and sequenced in the forward and reverse

directions using gene-specific primers (Table 2.1). Consensus sequences were constructed

by alignment of forward and reverse primer sequences and verified against published data.

2.3.2.15. Transfection of CHO cells with purified plasmids

Plasmid DNA was quantified by spectrophotometry and 10 ¡rg used to transfect

Chinese Hamster Ovary (CHO) cells, which were grown to 70Yo confluence in 175 cm2

tissue culture flasks. Cells were detached using 2 mM EDTA, resuspended in PBS and

centrifuged at 345 g. The pellet was resuspended in electroporation media to a

concentration of 1x107 cells/ml. Plasmid DNA was mixed with 400 pL cells and

transferred Io a 4 mm gap electroporation curvette (Biorad, USA). The Biorad Gene Pulser

II (USA) was set to 0.3 kV, 950 ¡rF (high capacity) and infinity resistance. Cells were

pulsed and transfenedto 25 cm2 flasks containing 5 mL S10g and incubated aI37"C 5% COz.
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2.3.3. Adenoviral Methods

2.3.3.1. Preparation of Electrocompetent 8J5183 Cells

Ten milli-litres of LB streptomycin media (30 pglml-) was inoculated with a single

colony from a plate of 8J5183 E.coli cells and incubated ovemight at37oC,200rpm. One

milli-litre of the culture was used to seed 125 mL LB streptomycin media and incubated in

a I L conical flask until the ODsson- reached 0.8. The culture was divided into 4 Sorvall

tubes and incubated on ice for I h. Cells were pelleted at 400 g for 10 min at 4oC,

resuspended in -30 mL sterile, ice cold l0o/o glycerol and repelleted. The 10% glycerol

wash was repeated and all but 2.5 mL of supematant removed. Cells were pooled into 1

tube and pelleted for 10 min. All but 625 ¡:,L supematant was removed and cells

resuspended. Aliquots (20pL) of electrocompetent BJ5183 cells were made in PCR tubes,

snap frozen on dry ice and stored at -70"C'

2.3.3.2. Electrotransfection of 8J5183 cells

The pShuttleCMV vectors were linearised (2.3.2.5) with PmeI restriction enzpa

Dephosphorylation was performed (2.3.2.9) to prevent recircularisation of the vector.

Electrocompetent 8J5183 cells (2.3.3.1) were co-electroporated with pAdEasyl and

linearised pShuttleCMV vectors using a Biorad Gene Pulser and2 mm gap electroporation

curvettes (Biorad, USA). The Gene Pulser was set to 2500 V1200 Ohms/25 pF and

curvettes chilled on ice. pAdEasy (100 ng) was added to 40 pL of electro-competent cells

with 5 FL (-1 pg) of linear pShuttleCMV plasmids and kept on ice for lmin. Cells were

pipetted into the curvette and leveled by gentle tapping to reduce electric arcing. Cells

were shocked for 5 msec and immediately resuspended in 1 mL SOC media, transferred to
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a 2 mL eppendorf tube and incubated at 37"C,200 rpm for I h. The culture was spread

onto 6 LB kanamycin plates (50 ¡rglml-) and incubated overnight at37"C.

2.3.3.3 Screening of Colonies for Homologous Recombination

As shown by the schematic diagrams of the adenoviral vectors (Figure 5.1), only

pShuttleCMV confers kanamycin resistance. Cells only incorporating pAdEasyl aÍe

therefore unable to form colonies on kanamycin plates. Linear forms of pShuttleCMV are

not replicated and thus can not confer kanamycin resistance unless homologous

recombination occurs with pAdEasyl or upon recircularisation of the vector. The smallest

colonies were selected for restriction digest screening as replication of the large

recombinant vector would be expected to retard colony growth. Mini-preps of overnight

cultures (2.3.2.12) were digested with PacI in Buffer 1 OIEB, USA) to screen for

homologous recombination. PShuttleCMV and pAdEasyl contain two and one PacI

restriction sites respectively. Vectors positive for homologous recombination yield 33.5 kb

and either 4.5 or 3 kb fragments after PacI digestion depending on whether recombination

occurs at the left arm homology region or the origin of replication.

2.3.3.4. Transformation of DHl0p E.coli Cells

DHl0B is a highly efficient plasmid propagation strain of E.colL DH10p cells were

made chemically competent (2.3.2.10) and transformed with undigested mini-prep samples

from section2.2.2.4. Midi-preps (2.3.2.13) were performed and vectors were digested with

PacIto reconfirm the recombinant properties of the plasmid. PCR using CTLA4 and IL-10

primers was conducted on the plasmids to verify the presence of the inserts.
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2.3.3.5.LipofectAMINErM Transfection of Adenoviral Constructs into HEK-293 Cells

The Human Embryonic Kidney 293 (HEK-293) cell line is a genetically modified

cell line containing the E1 gene, which allows for the packaging of adenoviral particles

(342). The viral constructs (8 pg) were digested with PacI (2.3.2.5) to linearise the vector.

Digest products were ethanol precipitated by the addition of 10% NaAc (3 M) and two

volumes of 100% ethanol and incubated ovemight at -20oC. The ethanoVdigest mix was

centrifuged for 30 min at 11700 g 4"C and washed with 70o/o ethanol. DNA was

centrifuged for a further 5 min and resuspended in 30 pL sH2O. Each linearised vector (4

¡rg) was mixed with 10 pL sH2O, 20 ¡tL of the cationic liposome LipofectAMINErM

(GibcoBRL, USA) and 500 ¡rL of MEM supplemented with glutamine. The mixture was

incubated for 30 min at 37"C with gentle shaking. Near confluent flasks (25 cm2) of HEK-

293 cells were washed with plain MEM and then incubated with 2.5 mL MEM

supplemented with glutamine at 37"C for 10 min. The DNA/LipofectAMfNErM mix was

added to the flasks and incubated for a further 4 h. Media was removed and 6 mL complete

MEM was added. Flasks were incubated for l0 days and viewed daily under a Nikon

TM300 Inverted Fluorescent Microscope (Japan) for EGFP expression.

2.3.3.6. Preparation of Adenoviral HEK-293 cell lysates

Ten days post transfection, }JEK-293 cells were scraped gently from the flasks

using a rubber policeman and transferred to 50 mL tubes in sterile PBS. Cells were

centrifuged at 1200 g for 10 min and resuspended in 2 mL sterile PBS. Cell suspensions

\Mere snap frozen in liquid nitrogen and thawed at 37"C. This cycle was repeated four times
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with a 10 pL sample placed on a slide and viewed under the microscope to verify cell lysis.

Cellular debris was removed by centrifugation at f200 g.

2.3.3.7.Infection of HEK-293 Cells and Scale-up Viral Production

Media was decanted from confluent 25 cmz flasks of HEK-293 cells. Crude

adenoviral exlract (a00 ¡-rL) was added to the flask and incubated for th at 37"C. Fresh

gMEM media was added to bring the volume up to 6 mL and flasks were incubated at37oC

and,5o/o COz until the cells had rounded up and detached due to cytoskeleton disruption as a

result of viral production. Cells were washed out with PBS and cell lysates prepared

(2.2.2.7). Viral production was scaled up by infection of fresh IHEK-293 cells in 75 cm2

flasks using 600 pL crude adenoviral extract.

2.3.3.8. Caesium Chtoride (CsCl) Density Gradient Purification of Adenoviral

Particles

Crude adenoviral lysates rwere prepared from twenty 75crÊ flasks of 293 cells

infected with virus at an MOI of 20 as described (2.3.3.7). Debris \Mas removed by

centrifugation at 10000 rpm in a Beckman centrifuge using gas-sterilised tubes to prevent

endotoxin contamination. The supernatant was passed through a 2IG needle 2-3 times to

shear cellular DNA. The CsCl gradient was prepared using 4 M and 2.2 M solutions of

CsCl in 10 mM HEPES (plH'7.$. Using a pasteur pipette, 2.5 ml4 M CsCl was added to a

Beckman Quickseal Ultracentrifuge tube and overlayed with 2.5 mL2.2 M CsCl. Crude

adenoviral lysate (S.5 ml) was overlayed on the CsCl gradient to fill the tube. In the case of

insufficient lysate to fill the tube, PBS/10% glycerol was used to make up the volume'
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Tubes were heat-sealed and balanced to within 100 mg and centrifuged in a Beckman

Ultracentrifuge using a Ti80 fixed rotor for 2h at 25000 rpm, 4oC with deceleration set to

6. After centrifugation, the tops of the tubes were punctured with 23 G needles and the

viral layer was withdrawn by aspiration with a 21 G needle from the side of the tube. The

volume of extracted virus was made up to 3.25 ml in PBS/10% glycerol and mixed with

3.25 ml saturated CsCl in 10 mM HEPES (pH 7.4). The mixture was transferred to fresh

ultracentrifuge tubes and overlayed with 3 ml4 M CsCl, with the remaining volume made

up by overlaying with2.2 M CsCl. Tubes were heat-sealed and centrifuged for a further 3

h at 35000 rpm, 4oC with a deceleration setting of 6. The viral band was collected as

described above and dialysed to remove CsCl.

2.3.3.9. Dialysis of Caesium Chloride Purified Adenoviral Particles

Virus obtained from CsCl purification was dialysed using Slide-A-Lyzer@ dialysis

cassettes (Pierce, USA). Briefly, virus was added to the cassette using an 18G needle and

all air was aspirated. The cassette was placed in a sterile 250 ml urine pot with endotoxin-

free PBS with 10% glycerol at 4"C. Dialysis was performed at 4"C with constant agitation

using magnetic stirrers. After overnight incubation, the PBS glycerol was replaced and

incubated for an hour followed by four more changes of PBS glycerol. To remove the

dialysed virus, 3 ml air was injected into the cassette and virus aspirated. The virus was

stored in aliquots at -70"C until required'
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2.3.3.10. Cytopathic Effect Assay (CPE) Quantification of Adenoviral Titres

293 cells were plated in 96 well flat-bottom plates with 1 x10a cells per well in 100

¡rl complete DMEM. Cells were incubated at 37"C syo CO2 overnight. Media was

decanted from the confluent wells. Ten-fold viral dilutions were prepared in DMEM

containing 10% normal horse serum, 0.05% yeast extract and 2 mM glutamine. Viral

dilutions (50 pl) from 10-7 to 10-11 were added to wells with 10 wells prepared per dilution.

Additional wells were prepared with 50 pl viral-free media were used as a control for

monolayer durability. Plates were incubated for 6 days at 37"C and 50 ¡-rl additional media

was added. Wells were examined by fluorescent and light microscopy for cytopathic effect

from day 7. The viral titer was calculated by dividing the number of wells with cytopathic

effect at the highest dilution by the total volume in all wells and multiplying by the dilution

factor.

2.3.4. Flow Cytometry

2.3.4.1. Cell surface staining

Flow cytometric analysis was performed on cells using either phycoerlhrin (PE) or

fluorescein isothiocyanate (FITC) conjugated primary mAb or detection of primary murine

antibodies using anti-mouse PE or FITC conjugated secondary mAb.

Cells were washed in FACS wash buffer and incubated for 30 min on ice with 50 ¡.rl

of either saturated supernatant or l-2 pglml purified primary antibody. In the case of

unconjugated primary mAb, cells were washed in FACS wash buffer then incubated for 25

min on ice with isotype-specific, (FITC)- or (PE)- conjugated, anti-mouse antibodies. Cells

11



\¡/ere incubated for a further 5 min at room temperature and fixed in 1 ml FACS lysing

solution (BD Biosciences, USA). Isotl.pe-control antibodies were used to determine

background staining. Antibody staining was determined using a Becton Dickinson

FACScan and analysed using WinMDI Version 2.8.

2.3.4.2. FITC-Dextran Assay

FITC-Dextran (Sigma, USA) was dissolved in S10g at I mglml, and maintained on

ice until use. DC were resuspended in 1 ml FITC Dextran and incubated for 15 min either

at 37"C (experimental DC) or on ice (control DC). Cells were washed three times with

cold FACS-wash at 340 g, then fixed with 1 ml FACS lysing solution at room temperature

for 20 min. After a finalwash, cell were resuspended in 200 pl filtered saline and analysed

by flow clometry in the FLI channel.

2.3.5. Histochemistry

2.3.5.1. Biopsy Preparation

Isolated tissues were embedded in Optimal Cutting Temperature (OCT) compound

in cryostat moulds. Tissues were subsequently frozen in a bath of iso-pentane cooled by

liquid nitrogen, then stored at -80'C until required. Sections were cut using a cryostat set to

6 Frm onto slides and fixed in acetone for 5 min at 4"C. Slides were dried, wrapped in

aluminum foil and stored at -80'C until required.
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2.3.5.2. Hematoxylin and Eosin Staining

Slides were thawed, hydrated briefly in distilled H2O and stained in hematoxylin for

5 min. Excess hematoxylin was removed by washing in running tap water for 2 min.

Slides were dipped twice in acid alcohol and washed for a further 4 min in running tap

water. After a brief dip in 70% EhOI{ slides were stained for 30 s in eosin. Sequential

dipping in two changes of 95o/o EtOH and then incubation in absolute EtOH for 5 min

removed excess eosin. Slides were dehydrated and submerged in Sub X cleaning agent for

20 min, then Sub X mounting medium was used to mount the coverslips.

2.3.5.3. ImmunohistochemÍstry

Slides were allowed to defrost to room temperature and rehydrated for 20 min with

3olo horse serum in PBS. Endogenous avidin and biotin were blocked using an

Avidin/Biotin blocking kit (Vector Laboratories, USA). After an initial wash in PBS,

sections were covered with primary antibody and incubated overnight at 4oC in a

humidified chamber. Sections were washed for 10 min in PBS followed by a 30 min

incubation at room temperature with a biotinylated horse anti-mouse IgG mAb. After a

further wash step, sections were incubated with a 1:1 preparation of Avidin DH and

biotinylated horseradish peroxidase diluted in accordance with the manufacturers

instructions (ABC kit, Vector Laboratories, USA) for 60 min. Sections were washed and

incubated in the dark for 7 min with diaminobenzidine substrate solution, counterstained

with Harris' haematoxylin and mounted under a cover slip. Positive staining was

represented by brown colouration.
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2.4. Centrifuges

-411 tissue culture centrifugation was performed in a Beckman GP Centrifuge (USA).

-Centrifugation of all eppendorf, treff and PCR tubes was performed in an Orbital 100

Phoenix Centrituge (USA),

-Centrifugation of all bacterial cultures was performed in a Sorvall RC-58 Refrigerated

Superspeed Centrifuge (USA).

-CsCl density gradient separation was performed using a Beckman L8-70M

Ultracentrituge (USA).
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Chapter 3

Immunomodulation of the
Iluman DC-MLRby
Combined IL-10 and
CTLA4-Ig Treatment

Results from this chapter are also presented in the following publication

. Newland 4.M., Russ G., Krishnan R. (2006). NK cells prime the responsiveness of
autologous CD4* T cells to CTLA4-Ig and IL-10 mediated inhibition in an allogeneic

dendritic cell-MLR. Immunologlt (Accepted for publication I 6/0 I /06).
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3.1 Introduction

DC are potent activators of naive T cells and the specific blockade of costimulatory

signals from these cellular interactions can result in T cell hyporesponsiveness or anergy.

In the immature state, DC are less potent stimulators of T cell proliferation, due to the

intrinsically lower expression of costimulatory molecules, CD80/86 and CD40 compared to

mature DC (343). In addition, DC rendered deficient in costimulation (MHC Class II*,

CD8Odi-, CDS6) by culturing progenitor cells in GM-CSF alone are capable of inducing

alloantigen specific T cell anergy (344) and prolonging the survival of cardiac and islet

allografts in murine models (274, 345). However, in these studies transplant rejection

eventually occurred as a consequence of in vivo maturation of the DC in secondary

lymphoid tissues (274). In particular, DC progenitors treated with IL-10 prior to

differentiation demonstrate downregulation of CD80/86 and CD40 expression,low IL-I2

secretion and induce aîergy in T cell allogeneic responders (164,166,167,264,346).

T cell hlporesponsiveness may also be induced with CTLA4-Ig which binds to

CD80 and CD86 with higher affinity than CD28 and consequently blocks T cell activation

mediated by these molecules (54, 74, 95). Furthermore, the observed in vitro

immunomodulatory effect of CTLA4Ig was corroborated by the observation of

prolongation of allograft survival when the agent was administered in experimental models

(253,255,256). Importantly, long-term graft survival was not achieved unless treatment

was combined with anti-CD4O mAb (347) or antisense NFrp oligonucleotides (329). Since

redundancy in costimulation is expected for CTLA4-Ig monotheÍapy, this chapter examines

the effects of combining CTLA4-Ig with IL-10 in the DC MLR.
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'We hypothesized that the treatment of the DC-MLR with the combination of

CTLA4-Ig and IL-10 will augment the inhibition of alloreactive T cell proliferation. To

test this hypothesis, sub-optimal concentrations of IL-10 and CTLA4-Ig were added singly

or in combination to the DC-MLR using nylon wool enriched T (NWT) cells or negatively

selected CD4* T cells as the responder population.

The specific aims of this Chapter were-

(Ð To provide base-line data identifying optimal and sub-optimal doses of CTLA4-Ig and

IL-10 with respect to the inhibition of DC mediated T cell allostimulation.

(iÐ To investigate the combined effects of sub-optimal doses of CTLA4-Ig and IL-10 in

the allogeneic DC-MLR.

(iiÐ To investigate the effects of combined CTLA4-Ig and IL-10 treatment on isolated T

cell subsets in the DC-MLR.
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3.2 Materials and Methods

3.2.1. Preparation of cell populations

Buffy coats were prepared from heparinised peripheral blood obtained from healthy

donors (Red Cross Blood Service, Adelaide, Australia) and PBMC was isolated by

differential centrifugation through a Ficoll-Hypaque density gradient (2.3.1.1). Monocytes

were selected by adherence to plastic and were cultured in complete medium supplemented

with 400 IJInI IL-4 (Peprotech, USA) and 800 U/ml GM-CSF (Kenilworth, USA) for 5

days to generate immature DC (iDC) as detailed in2.3.1.2. The addition of 10 nglml TNF-

cr (Genzyme Corporation, USA) to the iDC for a further 2 days generated mature DC

(mDC).

Following the removal of monocytes by adherence, nylon wool purified T cells

(NWT) were obtained using nylon wool columns (2.3.1.3). CD4* T cells were negatively

selected from NWT cells using a human T cell isolation kit (Miltenyi Biotech, Germany) by

firstly staining NWT cells with a biotin-labeled antibody cocktail against other cellular

populations, followed by incubation with anti-biotin microbeads and immunomagnetic

separation with the AutoMACS (Miltenyi Biotech, Germany). To isolate CD4+CD25+ TreB

cells, the CD4* cells were further stained with anti-CD25-microbeads and positively

selected. The negative fraction containing CD4*CD25- cells was also retained.

NK cells were positively selected from NWT cells by staining with an anti-CD56-

FITC conjugated antibody followed by incubation with anti-FITC microbeads and

immunomagnetic selection.
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3.2.2. Monoclonal antibodies and flow cytometry

Cell surface phenotype of DC, NK and T cells were determined by flow cytometry

(2,3.4.1). Commercial monoclonal antibodies used included: anti-CD4-PE, anti-CD56-

FITC, anti-CD80, anti-CD86 and anti-CDl4, and anti-CD83-PE. Monoclonal antibody

supematants directed against CMRF56, CDla, Class I, Class II, CCR7, and CD40 were

also used. Isotlpe-matched control antibodies were used to determine background staining.

3.2.3. Proliferation Assays

The mixed lymphocyte reaction (MLR) was performed by co-culturing DC (1 x 103)

with allogeneic T cells (1 x 105) which represents a stimulator:responder (S:R) ratio of

1:100. Cells were cultured in RPMI + loo/o FCS for 96 h and then pulsed with 1 ¡rCi of

¡3U1 ttrymldine (Amersham Biosciences, Sweden) for a further 20 h at 37oC. CTLA4-Ig

(R&D Systems, USA) and human IL-10 (Bender Medsystems, Austria) were added to the

cultured cells in the proliferation assays. the [3H] thymidine-pulsed cells were harvested

onto glassfibre filters and the incorporated radioactivity was determined by liquid

scintillation counting in a Wallac MicroBeta Counter.

For T cell proliferation assays in the absence of DC, T cells were activated by

addition to a round-bottom 96-well plate pre-coated with 10 Vglml OKT3. NK cells were

added to T cells in some wells at a concentration of l0o/o or 30Yo to assess the ability of NK

cells to augment T cell proliferation. Triplicate determinations are expressed as mean

counts per minute (cpm) +/- SD in all experiments'
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3.2.4. Restimulation Assay

Primary MLR was set up as above using DC at a S/R of 1:100. After 5 days in

culture the cells were pooled for each treatment. Three representative wells were pulsed

with 3H thymidine and harvested to confirm the initial response. T cells were isolated from

the primary MLR by nylon wool purification and washed before being re-plated at 2 x 106

cells/ml for a secondary MLR. Fresh DC from the same origin as those used in the primary

MLR were added at a l:100 ratio to the T cells. The volume of the wells was made up tô

200 ¡rl with S10g. V/ells were pulsed with 'tt thy-idine after 4 days in culture and

harvested after a further 16 h incubation.

3.2.5. CFSE-MLR

Proliferation of T cell subsets was also investigated in a CFSE-MLR. In order to

determine the specific proliferation of the T cell subset, N'WT cells were labeled by

incubation for 10 min at 37"C with CFSE (S-(and -6)-carboxyflourescein diacetate

succinimidyl ester) diluted in PBS. Stained cells were washed three times with PBS and

cultured with allogeneic DC at a S:R ratio of 1:100. After 5 days culture, cells were further

labeled with either CD4-PE or CD8-PE and proliferation of each population determined by

the dilution of the CFSE signal in the FLI channel by flow cytometry.
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3.3 Results

3.3.1 Phenotype of human monocyte-derived DC and associated function

Immature and mature monocyte-derived DC were analysed with respect to their

cell-surface phenotype, FITC-Dextran uptake capacity and T cell stimulatory capacity.

Immature DC demonstrated cell surface expression of the antigen presenting molecules

MHC Class I and Class II, and the costimulatory molecules CD40, CD80, CD86. Notably

the expression profiles of all these markers were dramatically increased upon DC

maturation in addition to the maturation markers, CD83 and CMRF56 and the chemokine

receptor CCRT (Figure 3.1.a). As shown in Figure 3.1.b, mature DC demonstrated only

low levels of FITC-Dextran uptake compared with immature DC. The increased antigen

presentation capacity and costimulatory molecule expression of mature DC was mirrored in

the increased proliferation of T cells in the mature DC-MLR. While immature DC, used as

the stimulator population in the MLR, yielded ¡3H1 incorporation counts of 27000, this was

dramatically increased to 68000 þ:0.00006) when mature DC were used as the stimulators

(Figure 3.1.c).

3.3.2 Immunomodulatory properties of IL-10 and CTLA4-Ig

Dose response analyses of the inhibition of allogeneic T cell stimulation in the MLR

by IL-10 and CTLA4Ig was undertaken to determine effective suboptimal doses of each

agenlto be used in the combination studies. The DC-MLR was assessed with both iDC and

mDC as stimulators. Inhibition of NWT cell proliferation in the MLR was observed in a

broad concentration range of >1 nglml to 100 nglml for human IL-10 and >5 nglml to 500

nglml for CTLA4-Ig (Figure 3.2). The high concentrations of 100 n{ml of IL-10 and 500
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Figure 3.2. Titration of CTLA4-Ig and IL10
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MLR. NWT cells were used as the responder population at a S:R ratio of 1:100. All samples were

run in triplicate and proliferation measured by ¡3H1 thymidine incorporation with results

represented as cpm +/- SD.



nglml of CTLA4 Ig demonstrated maximal inhibition of 70-95%, of responder cell

proliferation in the MLR for both iDC and mDC as stimulators. However, IL-10 at a

concentration of 5 nglml and CTLA -Ig at 20 nglml consistently yielded suboptimal

inhibition of the MLR (data not shown) and thus these doses were deemed to be suitable to

evaluate the effects of combined treatment in the proliferation assay.

The biological activity of CTLA4-Ig was blocked by the addition of anti-CTLA4

mAb to the DC-MLR. As shown in Figure 3.3, CTLA4-Ig at a concentration of 500 nglml

resulted in an 80% inhibition of T cell proliferation. Addition of anti-CTLA  mAb almost

completely negated this inhibitory effect þ:0.00001). The normal rabbit semm control,

however, had no effect on the inhibitory function of CTLA4-Ig.

At optimal concentrations, IL-10 has previously been reported to inhibit the

maturation of DC. In this chapter the effects of sub-optimal concentrations of IL-10 on the

differentiation and maturation of DC were investigated. 'When IL-10 was added to human

monocytes at the time of IL-4IGMCSF treatment, minimal effects were observed on the

level of expression of CD80 even after the induction of DC maturation. Interestingly the

expression of CD86 was increased on mDC cultured in the presence of IL-10. The

expression of CD83, however, v/as completely abrogated (Figure 3.4). Conversely

CTLA4-Ig treatment of monocytes promoted the expression of CD83 after differentiation

to mature DC.

The influence of sub-optimal doses of IL- 10 on the maturation of human monocyte-

derived DC was also determined. IL-10 (5 nglml) or CTLA4-Ig (20 nglml) was added to

iDC and incubated for 2 days in the presence or absence of TNFcr. As shown in Figure
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with the isotype-matched control antibody. Histograms are representative of three
independent experiments.



3.5, the addition of IL-l0 at 5 nglml had no influence on the expression of CD40, CD80,

CD86, CD83 or MHC Class II on DC irrespective of the addition of TNFU.

3.3.3 Combined treatment with IL-10 and CTLA4-Ig in the DC-MLR induces T cell

hyporesponsiveness.

Sub-optimal doses of CTLA4-Ig (20 nglml) and IL-10 (5 nglml) were added to the

DC-MLR at S:R of 1:100 with iDC or mDC as the stimulator populations. V/hile CTLA4-

Ig alone generated an inhibition of 8-10% of T cell proliferation, the combined treatment

with IL-10 demonstrated a further increase in inhibition to 25o/o (p:0.008) and 38Yo

(p:0.0015) in the MLR stimulated by iDC and mDC, respectively (figure 3.6). Significant

differences in T cell proliferation were observed between IL-l0 alone and in combination

with CTLA4-Ig when mDC were used as stimulators (p:0.006).

3.3.4 CD4+ and CD8+ T cell stimulation by DC is inhibited by IL-10 and CTLA4-Ig in

the CFSE-MLR.

ln our analysis NWT cells tlpically had a composition of 65-80% CD4+ T cells, 15-

30% CD8* T cells and 5-15%o CD56* NK cells in normal healthy individuals (N:4) CFSE

was used to label NV/T cells to determine the specific effects of IL-10 and CTLA4-Ig

treatment on T cell subset proliferation in the MLR. After 5 days in culture the CFSE

labeled cells were stained with either CD4-PE or CD8-PE to determine the proliferative

capacíty of each cell population depicted by CFSE dilution in FL-l channel. Proliferating

cells in the untreated CFSE-MLR represented 54o/, of the total CD4+ T cell population with

DC stimulators (Figure 3.7). Treatment with hIL-10 or CTLA4-Ig reduced the percentage

of proliferating cells to 38o/o and 39o/o respectively, while the combined treatment reduced
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proliferating cells to 33o/o. A similar trend was observed for CD8* T cells in the untreated

CFSE-MLR with a proliferating population of 45o/o of the total CD8+ cells that was reduced

to 35o/o and33Yo with IL-10 and CTLA4-Ig treatment alone, and27o/o in combination.

3.3.5 T cells stimulated by DC in the presence of combined CTLA4-Ig and IL-10

treatment are hypo-responsive to restimulation.

T cells from the primary MLR treated with IL-10 and CTLA4-Ig were used for

restimulation in a secondary MLR in the absence of both immunomodulatory agents. The

data (figure 3.8) shows that T cell proliferation in the secondary MLR was 80% inhibited

(p:0.005 compared with IL-10) for those T cells that were subject to prior treatments with

the combination of agents compared to those cells that received CTLA4-Ig or IL-10 alone

in the primary MLR (\Yo and28% inhibition, respectively).

3.3.6 IL-10 and CTLA4-Ig mediated inhibition of the DC-MLR is not dependent on

CD4+CD25+ regulatory T cells.

To investigate whether regulatory T (T*e) cells play a role in the inhibitory function

of CTLA4-Ig in combination with sub-optimal doses of IL-10, CD4+CD25- T cells and

CD4+CD25+ Tres cells were isolated. The DC-MLR was set-up with NWT cells,

CD4+CD25- T cells and CD4*CD25- T cells repleted with l0o/o CD4*CD25* T,., cells. As

the data shown in figure 3.9, strong inhibition (52% - 94%o) was observed for IL-10 (5

nglml) and CTLAa-Ig (20 nglml) alone and in combination when NWT cells were used as

the responder population. In comparison, minimal inhibition (<I5%) was observed from

the CD4*CD25- T cells irrespective of repletion with CD4*CD25+ T.", cells.
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Figure 3.8 T cells cultured with IL10 and CTLA4-Ig in the primary mature DC-MLR
are hypo-responsive to restimulation.
NWT cells were used in the primary DC-MLR at a S:R ratio of 1:100 with IL10 (5 ng/ml)
and CTLA4 (20 nglml) alone or in combination. T cells were isolated from the MLR and

restimulated in a secondary MLR in the absence of both immunomodulatory agents. Graphs
represent the percentage inhibition compared to untreated controls. P values were
determined by unpaired Student's /-test. All samples were run in triplicate and data is
representative of 3 independent experiments.
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were determined by unpaired Student's /-test. Data shown is representative of three independent
experiments.
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3.3.7 NK cells are required for the inhibition of T cell proliferation by sub-optimal

doses of IL-10 and CTLA4-Ig.

Immunomagnetic separation was used to enrich the CD4* T cell population by

negative selection from NWT cells resulting in greater than 98o/o purity (fÏgure 3.10). In

comparison to NWT cells, purified CD4* T cells used as responders in the DC-MLR

showed higher proliferative responses to both iDC and mDC stimulators in the MLR

(figure 3.11, experiment 1). The reconstitution of the purified CD4+ T cells with 10% NK

cells (87% purity as shown in figure 3.10) to match the NWT cell composition resulted in a

reduction in T cell proliferation for both types of DC stimulators. Notably the purified NK

cells were represented by an abundant CD56di- and a minor CD56b'iet't population.

Consistent with the first set of experiments (figure 3.6) the NWT cells

demonstrated strong hyporesponsiveness to CTLA4-Ig and IL-10 treatments. However, in

contrast to N-WT cells the combined doses of IL-10 (5 nglml) and CTLAa-Ig(20 nglml) on

purified CD4* T cells in the DC-MLR were not as potent (16% for CD4* T cells vs 61% for

NV/T cells p:0.0002) for iDC and (12% for CD4+ T cells vs 57Yo for N-WT cells,

p:0.0005) for mDC stimulators as shown in fTgure 3.11 (experiment 1). Repletion of the

purified CD4* T cells with 10% NK cells restored the inhibition of T cell proliferation

mediated by the agents for both the iDC (52% +l- 4.8%) and mDC (51% +l- 2.7%) MLR.

However, repletion of the CD4* T cells with CD8+ cells did not restore the inhibitory effect

of these agents (data not shown).

The lower proliferative response of untreated NWT cells or CD4+ T cells repleted

with NK cells compared with CD4+ T cells observed in experiment I is unlikely to account

for the increased sensitivity to IL-10 and CTLA4-Ig as experiment 2 revealed a similar

9l
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Figure 3.l0Isolation of CD4* T cells and CD56* NK cells
Immunomagnetic microbead separation was used to purifr CD4+ T cells and CD56+ NK cells from
NWT cells. CD4* T cells were isolated by negative selection and stained with anti-CD4-PE (shaded

histogram) or negative control PE-conjugated mAb (unshaded histogram). NK cells were positively
selected with anti-CD56-FITC conjugated mAb and captured using anti-FITC microbeads. The
histogram shows the overlay of the positive fraction (shaded) against the negative f¡action (unshaded).
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Figure 3.11 NK cells restore the capacity of sub-optimal doses of CTLA4-Ig and IL-10 to inhibit CD4+ responder cells in the MLR
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by [tH] thymidine incorporation and results expressed as the percentage inhibition of proliferation in comparison to untreated controls. Data shown

represents two of three independent experiments.



inhibitory profile after treatment with the agents while untreated MLR counts remained

comparable (fÏgure 3.1 1).

3.3.8 NK cells Influence DC Function

The effect of NK cells on DC phenotype and function was examined by coculturing

NK cells with allogeneic DC for 4 days at a NK:DC ratio of 1:5. Forward/ side-scatter

density plots (figure 3.12.a) demonstrated a significant reduction in the numbers of gated

iDC in cells cocultured with NK cells in comparison to untreated cells. In contrast the

profile for mDC was unaffected by co-incubation with NK cells. While the expression of

CD80 on gated DC showed upregulation on the iDC population only minor changes were

noted in the mDC population (figure 3.12.b). The CD86 expression on either iDC or mDC

showed no changes. NK cells were excluded from the analysis based on forward/side-

scatter profiles and antibody staining patterns for CD56.

To investigate if NK cells pre-cultured with DC prime T cell responsiveness to IL-

l}lCTLA4-Ig, viable DC were separated from NK cells after a period of 3 days of

coculture by Metrizamide density gradient separation, resulting in less than 1o/o residual NK

cells (data not shown). Isolated NK primed-DC were then used as stimulators in the DC-T

cell MLR with purified CD4 T cells. As shown in figure 3.12.c, iDC primed with NK cells

produced a significant increase in T cell proliferation (35%) compared with unprimed iDC

(p:0.006), however, primed mDC did not induce changes. Moreover, while IL-1O/CTLA4-

Ig demonstrated significant inhibition (p < 0.01) of the MLR for primed lDC (29%) and

mDC (25%), both the unprimed iDC and mDC were not responsive to IL-10/CTLA4-Ig in

the MLR.
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increased stimulatory effect on T cells. Furthermore MLR stimulated by iDC or mDC primed by NK cells
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thymidine incorporation and results expressed as the percentage inhibition of proliferation in comparison to
untreated controls. P values were determined by unpaired Student's r-test.



3.3.9 NK cells prime CD4+ T cell proliferation in a CTLA4-Ig sensitive manner

NK cells were cocultured for four days with OKT3 (anti-CD3 mAb) stimulated

autologous CD4* T cells to investigate the effects of NK cells in the absence of DC

stimulators. The data in fïgure 3.13.a show that the baseline CD4* T cell proliferation

significantly increased (p :0.00006) in a dose-dependent manner with the addition of NK

cells at T cell:NK cell ratios of 10:1 and 10:3. The addition of CTLA -Ig at a

concentration of 20 nglml to the CD4* T cell: NK cell cocultures demonstrated inhibition of

CD4+ T cell proliferation (p<0.01) (figure 3.13.a). NK cells cultured in OKT3 coated

plates showed negligible counts (data not shown).

In order to determine the expression of CD80 or CD86 on NK cells, NK cells were

cultured for four days in the presence or absence of 200 Ulml IL-2. Flow cytometric

analysis showed moderate expression of CD86, which v/as upregulated by addition of IL-2

to the culture. There v/as no observed expression of CD80 compared to the negative mAb

control irrespective of lL-2 addition in the culture Figure 3.13.b.
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3.4 Discussion

As described in chapter 1, IL-10 and CTLA4-Ig are potent immunosuppressive

agents. In this study the combined effects of sub-optimal doses of CTLA4-Ig and IL-10 in

the human DC-MLR were investigated.

Human monocyte-derived DC were used in this study as opposed to primary DC as

they are easy to grow in large numbers and the maturation status of the cells can be

controlled. Consistent with previous reports (348-350) we were able to demonstrate TNFo

induced maturation of DC based on cell surface phenotlpe, reduction in antigen uptake and

increased allostimulatory capacity. Flow cytometric analysis demonstrated an upregulation

of both MHC class I and MHC class II molecules which can increase antigen presentation,

costimulatory molecule expression including CD40, CD80 and CD86 as well as the

chemokine receptor CCR7, which is important for the migration of DC to secondary

lymphoid tissue (351). Moreover we demonstrated the expression of CD83 and CMRF56

on mature DC, both of which are well characterised DC maturation markers (348, 352,

353).

V/hile reported at optimal concentrations to influence DC maturation and

costimulatory molecule expression (153, 166, 171.,354), we investigated the effects of sub-

optimal doses of IL-10 firstly on the differentiation of human DC from monocytes and

secondly on the inhibition of iDC maturation. Differentiation of DC from monocles in the

presence of a sub-optimal concentration of IL-10 led to the generation of cells

morphologically resembling DC but lacking CD83 expression even after treatment with

TNF-a. This peculiarity may be explained by previous studies which demonstrated that

monocytes gro\Mn in GMCSFIILI3 in the presence of 20 nglml IL-10 differentiate into
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macrophages as opposed to DC (355). A similar paper by Morel demonstrated that

monocytes differentiated in the presence of IL-10 actually increased the level of

costimulatory molecule expression despite being weaker stimulators of the MLR (356).

This is similar to our findings in that CD86 was marginally increased upon differentiation

in the presence of IL-10. Further staining with macrophage markers such as CD68 and

CD16 would allow us to confirm differentiation to macrophages.

In contrast to previous reports using 20 nglml IL-l0 (169), differentiated DC in our

study appeared to be resistant to IL-l0 at the sub-optimal concentrations used as no changes

to costimulatory molecule expression were observed by flow cytometry. Moreover IL-10

at 5 nglml could not prevent the maturation of DC by TNFø treatment as evidenced by the

expression of CD83. Thus in the DC-MLR, IL-10 at sub-optimal concentrations is unlikely

to directly influence costimulatory molecule expression. IL-10 is also able to modify other

APC functions such as IL-12 production (164,200) and NFrB blockade (183, 184) which

were not investigated in this current study with sub-optimal IL-10 concentrations. Trans-

well separation of DC and T cells has however revealed that IL-10 primarily inhibits T cell

activation by down-regulation of costimulatory molecules and MHC expression rather than

cytokine secretion (17 1).

The effect of IL-10 derived from Epstein Barr Virus (EBV) which shares 84%

homology to human IL-10 (hIL-l0) (129), was also investigated in this current study (data

not shown). While viral IL-10 (vIL-10) has demonstrated greater prolongation of allograft

acceptance compared to hIL-10 (180, 261), our experiments demonstrated almost identical

function with respect to the differentiation and maturation of DC and inhibition of the DC-

MLR. The similar functions observed between vIL-10 and hIL-10 within our experiments
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were not surprising given that the primary reported differences between the two

homologues is the tlpe of cellular targets. V/hile both hIL-l0 and vIL-10 are able to inhibit

DC, monocytes and CD4* T cells, hIL-10 is also capable of stimulating mast cells, B cells,

thymocytes and CD8* T cells (130, 160, 357). Within our current study the range of cells

was limited to DC, T cells and NK cells, thus restricting the differences between vIL-10

and hIL-10 function.

V/e fuither demonstrated that human IL-10 is able to augment CTLA4-Ig mediated

inhibition of T cell proliferation in an allogeneic DC-MLR. In the first set of experiments,

the DC-MLR was performed using NWT responder cells with either immature or mature

DC as stimulators. As shown in figure 3.2, iDC were indeed poor stimulators of the MLR

compared to mDC and the dose response studies identified optimal and suboptimal

concentrations for CTLA4-Ig and IL-10 in these assays. At suboptimal concentrations, the

combined dose of CTLA4-Ig and hIL-10 displayed two to three fold gteater inhibition of

NWT responder cell proliferation compared with either agent alone using mature DC as

stimulators. Consistent with previous reports, human IL-10 alone appeared to be a more

potent inhibitor in the iDC MLR (1,52, I53) which may account for the observation that

CTLA4-Ig did not further augment the inhibition. While IL-l0 has been reported to induce

anergy (358), we demonstrate that much lower concentrations of IL-10 in combination with

CTLA4-Ig can induce T cell hyporesponsiveness to restimulation in the secondary MLR

(80% inhibition compared with 28%o (p:0.0045) for IL-10 alone). Co-culturing CFSE

labeled NWT cells with DC stimulators was also performed to determine the individual

responsiveness of both CD4* and CD8* T cells in the NWT preparation. Flow analysis of

CFSE labeled NV/T cells, further stained with CD4* and CD8* T cell phenotypic markers,

demonstrated that both populations were inhibited by IL-10 and CTLA4-Ig. The inhibition
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of CD8+ T cells was of particular note given that human IL-10 has been reported to

stimulate CD8* T cells (162, 163). Our observation implies that IL-10 is primarily

operating through the modulation of DC function, therein preventing CD8+ T cell activation

and is supported by previous findings, which indicate that IL-10 can acI on DC to inhibit

CD8* T cell activation (359).

In the studies reported here it could be assumed that the augmentation of T cell

hlporesponsiveness is attributed to the combined effects of CTLA4-Ig blockade of CD28

costimulation (54) and the downregulation of CD80/86 expression on DC by IL-l0 (264).

However, given the wide-ranging effects of IL-10 and the demonstration that IL-10 at 5

nglml is unable to modify costimulatory molecule expression, the mechanisms are unlikely

to be trivial.

The role of regulatory T cells (T."r) in alloimmune responses is becoming

increasingly important. Given our findings that sub-optimal doses of IL-10 are able to

augment the inhibition induced by CTLA4-Ig while not influencing the level of

costimulatory molecule expression, we sought to investigate whethe¡ Tree cells were

involved. Preliminary experiments were designed to determine whether depletion of T,r,

cells could abrogate the inhibition induced by IL-10 and CTLA4-Ig. T,"rcells were isolated

by immunomagnetic separation of both the CD4*CD25+ T,"s and CD4*CD25- subsets.

CD4*CD25- T cells, when used as the responder population, did not show augmented

inhibition with IL-10 and CTLA4-Ig and even appeared insensitive to each agent alone. As

T,", cells represent 5-10% of circulating T cells in humans (360), in our study CD4*CD25-

T cells were repleted with I0o/o CD4*CD25+ T.", cells to determine whether T.", cells could

restore the sensitivity to IL-10 and CTLA4-Ig, The fact that inhibition was not restored

after the repletion of T.", cells indicated that these cells were not responsible for mediating
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the sensitivity of the DC-MLR to suboptimal doses of IL-10 and CTLA4-Ig. The strong

inhibition of NWT responder cells by IL-l0 and CTLA4-Ig in the DC-MLR compared to

purified CD4*CD25- T cells, which demonstrated low suscepibility to the agents implied

that another cell population within the NWT cells may mediate the activity of the agents.

Flow clometric analysis indicated three main populations within NV/T cells; CD4+ T cells

(65-80%), CD8+ T cells (15-30%), CD56* NK cells (5-15%).

While repletion of the purified CD4* T cells with CD8* T cells did not display any

effect on the MLR (data not shown), the addition of NK cells at a concentration of 10%

restored the high inhibitory capacity of CTLA4-Ig and IL-10 indicating that NK cells can

potentially interact with either DC or T cells to modify the alloimmune response. Similarly,

in another study reported by Akdis et al., it was shown that anti-CD3 stimulated PBMC

cultures \¡/ere responsive to IL-l0 mediated inhibition while purified CD45RO T cells were

unaffected (175). This is suggestive that accessory populations such as NK cells or

monocytes within PBMC potentially influenced the susceptibility of T cells to IL-10

mediated inhibition.

'We 
cannot exclude the possibility of NK cell mediated lysis of the allogeneic DC in

the DC-MLR reported in our studies as the stimulatory capacity of CD4* T cells repleted

with NK cells was indeed reduced in fïgure 3.11 (experiment 1) although this was not a

coÍrmon feature between experiments (experiment 2). Over the course of a number of

experiments (n:12), NWT cells and CD4* T cells demonstrated significant inter-

experiment variability with respect to proliferation counts in the DC-MLR with either no

change or large reductions in NWT proliferation. Moreover repletion of CD4* T cells with

NK cells resulted in reduced proliferation in 2 out of 3 experiments, although sensitisation

to IL-10 and CTLA4-Ig was still induced in all three experiments. As shown in fÏgure 3.12
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iDC cultured in the presence of allogeneic NK cells exhibit evidence of lysis although this

observation was not investigated with 5lchromium lysis assays. Whether NK cells lyse DC

depends on a number of factors including the maturation status of the DC, the activation

status of the NK cell, the ratio of NK cells to DC and recognition of MHC Class I

molecules on the DC. While NK cells can lyse iDC at high NK:DC ratios, mDC are

t1pically resistant to NK-mediated lysis (361,362). This protection is primarily as a result

of high level MHC Class I expression which can be recognised by inhibitory KIRs (killer-

cell immunoglobulin-like receptors) (363, 364). Inter-experimental variation may thus be

representative of divergent MHC Class I alleles which may or may not be recognised by

inhibitory KIR on the allogeneic NK cells. These variations could be controlled by using

various mouse stains with MHC class I matched or mismatched phenotypes, while allele

typing would be required in the human situation, which was beyond the scope of these

studies.

While NK cell mediated DC lysis may play a role in the sensitisation of T cells to

sub-optimal concentrations of CTLA4-Ig and IL-l0 by reducing the overall stimulation in

the MLR, the demonstration of CTLA4-Ig/IL-10 inhibition in figure 3.11 (experiment 2)

indicates that NK cells must also mediate other effects as NK cells themselves did not

inhibit the untreated MLR. To ascertain these other mechanisms, DC were cultured for 3

days in the presence of allogeneic NK cells. Flow clometric analysis revealed an

upregulation of CD80 particularly on iDC which is consistent with previous reports in that

autologous NK cells are able to activate DC in both cell-contact and cytokine dependent

marur.ers (365, 366). After three days in culture with allogeneic DC, NK cells were

removed from culture and viable DC added to the MLR with allogeneic CD4* T cells.

Consistent with the increased expression of CD80, iDC precultured with NK cells
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demonstrated increased stimulatory capacity in the MLR. In addition both iDC and mDC

precultured with NK cells showed sensitivity to suboptimal concentrations of IL-10 and

CTLA4-Ig while DC not e4posed to NK cells were non-responsive.

The influence of NK cells was not restricted to DC as interactions between

autologous NK cells and T cells were also demonstrated. Confirming the specif,rc

interactions between NK and T cells with respect to CD28 costimulation (367,368), our

data demonstrated that NK cells cultured with IL-2, upregulated the expression of CD86 on

autologous CD4+ T cells. Furthermore, our study demonstrates that NK cells costimulate

CD4+ T cellproliferationand confirms the involvement of CD86 since CTLA4-Ig blockade

was able to inhibit proliferation. Other costimulatory pathways apart from CD28 have also

been implicated to drive NK cell mediated costimulation of T cells including OX40/OX40L

(368) and2B4lCD48 (369) interactions. Our observations (figure 3.12) in addition to these

studies imply that the interactions between NK cells and T cells are sensitive and non-

redundant since the blockade of either one of these pathways or CD28 costimulation

abrogates the influence of the NK cells. While this study has provided some mechanisms

by which NK cells influence the interactions between DC and T cells, the extent to which

cell-contact or cytokines are involved has not been investigated.

Another point of interest within these studies was the observation of two

populations of NK cells isolated by the immunomagnetic microbead separation. gp56brisht

(5-10%) and CD56dt^ 190-95Vo) populations were routinely purified. The relevance of

these findings lies in the reports of a regulatory role played by CD56bnsht cells, which are

cytokine producing, non-cytolytic cells in comparison with CD56di- cells (370, 371). The

extent to which these regulatory CD56bdsh'cells may have played in this current study was

not investigated.
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While the primary role of NK cells in the innate immune system is in the killing of

autologous tumour and pathogen infected cells its consequential effects on the adaptive

immune response may broaden the scope of these cells in directly activating the

alloimmune response (372, 373). Recently, there has been accruing evidence for a

fundamental role for NK cells in allograft rejection as these cells promote cardiac allograft

vasculopathy Q7Q and cellular infiltration in the graît (375). In addition, studies have

demonstrated a requirement for the depletion of NK cells to ensure robust allograft

acceptance in association with tolerance inducing protocols (375,376).

In summary we report that the combined treatment of the allogeneic DC MLR with

suboptimal doses of IL-10 and CTLA4-Ig inhibits T cell activation. Notably, NK cells are

potentially able to render autologous T cells and allogeneic DC susceptible to the inhibitory

effects of IL-10 and CTLA4-Ig. Thus therapeutic strategies that involve the combination of

CTLA4-Ig and IL-10 may be effective in promoting allograft tolerance by targeting NK

cells associated with DC-T cell interactions. Moreover these data support investigation into

the efficacy of DC genetically manipulated to express IL-10 and CTLA4 fusion proteins in

the treatment of allograft rejection.
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Chapter 4z

Isolation and
Ch arùcterisation of Ovine
I)endritic Cells Derived
from Pseudo-afferent

Lymph

Results from this chapter are also presented in the following publication

I Newland 4.M., Kireta S., Russ G., Krishnan R. (2004). Ovine Dendritic Cells

Transduced with an Adenoviral CTLA4"EGFP Fusion Protein Construct Induce

Hyporesponsiveness to Allostimulation. Immunology. 113: 310-317 '
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4.1. Introduction

DC represent less than2Yo of circulating blood mononuclear cells yet are present in

blood and lymph and reside in almost all tissues (377-379). Depending on their tissue

origin DC populations are phenotypically and functionally heterologous, expressing distinct

characteristics. For instance in the absence of stimulus, DC which constitutively migrate

from the lungs and intestines to lymph nodes display a tolerogenic phenotype, representing

the need to prevent immunity against harmless antigens (380, 381). In contrast cutaneous

DC isolated from lymph are typically more potent antigen presenting cells as migration is

more dependent on inflammatory stimuli (332-384). Thus in this chapter it was proposed to

obtain DC from the lymph vessels draining the skin.

4.1.1 Isolation of ovine dendritic cells from lymph nodes draining the skin

In comparison to the chained anangement of human lymph nodes, sheep lymph

nodes are generally characterised by a number of small afferent vessels draining into a large

solitary lymph node with a single efferent lymphatic vessel allowing the study of immune

reactions within individual lymph nodes (385-387). V/hile the efferent lynphatic vessel is

readily cannulated, DC are retained in the lymph node which accounts for the absence of

DC in the single efferent lymphatic (388, 389). Afferent lymph contains l-l}yo DC,

however the small diameter of the vessels makes cannulation technically difficult and

minimal lymph may be collected (390). Removal of the lymph node allows the multiple

small afferent lymphatics to anastomose to the larger efferent lymphatic vessel, which may

then be cannulated (39I, 392). Due to the absence of the lymph node, pseudo-afferent

ly-ph has a similar cellular composition of true afferent lymph. Dendritic cells may be

purified from lymph by density gradient separation (379,393).
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4.1.2 ln vivo properties of DC

To establish baseline in vivo function of isolated ovine DC it is important to

establish that these cells are able to migrate to secondary lymph nodes and are also capable

of eliciting an inflammatory response. In order to determine the in vivo inflammatory

response of the isolated DC it was proposed to examine the normal l¡rmphocyte transfer

(NLT) reaction. The NLT reaction, originated in the 1960's as an in vivo histocompatibility

test, was developed as a model for studying graft-versus-host (GVH) reactions as well as

transplant immunity (394). The NLT reaction involves the transfer of allogeneic normal

lymphocytes intradermally into a recipient, resulting in a biphasic skin response. The

initial response occurs at around 48 h and is characterised by erythema and localised

swelling, believed to be due to GVH reactions (390, 395). The secondary response is

characterised as an indurated lesion with small areas of erythema (390, 396). At the

immuno-histological level, this late response is associated with prominent infiltration of

CD4* and CD8+ lymphocytes and therein is thought to relate to host-versus-graft responses,

akin to transplant rejection. During the late 1960s the NLT was shown to have a degree of

predictive value in considering related individuals for transplantation (390, 397) before

being replaced by the MLR for issues of ease and safety. This model does still however

provide a technically easy model to test the ability of cells to induce an effective

alloimmune response in vivo.

The NLT reaction has been characterised in murine (398), guinea pig (399), hamster

(400) canine (401), bovine (402), ovine (403, 404) and human species (395, 405), however

due to the unavailability of monoclonal antibodies at the time of these studies, the primary

readouts from these experiments were based on physiological changes including
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measurements of lesion induration and qualitative analysis of erythemal development.

Only one recent study, using efferent ly-ph derived cells, has accurately quantified the

intensity of erythemal development in the NLT reaction and utilised monoclonal antibodies

to identify the involvement of CD4 and CD8 population of T cells (404). Of particular note

in the NLT reaction, the origin of the injected cells can elicit profoundly different

responses. In general efferent lymph cells provoke a more aggressive response with strong

erythemal development and lesion induration. Afferent ly-ph cells in the NLT invoked a

weaker response, which subside by day 7, compared with the stronger efferent derived NLT

reaction which persisted until day 10 (406). Afferent cell populations did however induce a

greater inflammatory response in the first 48 h. These differences are likely to reflect the

cellular composition of the cells or their activation status. A particular difference is the

absence of DC from efferent lymph while afferent lymph is composed of 1-10% (407).

Moreover CD4+ T cells isolated from afferent l¡rmph tlpically display a memory T cell

profile while efferent T cells are generally naiVe (408, 409). Due to the lack of

classification of these cells in the NLT reaction, the precise role of cell subsets remains

elusive.

This current chapter details the isolation and characterisation of ovine DC derived

by pseudo-afferent cannulation.

The specihc aims of this chapter were to...

i. Obtain ovine DC by cannulating the afferent prefemoral lymphatic vesssel and to

determine the in vitro charucteristics of these DC with respect to their cell surface

phenotlpe and ability to stimulate alloreactive T cells.
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ii. Investigate the in vivo migratory and allostimulatory properties of ovine DC after

intradermal administration, in particular the ability of these cells to elicit a NLT

reaction.
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4.2. Methods

4.2.1. Cannulation

Two-year old Merino sheep were obtained from the Institute of Medical and

Veterinary Science (IMVS: Adelaide, Australia). Sheep were housed at the animal storage

facility at The Queen Elizabeth Hospital and permitted free access to food and water.

Animal ethics approval was obtained from the QEH and Adelaide University animal ethics

committees (N16-2001). The prefemoral l¡rmph nodes were identified and excised under

general anaesthesia. To enable the site to be relocated, the llnnphatics were tied off using

non-degradable sutures. Animals were returned to the paddock for a 6-8 week agistment

period to allow pseudoafferent vessels to develop. Sheep were returned to The Queen

ElizabethHospital and I ml Patent Blue V@ dye was subcutaneously injected under general

anaesthesia into the hind leg draining towards the removed prefemoral lymph node. The

region was re-opened and the non-degradable suture identified. Patent Blue V@ dye is

readily taken up into the lymphatics, enabling clear identification of enlarged lymphatic

vessels. The lymphatic rù/as cannulated using a 3Fr heparin-impregnated cannula

(Carmeda, USA), externalised and sutured to the skin. Lymph was passively collected in

emptied 100 ml sterile saline bags supplemented with 2500 IU heparin and 40 mg

gentamicin sulphate. Bags were changed daily with an average yield of 100 ml.

4.2.2. Metrizamide Purification of ovine DC from lymph

Lymph was decanted into 50 ml tubes and centrifuged at 340 g for 7 min. Each

pellet was resuspended in7 ml PBS and transferred to 10 ml tubes. The cell suspension

was underlayed with a pasteur pipette (-1.5 ml) of l4%" Metrizamid"tt lsigma, USA) in
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RPMI. Cells were centrifuged at 800 g for 15 min with the brake off. The interface DC-

rich layer was removed and washed twice in PBS at340 g.

4.2.3. Flow Cytometry

The cell-surface phenotype of the Metrizamide enriched ovine lynphatic DC was

analysed by flow cytometry (2,3,4.1). Monoclonal antibodies used were specific for ovine

cell surface antigens or human antigens with demonstrated cross-reactivity to their

respective ovine homologue. Isotype-control antibodies v/ere used to determine

background staining. Antibodies used were aCDla (20.27), oCD4 (44.38), crCD8 (38.65),

crCD25 (9.14), aCD44 (25.32), Class I (41.19), Class II DP (28.1) aCDl4 (VPM65),

aCD83 (H815417.11), crCD3l (CO.3E1D4), UCD2I (CC2I), CMRF56, 1D4.5 and X63

(P3x63Ag8).

4.2.4. Dendritic Cell Mixed Lymphocyte Reaction

Ovine PBMC were isolated from peripheral blood as detailed in section 2.3.1.1.

The DC MLR was set up as per 2.3.1.4 with DC used as the stimulator population against

allogeneic PBMC. DC were added at varying cell concentrations to titrate the proliferative

effects. Stimulatorto responderratios usedwere 1:1, 1:10, 1:100 and 1:1000.
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4.2.5. PKH26 Labeling

PKH26 was prepar ed at a concentration of 4 x 10-6 M solution by diluting the stock

in Diluent C. Cells were pelleted at 400 g and the supernatant aspirated leaving

approximately 25 ¡tl. The pellet was gently resuspended in the residual supernatant and 1

ml Diluent C added. One millilitre of PKH26 was added and the cells were labeled at25"C

for 2-5 min with occasional inversion of the tube to ensure sufficient mixing. The addition

of 2 ml FCS and incubation for 1 min stopped the labeling reaction. Cells were washed

with complete media and centrifuged at 400 g for 10 min. Supernatant was aspirated and

the pellet transferred to a fresh tube and washed again in complete media. Pellet transfer

and washes were repeated a minimum of 3 times. PKH26 labeling efficiency was

demonstrated by flow cytometric analysis in the FL2 channel in comparison to unlabeled

cells.

4.2.6. Normal Lymphocyte Transfer Reaction

Isolated ovine DC (5 x 106) were mixed with autologous PBMC (5 x 107) and

resuspended in 400 ¡rl endotoxin-free PBS with 200 p"l drawn up in 29G insulin syringes

(BD, USA). Cells were injected intra-dermally in non-wool bearing skin of sheep.

Injections were performed at duplicate sites using cells either autologous or allogeneic to

the NLT recipient. Intradermal injections with endotoxin free PBS were used as controls.

Injection sites were monitored daily for erythemal development and measurement of

induration. The extent of induration was determined using venier calipers, with triplicate

measurements for each injection site. Full skin thickness biopsies were excised under
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general anesthesia at day 2 and day 7 post injection. Skin biopsies were embedded in OCT

compound andfrozen in liquid nitrogen for cryomicrotome sectioning.

4.2.7 . Immunohistolo gic al an alysis of Skin Biopsies

Using a cryomicrotome, 5 ¡rm serial section were cut, dried overnight and fixed in

acetone. Slides were either stained with H&E (2.3.5.2) to identify lymphocyte infiltrate or

were used for immunohistochemical analysis (as described in 2.3.5.3). Ovine antibodies

used for staining included anti-CD4 (44.38), anti-CD8 (38.65) and anti-MHC Class II

(28.I) with 1d4.5 used as the isotype-matched control antibody.

4.2.8. RNA Extraction from skin biopsies and PCR analysis of IL-2 mRNA expression

Ten 10 pm sections were cut and pooled for RNA extraction. RNA was extracted as

per 2.3.2.1and I ¡rg total RNA reverse transcribed (2.3.2.2). PCR (2.3.2.3) was performed

using ovine IL-2 pnmers and after an initial denaturing step at 95oC for 5 min,

amplification was carcied out for 26 cycles (94'C for 30 s, 55oC for 30 s,72"C for 30 s) and

a final extension at 72C for 7 min. The B-Actin housekeeping gene was also amplified as

an internal control. PCR products were analysed by electrophoresis on a 2o/o agarose gel,

stained with ethidium bromide and illuminated with ultraviolet light.

4.2.9. Mitomycin C treatment of PBMC

PBMC (5 x 106) were resuspended in 8 ml S10g and 2ml Mitomycin C (1 mg/ml)

added. Cells were incubated for 30 min at 37oC and5o/oCOz and gentlymixed every 10

min. Cells were washed twice in PBS and resuspended in S10g.
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4.2.10. Sensitis ation Ass ay

PBMC were isolated from NLT recipient sheep before and after the reaction and

cryopreserved until required. The MLR was established using donor specific PBMC

treated with Mitomycin C as stimulators against the pre- and post- NLT PBMC from the

recipient sheep. Cell proliferation was measured by the level of ¡3U1 thymidine

incorporation as describ ed in 2.3.1.4.
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4.3. Results

4.3.1. Phenotype of ovine pseudo-afferent derived DC

Ovine lymph was collected from pseudo-afferent cannulated sheep. On average

approximately 100 ml of ly-ph was collected each day, with patent cannulas maintained

for up to five months. Lymphatic cells obtained from the cannulation of the pre-femoral

ly-ph duct consisted of 60-80% of cells with typical dendritic cell morphology upon

enrichment by Metnzamide density centrifugation (figure 4.3.a). The profiles of DC

phenotypic markers were examined on cells that were obtained from the lymphatic drainage

up to 14 days post cannulation. Figure 4.1.a. shows the typical cell surface profile of DC

obtained 8 days post cannulation. Of particular note the cells demonstrated high level

expression of the antigen presenting molecules MHC Class I and II, and the DC maturation

markers CMRF56 and CD83. While this profile was reproduced between four sheep, one

sheep (Nl6-09) consistently demonstrated an absence of CD83 expression (figure 4.1.b),

despite maintaining strong allostimulatory properties (data not shown). Freshly isolated

ovine DC demonstrated moderate uptake of FITC-Dextran (fTgure 4.1.c.).

4.3.2. Stimulatory capacity of ovine DC

Ovine DC were used in the DC-MLR at a L:100 S/R ratio to stimulate autologous

and allogeneic PBMC. As demonstrated in fTgure 4.2.a., compared to the stimulation of

autologous PBMC by DC (8300 +l- 260 cpm) and the two way allogeneic PBMC-MLR

(4400 +l- 1700 cpm), DC elicited potent stimulation of allogeneic PBMC (40000 +l- 3200

cpm þ:0.0026)). The allostimulatory capacity of DC was titrated over a raîge of S/R

ratios from 1:1 to 1:1000 (fïgure 4.2.b). While the 1:1 ratio was the most potent (128000
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X'igure 4.1. Characterisation of ovine DC obtained by pseudo-afferent cannulation
Lymph was collected from cannulated sheep and DC purified on a Metrizamide density gradient.
Flow cytometric analysis was performed using antibodies directed against cell surface molecules.
Panel A demonstrates the cell-surface phenotype of DC obtained from sheep N16-03, which was
consistent with the profiles of 4 other sheep. Panel B shows some of the key DC markers
expressed by sheep Nl6-09 which consistently demonstrated an absence of CD83 expression.
Unshaded histograms represent staining by the isotype-matched control antobody. Panel C
illustrates the forward-side scatter of the ovine DC and the gate used for analysis. The histogram
demonstrates the capacity of ovine DC to take up FITC-Dextran at37"C (shaded histogram)
compared to the control temperature of 4oC (unshaded histogram).
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+/- 18400 cpm), even at the 1:1000 ratio, DC were still able to produce synergistic

proliferation (7100 +/- 1900 cpm) compared with MNC cultured alone (1500 +l- 290 cpm

(p:0.008)).

4.3.3. Dendritic cells rapidly migrate to the draining lymph node

Ovine DC were stained with the fluorescent dye PKH26 with greater than 90Yo

efficiency (fTgure 4.3.b.). Labeled DC (5 x 106) were intradermally injected into the hind

leg region of a sheep with cannulated pre-femoral l¡imphatics. Ly-ph was collected at

intervals over a 40 h period and lymph cells analysed by flow cytometry for the presence of

PKH26 labeled cells. Compared with cells isolated prior to the injection, a shift in

fluorescence was observed within 4 h, peaking at 24 h (frgure 4.3.c.). The presence of

PKH26 labeled cells began to dissipate after 40 h.

4,3.4.Intradermal injection of allogeneic DC and PBMC elicits a strong NLT response

PBMC supplemented with I0% DC were intradermally injected into autologous

(n:2) or allogeneic sheep (n:3). The reactions were monitored over the course of 14 days

with daily double-skin thickness measurements conducted and skin biopsies taken at days 2

and 7 for immunohistological analysis. The allogeneic NLT reaction was characterised by

an indurated lesion and faint erythema (figure 4.4). As shown in fTgure 4.5 within 24 h

there was a dramatic increase in the thickness of the skin of the allogeneic and autologous

NLT reactions at the site of injection. This was not attributed to the injected innoculum

volume as the injected fluid rapidly diffused within a period of 5 minutes. The increase in

skin thickness observed at 24 h rapidly decreased in the autologous NLT reaction with

levels retuming to baseline measurements within a few days (fïgure 4.5). In comparison
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Figure 4.3. Intradermally injected DC rapidly migrate to the draining lymph node
A) Light microscope image of freshly isolated ovine DC treated with giemsa stain, demonstrating
characteristic dendrites.
B) Flow cytometric analysis demonstrating the efficacy of PKH26 staining of DC (shaded

histogram). Unshaded histogram represents unstained DC.
C) Autologous DC labeled ex vivo with PKFD6 were intradermally injected into the hind leg
region of a previously cannulated sheep. Lymph was collected at different time points and cells
were analysed for fluorescence in the FL2 channel by flow cytometry. The percentages shown
represent the percentage of PKH26 positive cells in the lymph at each time point.



N16-04 Allogeneic NLT Reaction N16-03 Autologous NLT Reaction

Figure 4.4. The Allogeneic NLT reaction induces an indurated lesion at the site of injection
Autologous and allogeneic normal lymphocyte transfer (NLT) reactions were established by the
intradermal injection of PBMC and lAVa DC isolated from N16-03 into non-wool bearìng sheep
skin. Panel A and panel B respeetively reprosent the allogeneie and autologous NLT reactions 96
h post-injection. The original injection sites are shown by the arrows.
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skin thickness levels of the allogeneic NLT reactions remained significantly thicker than

untreated skin throughout the duration of the experiment ft) < 0.05, paired student T test),

with close to baseline levels observed only after 9 days. H&E staining of skin biopsies

taken 2 andT days post NLT revealed massive lymphocyte infiltrates in the allogeneic NLT

reaction while the autologous NLT reaction had a sparse distribution of lymphocytes

(figure 4.6.A). Untreated skin biopsies were devoid of lymphocyte infiltrate. RT-PCR of

skin biopsy sections revealed a significant upregulation of IL-2 mRNA expression in the

allogeneic NLT reaction at both 2 and I days post injection (Figure 4.6.8). Low levels of

IL-2 mRNA were detected in the autologous NLT reactions. PCR amplification of the p-

Actin housekeeping gene was performed as an internal control. Immunohistological

staining of allogeneic biopsies revealed that the infiltrate was comprised of both CD4* and

CD8* T cells with a high level of MHC Class II expression (Figure 4.7). To investigate the

systemic sensitisation to donor antigen from the NLT reaction, host PBMC were isolated

before and after the NLT reaction and cryopreserved until required. In response to

mitomycin C treated donor cells, host cells isolated after the NLT reaction demonstrated a

three-fold increase in proliferation (p < 0.0007) compared to cells isolated prior to the NLT

reaction (figure 4.8).
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Figure 4.6. The allogeneic NLT reaction is characterised by extensive lymphocyte infiltration
A) Full-skin thickness biopsies were taken from the injection sites of the NLT reactions and
sections stained with H&E. Sections represent untreated skin biopsies and skin biopsies taken
from autologous or allogeneic NLT reactions at days 2 or 7. Histology is representative of two
autologous and three allogeneic NLT reactions. Sections from the allogeneic NLT reaction
demonstrated aggressive staining of lymphocytes, compared to the sparse staining of cells in the
autologous reaction.
B) PCR using ovine IL2 primers was conducted on oDNA reverse transcribed from RNA extracted
from the sections. Allogeneic NLT sections demonstrated higher production of lL2 per pg total
RNA. B-Actin PCR was used as a control house-keeping gene.

Allogeneic

B

IL2



a

H&E 1d4.5

T

MHC
Class

CD4 CD8

400X Magnification

Figure 4.7. Infiltrates of the allogeneic NLT reaction consist of both CD4+ and CD8+ cells.
Serial allogeneic NLT sections \¡iiere either stained with H&E (panel A) or primary antibodies.
Immunohistological sections were developed with DAB stain. 1d4.5 was used as an isotype-
matched irrelevant control antibody. Staining revealed the presence of both CD4+ and CD8+ cells
as well as a high level of staining for MHC Class II.
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4.4. Discussion

In this study ovine dendritic cells were obtained by the cannulation of the afferent

pre-femoral lymphatics of sheep. In contrast to the human or murine situation the

feasibility of generating ovine DC from peripheral blood monocyte precursors was

restricted by the availability of ovine specific GMCSF and IL-4. The generation of ovine

DC from monocytes has been reported however the efficiency of obtaining large numbers

for an experimental therapeutic strategy is potentially limited by poor yields (410). Based

on our experience with lymphatic cannulation, approximately 5 million DC/day was

obtained routinely with a purity of 60-80% following metrizamide gradient enrichment

with cannulas remaining patent for up to 5 months. The daily collection of DC and cryo-

preservation of cells provides a means for building up a cache for subsequent cellular

therapy in a transplant setting. Úr addition to the earlier studies on ovine DC phenotype

(393) our study provides a more definitive characterisation of these cells by the cross-

reactivity of mAb to the human DC markers, CMRF-56 (352) and CD83 (411). Indeed

these isolated DC demonstrated other typical features, which included high MHC class II

expression and the morphological presence of dendrites. Freshly isolated ovine DC also

demonstrated a modest ability to take up antigens based on a FITC-Dextran assay. FITC-

Dextran is endocytosed by DC mediated by the mannose receptor and is a feature lost upon

full maturation (350, 412, 413). Taken with the fact that CD83 and CMRF56 are

maturation markers of human DC, ovine DC represent either a population of partially

matured DC or a heterologous population. Moreover the presence of DC in afferent ly-ph

draining from the skin indicates a degree of maturation (383). Immature and mature DC

respond to different chemokines, which direct their migration (35I,414) and while

immature DC are recruited to sites of inflammation, mature DC respond to distinct
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chemokines facilitating their migration to secondary lymphoid tissue (4I5, 416).

Irrespective of the maturation status, the ovine DC isolated in this study were able to

provoke a strong proliferative stimulus when challenged with allogeneic lymphocytes. DC

invoked five-fold greater stimulation of allogeneic PBMC over autologous PBMC. This

would be accounted for by the absence of antigenic stimuli in the autologous DC-MLR,

while the high proportion of T cells reactive to allo-MHC peptides facilitates the

stimulation in the allogeneic MLR (188). Accordingly pulsing the DC with antigens would

potently stimulate the autologous DC-MLR (417). The titration of the allogeneic DC in the

MLR has demonstrated the potency of DC as antigen-presenting cells. Consistent with

previous observations (343), while maximal counts were observed using a S/R ratio of 1 :1,

a stimulatory effect was still observed at the lower ratio of 1:1000.

Intriguingly DC obtained from the sheep designated "N16-09", lacked expression of

CD83 throughout the three-month patency of the cannula. Moreover CD83 could not be

induced by the treatment with TNFcr or LPS (data not shown). However despite this

abnormality the cells maintained the morphological characteristics and functionality of DC.

In particular these cells were still potent stimulators of the allogeneic mixed l¡rmphocyte

reaction and maintained a strong expression of the CMRF56 maturation marker (352).

For DC to stimulate T cells in vivo they must be capable of migration to secondary

lymphoid tissues. Thus we utilised the pseudo-afferent cannulation model to study the

migratory kinetics of DC intradermally injected into the draining region. DC stained with

the highly efficient fluorescent PKH26 dye demonstrated rapid migratory properties after

intradermal injection, with stained cells identified by flow cytometry within the draining

l¡rmphatics in a matter of hours. PKH26 was selected as it binds irreversibly to the cell

membrane and has been well characterised as a non-radioactive agent to investigate cell
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migration (418-420). The rapid migration into the draining lymphatics indicates that the DC

will be appropriate for stimulating alloreactivity in vivo by allowing interactions with

allogeneic T cells in secondary lymphoid tissues. Similar migratory kinetics have been

shown after the intradermal injection of a plasmid encoding a fluorescent EGFP gene which

permitted the detection of skin-derived DC in draining lymph within 4 hours (42I).

As ovine DC obtained by pseudo-afferent cannulation were capable of migration to

secondary lymphoid tissues, we next investigated the influence of DC in conjunction with

PBMC in the context of autologous and allogeneic NLT reactions. The NLT reaction is

essentially the in vivo eqtivalent of the two-way MLR with cellular populations from each

cell donor able to interact with and against cells from the other donor. The importance of

the donor cells is demonstrated by the failure of irradiated lymphocytes to induce an NLT

response in the sheep model (422). hr the NLT reaction, both host and recipient immune

cells are likely to account for the resulting lesion with a role played by donor DC and host

DC similar to that of allograft rejection models (423). Lymphocyte infiltrate may be a

result of donor lymphocytes reacting against recipient antigens presented by DC via the

direct or indirect pathways and also recipient inflammatory responses to clear the donor

cells. Moreover the magnitude of the pnmary donor vs. host cell reaction will increase the

response of the host vs donor cells due to an increase in the antigenic load. Clearance of

donor cells by host immune responses in our study is supported by the cessation of the NLT

reaction by day nine. Moreover re-injection of allogeneic lymphocytes 6 days later did not

invoke an NLT response which may be due to the sensitisation of the host immune system

clearing the cells before a graft vs. host reaction could be elicited (422).

In this present study PBMC were isolated and supplemented with 10% DC, thus

providing a cellular population similar to that of afferent lymph. The alloreactivity between
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sheep was confirmed in the MLR prior to the NLT reaction (data not shown). Intradermal

injection of allogeneic l¡rmphocytes and DC, elicited a strong NLT reaction characterised

by a maintained indurated lesion and a mild erythemal development over the first 48 h.

The autologous NLT reaction, aside from an initial non-specific response, did not elicit a

skin response, which is consistent with previous reports (401). Furthermore biopsies taken

at days two and seven revealed massive infiltration of CD4* and CD8+ T cells in the

allogeneic NLT reaction, characterised by increased IL-2 mRNA expression, indicating

lymphocyte activation. Autologous NLT and control skin biopsies were almost devoid of

lymphocyte infiltrate as evidenced by H&E staining. V/hile the NLT reaction was

evidenced by a localised inflammatory reaction, we were also able to demonstrate a

systemic sensitisation to donor antigens by comparing the proliferative response of PBMC

isolated and cryo-preserved before and after the NLT reaction upon challenge with donor

PBMC. Two independent experiments from different allogeneic NLT reactions

demonstrated more than a three-fold increase in proliferative response post NLT (fïgure

4.8). The systemic nature of the NLT reaction is supported by Su et al., (404) who

demonstrated the activation of lymphocytes in both the NlT-stimulated and the

contralateral control efferent lymphatics.

In summary this chapter provides a definitive characterisation of ovine pseudo-

afferent derived DC. Moreover, while the precise nature of the NLT reaction remains

obscure, we demonstrate that PBMC reconstituted with DC are able to elicit both a

localised and systemic allogeneic immune reaction in vivo. The ability of ovine DC to

migrate from the skin to draining ly-ph nodes and interact with the host immune system

supports the use of these cells as vehicles for the delivery of immunomodulatory proteins.
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Chapter 5:

Generation of an Adenoviral
Ovine CTLA -EGFP

Construct and the
Immunomo dulatory E ffects

of Transduced DC

Results from this chapter are also presented in the following publication

. Newland 4.M., Kireta S., Russ G., Krishnan R. (2004). Ovine Dendritic Cells

Transduced with an Adenoviral CTLA4.EGFP Fusion Protein Construct Induce

H¡poresponsiveness to Allostimulation. Immunology. 113: 310-317 '
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5.1. Introduction

Data from chapter 4 provides evidence for the suitability of ovine pseudo-afferent

derived DC as vehicles for gene therapy to prolong allograft acceptance in that they express

high levels of MHC Class II molecules, rapidly migrate to secondary lymphoid tissues and

are able to interact with alloreactive lyrnphocytes. Attenuation of costimulation on these

cells has the potential to induce donor-specific tolerance via the direct pathway of

allorecognition (25 3).

As outlined in chapter 1, intemrption of the CD28 costimulatory pathway has been

shown to inhibit alloreactivity. While antibodies directed against CD80 and CD86 have

been used to block CD28 costimulation, CTLA4-Ig is favored due to its duel-specificity to

CD80 and CD86 ligands. Blockade of the CD28 costimulatory pathway with CTLA4-Ig is

able to induce alloreactive T cell hyporesponsiveness in vitro (54) and abrogate acute

rejection in vascularised transplant models, with a key role played by the addition of donor

splenocytes at the time of transplantation (250, 255,256,424).Donor splenocytes increase

the exposure of the host to donor antigens under the influence of immunomodulation by

CTLA4-Ig thus it is likely that treatment with donor DC would facilitate a similar effect.

While administration of CTLA4-Ig can block CD28 costimulation, thereby inhibiting

alloreactive immune responses, the systemic nature of the treatment is also likely to inhibit

immune responses against pathogens and tumor antigens. As an alternative, donor DC may

be genetically modified ex vivo to express CTLA4-Ig, therein minimising systemic

exposure to CTLA4-Ig and attributed non-specific immunosuppression while still

permitting blockade of CD80/86 ligands on the DC.
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Current literature on the effects of DC engineered to express CTLA4 fusion proteins

is limited to murine models. Notably murine DC transfected with adenoviral CTLA4-Ig

have produced alloreactive T cell hyporesponsiveness in vitro and maintain migratory

properties to secondary lymphoid tissues in vivo (425). Moreover transfection of a murine

DC cell-line demonstrated modestly prolonged islet allograft acceptance (253) while

combined treatment of bone m¿uïow derived DC with AdCTLA4-Ig in conjunction with

NF-rÞ oligodeoxyribonucleotide decoys permitted long-term allograft acceptance (329).

This chapter reports the generation of an adenoviral conskuct encoding the

extracellular domain of the ovine CTLA4 sequence fused with an EGFP tag and the

investigation of the immunomodulatory effects of transduced ovine and human DC in vitro.

Fusion partners are used to generate constructs with the extracellular domain of CTLA4 in

order to confer strong protein stability. The most commonly used fusion partner for CTLA4

consists of the hinge and CH21CH3 domains of IgG1. However in this study Enhanced

Green Fluorescent Protein (EGFP), a vaiant of GFP characterised by increased

fluorescence (426, 427), was selected as it allows direct measurement of transfection

efficiency by flow cytometry or fluorescent microscopy by virtue of its inherent

fluorescence and may allow the enrichment of transfected cells by flow sorting (319).

Moreover, the EGFP tag provides a surrogate antigenic target for the immunoprecipitation

and ELISA quantification of the CTLA4-EGFP fusion protein. Furthermore, the selection

of EGFP as a fusion partner has demonstrated increased protein stability and protection

from intracellular degradation (42S) while also allowing normal localisation of the target

protein (429). Of important relevance to this study is that EGFP introduced into mammalian

cells has minimal adverse effects (428-431).
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V/hile there are a number of protocols for the genetic modification of cells including

various viral and non-viral techniques, as outlined in section 1..13, adenoviral vectors were

selected for this study due to their high transfection efficiency and the relative ease by

which high viral titers may be generated. Adenoviral vectors in this current study were

generated with a pAdEasyl adenoviral vector system kindly provided by Bert Volgelstein

(The Howard Hughes Medical Institute). The pAdEasyl system utilises anEIlE3 deleted

replication deficient human serotype 5 adenovirus (432). Due to the large size of the viral

vector, incorporation of the gene of interest requires cloning into a shuttle vector and

subsequent homologous recombination with the pAdEasyl vector, which contains the viral

genome. Characteristics of the shuttle and pAdEasyl vectors and homologous

recombination are shown in Appendix 2 and figure 5.1. The primary limitation of

adenoviral vectors is host immune reactions against the viral particles and infected cells.

This issue has been overcome in a number of models in which so called "stealth genes"

have been used to prevent immune reactivity (433, 434). Interestingly these approaches

often engineer CTLA4-Ig into the adenoviral construct, attenuating anti-viral immune

reactivity and permitting re-administration @35-437). Thus in addition to inducing

alloreactive T cell hyporesponsiveness, DC transfected with AdCTLA-EGFP are also likely

limit anti-viral immunoreactivity, which could otherwise limit the life-span of the DC and

the effectiveness of the treatment. The second limitation of adenoviral transfection of DC

is the associated maturation of DC resulting in an upregulation of MHC Class I and II

molecules and costimulatory molecules (302), although autocrine production of CTLA4-

EGFP may sequester the upregulated CD80/86 ligands thereby limit the effect of DC

maturation.
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This chapter focuses on the generation and characterisation of an adenoviral

construct encoding a unique ovine CTLA4-EGFP fusion. Moreover this chapter expands on

the characterisation of ovine DC reported in chapter 4 by investigating the effect of genetic

modification with AdCTLA4-EGFP constructs in order to induce alloreactive T cell

hyporesponsiveness. Importantly the biological effects of AdCTLA4-EGFP transduced

ovine DC are also compared with human monocyte-derived DC. It was hypothesised that

adenoviral CTLA4-EGFP transduced DC would induce alloreactive T cell

hlporesponsiveness in vitro by blockade of CD28 costimulation as a result of

autocrine/paracrine binding of secreted CTLA4-EGFP to CD80/86 ligands on the DC.

Moreover that the EGFP tag would provide the additional benefits of enabling direct

assessment of AdCTLA4-EGFP transfection efficiency in addition to a surrogate antigenic

tar get for immunolo gical detection.

The specific aims of this chapter were to-

(Ð Clone the extracellular domain of ovine CTLA4 and generate fusion constructs with

EGFP and ovine IgG fusion partners.

(iÐ Verify the immunomodulatory function of the CTLA4-EGFP and CTLA4-Ig fusion

proteins in the DC-MLR.

(iiÐ Incorporate the CTLA4-EGFP and EGFP vector blank sequences into adenoviral

vectors by homologous recombination

(iv) Investigate the immunomodulatory effects of DC transduced with the adenoviral

vectors.
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5.2. Materials and Methods

5.2.1. Cloning of the extracellular domain of ovine CTLA4

PBMC were isolated from ovine peripheral blood by density gradient separation

using Lymphopreptt 12.3.1.1) and resuspended in complete medium at 1x106 cells/ml.

Total RNA was extracted from PBMC stimulated with 1 púml Con A for 48 h and reverse

transcription performed on I pg of total RNA (2.3.2.2). PCR was performed to amplify

CTLA4 and IgG (2.3.2.3) using primers detailed in Appendix 1. Primers designed to

amplify the extracellular domain of ovine CTLA4 were based on published sequence (57)

(Genbank Accession: AF092740) and incorporated respective BgIII and KpnI restriction

sites in the forward and reverse primers for cloning into pEGFP or HindIII and EcoN for

cloning into pSecTagB. Primers to amplify the hinge and CH2|CH3 domains of ovine IgG

were designed based on the published sequence (438) (Genbank Accession: X70983) and

incorporated EcoRV and NotI restriction sites into the forward and reverse primers,

respectively. Primers were designed such that CTLA4 was cloned "in frame" with the

EGFP and IgG sequences.

PCR products were digested with the appropriate restriction enzymes and cloned

into pEGFP-N1 or pSecTagB expression vectors (figure 5.215.3). The CTLA4 and IgG

inserts in the resulting plasmid vector constructs, namely CTLA4-EGFP and CTLA4-Ig,

were confirmed to be authentic by sequencing and Genbank database analysis.

5.2.2. Generation of adenoviral constructs

Adenoviral constructs containing ovine CTLA4-EGFP and the EGFP-vector blank

were generated using protocols established by He (432). Ovine CTLA4-EGFP was excised
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from pCTLA4-EGFP by BgllllNotl digestion and ligated into the pShuttleCMV vector.

Homologous recombination was facilitated by co-electroporation of PmeI linearised

recombinant pShuttleCMV vector with the pAdEasyl vector into electrocompetent 8J5183

cells (2.3.3.2). In order to generate recombinant adenoviral particles, the adenoviral

constructs, AdCTLA4-EGFP, AdEGFP were linearised with PacI and used to transfect the

IHEK-293 packaging cell line with LipofectAMINErM (2.3.3.5). Infectious adenoviral

particles were obtained by freeze-thaw-lysis (2.3.3.6) of the transfected IJEK-293 cells and

purified by CsCl density gradient ultra-centrifugation (2.3.3.8) as previously described

(439) and dialysed (2.3.3.9). Quantification of adenoviral titres was performed by the

cytopathic effect assay (440) and values expressed as plaque forming units þfu) (2.3.3.10).

5.2.3 Preparation of CTLA4-EGFP fusion proteins

Ovine adult skin fibroblasts were infected with adenoviral particles at a multiplicity

of infection (MOI) of 50. Adenoviral constructs consisted of AdCTLA4-EGFP or the

AdEGFP vector blank control. Cells were incubated with the appropriate recombinant

adenoviral vector for t h to permit viral adsorption followed by the addition of fresh

medium and incubation for a further 48 h to allow for gene transduction. Conditioned

medium was obtained by centrifugation of the cultures.

5.2.4. Immunoprecipitation from infected fibroblasts

Gene transfer was conducted by infection of fibroblasts with recombinant

adenovirus. After overnight incubation, cells were cultured in methionine/cysteine free

RPMI supplemented with glutamine and I%o FCS and incubated at 37oC for I h. Media
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were replaced with 1.5m1 methionine/cysteine free media containing 100 pCi/ml Tran3sS-

LabelrM (ICN Biomedicals, California) and incubated overnight. Conditioned media were

treated with 10% (v/v) protease inhibitor and blocked with 5% (vlv) normal rabbit serum.

Media were pre-cleared with Staphylococcus aureus in RIPA buffer (1 M NaCl, 10%

sodium deoxycholate, l0o/o SDS, 1%NP40, I M Tris-HCl) at 11,600 g for 5 min at 4"C.

Supernatants were treated with 5 Fg mouse anti-GFP mAb (Roche, USA) and incubated at

4oC rotating overnight. S.aureus supplemented with 1 mg/ml ovalbumin (100p1) was

added for I h, and washed twice with RIPA buffer at 3870 g. Pellets were resuspended in

Laemmli's buffer with an aliquot reduced with B-mercaptoethanol and after incubation at

100"C for 15 min samples were run on 12.5% SDS-PAGE gels. Gels were stained with

commassie blue and impregnated with AmplifyrM for 30 min prior to autoradiography on

Kodak XAR5 film.

5.2.5. Quantification of EGFP and CTLA4-EGFP fusion protein by ELISA

An ELISA was established to quantify CTLA4-EGFP secreted from adenoviral

infected ovine fibroblasts. Due to the unavailability of ovine CTLA4 specific antibodies,

capture and detection antibodies were directed against the EGFP fusion protein. Titertek

Immuno Assay Plates were coated with polyclonal goat anti-GFP antibody at 2 p.glml in

bicarbonate buffer (pH 9.6) for 2 h at room temperature and then incubated overnight at

4"C. Standard curves were generated by titrating recombinant EGFP (Clontech, USA) in

the antibody-coated plates at a concentration range of 0.001 to 10 nglml. Serial dilutions of

the unknown concentrations of EGFP and CTLA4-EGFP in conditioned medium were also

added to the antibody-coated plates. After overnight incubations, and following washes
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\Ã/ith PBS Tween-2O, I pglml of mouse anti-green fluorescent protein (GFP) mAb was used

to detect the captured fusion protein and native EGFP for 2 h at room temperature. A

1/1000 dilution of the secondary biotinylated horse anti-mouse IgG conjugate in 10% FCS

was then added to the plates and was detected with a 1/1000 dilution of Streptavidin-

Alkaline-Phosphatase in PBS/Tween-20. The colorimetric reaction was produced by the

addition of Sigma 104 Phosphatase Substrate in diethanolamine buffer and absorbance at

Aqos was determined after terminating the reaction with 0.5 M EDTA. Since the standard

curve was derived with native EGFP the values obtained for CTLA4-EGFP depict

equivalent molar concentrations.

5.2.6. CTLA4-EGFP Binding Assay

Ovine and human DC were used as target cells to establish the binding activity of

CTLA4-EGFP. Primary mAb directed against the CD80 (Immunotech, France) and CD86

(Serotech, UK) ligands were used to confirm the expression of these molecules on the

human DC. The CTLA4-EGFP binding assay involved three steps. DC were firstly

incubated with 200 ¡rl of CTLA4-EGFP at a concentration of 20 ¡tglml. Secondly, cells

were washed and incubated with a primary anti-GFP mAb. X63 was used as an isotype-

matched negative control mAb. Finally, a polyclonal anti-mouseIgFab2 FlTC-conjugated

antibody (Silenus, Australia) was added to the cells to detect the primary antibody. Human

CTLA4Ig (4 ltg, R&D Systems, USA) was added as a competitor in the binding assay to

establish the specificity of binding of CTLA4-EGFP to CD80/86 expressed on both human

and ovine DC. Flow cytometric analysis was performed as described in section 2,3.4.1.
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5.2.7. Two-way Mixed Lymphocyte Reaction

Conditioned media from recombinant adenoviral infected fibroblasts were

quantified by ELISA and tested for inhibitory activity in a two-way MLR as described

below. Either sheep or human PBMC from two unrelated donors were co-cultured in 96-

well round-bottom plates to a final cell concentration of 2x105 cells per well. The MLR

was performed in complete medium in a volume of 200 pl. The mixed cultures were

incubated at37"C for 4 days and then pulsed for 20 h with 1 pCi of ¡3U1 thymidine. The

cells were harvested onto filters and the incorporated radioactivity was determined by

liquid scintillation counting in a Wallac Microbeta Counter. All determinations were

expressed as counts per minute (cp-) and performed in triplicate.

5.2.8. Genetically modified DC as stimulators in the MLR

Unlike gene transfer by infection of fibroblasts, ovine and human DC were

genetically modified by combining the cells with the specific recombinant adenovirus (1 x

10e pfu) and 2 Fg of LipofectAMINErM in 100 ¡rl RPMI. Briefly, after 15 min of

incubation at room temperature, DC (1 x 106 cells) were mixed with the adenoviral-

LipofectAMINErM complex to a final MOI of 1000 and incubated for a further 2hto allow

viral adsorption. The transfected DC were incubated for a further 48 h to establish gene

transduction prior to use in the MLR as stimulators at 1:10 and 1:100 S/R ratios against

responder T cells.
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5.3. Results

5.3.1 Generation and Characterisation of fusion protein constructs

Plasmids encoding CTLA4-EGFP and CTLA4-Ig fusion constructs (pCTLA4-

EGFP and pCTLAa-Ig) were generated by cloning the extracellular domain of ovine

CTLA4 in frame with the EGFP gene in the pEGFP-N1 expression vector or an ovine IgG

gene which had been cloned into the expression vector pSecTagB. Unmodified pEGFP-N1

was used as the vector blank control for pCTLA4-EGFP while pSecTagB with only an Ig

insert was used as the control for pCTLA4-Ig. Correct insertion of the genes was

confirmed by PCR analysis using gene specific primers (figures 5.2 and 5.3). This was

further confirmed by restriction digest analysis (data not shown) and by sequence analysis

(appendices 3 and 4). CHO cells were electroporated with pCTLA4-EGFP, pCTLA4-Ig

or the appropriate vector blank control and conditioned media (CM) used in the two-way

ovine MLR. As demonstrated in fÏgure 5.4, both CTLA4-EGFP (15167 +l- 1270 cpm) and

CTLA4-Ig (23182 +l- 3310 cpm) were able to significantly (p < 0.005) inhibit the MLR

compared to their respective controls, EGFP (55504 +l- 1270 cpm) or Ig (40148 +l- Il00

cpm) or sham transfected cell CM (35572 +/- 1851 cpm). Notably both vector blank

control CM and CM from sham transfectants also inhibited the MLR with counts

significantly (p < 0.001 1) lower than the untreated control (83143 +l- 1734 cpm).

5.3.2. Generation and characterisation of adenoviral constructs

CTLA4-EGFP and CTLA4-Ig were able to inhibit the MLR and hence were both

candidates for incorporation into adenoviral constructs. CTLA4-EGFP was selected as the

EGFP fusion tag offers the additional benefits of direct monitoring of cell transfection.
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CTLA4-EGFP and EGFP were excised from their respective plasmids and cloned

into the multiple cloning site (MCS) of the pShuttleCMV vector. The genes were

subsequently incorporated into the adenoviral genome by homologous recombination with

the pAdEasyl vector as outline in figure 5.1. Figure 5.5 represents the screening of

CTLA4-EGFP clones, with 50% positive for homologous recombination. Similar

screening was performed for clones incorporating the other genes. Positive clones were

then used to generate infectious adenoviral particles with adenoviral titers up to 5 x 1011

PFUiml achieved after CsCl purification as assessed by CPE assay.

5.3.3. Adenoviral transfection of ovine fÏbroblasts

Figure 5.6 shows the fluorescence of fibroblasts under the UV microscope infected

with AdCTLA4-EGFP or AdEGFP. Of particular note was that AdEGFP transduced

fibroblasts demonstrated stronger nuclear and cytoplasmic localisation of the EGFP in

contrast to the diffuse cytoplasmic staining observed with those cells genetically modified

with AdCTLA4-EGFP. The high levels of cell transfection evident by the fluorescent

microscopy pictures were confirmed by flow cytometric analysis of AdCTLA4-EGFP and

AdEGFP infected fibroblasts with respective transfection efficiency of 97o/o and 99o/o.

AdEGFP infected fibroblasts (MFI : 144) demonshated a higher mean fluorescence

intensity (MFI) than AdCTLA4-EGFP infected fibroblasts (MFI : 88). Negligible

autofluorescence was observed in transfected fibroblasts (MFI :3.4).
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Figure 5.6. Assessment of the fluorescence of AdCTLA4-EGFP and AdEGX'P transduced
ovine fibroblasts.
Ovine dermal fibroblasts were infected with adenoviral constructs at a MOI of 50. Panel A
represents transfected fibroblasts viewed using UV-microscopy (200X magnification) after 48 h
in culture. Panel B demonstrates the percentage of fluorescent cells after adenoviral transduction
of fibroblasts with AdCTLA4-EGFP or AdEGFP as determined by flow cytometric analysis.
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5.3.4. Secretion and function of ovine CTLA4-EGFP from adenoviral infected

fibroblasts.

Fibroblasts infected with AdCTLA4-EGFP were shown to secrete CTLA4-EGFP

proteins by immunoprecipitation of the CM with anti-GFP mAb. CM from AdEGFP

infected fibroblasts was used as controls for EGFP synthesis. As shown in figure 5.7

autoradiographs of immunoprecipitates demonstrated a distinct 30 kDa band corresponding

to EGFP, while immunoprecipitates of AdCTLA4-EGFP CM revealed an intense 62 kDa

band, confirming secretion of the proteins. A less intense band of 120 kDa was also

observed in the CTLA4-EGFP immunoprecipitate indicating that some dimerisation does

occur, although the monomeric form of the protein is most prominent. The 120 kDa band

was not observed when the immunoprecipitates were run under reducing conditions.

ELISA, using anti-GFP antibodies, was used to quantify the secretion of CTLA4-

EGFP and EGFP from infected fibroblasts with up to 20 p,glml CTLA4-EGFP and 10

pdml EGFP obtained over 48 h. CTLA4-EGFP was titrated for immunomodulatory

function in the two-way MLR in a concentration range of 0.625-10 pglml. Optimal

inhibition (80-90%) compared to the untreated MLR was demonstrated in the concentration

range of 5-10 p+glmI (figure 5.8).

5.3.5. Binding of CTLA4-EGFP to ovine and human DC

The CTLA4-EGFP fusion protein obtained from fibroblast infected with

AdCTLA4-EGFP was quantifred by ELISA and used at a concentration equivalent to 20

pdml of EGFP to assess the binding activity to both human and ovine DC. While human

monocyte-derived DC were confirmed by flow cytometry to express the CTLA4 receptors
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Figure 5.7. Immunoprecipitation of CTLA4-EGFP from infected fibroblasts
The autoradiographs show the immunoprecipitation of 35S methionine/cysteine-
labeled proteins from fibroblasts transfected with AdCTLA4-EGFP or AdEGFP
using anti-EGFP mAb. Immunoprecipitates were subject to electrophoresis in
12.5% SDS-PAGE gels under reducing or non-reducing conditions.
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Figure 5.8. Dose-response inhibition of an ovine two-way MLR by crLA4-EGFp
Conditioned media was obtained from fibroblasts transduced with AdCTLA4-EGFP and the
concentration of CTLA4-EGFP determined by ELISA. CTLA4-EGFP was added to the MLR at
two-fold dilutions ranging from l0 pg/mlto 625 nglml. MLR responses are expressed as the
percentage of inhibition relative to the untreated MLR +/- SD.
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CD80/86 (figure 5.9) this was not established for the ovine cells due to the unavailability of

ovine specific mAb. Anti-GFP mAb staining demonstrated binding of CTLA4-EGFP to

both ovine and human DC as shown by increased shifts in fluorescence compared to the

isotype-matched X63 control (figure 5.9). In contrast the EGFP native protein, as a

negative control, showed no reactivity (data not shown). Furthermore, the specificity of

CTLA4-EGFP binding to CD80/86 on both human and ovine DC was confirmed by

blockade with recombinant human CTLA4-Ig.

5.3.6. Adenovirat CTLA4-EGFP transfected DC have reduced allostimulatory

capacity.

Given the ability of CTLA4-EGFP to bind to CD80/86 ligands on ovine and human

DC and inhibit the MLR, ovine and human DC were transfected with AdCTLA4-EGFP or

AdEGFP in association with LipofectAMfNErM and assessed for their ability to inhibit the

alloreactive T cell proliferation. Fluorescence resulting from the EGFP tag in transfected

DC was evaluated for both the native and fusion protein by flow cytometry to determine

transfection efficiency. Transfection efficiency for both adenoviral constructs was between

73-75% for ovine DC and 9l-95% for immature human monocyte-derived DC (fÏgure

5.10). Notably AdEGFP transfected DC demonstrated significantly higher MFI than

AdCTLA4-EGFP transfected DC (105 vs. 48 for ovine DC and 331 vs. l241or human DC).

In the ovine DC-MLR at respective stimulator:responder ratios of 1:10 and 1:100,

AdCTLA4-EGFP transfected DC demonstrated an inhibition of 4f/o (p:0.003) and 64Yo

(p:0.003) compared to unmodified DC (fïgure 5.10). Surprisingly, in contrast to the two-

way MLR, AdEGFP transfected DC also inhibited the MLR but to a lesser extent than

AdCTLA4-EGFP transfected DC. Similar results were obtained with human DC with
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Figure 5.9. Binding of ovine CTLA4-EGFP to ovine and human DC
A) Human or ovine DC were incubated with CTLA4-EGFP derived from recombinant
adenovirus modified fibroblasts. Bound CTLA4-EGFP was detected with an anti-GFp mAb as
shown by the shaded histogram. The negative-isotype matched mAb (X63) is represented by the
solid line. The dotted line represents blockade of CTLA4-EGFP binding by pre-incubation with
commercial human recombinant CTLA4-Ig.
B) Expression of CD80 and CD86 ligands on human monocyte-derived DC was conf,rrmed by
flow cytometry.
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X'igure 5.10. AdCTLA4-EGFP Transduced ovine and human DC inhibit the MLR
Ovine (graph A) and human (graph B) DC were transfected with either AdCTLA4-EGFP or
AdEGFP and used as stimulators in the allogeneic DC-MLR at stimulator/responder ratios of
1:10 and 1:100. Unmodified DC were used as controls. Each graph is representative of three

independent experiments. Transfection efficiency was determined by flow cytometric analysis
prior to use in the MLR and data is represented as a dot-plot (FL-l vs forward scaffer).



AdCTLA4-EGFP transfected DC inhibiting the MLR by 28% (p : 0.016) and 52Yo (çt :

0.00003) compared to untreated DC at 1:10 and I :100 S/R ratios respectively (figure 5.10).

Also consistent with ovine DC, AdEGFP transfected human DC demonstrated 15%

inhibition of the MLR at the 1:10 ratio (p : 0.013). To clarify the observed

immunomodulation by AdCTLA4-EGFP and AdEGFP, phenotypic analysis was performed

on transfected human DC. The phenotypic investigation \Mas confined to human DC due to

the lack of availability of ovine reactive mAb. These analyses revealed that AdCTLA4-

EGFP transfection showed a modest upregulation of CD40 expression on DC whereas

AdEGFP transfection resulted in a 1,5-20% downregulation (figure 5.11). However, both

constructs produced only modest increases in the expression of MHC class II, CD86 and

CD83 which is consistent with previously reported effects mediated by adenoviral

transfection (441).
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Figure 5.11. Effect of adenoviral transfection on human DC cell-surface marker expression
To assess the influence of AdCTLA4-EGFP and AdEGFP on costimulatory molecule and
maturation marker expression, human monocyte-derived DC were transfected with the adenoviral
constructs and stained with marker-specific primary antibodies. Binding was detected by
secondary labeling with PE-conjugated anti-mouse antibodies and cells analysed by dual-colour
flow cytometric analysis. Histograms represent FLI staining (transfection efficiency) vs FL2
staining (antibody staining). Percentages represent the proportion of cells expressing the
particular cell-surface markers. Histograms are representative of two independent experiments.



5.4. Discussion

This chapter reports the cloning of the extracellular domain of ovine CTLA4 fused

to EGFP, and subsequent incorporation into an adenoviral vector to generate potentially

tolerogenic DC.

The extracellular domain of CTLA4 was cloned "in frame" with the EGFP gene,

originally cloned from the jellyfish Aequorea victoria, and an ovine IgG gene.

Cytoplasmic and trans-membrane domains of CTLA4 were omitted to prevent binding to

the cell surface, as is the case for native CTLA . Moreover the omission of the

cytoplasmic region removes the stop codon permitting read-though to the fusion partner.

The EGFP-NI plasmid was selected as it permits insertion of CTLA4 into the vector such

that the carboxy terminal end of the gene is fused to the N-terminal end of EGFP. Primers

to ovine IgG were designed so as to amplify the hinge region of IgG in association with the

CHZ and CH3 domains, consistent with the generation of human and murine homologues

(54). Sequencing was performed on the CTLA4-EGFP and CTLA4-Ig plasmids to confirm

the authenticity of the gene fusions (appendices 3 and 4). Conditioned media was

generated for preliminary investigations into the functions of the proteins by

electroporation of CHO cells. Despite only 20-40olo transfection effrciency achieved, as

determined by EGFP fluorescence, CTLA4-EGFP and CTLA4-Ig CM demonstrated 82%

and 72o/o inhibition of the MLR compared to untreated controls and 38To and 58Yo

compared to sham transfected cells (figure 5.4). The inhibition evident in the sham

transfected CM indicates the presence of inhibitory factors as a result of electroporation

procedure. Conditioned media from EGFP transfected cells were stimulatory compared to

sham transfectant CM which may be due to reactivity against the native EGFP proteins.
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Cloning of CTLA4-Ig into the pSecTagB vector inadvertently led to the incorporation of

two signal peptides. However, based on the ability of CTLA4-Ig in the CM to inhibit the

MLR (figure 5.4), it is suggested that the second signal peptide has not affected the

secretion of the protein. Subsequent cloning of CTLA4-Ig from pSecTagB into an

adenoviral construct will exclude the Igr leader sequence. The concentrations of CTLA4-

EGFP and CTLA4-Ig in the conditioned media were not quantified in this set of

experiments; thus we were unable to conclude whether either fusion partner offered better

assistance to the function of CTLA4. [n a clinical setting a species specific Ig partner

would be more beneficial as it would reduce the neutralisation of the fusion protein.

However for the purpose of these current studies, the EGFP partner offers the distinct

advantage of permitting direct analysis of transfection efficiency and antibodies directed

against EGFP are commercially available permitting characterisation of the protein. For

these reasons the CTLA4-EGFP gene fusion was further cloned into an adenoviral

construct.

The incorporation of CTLA4-EGFP into an adenoviral construct permitted high

levels of gene transfection into fibroblasts with almost l00yo transfection efficiency (figure

5.6). Interestingly AdCTLA4-EGFP and AdEGFP transfected fibroblasts revealed

significantly different fluorescent staining pattems. The intense and uniform fluorescent

staining of AdEGFP transfected fibroblasts indicates a high level of protein expression

and/or the lack of signals directing the secretion of EGFP, leading to an accumulation of

intracellular protein. In contrast AdCTLA4-EGFP transfectants demonstrated more diffuse

peri-nuclear staining with focal punctate staining, likely to be the packaging of proteins

within the cellular machinery in preparation for secretion. Indeed quantification of the

recombinant proteins in the conditioned media of adenoviral infected fibroblasts revealed
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significantly higher secretion of CTLA4-EGFP (up to 20 þglml) compared to EGFP (up to

10 ¡rglml) within 48 h.

Secretion of CTLA4-EGFP was also confirmed by immunoprecipitation of

conditioned media from transfected cells (figure 5.7). Immunoprecipitates indicated that

CTLA4-EGFP is secreted primarily in monomeric form, although there was a minor

proportion of a high molecular species only identified in non-reducing SDS-PAGE, which

is indicative of sulphydryl protein interaction and dimer formation. The importance of

CTLA4-Ig dimer formation remains unresolved. While the native membrane-bound

CTLA4 exists predominantly in dimeric form, potentially facilitating intracellular signaling

and disruption of the immunological synapse (60, 61), binding to CD80/86 is not dependent

on dimerisation as the binding interface is identical in monomeric and dimeric forms (58).

Recent data using a mutant form of CTLA4 demonstrated that the monomeric form is

capable of localisation to the immunological synapse and inhibition of T cell proliferation

(442). However as dimerisation of CTLA4 places the binding domains distal to the dimer

interface, dimeric forms of CTLA4 may permit stronger association with target cells as

each dimer is able to bind to two distinct CD80/86 ligands (58). In accordance with these

observations we demonstrated the ability of ovine CTLA4-EGFP to bind to both ovine and

human DC (figure 5.9). The specificity of binding was illustrated by the pre-incubation of

DC with recombinant human CTLA4-Ig, which effectively blocked the binding of CTLA4-

EGFP. The ability of both ovine CTLA4-EGFP and the commercial human CTLA4-Ig

proteins to bind to ovine and human DC indicates cross-species reactivity. This

observation is not surprising giving the conservation of the MYPPPY motif between the

species which facilitates the strong binding capacity to CD80/86 (59). Binding of CTLA4-
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EGFP \Mas also shown to mediate strong alloreactive T cell hlporesponsiveness at

concentrations between 1-10 pglml, comparable with previous reports characterising the

inhibitory tunction of CTLA4-Ig (328).

While adenoviral vectors are able to infect fibroblast with high efficiency using a

low multiplicity of infection, DC are tlpically more difficult to transfect. Adenoviral entry

into cells is facilitated by the binding of the viral particles to the coxsackievirus and

adenovirus receptors (CAR) on the cell surface which facilitates interactions with avB3 and

øvB5 integrins and subsequent internalisation (443). Combining adenoviral transfection

with cationic liposomes can increase the transfection efficiency of difficult to transfect

cells. Consistent with previous reports using combined adenoviral/LipofectAM[NErM

transfection (309) we were able to transfect human DC with greater than 90Yo efficiency

(fïgure 5.10). In contrast however, ovine DC were only transfected at an efficiency of 73-

75Yo, which may reflect the purity or heterogenicity of the cells. Regardless, both ovine and

human AdCTLA4-EGFP transfected DC induced alloreactive T cell hyporesponsiveness

with greater than 50% inhibition of T cell proliferation at a 1:100 S/R ration compared to

untransfected DC. Surprisingly and in contrast to AdEGFP conditioned media, which

produced a moderate stimulatory function in the MLR, AdEGFP transfected DC also

inhibited the DC-MLR although to a lesser extent than AdCTLA4-EGFP transfected DC.

This was a consistent observation between the ovine and human DC-MLR. Due to the

restricted availability of mAb directed against ovine costimulatory molecules, the

phenotypic analysis of transfected DC was confined to human DC. In accordance with the

previously reported effects of adenoviral transfection on DC (302,303), transfection with

A{CTLA4-EGFP and AdEGFP resulted in modest upregulation of MHC Class II, CD86
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and CD83 molecules (figure 5.11). Interestingly, while AdCTLA4-EGFP transfected DC

also showed a slight increase in CD40 expression, AdEGFP transfectants revealed a 15-

20Yo downregulation of CD40, potentially explaining their mild inhibitory effect on

alloreactive T cells. The mechanism for CD40 down-regulation upon AdEGFP transfection

is unknown but it may be reflective of the disruption to cell function due to the

accumulation of intracellular EGFP. Conversely the inhibition may be related to

adenoviral-mediated upregulation of IDO expression which has been recently reported in

transfected DC (444).

As outlined in section l.l4 blockade of multiple costimulatory pathways may be

required to induce long-term allograft acceptance. In particular systemic treatment of non-

human primates with CTLA4-Ig only induces long-term renal allograft acceptance when

used in combination with anti-CD154 mAb (347). Moreover in the context of DC therapy,

DC transfected with AdCTLA4-Ig only modestly prolong islet allograft survival (253),

while the combination of AdCTLA -Ig with NFrB oligodeoxyribonucleotide decoys

induced long-term acceptance (329). In chapter 3 the combination of sub-optimal doses of

CTLA4-Ig and IL-10 provides evidence supporting the use of both agents to modifyDC.

An adenoviral construct encoding ovine IL-10 fused to DsRED, a fluorescent gene cloned

from coral of the Discosoma genus (445), was generated in order to test the benefits of DC

cotransfected with AdCTLA4-EGFP and AdIL-10-DsRED. The DsRED fusion partner

was selected to permit quantification of the transfection efficiencies of both AdIL-10-RED

and AdCTLA4-EGFP within single cells as the emission spectra of EGFP and DsRED are

distinguishable by flow cytometry (446). While cells transfected with AdIL-10-DsRED

exhibited significant fluorescence and the IL-10 sequence was confirmed (appendix 5), the

immunomodulatory activity of conditioned media from transfected fibroblasts or
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transfected DC was unable to be established (data not shown). Recent studies have

indicated that while initially generated as a monomer, DsRED only demonstrates

fluorescence as a tetrameric structure (447). Thus the large tetrameric structure of DsRED

may have interfered with the conformational arrangement or binding domains of IL-10.

Use of a newly generated DsRED-monomer by Clontech is likely to overcome this

limitation and permit dual transfection studies of DC in conjunction with AdCTLA4-EGFP.

In summary in this chapter a biologically active form of ovine CTLA4 fused with an

EGFP fusion partner was genüated and subsequently incorporated into an adenoviral

vector, allowing transfection of DC with high efficiency. The EGFP tag proved

advantageous over typical CTLA4-Ig fusion constructs in that it allowed direct analysis of

gene transduction. Ovine DC transfected with AdCTLA4-EGFP induced alloreactive T cell

hyporesponsiveness in the MLR associated with the blockade of CD28 costimulation as a

consequence of CTLA4-EGFP binding to the CD80/86 ligands expressed on the DC,

thereby raising the threshold required for T cell activation. Concurrent studies

investigating the immunomodulatory effects of AdCTLA4-EGFP on human monocyte-

derived DC demonstrated cross-species reactivity of ovine CTLA4-EGFP and permitted a

detailed analysis of the biological activity.

Taken in conjunction with the ability of ovine DC to migrate to secondary lymphoid

tissues and interact with alloreactive lymphocytes (chapter 4), the induction of alloreactive

T cell hyporesponsiveness by ovine DC transduced with AdCTLA4-EGFP reported in this

chapter warrants the investigation of AdCTLA4-EGFP transfected DC in an in vivo model

of alloreactivity.
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6.1. Introduction

In chapter 5 adenoviral constructs encoding ovine CTLA4-EGFP were generated.

Both human and ovine DC, transduced with AdCTLA4-EGFP, induced alloreactive T cell

hyporesponsiveness in vitro associated with the autocrine/paracrine binding of secreted

CTLA4-EGFP to CD80/86 ligands expressed on the DC. V/ith the ability of AdCTLA4-

EGFP transduced DC to induce T cell hlrporesponsiveness in vitro demonstrated, the aim of

this current chapter was to provide in vivo proof of principle that AdCTLA4-EGFP

transduced ovine DC can inhibit alloreactivity in vivo.

Immunodeficient mice have been used to construct models of human vascularised

skin allograft rejection, referred to as human PBL-scid models (448). The lack of

functional immunity in these mice facilitates the transfer of human skin and allogeneic

lymphocles providing a murine model of human allograft rejection. Similar models have

also been used to study a number of human diseases including graft Vs. host disease, HIV

pathogenicity and cancer treatment (449).

While a number of different strains of immunodeficient strains have been generated

(450), the NOD-scid motse provides a good model for immune reconstitution (45I,452).

NOD/scld mice were developed by backcrossing the scid mutation over ten generations

onto the NOD/Lt strain (452). The SCID (severe combined immunodeficient) mutation in

mice is characterised by defective DNA-repair mechanisms and an inability to rearrange the

variable, diversity and joining (VDJ) segments of TCR and immunoglobulins which results

in a lack of functional T and B lyrnphocytes (453-455). While initial human lymphocyte

reconstitution was possible in SCID mice, long-term persistence was limited by innate

immune responses (454). Furthermore the mutation of VDJ recombination in SCID mice is
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incomplete and leads to "leakiness" in which residual T and B cell activity can expand, a

phenomenon which increases with age. The NODIL| mutation results in defective

differentiation and function of antigen presenting cells (456), a lack of circulating

complement (457) and functionally inept natural killer (NK) cells (458). Crossing the NOD

and SCID mutation resulted in a strain (NOD-scid) lacking functional T and B cells,

reduced NK cell activity,lack circulating complement and are diabetes and insulitis free

throughout life (451) and furtherTnore have demonstrated more reliable and efficient

immune reconstitution compared with SCID mice (459).

A NOD-scid model of ovine skin allograft rejection was established in this study

based on the human equivalent models detailed above. The NOD-scid model represents a

short-term model of in vivo alloreactivity and does not test for long-term tolerance as the

immune reconstitution does not facilitate de novo lymphocyte generation (a50). The model

has however demonstrated a predictive value of the efficacy of immunosuppressive

strategies on human lymphocytes in vivo including cyclosporin treatment and CD2/LFA

blockade (448, 460-462). Administration of AdCTLA4-EGFP transduced DC autologous

to the skin donor specifically investigates the influence of CTLA4-EGFP on the direct

pathway of allorecognition which, as described in section 1.9.1, plays an important role in

acute rejection.

As described in previous chapters, current in vivo data on the use of DC modified to

produce CTLA4 fusion proteins is limited to two studies. 'While Lu et al. (2Il)

demonstrated the efficacy of AdCTLA -Ig transduced DC in vitro and showed that the

cells were able to migrate to secondary lymphoid tissues, no functional data was reported

with respect to in vivo immtsnomodulation. In the second study O'Rourke et al. (253)

showed thal a DC-cell line transduced with AdCTLA4-Ig significantly prolonged allograft
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acceptance in mice. úr this chapter we provide data demonstrating the ability of primary

ovine DC modified with AdCTLA4-EGFP to inhibit alloreactivity in vivo.

The specific aims of this chapter were

(Ð To determine baseline conditions for vascularised ovine skin allograft rejection in a

NOD-scldmouse model.

(iÐ To assess the ability of ovine DC genetically modified with adenoviral ovCTLA4-

EGFP to inhibit skin allograft rejection inthis model.
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6.2. Materials and Methods

6.2.1. NOD-scid mice

NOD-scid mice were purchased from the IMVS (Adelaide, SA) at four weeks of

age. Animals were housed in a pathogen-free environment at the Adelaide University

Central Storage Facility and allowed free access to food and water throughout the duration

of the experiments. Animal ethics approval for the experiments were obtained from

Adelaide University and The Queen Elizabeth Hospital animal ethics boards (animal ethics

number Nl6-2001).

6.2.2. Harvesting of ovine skin

Sheep were fasted for 12 h and anaesthetised with 0.4 mllkg intravenous Nembutol,

intubated and anaesthesia maintained with an inhaled Flurothane/Oz mixture. Full skin

thickness biopsies were taken from the non-wool bearing region of the upper thigh of sheep

using an 8 mm disposable biopsy punch (Stiefel Laboratories, Australia). Sheep were

administered a single inhamuscular dose of penicillin/streptomycin as a post-operative

prophylaxis against infection. To facilitate effective engraftment, excess sub-cutaneous

tissue v/as removed from the skin biopsies to yield a thickness of approximately 0.5 mm.

6.2.3. Grafting of ovine skin

NOD-scid mice were anaesthetized with a mixture of oxygen and halothane. Mouse

skin was excised from the dorsal aspect of the mouse thorax and replaced with sheep skin,

which was maintained in sterile RPMI at 4oC prior to transplantation. 'Wounds were

covered with RPMI soaked Sorbsan Calcium Alginate dressing (Steriseal, England) and
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wrapped with two coats of Tegaderm bandages (3M, Australia). Dressings were removed

after seven days, with a further week uncovered healing permitted prior to challenge with

PBMC allogeneic to the donated skin. The protocol for the engraftment of ovine skin in the

NOD-scid experiments is illustrated in figure 6.1.

6.2.4.Intra-peritoneal challenge with allogeneic ovine PBMC and DC

PBMC and DC were isolated from sheep as described (2.3.1.1 and 4.2.1) and

alloreactivity against the skin donor verified by MLR (2.3.1.4). For the appropriate

experiments ovine DC were transfected with AdCTLA4-EGFP or AdEGFP. PBMC (I-2 x

108 cells) and DC (l-2 x 106) were mixed and immediately injected into the peritoneal

cavity of the mice using 29G insulin needles. Treatment groups and animal numbers are

detailed in the table 6.1.

Table 6.1. NOD'scid treatment groups

DC Treatment Lymphocytes II:

Untreated Allogeneic 8

Untreated Autologous 4

AdCTLA4-EGFP Allogeneic 4

AdEGFP Allogeneic 4

In all treatment groups DC autologous to the skin donor were used.
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Figure 6.1. Schematic representation of skin grafting and immune reconstitution of NOD-
scid mice.
Ovine skin biopsies were taken from sheep which had been cannulated to provide a source of DC
autologous to the skin transplants. Two skin biopsies were grafted onto NOD-s cid mice with
healing permitted for 14 days. At the experimental time, day: 0, ovine DC (l-2 x 106)
autologous to the skin donor were co-injected with allogeneic ovine PBMC (l-2 x 10s). Skin
grafts \ryere removed for analysis at days 7 and 14. In the case of DC genetically modified with
AdCTLA4-EGFP or AdEGFP, DC were transfected 48 h prior to injection to facilitate gene
transduction.



6.2.5. Adenoviral transduction of ovine DC

Ovine pseudo-afferent derived DC were transfected with AdCTLA4-EGFP or the AdEGFP

vector blank in conjunction with LipofectAMfNErM as described (5.2.S). Transfected DC

were cultured for two days in complete media to facilitate gene transduction prior to

injection into recipient mice.

6.2.6. ELISA Quantification of CTLA4-EGFP and EGFP

An ELISA was set-up to quantify the level of CTLA4-EGFP and EGFP production

from transfected DC and in the serum of mice treated with transfected DC. DC were

transfected with either AdCTLA4-EGFP or AdEGFP and after 2 days in culture,

conditioned media was cleared of cells by centrifugation and used in the ELISA. To

quantify CTLA4-EGFP and EGFP in circulation after treatment of NOD-scid mice with

transfected DC, blood was drawn from the tail vein. Blood was allowed to settle by

overnight incubation at 4"C and serum isolated from cells by centrifugation. The ELISA

was performed as described in 5.2.5 using antibodies directed against EGFP.

6.2.7. Histological Analysis of Skin Biopsies

Grafted skin was excised from mice seven and fourteen days post immune

reconstitution and wounds sutured with 4.0 silk ties. Skin biopsies were embedded in OCT

and 6 pm sections performed using a cryomicrotome. H&E (2.3.5.2) and

immunohistochemical staining (2.3.5.3) using sheep specific anti-CD4 and anti-CD8 were

performed to assess the level of lymphocyte infiltrate and characterise the infiltrating cells.

146



6.2.8, Rejection Scores

Rejection scores for H&E, CD4 and CD8 staining were based on the definitions in

table 6.2. Scoring was performed by two assessors blinded to the treatments. Statistical

comparisons were made using the Mann-V/hitney U test.

Table 6.2 Scoring for ovine skin allograft rejection

Score DefTnition
1 <25o/o scattered leuko cyte s

2 <25o/o fo c al infiltratron
J 25 - 50% moderate diffu se infiltration
4

Score

>50Yo infiltration

Definition
I No staining
2 Scattered discretely stained cells

Marked focal stainingJ

4 Marked diffuse staining
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6.3. Results

6.3.1. Ovine skin engraftment in NOD-scid mice

Ovine skin allografts on NOD-scid mice were well tolerated and free of scabbing or

necrosis (figure 6,2.a). Vascularisation of the graft was demonstrated by H&E staining

with patent vessels observed in the within the dermis of unchallenged and reconstituted

mice (fÏgure 6.2.b). While vessels in unchallenged mice remained free of peri-vascular

infiltrate, mice reconstituted with allogeneic ovine lymphocytes often revealed intense peri-

vascular staining (figure 6.3.b). Distinct ovine-murine epidermal junctions were observed

in all skin grafts and transplanted ovine skin demonstrated significant hyperkeratosis

compared with freshly isolated ovine skin (figure 6.2.c-6.2.f .

6,3,2.Injection of allogeneic DC and PBMC provokes rejection of ovine skin allografts

V/hile injection of autologous DC and PBMC resulted in diffuse lymphocyte

infiltrate in skin sections taken at days 7 and 14, injection of allogeneic cells was

characterised by extensive lymphocyte infiltration (figure 6.3.a). Focal localisation of

lymphocytes at the dermal-epidermal junction and peri-vascular staining were particular

features of the allogeneic response (figure 6.3.b). T1pically greater levels of infiltration

were observed at day 7 compared to day 14. As shown in fTgure 6.4,lymphocle infiltrates

were comprised of both CD4+ and CD8* T cells. Compared to the allogeneic response,

histological scoring of skin biopsies revealed significantly less infiltrate in autologous

challenged samples (figure 6.5). V/hile significant differences were observed by histology,

no discolouration or necrosis of the skin was observed. The mean rejection score for

allogeneic treated animals at day 7 was significantly higher (3.4 +l- 0.45) than animals
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Figure 6.2. ovine skin Engraftment onto NoD- scidMice 
100X Magnification

A) Ovine skin grafted onto a NOD-scldmouse 2l days post-transplantation displayed a normal
macroscopic appearance with no necrosis.
B) Patent vessels were observed in ovine skin biopsies from unchallenged mice.
C) Freshly isolated ovine skin pre-transplantation, stained v/ith H&8, demonstrated normal ovine
skin architecture.
D) Normal architecture of untreated NOD-sc¡dmouse skin.
E) Grafted skin removed 21 days post-transplantation from a non-challenged NOD-scid mouse
showed significant hyperkeratosis and a clearly defined murine-ovine epidermal junction.
F) Unchallenged skin removed 2l days post-transplantation from a non-challenged NOD-scid
mouse remained free of infiltrating lymphocytes
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Figure 6.3. Lymphocyte Infiltrate after Autologous and Allogeneic Immune Reconstitution.
A) H&E staining was performed on ovine skin sections from autologous or allogeneic challenged
NOD-sc¿dmice. Compared to NOD-scid mice reconstituted with PBMC and DC autologous to
the skin donor which demonstrated diffuse lymphocyte infiltrate, injection of allogeneic PBMC
and autologous DC resulted in massive lymphocyte infrltration.
B) Lymphocyte infiltrates were predominant at the dermal-epidermal junction (red arrow) and
around vessels (black arrow).
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Figure 6.4. Lymphocyte infiltrates of ovine skin after autologous and allogeneic challenge of
NOD-scid mice consist of CD4+ and CD8+ T cells.
Serial sections from day 7 autologous and allogeneic NOD-scidmice were stained with H&E or
primary antibodies. Reactions were developed with DAB stain and reveal the presence of both
CD4+ and CD8+ cells within the infiltrate.
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Figure 6.5. Quantitative analysis of lymphocyte infiltrates in ovine skin exposed in vivo to
autologous or allogeneic challenge
Serial sections from day 7 and day 14 autologous (n:4) and allogeneic (n:8) treated NOD-scid
mice were stained with H&E or primary antibodies. Sections were scored by two assessors
blinded to the treatment groups. Rejection scores for H&E staining were calculated using the
following scale: grade I 45yo scattered leucocytes, grade2 45% focal leucocytes, grade 3 25-
50olo moderate diffuse leucocytes, grade 4 >50yo leucocytes. Scoring for CD4 and CD8 staining
were based on following scale: grade I no staining, grade 2 scattered discretely stained cells,
grade 3 marked focal staining, grade 4 marked diffuse staining. Statistical analysis was performed
using Mann Whitney U tests.
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treated with autologous lymphocytes with a mean rejection score of 2 +l- 0.74 (p : 0.01)

(figure 6.5). Higher mean rejection scores (p:0.017) for animals treated with allogeneic

lymphocytes (2.6 +l- 0.69) at day 14 were also observed compared to autologous

lymphocyte treated animals (1.125 +/- 0.18).

6.3.3. Dendritic cells transfected with adenoviral vectors migrate to the skin graft

after intraperitoneal injection.

Ovine DC were transfected with either AdCTLA4-EGFP or AdEGFP, with

transgene expression confirmed by fluorescent microscopy (data not shown) and secretion

quantified by ELISA with a daily production of approximately 10 ng of CTLA4-EGFP per

I x106 cells (figure 6.6). In order to assess the migration of ovine DC injected into NOD-

scid mice transplanted with ovine skin, DC were transfected with the adenoviral constructs

and injected into the peritoneum of NOD-scid mice. Skin grafts were removedT days post

injection and examined by fluorescent microscopy. AdCTLA4-EGFP transfected DC were

detected in the dermis of the skin transplants of treated animals (figure 6.7) but not in the

spleen (data not shown). Migration of AdCTLA4-EGFP transfected DC to the skin was

confirmed by RT-PCR demonstrating mRNA expression of CTLA4-EGFP in skin sections

(figure 6.7).

6.3.4.Injection of donor-specific ovine DC transfected with adenoviral CTLA4-EGFP

protects ovine skin grafts from rejection.

Ovine DC of the same origin as the donated skin were transfected with AdCTLA4-

EGFP, mixed with allogeneic PBMC and immediately injected into the peritoneal cavity of

the mice. AdEGFP transfected DC were used as the control treatment. Aggressive
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A. Fluorescent microscopy of skin sections

Untransfected DC AdCTLA4-EGFP Transfected DC

400X Magnifïcation

B. PCR analysis of skin and spleen sections

UT DC CTLA4-EGFP DC

Skin

Spleen

Figure 6.7. Adenoviral CTLA4-EGFP transfected ovine DC migrate to the ovine skin allograft
in NOD-scid mice
A) Skin sections were assessed by fluorescent microscopy to determine whether adenoviral
transfected DC were capable of migration to the transplanted ovine skin after intraperitoneal
injection. Pictures above represent skin sections from NOD-sc¿dmice injected with AdCTLA4-
EGFP or untransfected DC. Fluorescence was detected in 50% of skin biopsies from AdCTLA4-
EGFP DC treated animals.
B) Total RNA was extracted from skin and spleen biopsies of NOD-sc¡dmice after intraperitoneal
injection of AdCTLA4-EGFP transfected DC and reverse transcribed. PCR amplification of oDNA
using forward CTLA4 and reverse EGFP primers confirmed CTLA4-EGFP mRNA expression in
ovine skin but not the spleen. PCR amplification with B-Actin housekeeping primers confirmed the
equivalent amount of cDNA in each sample (data not shown).



rejection was observed in AdEGFP treated animals (3.83 +/- 0.289), characterised by

massive CD4* and CD8+ T cell infiltration. In contrast animals receiving AdCTLA4-EGFP

transfected DC demonstrated significantly reduced (p:0.029) lymphocyte infiltration

(1.625 +l- 0.595) (fïgures 6.8/6.9). The inhibition was not due to systemic

immunosuppression, as CTLA4-EGFP was not detected in the semm of mice by ELISA

(figure 6.6). The aggressive response in AdEGFP treated animals was transient with a

reduction in lyrnphocyte infiltration evident by day 14. In order to quantify the differences

in rejection by AdCTLA4-EGFP and AdEGFP treatment, rejection scores were calculated

based on the examination by two observers blinded to the treatment groups. As shown in

figure 6.9 the mean rejection score for animals treated with AdCTLA4-EGFP transfected

DC at day 7 was 1.625 +l- 0.59 compared to animals treated with AdEGFP transfected DC

with a mean rejection score of 3.83 +l- 0.28 þ : 0.029).
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X'igure 6.8. Ovine skin from NOD-scid mice treated with AdCTLA4-EGFP transfected ovine DC
demonstrate reduced lymphocyte infiltration compared with AdEGFP transfected control DC.
Serial sections of ovine skin biopsies from day 7 allogeneic NOD-scidmice treated with AdCTLA4-
EGFP or AdEGFP transfected ovine DC were stained with H&E or primary antibodies. Immuno-
histochemical reactions were developed with DAB. Treatment with AdCTLA4-EGFP transfected DC
resulted in a marked reduction of lymphocyte infiltration
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Figure 6.9. Quantitative analysis of tymphocyte infiltration in ovine skin exposed in vivo to
allogeneic challenge and treated with AdCTLA4-EGFP or AdEGFP transfected ovine DC.
Serial sections from sheep skin isolated at day 7 and day 14 from AdCTLA4-EGFP (n:4) and AdEGFp
(n:a) DC treated NOD-sc¡dmice were stained with H&E or primary antibodies. Sections were scored by
two assessors blinded to the treatment groups. Rejection scores for H&E staining were calculated using
the following scale: grade I <25% scattered leucocytes, grade 2 <25yo focal leucocytes, grade 3 25-50ó/o
moderate diffirse leucocytes, grade 4 >50yo leucocytes. Scoring for CD4 and CD8 staining were based on
following scale: grade 1 no staining, grade 2 scattered discretely stained cells, grade 3 marked focal
staining, grade 4 marked diffuse staining. Statistical analysis was performed using Mann Whitney U tests.
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6.4. Discussion

This chapter reports the generation and characterisation of a murine model of ovine

skin rejection and examines the ability of ovine DC transfected with adenoviral CTLA4-

EGFP to induce T cell hyporesponsiveness in vivo in this model. NOD-scid mice were

used as transplant recipients as their lack of functional T and B lymphocytes facilitates the

successful engraftment of most tissues without rejection (463). In the context of skin

allografts, this model permits the vascularisation of the graft prior to allogeneic challenge,

preventing necrosis typically observed in skin allograft rejection (461, 464, 465). Indeed

we found that skin grafts were accepted well and persisted indefinitely without signs of

rejection and vascularisation of the graft was observed within 14 days of transplantation.

Intraperitoneal injection of 12 x 108 allogeneic lymphocytes and l-2 x 106 DC

autologous to the skin allograft donor, resulted in extensive lymphocyte infiltration of the

dermis of the transplanted ovine skin. The number of lymphocytes and route of

administration were based on previous humanized scid models (264, 466), with

intraperitoneal injection demonstrating more consistent reconstitution than intravenous

delivery and resulting in the detection of T and B cells in the peripheral blood, peritoneal

cavity, ly-ph nodes and spleen (466, 467). After injection of l¡rmphocytes, the peritoneal

cavity provides a similar function to that of a lymph node in which lymphocyte interaction

and activation can occur (466, 468-470). Coinjection of allogeneic lymphocytes and DC

autologous to the skin, permits direct allorecognition to occur, leading to rapid lyrnphocyte

activation and proliferation. Lymphocytes primed by the DC are then able to recognise

allopeptides on the skin allografts leading to lymphocyte infiltration of the graft.

Histological rejection of ovine skin allografts treated with allogeneic lymphocytes was
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demonstrated by extensive infiltration of both CD4+ and CD8* T cells, with focal clustering

at the dermal-epidermal junction and peri-vascular infiltration also noted. In contrast with

the human PBL-scid model, in which maximal rejection is observed between 16 and 2l

days (448, 471),the level of infiltration in this study was more profound at day 7 with more

diffuse lymphocle staining observed at day 14.In most human PBL-scid models, human

PBMC are administered in the absence of DC. Thus for alloactivation to occur, DC (which

represent <Io/o of PBMC) or monocytes within the cell inoculum must migrate to the skin

allograft, process the alloantigens and then prime the alloreactive T cells via the indirect

pathway of allorecognition. Altematively DC resident in the skin allograft (i.e. Langerhans

cells) may migrate from the skin facilitating the direct presentation to alloreactive

lymphocytes. These two processes are likely to account for the delayed onset of rejection.

Consistent with our findings, intraperitoneal injection of DC mixed with allogeneic PBMC

resulted in strong skin rejection at day 7 in humanised NOD-scid chimeric mice (264).

The apparent attenuation of rejection by day 14 in the current study may be

explained by examining some of the limitations of the model. The immunodeficient mouse

models are not long-term allograft models in which tolerance can be examined as

lymphocyte engraftment is transient as de novo geîeration of donor lymphocytes is not

evident (450). Thus the attenuation of lymphocyte function by anergy or viability as a

result of AICD (450) can limit the duration of graft rejection. Although not as much an

issue with NOD-scid mice, the presence of functional murine NK cells can result in donor

lymphocyte elimination, as evidenced in scid mouse models (451,472,473). Attenuation of

donor lymphocyte reactivity may also occur as a result of T cell anergy due to chronic

stimulation by murine antigens, although this is more prevalent upon prolonged

engraftment (474, 475). Importantly for a period of 2-3 weeks after adoptive transfer,
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human lymphocytes injected into NOD-scid mice demonstrate functional activity (476),

which is within the time-frame of this study.

The observed lymphocle infiltration in skin grafts treated with autologous

lymphocfles, albeit at lower levels than the allogeneic response may be reflective of

passive migration or activation of the autologous T cells by presentation of murine antigens

processed by skin DC. Indeed human lymphocytes injected into SCID mice have

demonstrated modest upregulation of IL-2R indicating partial activation (466) with

evidence of human anti-mouse reactivity (477). In this study, while priming the anti-ovine

response, coinjected ovine DC by virtue of their ability to endocytose antigens as reported

in chapter 4, may also process murine antigens provoking anti-mouse reactivity and

therein an increase in proliferating lymphocytes.

As reported in Chapter 5, transfection of ovine DC with AdCTLA4-EGFP resulted

in alloreactive T cell hyporesponsiveness in vitro by blockade of the CD28 costimulatory

pathway. Thus in the second part of this chapter the attenuation of graft rejection by genetic

modification of donor specific ovine DC was investigated. Ovine DC (I-2 x 106) were

transfected with AdCTLA4-EGFP or the vector blank AdEGFP and maintained in culture

media for 2 days to permit viral transduction prior to injection into NOD-scid mice

engrafted with ovine skin. Consistent with the findings in chapter 5, adenoviral

transfection resulted in >70o/o gene transduction as determined by the detection of the

inherent fluorescence of the EGFP protein (data not shown). Moreover secretion of

CTLA4-EGFP by DC was confirmed by ELISA, with a daily production of 10 ng per 1

x106 cells.

Intraperitoneal injection of allogeneic lymphocytes and donor specific DC

transfected with AdCTLA4-EGFP resulted in a profound reduction in skin allograft
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rejection compared with AdEGFP transfected DC controls. Transfected DC were identified

in the skin of animals treated with AdCTLA4-EGFP as indicated by fluorescence and

mRNA expression, indicating that AdCTLA4-EGFP transfected DC may mediate their

inhibitory effects on alloreactive lymphocles both within the peritoneal cavity and

additionally at the site of the allograft. While not conducted in this study, washing of the

lymphocytes from the peritoneal cavity may confirm the persistence of transfected DC in

addition to permitting the activational status of the lymphocytes to be determined.

In transplantation, the purpose of DC based therapies is to directly attenuate

alloreactive cells while preserving normal immune function. That CTLA4-EGFP was not

detected in the serum of non-graft-rejecting mice supports the restricted production of

CTLA4-EGFP to local microenvironments in which DC may interact with allogeneic

lyrnphocytes, thereby negating the potentially detrimental effects of systemic

immunosuppression.

AdCTLA4-EGFP transfected DC, in contrast to control transfectants, produced

significantly lower lymphocyte infiltration in the ovine skin grafts 7 days post-challenge

with allogeneic PBMNC. Peculiar to this model is the observation that the infiltration

response subsides with time, which is indicated by the reduction in rejection scores at 14

days post-challenge in comparison to day 7 even in the presence of control DC

transfectants. This may reflect either transient immunomodulation by AdCTLA4-EGFP

transfected DC or the attenuation of the immune response in AdEGFP transfected DC as a

result of lymphocyte exhaustion.

A limitation of this current study was the numbers of animals in each treatment

group. For effective statistical analysis there should be at least 6 animals in each group.

This study does nevertheless provide strong preliminary data as to the efFrcacy of
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AdCTLA4-EGFP transduced ovine DC in attenuating ovine skin allograft rejection in an

immunologically reconstituted NOD-scid mouse model. In addition to increasing the

experimental numbers, transplantation of skin from two different sheep onto the dorsal

flank of single mice, followed by challenge with allogeneic lymphocytes and AdCTLA4-

EGFP transduced DC autologous to one skin donor could be performed to assess the allo-

specificity of the treatment.

In summary, this chapter reports the characterisation of a short-term murine model

of vascularised ovine skin allograft rejection. The model provides an effective means to

screen novel immuno-therapies in vivo prior to the application in the ovine renal transplant

model. Furthermore, consistent with the findings of O'Rourke (253), we demonstrate that

DC transfected with AdCTLA4-EGFP inhibit alloreactivity in vivo without the requirement

for systemic immunosuppression.
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Chapter 7

Concluding Remarks
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7.1. Concluding Remarks and Future Directions

Due to the limitations of current immunosuppressive drugs, development of novel

immunotherapies and drugs is required. Increasingly the focus of transplant research is

swaying away from immunosuppressive regimes towards the induction of tolerance, which

holds promise for permanent allograft survival in the absence of immunosuppressive drugs.

The antigen presenting properties of DC are being harnessed for gene therapy applications

due to their potential to induce alloreactive T cell hyporesponsiveness by 1) allowing

allopresentation in the absence of sufÍicient costimulation, 2) providing signals to induce

alloreactive T cell apoptosis or 3) engagement of negative signaling pathways including

PD-1 (1 15, 316, 3I8, 425,478). The primary benefit of genetic modification of DC is the

ability of these cells to migrate to secondary lymphoid tissues and interact with naiVe T

cells, thereby overcoming the requirement for systemic immunosuppression.

While the use of immature DC or genetically modified DC has prolonged allograft

survival in murine models, data in large animal transplant models is limited. Thus this

thesis focussed on the development and characterisation of ovine DC genetically modified

to produce CTLA4 fusion proteins in order to provide in vivo proof of function for use in an

ovine model of renal transplantation.

In chapter 4 DC were isolated by pseudoafferent cannulation of the prefemoral

lyrnphatics of sheep. The DC were characterised for their suitability as vehicles for gene

therapy to induce alloreactive T cell hyporesponsiveness. The DC fulfrlled the primary

requirements in that they express high levels of MHC Class II complex, were able to

migrate to sites of antigen presentation in vivo and interact with alloreactive T cells. 'While

clinical applications of DC therapies will certainly utilise monocyte-derived DC as these
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cells represent a homologous DC population with a controlled maturation status, the

generation of DC from ovine monocytes is still in its infancy (410) although further

progression of this research will have profound benefits to the sheep model.

In chapter 5 an adenoviral construct incorporating the fusion of the extracellular

domain of ovine CTLA4 with an EGFP tag was generated and characterised. The CTLA4-

EGFP fusion protein proved to be functional in that it was capable of binding to CD80/86

on ovine and human DC thereby inhibiting alloreactive T cell proliferation in vitro. In

addition to providing a target for immunological detection, the EGFP fusion tag also

facilitated the direct monitoring of transfection efficiency due to its inherent fluorescence.

The EGFP protein did not appear to affect the functional activity of CTLA4 as binding to

CD80/86 on DC and inhibition of alloreactive T cell proliferation was demonstrated

consistent with ovine CTLA4-Ig, which was also generated in this study. Consistent with

the modification of murine DC with AdCTLA4 -Ig (425), ovine and human DC transduced

with AdCTLA4-EGFP demonstrated autocrinelparacnne binding of secreted CTLA4-EGFP

resulting in the induction of alloreactive T cell hyporesponsiveness. Upregulation of IDO

expression as a result of both adenoviral transfection (444) and CTLA4-EGFP engagement

of CD80/86 (106) may also play a role, although this was not investigated in this study.

As the maximal transfection efficiency of ovine DC was 75o/o, fTow sorting could be

conducted in future studies to achieve close to 100% purity of CTLA4-EGFP DC

transfectants, which may further improve the inhibitory effects demonstrated in the DC-

MLR. Higher levels of transfected DC may also enhance their therapeutic potential in

transplantation.
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Chapter 6 provided proof of function that ovine DC transfected with AdCTLA4-

EGFP are capable of inhibiting alloreactivity in vivo. The model used was a short-term

chimeric NOD-scid mouse model. The unchallenged immunodeficient mice permitted

indefinite engraftment of ovine skin allografts. Subsequent immune challenge with

allogeneic ovine PBMC and DC autologous to the skin donor resulted in histological

rejection characterised by high levels of CD4* and CD8* lymphocyte infiltrates within the

skin allograft. AdCTLA4-EGFP transfected DC inhibited skin allograft rejection and were

identified in the skin grafts by fluorescence and PCR detection. Soluble CTLA4-EGFP was

not detected in the serum of NOD-scid mice, which supports the role of autocrinelpatacnne

secretion of the fusion protein by the DC to induce in vivo hlporesponsiveness. Although

this model does not investigate tolerance induction, attenuation of the direct pathway of

allorecognition which is a key mechanism in acute allograft rejection (188) was clearly

demonstrated. Hence the results obtained in this study support further testing of AdCTLA4-

EGFP transfected DC in the ovine model of renal transplantation.

The ovine transplant model (1.15) provides a good representation of human renal

transplantation and will allow further elucidation of the mechanisms of action of

AdCTLA4-EGFP transduced DC such as the induction of tolerance, the influence of the

indirect pathway of allorecognition and the generation of T,., cells. The utility of the ovine

model is supported by the growing immunological "toolbox" which includes numerous

ovine-specific antibodies and reagents, in addition to genomic sequencing data and the

ability to generate twin sheep. Such a support nextwork has and will continue to aid the

development and utility of this large animal model. Proteonomic and microarray analysis of

rcjectingltolerised allografts and draining lymph can further be used to generate a
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diagnostic profile of rejection and tolerance in sheep, which then can be applied to human

transplantation.

The indication from other DC therapies is that multiple pathways may need to be

targeted to induce long-term allograft acceptance. Notably DC transfected with adenoviral

vectors encoding IL-10 and TGFB provided increased efficacy compared to either agent

alone and allograft survival was further enhanced by concomitant infusion of CHO cells

transfected with oDNA for murine OX-z (479). Moreover while DC transfected with

AdCTLA4-Ig prolonged islet allograft survival (253), in another model AdCTLA4-Ig

transfected DC had no significant effect on cardiac survival unless the DC were also treated

with NFrB decoy oligonucleotides (329). Therefore it is likely that AdCTLA4-EGFP

transfected DC will require further modifications. IL-10 may be suitable for combination

therapy due to the diversity in its mode of action. In addition to the inhibition of NF-rB,

which has been shown to synergise with CTLA4-Ig treatment of DC, IL-10 is also able to

attenuate CD80, CD86 and CD40 costimulatory molecules expression and inhibit Thl

cytokine production including IL-12. Indeed in chapter 3 the combined treatment of the

human DC-MLR with sub-optimal doses of CTLA4-Ig and IL-10 provided greater

inhibition than either agent alone with inhibition of both CD4+ and CD8* T cells. The

combined effect of CTLA4-Ig and IL-10 was most evident upon restimulation of T cells

with 80% inhibition of the secondary MLR in the absence of both agents, indicating the

induction of T cell anergy. Sub-optimal doses of each agent were investigated in this study

to determine the contributions of each agent without either one overwhelming the response.

For therapeutic use, DC would be transfected with adenoviral vectors encoding the two

proteins with maximal expression of both desired. Transfection of DC with AdIL-1O
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induces maturation arrest characterised by low levels of CD80/86 and CD40 expression

(171,319,320). Moreover IL-10 is able to inhibit NFrÞ arñIL-I2 production by DC (164,

183, 184). AdIL-10 treatment of DC is therein likely to augment the effects of AdCTLA4-

EGFP treatment by limiting CD80/86 expression, subsequently reducing the amount of

CTLA4-EGFP required to sequester these ligands. Down-regulation of CD40 and NFrB by

L-10 further targets pathways reported to s¡mergise with CTLA4 fusion proteins (329,

347). Colransfection of DC with AdCTLA4-EGFP may also benefit AdIL-1O treatment by

acting as a safeguard against DC maturation in that CTLA4-EGFP can block CD80/86

ligands as they are upregulated.

In chapter 3 we also reported that NK cells are potentially able to render

autologous T cells and allogeneic DC susceptible to the inhibitory effects of sub-optimal

doses of IL-10 and CTLA4-Ig, providing evidence for the potential interaction between

innate and adaptive immunity. Indeed the role of NK cells in allograft rejection is

becoming more evident with the induction of tolerance not evident in some studies unless

NK cells are depleted (375,376). Thus therapeutic strategies that involve the combination

of CTLA4-Ig and IL-10 may be effective in promoting allograft tolerance by targeting NK

cells associated with DC-T cell interactions.

An attempt was made to generate an adenoviral construct incorporating a fusion

between ovine IL-10 and DsRED2. DsRED2 was selected so as to provide a fluorescent

contrast against CTLA4-EGFP, which would permit quantification of the efficiency of

transfection of each agent. V/hile DsRED2 as a fusion partner demonstrated fluorescence,

the protein masked the functional activity of IL-10 as a result of tetrameric formation.

Newer DsRED mutants which do not form tetrameric structures may be more suitable
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fusion partners and would allow further investigation into the combined effects of DC

transfected with adenoviral CTLA4-EGFP and adenoviral IL-10-RED in vitro and in vivo.

V/hile adenoviral vectors provide an invaluable research tool for the genetic

modification of cells and tissues, there are currently no adenoviral therapies approved for

clinical application. Indeed the recent death of a patient during an adenoviral gene therapy

pilot (safety) clinical trial to fieat pafüal ornithine transcarbamylase (OTC) deficiency is

likely to limit the translation of adenoviral therapies to the clinic (287). V/hile ex vivo

manipulation of DC is likely to limit the exposure of adenoviral particles to the host, as

non-viral transfection techniques improve, they are likely to be the vectors of choice.

Nevertheless while adenoviral therapies are unlikely to make the clinic, they still provide

the highest levels of transfection efficiency and allow vital proof of concept for novel

therapies in animal models.

In conclusion this study has identified IL-10 as a potential adjunct agent to improve

CTLA4 fusion protein therapy. Moreover this study has also provided useful proof of

concept for the gene transfection of ovine DC with an adenoviral construct encoding a

CTLA4-EGFP fusion construct to inhibit alloreactivity. AdCTLA4-EGFP transfected DC

inhibited alloreactive T cell activation in vitro attributed to the blockade of the CD28

costimulatory pathway by autocnnelparacine production of CTLA4-EGFP. Moreover

when applied to a NOD-scid mouse model of ovine skin allograft rejection, AdCTLA4-

EGFP transduced DC prevented rejection while negating the requirement for systemic

immunosuppressive treatment. Moreover the inherent fluorescence of the CTLA4-EGFP

fusion provided advantages over the classical CTLA4-Ig constructs in that cell migration

and transfection effrciencies were readily determined. These results support the application

of AdCTLA4-EGFP transfected DC in the preclinical ovine model of renal transplantation.
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RE Site
BgIII
KpnI
HìndIII
EcoRI
EcoRV
NotI
BsUI
HindIII

Primer Sequence

5' GGG/ GATC*TATGGCTTGCTCTGGATTCCAGAGTC 3'
5' G AGGTAC * CGAATCCGGGCATGGTTCTGGA 3'
5' GGG,,4 * A G CTTATGGCTTGCTCTGGATTCCAGAGTC 3'

'I 
ç 1r6>TfolTTCG AATCCGGGCATGGTTCTGGA 3'

5' GGGG CGG C C *GCTCATTTACCCGGAGGCTTAGA 3'
5' GAGAT*ATCGAI\TCCGGGCATGGTTCTGGA 3'
5' GGAGATC *TAT GCCCAGCAGCTCAGCCG 3'
5' CAA*A G CTTCATCTTCGTTGTCATGTA 3'

Primer
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Product size

507bp

507 bp

687bp

53Obp

PCR Tarset
Ovine CTLA4 for

EGFP cloning
Ovine CTLA4 for

IgG cloning

Ovine IgG

Ovine IL-10

5' ATCATGTTTGAGACCTTCAA 3'
5' CATCTCTTGCTCGAAGTCCA 3'

Forward
Reverse

85ObpB-Actin

5' AACTCTTGTCTTGCATT 3'
5' GATGCTTTGACAAAAGGT 3'

Forward
Reverse

409bpOvine IL-2

Appendix 1: Primers.
Primers for CTLA4, IgG and IL-10 were used for cloning and screening of plasmids for correct insertion. Forward and reverse primers
incorporated restriction endonuclease sites identified by blue italics font with the cut site indicated by *. ATG start codons for the
CTLA4 and IL-10 genes are shown in bold.
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Appendix 2. Adenoviral Vectors
A) Features of the pShuttleCMV vector include the presence of a multiple cloning site

(MCS), left arm and right arm homology regions and a kanamycin resistance gene.

B) pAdEasy-l vector contains the genomic material of a human serotype 5 adenovirus.

The deletion of the El gene renders the adenovirus replication deficient by preventing the

assembly of infectious viral particles. The pAdBasy-1 vector also contains left arm and

right arm homology regions as well as an ampicillin resistance gene.
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Appendix 3: Ovine CTLA4 Sequence from CTLA4-EGFP
Amino acid and nucleotide sequences represent consensus sequences of the extracellular

domain of ovine CTLA4 obtained from forward and reverse CTLA4 primer sequencing of
the ovine CTLA4-EGFP plasmid.
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Appendix 4: Ovine CTLA4-Ig Sequence
Amino acid and nucleotide sequences represent consensus sequences obtained from

forward CTLA4 and reverse IgG primer sequencing of the ovine CTLA -IgG plasmid. The

extracellular domain of CTLA4 and hinge-CH2lcH3 domains of IgG are marked by the

green and blue regions respectively. Boxed amino acids account for the plasmid coding

region between the two genes.

GÀD

168



rì

I - .å1ffieÀGCåßÕ1C*ÊCC€tcClCaCfiGffieiTCll€CrçAqfGG€€TCÈCêe'CCÀËC - 6t
-ti P 5 5 5 À V X, C C I¡ V f L À G V À À S

61 - ÕüÀGÀ?GæÀËCåôûCIG{(ÍGÀCAGCÀGfi\GÎÅæC¡CSIC€CÂGCCAÊC{:ÎGCÛCCAC - leÐ
-å D Å $ r L S O 6 S C 1 I F P À S L F I

13T-*TGSÎG¿EGGÀCC1*OGÂõí:"CCC1TæËC*ÀÀËT€À¡GÃ TÎTÉT11CA,AÀTçå.ãG6Àf*1ÐO
.}I L R S T, R À À Y 6 I( V I( Y F F Q il ¡( D

lFl . CÃÀCIÇAÄçAçCATGCIçJTGå€CÇAS?qICTççTGG&TCÀCÎITÀAG€€î1ÄçæC€ST . Z{O
.A L H S H I} L T ç 5 L I, B B F K È Y t 6

?41-TçCCA.AC,CCItGÍCÕGå"*À1GÀTCCÀGTTITÀCCÍüqÀ6€ÀGçIGÀTGCCACÀSGüIGA6-300
-c ç A t s E l{ r Q F Y L $ E Y H F A À g

3OI - AåCçÀ?GGæîçåñÀTCÀ.SæÀËCÈGTGAACTçGCTçËGççåGÀÀGçTËÀÂGÂCCCTç - 36Ð

-N I( ç P Þ I K Þ H Y |¡ S l, G Ë K ¡, K T L
361 -çßGSIGSùGC?GCC€çCçTGîCåfÇGCTÎTCT'C{¡CCfWÌSÀåÀåCÀAGå6çÀåGCC$çÎG-{20

.R L R L ß R T S Ê T L F C E }I K E H å V
{21-OÀÛ€ÀGçïçßÀ€å€ÃSTCTTCåÀîÀtSqrOCÀÃGåGå$€Cç?G?CTÀCåÀAçÕCàîçGçî-180.$ ç Y X R V f tr H I O ã A 4 V Y K À il G

dßI - Gå611?ÊÀCÀtemëåtcåÀÕrÂËâ?ÁGåÀ1trtÀËårcåûÃ¡fi64ÀsÀTË * 531
-f, ? Þ I Ë'I l{ Y r E 3 Y l.l t T { l{ x,

Appendix 5: Ovine IL-L0 Sequence from IL-L0-DsRED2
Amino acid and nucleotide sequences represent consensus sequences obtained from
forward and reverse IL-10 primer sequencing of the ovine IL-1O-DsRED2 plasmid.
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