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ABSTRACT 

Corneal transplantation is performed to restore vision or to relieve pain in patients 

with damaged or diseased corneas. However, approximately 40% of corneal 

allografts fail after 10 years. The most common cause of graft failure is irreversible 

immunological rejection, primarily mediated by CD4+ T cells, despite the topical 

application of glucocorticosteroids. The aim of this project was to investigate the 

anatomic site of antigen presentation during corneal transplantation in the rat, by 

using a lentiviral vector to express an anti-CD4 antibody fragment at potential sites 

of antigen presentation, including the donor corneal endothelium, the anterior 

segment of the eye and the cervical lymph nodes.  

 

Dual-gene lentiviral vectors were constructed by inserting the 2A self-processing 

sequence between two transgenes. This allowed expression of two transgenes within 

a single open reading frame. In vitro characterisation of the dual-gene vectors was 

performed in cell culture experiments, which showed that transgenic proteins were 

expressed at lower levels from dual-gene vectors compared to the expression from 

single-gene vectors and expression was lowest when the transgene was situated 

downstream of the 2A self-processing sequence. 

 

To locate the anatomic site of antigen presentation during corneal transplantation in 

rats, a lentiviral vector carrying an anti-CD4 antibody fragment was delivered to the 

corneal endothelium either immediately prior to corneal transplantation by ex vivo 

transduction of the donor corneas, or 5 days prior to corneal transplantation by 

anterior chamber injection into both the recipient and the donor rats. A separate 

group of recipient rats received intranodal injections of the lentiviral vector carrying 
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an anti-CD4 antibody fragment into the cervical lymph nodes 2 days prior to corneal 

transplantation. Another group of rats underwent bilateral lymphadenectomy of the 

cervical lymph nodes 7 days prior to corneal transplantation. Corneal allografts were 

scored daily for opacity, inflammation and neovascularisation. Expression of the 

anti-CD4 antibody fragment from transduced tissues was detected using flow 

cytometry and polymerase chain reaction. Modest, but significant prolongation of 

corneal allograft survival was experienced by rats that received ex vivo transduction 

of the donor corneas with a lentiviral vector carrying an anti-CD4 antibody fragment 

immediately prior to corneal transplantation, but all grafts did eventually reject. 

Anterior chamber injection of the lentiviral vector carrying the anti-CD4 antibody 

fragment 5 days prior to corneal transplantation into both recipient and donor eyes 

did not prolong allograft survival. Intranodal injection of a lentiviral vector carrying 

an anti-CD4 antibody fragment did not prolong the survival of the corneal allografts, 

nor did bilateral lymphadenectomy of the cervical lymph nodes 7 days prior to 

corneal transplantation.  

 

Neither expression of the anti-CD4 antibody fragment in the cervical lymph nodes 

nor the removal of these nodes was able to prolong corneal allograft survival in rats, 

suggesting that T cell sensitisation could potentially occur elsewhere in the body. 

However, expression of the anti-CD4 antibody fragment from the donor corneal 

endothelium was able to prolong corneal allograft survival, suggesting that some 

antigen presentation might occur within the anterior segment of the eye. Based on the 

findings described in this thesis and those of others, I propose that antigen 

presentation in the rat occurs within anterior segment of the eye and within the 

secondary lymphoid tissues such as the cervical lymph nodes, and that inhibiting 
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antigen presentation at one of these sites will delay graft rejection. However, to 

completely abolish antigen presentation during corneal transplantation in the rat, I 

hypothesise that antigen presentation within both the anterior segment of the eye and 

within the secondary lymphoid tissues must be inhibited. 



Sarah Brice  xiii  
 

CONFERENCE PRESENTATIONS ARISING FROM THIS THESIS 

 

Brice S.L., Mortimer L.M., Marshall K.A., Brereton H.M., Williams K.A. 

Lentiviral-mediated gene transfer of anti-CD4 scFv prolongs corneal allograft 

survival. 2009 May 29-April 1, Australian Gene Therapy Society meeting, Sydney, 

poster presentation. 

 

Brice S.L., Mortimer L.M., Brereton H.M., Williams K.A. Lentiviral gene transfer to 

the rat cornea. 2008 August 9-14, The Transplantation Society – XXII International 

Congress, Sydney, poster presentation. 

 



Sarah Brice  xiv 
 

DECLARATION  

I certify that this thesis does not incorporate without acknowledgement any material 

previously submitted for a degree or diploma in any university; and that to the best of 

my knowledge and belief it does not contain any material previously published or 

written by another person except where due reference is made in the text. 

 

 

 

 

Sarah L Brice 



Sarah Brice  xv 
 

ACKNOWLEDGEMENTS  

This project would not have been possible without the technical assistance provided 

by the following people:  

• Kirsty Kirk who performed all the rat corneal grafts and histology for this 

project.  

• The staff of the Gene Technology Unit at the Women’s and Children’s 

Hospital, including Donald Anson, Stanley Tan and Sue Ping Lim for their 

assistance with lentivirus production.  

• Lauren Mortimer for setting up lentiviral titration and RCR assays at 

Flinders. 

• Yazad Irani who assisted with the cloning of one of the vectors used in this 

project.  

 

I would like to thank my principal supervisor Keryn Williams for taking me on as a 

student. Keryn, I feel privileged to have had the opportunity to learn from you. It 

took a while, but thanks to your persistence, I feel more able to critically analyse 

both my own work, and the work of others. 

 

I would also like to thank Helen Brereton for her supervision and guidance 

throughout my project. Helen, your knowledge of cloning and molecular biology has 

been an invaluable resource for my project. 

 

I would like to especially mention Kirsty Kirk who performed all of the corneal 

grafts and histology for my project. Kirsty, your technical prowess was truly 

phenomenal, even while wearing your “Darth Vader” mask. I will miss your 

infectious, bubbly personality. 

 

I would like to thank Lauren Mortimer for all the long days she has put in with virus 

production, titration and associated procedures. Lauren, I have been very grateful for 

your meticulous problem solving abilities and dedication to your work. We have 

been studying and working together for such a long time now, I am really going to 

miss you as a colleague and a friend. 

 



Sarah Brice  xvi 
 

I would also like to thank the entire Department of Ophthalmology at Flinders 

University for being an inviting, helpful and friendly group of people to work with. 

Thank you to Alison, Dave, Kath, Yazad, Sonja, Margaret, Mel, Shiwani, Sarah and 

Paul for our team room discussions and for being more than just work colleagues and 

becoming real friends. 

 

To Claire Jessup, thank you for taking me under your wing, mentoring me through 

the early stages of my project and providing me with a house to live in. I would also 

like to thank Melinda Tea for being a wonderful house mate, PhD buddy and 

supportive friend. I really will miss working and living with you. 

 

To my friends Susan, Lisa, Row, Helen, Michelle, Loretta and Jelena, thank you for 

being there for me when I needed to some non-thesis time. I look forward to seeing a 

lot more of you now. I would like to acknowledge my godparents Auntie Sue and 

Uncle Kent, for showing a real interest in my studies and to my brother Nathaniel, 

thank you for always being only a phone call away despite the distance between us. I 

would like to thank Oscar my beautiful cat, for all the cuddles and affection when I 

needed it.  

 

I would like to thank my parents for encouraging me to be the best I can be, for 

installing the drive in me to never give up and to always finish what I start. Thank 

you to Richie, for loving and caring for me even through my crazy moments and for 

looking after me when I wasn’t even looking after myself. Your support has meant 

the world to me. 

 

Lastly, I would like to dedicate this thesis to my grandparents who have always 

believed in me. You have been my inspiration and Grandpa I wish you were able to 

see the final product. 



Sarah Brice  xvii  
 

ABBREVIATIONS 

>  greater than 

<  less than 

°C  degrees Celsius 

µg  microgram 

µl  microlitre 

µm  micrometre 

A549  human lung adenocarcinoma epithelial cell line 

AAV  adeno-associated viral vector 

AC  anterior chamber 

ACAID anterior chamber-associated immune deviation 

Adv  adenoviral vector 

AE  amplification efficiency 

Ag  antigen 

AIDS  acquired immunodeficiency syndrome  

APC  antigen presenting cell 

ARBP  acidic ribosomal phosphoprotein 

bp  base pair  

BSS  balanced salt solution 

CaCl2  calcium chloride 

CALT  conjunctiva-associated lymphoid tissue 

CB-Dx  cascade blue dextran 

CCTS  The American Collaborative Corneal Transplant Study 

CH  constant domain of immunoglobulin heavy chain 

CHO  Chinese hamster ovarian cell line 



Sarah Brice  xviii  
 

CD  cluster of differentiation 

CD40L CD40 ligand 

cDNA  complementary deoxyribonucleic acid 

CGD  chronic granulomatous disease 

CL  constant domain of immunoglobulin light chain 

CLN  cervical lymph node 

cm  centimetre 

CMV  cytomegalovirus immediate early promoter 

CPE  cytopathic effects 

cPPT  central polypurine tract 

CT  cycle threshold 

CTL   cytotoxic T lymphocyte 

CTLA-4 cytotoxic T lymphocyte-associated protein-4 (CD152) 

Da  Dalton 

DC  dendritic cell 

DDH2O double distilled water 

DEPC  diethylpyrocarbonate 

DMEM Dulbecco's Modified Eagle Medium 

DMSO  dimethyl sulphoxide 

DNA  deoxyribonucleic acid 

dNTP  dinucleotide triphosphate 

ds  double stranded 

DTH  delayed type hypersensitivity 

DTT   dithiothreitol 

eGFP  enhanced green fluorescent protein 



Sarah Brice  xix 
 

eYFP  enhanced yellow fluorescent protein 

ECACC European Collection of Cell Cultures 

E. Coli  Escherichia coli 

EK5  human endostatin::kringle-5 fusion protein 

ELISA  enzyme-linked immunosorbent assay 

ETDA  ethylene diamine tetra acetic acid 

EU  endotoxin unit 

F2A FMDV 2A self-processing sequence with a furin cleavage site 

immediately upstream of 2A, and a 2B proline residue at its C-

terminus 

F344  Fisher 344 inbred rat strain 

Fab  monomeric antigen binding fragment 

FACS  fluorescence-activated cell sorting 

FasL  Fas-ligand (CD95L) 

Fc  crystallisable fragment 

FCS  fetal calf serum 

FDA  Food and Drug Administration 

fHSS  factor H secretory sequence 

FITC  fluorescein isothiocyanate 

FMDV  foot and mouth disease virus 

g  gram 

g  unit of gravity 

gDNA  genomic deoxyribonucleic acid 

GFP  green fluorescent protein 

HeBS  HEPES-buffered saline 



Sarah Brice  xx 
 

HEK-293A human embryonic kidney cell line with E1- region of adenovirus 5 

HEK-293T human embryonic kidney cell line that constitutively expresses the 

SV40 large T cell antigen 

HEPES N-2-hydroxyethylpiperazine-N-2-ethanesulphonic acid 

HIS6 tag 6 histidine tag 

HIV  human immunodeficiency virus 

HLA  human leucocyte antigen 

HRP  horseradish peroxidise 

HPRT  hypoxanthine guanine phosphoribosyl-transferase 

Hz  Hertz 

IFN-γ  interferon gamma 

Ig  immunoglobulin 

IL  interleukin 

IRES  internal ribosome entry sites 

IU/ml  international units/ml 

kb  kilobase 

kDa  kilodalton 

L  litre 

LB  luria bertani  

LC  Langerhans cells 

LCA2  Leber’s congenital amaurosis type 2  

LIP  liposome-incorporated 

log  logarithm 

loge  natural logarithm 

LTR  long terminal repeat 



Sarah Brice  xxi 
 

LV  lentiviral vector 

LYVE-1 lymphatic vessel endothelial hyaluronan receptor 1 

M  Molar 

mAb  monoclonal antibody 

MLN  mesenteric lymph node 

MFI  mean fluorescence intensity 

mg  milligram 

MHC  major histocompatibility complex 

ml  millilitre 

MLR  mixed lymphocyte reaction 

MLV  Molony murine leukaemia viral vector 

mm  millimetre 

MOI  multiplicity of infection 

mRNA  messenger ribonucleic acid 

MW  molecular weight 

NIH  National Institutes of Health 

ng  nanogram 

NHMRC National Health and Medical Research Council 

NK  natural killer cell 

NTC  no template control 

OD  optical density 

ORF  open reading frame 

OVA  ovalbumin peptide 

pA  polyadenylation signal 

PBL  peripheral blood lymphocytes 



Sarah Brice  xxii  
 

PBS  phosphate buffered saline 

PC2  physical containment level 2 

PCR  polymerase chain reaction 

PE  phycoerythrin 

pfu  plaque forming unit 

pg  pictogram 

PGK  phosphoglycerate kinase 

pmol  picomole 

polyA  polyadenylation site 

PPT  polypurine tract 

qPCR  quantitative real-time polymerase chain reaction 

qRT-PCR quantitative reverse transcription real-time polymerase chain reaction 

RBC  red blood cells 

RCR  replication competent recombinant 

RNA  ribonucleic acid 

RPMI  Roswell Park Memorial Institute 

RRE  rev response element 

RRExt  extended rev response element 

RT  reverse transcription 

SAP  shrimp alkaline phosphatase 

SAPE  streptavidin R-phycoerythrin 

SCID-X1 x-linked severe combined immunodeficiency disorder  

scFv  single chain fragment variable 

SD  standard deviation 

sFlt-1  soluble vascular endothelial growth factor receptor 1 



Sarah Brice  xxiii  
 

SIN  self inactivating  

SOC Super Optimal Broth with 20 mM glucose. ‘C’ stands for catobolite 

repression, reflective of the added glucose.  

SOE-PCR splice overlap extension polymerase chain reaction 

ss  single stranded 

SV40  simian-like virus type-40 early promoter 

Tc  cytotoxic response 

TCID50 tissue culture infectious dose method 

TCR  T cell receptor 

TGF-β  transforming growth factor beta 

Th  T helper response 

Tm  melting temperature 

TNF  tumour necrosis factor 

TU  transducing units 

UV light ultraviolet light 

v/v  volume per volume 

VEGF  vascular endothelial growth factor 

VEGFR vascular endothelial growth factor receptor 

VH  variable domain of immunoglobulin heavy chain 

VL  variable domain of immunoglobulin light chain 

VSV  vesicular stomatitis virus 

VSV-G vesicular stomatitis virus glycoprotein G  

whv  woodchuck hepatitis virus post-transcriptional element 

w/v  weight per volume 

WF  Wistar Furth inbred rat strain 



Sarah Brice  xxiv 
 

WT  wild type 

 



 

 

 

 

 

 

 

CHAPTER 1: INTRODUCTION 



Sarah Brice           CHAPTER 1: Introduction 2 

1.1 INTRODUCTION OVERVIEW 

This chapter will start with a discussion on the human cornea, its lack of proliferative 

ability in vivo, and how corneal transplantation can be performed to restore vision. 

The use animal models of corneal transplantation to understand the mechanisms of 

immunological rejection will be considered. The immunology of corneal 

transplantation will be discussed as well as the current prevention and treatment 

strategies for corneal graft rejection. The use of gene therapy as a potential novel 

strategy to prevent corneal graft failure will be examined along with the current 

biosafety issues associated with it. This chapter will finish with the aims of this thesis 

and how regional immunosuppression for corneal transplantation using gene therapy 

has the potential to be an effective new preventative strategy for corneal graft 

rejection. 

 

1.2 THE HUMAN CORNEA 

1.2.a. Anatomy of the human cornea 

The cornea is an avascular transparent dome-shaped tissue that forms the anterior 

surface of the eye. In humans the cornea is approximately ½ mm thick and is 

comprised of several layers (Figure 1.1). On the anterior surface is the epithelium 

which is attached to the Bowman’s membrane. Underneath the Bowman’s membrane 

lies a stroma of ordered collagen fibrils interspersed with fibroblast-like keratocytes. 

Attached to the second cell basement membrane (Descemet’s membrane) lies the 

endothelial monolayer. The metabolically-active endothelium regulates the hydration 

of the cornea and is thus critical for corneal transparency. Failure of the endothelial 

pump can lead to oedema, which can disrupt the ordered alignment of collagen fibrils  
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Figure 1.1: A cross section of a human cornea stain ed with 

haematoxylin and eosin.  The human cornea is comprised of several layers. On 

the anterior surface of the cornea lies the epithelium which is 5-6 cells thick. This 

epithelial layer is attached to the first cell basement membrane (Bowman’s 

membrane). Underneath the epithelium is the stroma which consists of keratocytes 

and orthogonally arranged collagen lamellae. Attached to the second cell basement 

membrane (Descemet’s membrane), is an endothelial monolayer which forms the 

posterior surface of the cornea and is bathed in aqueous humour.  

StromaEpithelium Endothelium
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within the stroma and can result in corneal opacity. Since the adult human corneal 

endothelium has minimal replicative ability in vivo, the damage is irreversible.1  

 

1.2.b. Proliferative capacity of the human corneal endothelium 

Joyce and colleagues have shown that the human corneal endothelium does have the 

capacity to proliferate, but is arrested in the G1-phase of the cell cycle and 

proliferation in vivo is minimal.1 Cell density studies have shown that the human 

corneal endothelium does not replicate in vivo at a rate sufficient to negate cell loss,2 

and morphological studies have revealed an age-related decrease in endothelial-cell 

density.1 However, the corneal endothelium is able to repair endothelial cell loss by 

mechanisms other than proliferation, including monolayer spreading3 and cell 

migration.4-6 

 

Senoo and Joyce and colleagues have performed a study that compared cell cycle 

kinetics of the human corneal endothelium of young donors (<30 year old) compared 

to old donors (<50 years old).7 This study revealed that corneal endothelial cells from 

old donors were able to enter and complete cell cycle, however they required a 

longer time in the G1-phase and needed stronger mitogenic stimulation than cells 

from younger donors.7 There is evidence to suggest that exogenous transforming 

growth factor-β (TGF- β) and TGF- β within the aqueous humour, suppress S-phase 

entry of corneal endothelial cells,8-9 and cell-cell contact during corneal development 

appears to inhibit human endothelial cell proliferation.10  

 

In summary, because the corneal endothelium has very minimal proliferative 

capacity in vivo, the most effective treatment currently available for irreversible 
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endothelial cell loss is corneal transplantation and will be discussed in the following 

section. 

 

1.3. CORNEAL TRANSPLANTATION 

Disease of the cornea is the second most common cause of blindness worldwide.11 

When irreversible damage to the cornea does occur through disease or trauma, a 

surgical procedure known as corneal transplantation can be performed. This involves 

the removal of the damaged or diseased cornea from the patient and replacing it with 

healthy corneal tissue from an eye donor (Figure 1.2).  

 

The first successful human corneal allograft was reported in 1906. The cornea from a 

young male donor was transplanted into a male patient who was left blind following 

a chemical burn.12 Today with the use of corticosteroids and antibiotics, corneal 

grafts experience high survival rates of >90% at one year post surgery.13 However, 

within Australia, the survival rate drops considerably within ten years post surgery, 

with a ten-year Kaplan Meier corneal graft survival of 60%,14 and the most common 

cause of corneal graft failure is irreversible immunological rejection.13 Within the 

last 20 years, there has been only modest improvement to the survival rate of corneal 

allografts.13 In contrast, over the same period, vascularised organ transplantation has 

seen significant improvement in graft survival rates, largely attributed to improved 

therapies for prevention and treatment of rejection.15-16 Therefore, to improve the  
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Figure 1.2: The eye of a patient who has received a  successful corneal 

allograft.  The donor corneal tissue was taken from an eye donor and grafted into the 

recipient corneal bed using a continuous suture (marked on diagram). The graft is 

transparent and avascular. 

 

Suture 
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survival rates of corneal allografts, improved strategies for the prevention and 

treatment of corneal allograft rejection are necessary. 

 

1.4 ANIMAL MODELS OF CORNEAL TRANSPLANTATION 

Animal models of corneal transplantation can be used to study the mechanisms of 

corneal graft acceptance and failure and can be used to develop novel therapies for 

the prevention and treatment of rejection. Animal models of corneal transplantation 

have been developed in small animals such as mice17 and rats,18 and in large animals 

such as rabbits,19 cats,20 sheep21 and monkeys.22  

 

Animal models of corneal transplantation in cats, sheep and monkeys closely mimic 

corneal graft rejection seen in humans, however surgery in these animals can be 

difficult and the upkeep of housing these larger animals can be expensive. The inbred 

strains of mice and rats allow for many combinations of minor and major 

histocompatibility antigen differences to be studied, which can be useful when 

investigating the immunology behind graft acceptance and failure,23-25 and is not 

possible in outbred species such as rabbits, cats, sheep and monkeys. The use of 

transgenic murine strains (that express a reporter gene such as green fluorescence 

protein (GFP)) allows for tracking of donor cells or antigen within a non-transgenic 

recipient.26 Furthermore, the abundance of available reagents (such as monoclonal 

antibodies) also makes rodents appealing for animal studies.  

 

The proliferative ability of the corneal endothelium varies greatly between species. 

The corneal endothelium of rabbits27 and rats28 have shown the ability to proliferate 

during wound healing. However, cats27 and monkeys29 have shown minimal 
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proliferation of the corneal endothelium in response to wound healing in vivo, similar 

to what has been reported in humans (Section 1.2.b). It is important to be aware of 

these species differences when using animals for models of corneal transplantation.  

 

A well established rat model of corneal transplantation was used in this study, which 

makes use of inbred strains with both minor and major histocompatibility 

mismatches,18 with most unmodified allografts rejecting within 2-3 weeks. Only 1 

corneal allograft from >90 corneal allografts performed in this project survived 

indefinitely, therefore the proliferative capacity of the rat corneal endothelium was 

considered a negligible issue in these experiments. 

 

1.5 MECHANISMS OF CORNEAL GRAFT REJECTION 

Under normal conditions, the ocular environment is an immune privileged site.30 

However, with the onset of disease or trauma to the cornea, inflammation through the 

expression of proinflammatory cytokines, such as IL-1 and tumour necrosis factor-α 

(TNF- α),31 can result in the break-down of the physical and immunological barriers 

of immune privilege.  

 

Inflammation stimulates neovascularisation32 and has been shown in humans, rats 

and mice to allow trafficking of infiltrating leucocytes, including antigen presenting 

cells (APCs), T cells, neutrophils and natural killer (NK) cells to the donor cornea,33-

35 which can lead to corneal allograft rejection. Expression of the anti-angiogenic 

molecule, soluble vascular endothelial growth factor receptor 1 (sFlt-1) from an 

adeno-associated virus (AAV), was able to inhibit cautery-induced corneal 

neovascularisation in rats.36 In addition, transduction of donor corneas using a 
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lentiviral vector carrying the anti-angiogenic fusion protein endostatin::kringle-5 

(EK5), was able inhibit neovascularisation and prolong corneal allograft survival in 

rabbits.37  

 

In humans, inflammation either before or as a consequence of corneal 

transplantation, greatly increases the risk of corneal graft rejection.14 The following 

sections will discuss the immunology of acceptance and rejection of corneal 

allografts. 

 

1.6 IMMUNOLOGY OF CORNEAL TRANSPLANTATION 

1.6.a. T cells 

1.6.a.1. T cell overview 

T cells are produced in the bone marrow and migrate to the thymus to mature. After 

maturation, T cells express a cell surface molecule known as the T cell receptor 

(TCR) which recognises a unique processed peptide bound to a major 

histocompatibility complex (MHC) molecule. Essential to the process of antigen 

presentation are the glycoproteins CD4 and CD8, which are expressed on the surface 

of T cells and prolong the interaction between the MHC molecule and the TCR 

during antigen presentation.38-39 There are two main subsets of T cells 

distinguishable by the expression of either CD4 or CD8. CD4+ T cells recognise and 

respond to foreign antigen when it is associated with MHC class II,38 and are 

commonly involved in T helper (Th) responses. CD8+ T cells respond to self- or 

viral-antigen when it is associated with MHC class I,40 and are commonly involved 

in cytotoxic (Tc) responses.  
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1.6.a.2. T cell activation and costimulation 

T cell activation (Figure 1.3) is achieved when the TCR-CD3 complex interacts with 

an antigen-loaded MHC molecule on an APC.41 Full activation of the T cell does not 

take place unless secondary signals occur through costimulation.42 If costimulation 

does not occur, T cells become anergic or apoptotic. Costimulation can result from 

the interaction between CD28 (a T cell surface molecule) and CD80 or CD86 (cell 

surface molecules expressed on APCs),43 or the interaction between CD40 ligand 

(CD40L) (expressed on activated T cells) with CD40 (expressed on numerous cells 

including APCs).44  

 

1.6.a.3. Th1 and Th2 responses  

Traditionally, populations of CD4+ T helper cells are divided into two groups based 

on the cytokines they produce. Th1 cells predominately produce IL-2 and IFN-γ and 

commonly mediate delayed type hypersensitivity (DTH) responses. Th2 cells 

produce IL-4, IL-6, IL-10 and IL-13 and are commonly involved in 

immunomodulatory responses.45  

 

Several studies have characterised the development of DTH after corneal 

transplantation in mice.24-25,46-47 Interestingly, Sano and co-workers found that DTH 

developed in all mice that received corneal allografts, regardless of whether they had 

accepted or rejected the grafts.24 This suggests that other immunologic processes 

may also influence acceptance and rejection of corneal allografts. 
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Figure 1.3: Antigen presentation and T cell activat ion. Full activation of a 

naïve T cell requires two signals. The first signal comes from the interaction between 

the TCR/CD3 complex associating with an antigen-loaded MHC molecule. The 

second signal can come from either the interaction between CD28 with CD80 or 

CD86 or the interaction between CD40L with CD40. CTLA-4 is a competitive 

inhibitor of CD28 and can interact with CD80 or CD86 to prevent T cell activation.  
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Kuffova and colleagues demonstrated that the first cells to infiltrate the donor cornea 

after transplantation were recipient APCs (with some APCs expressing high levels of 

MHC class II, CD40 and CD86), followed by the infiltration of CD4+ T cells and 

CD8+ T cells, all within 24 hours of transplantation.33 The levels of CD4+ and CD8+ 

T cells were low within the donor cornea until immediately prior to corneal allograft 

rejection, when the number of CD8+ T cells increased within the grafted tissue.33 

The results of Kuffova et al.,33 coupled with the findings of Sano et al.,24 suggest that 

initial indirect allorecognition of CD4+ T cells causes the induction of both a DTH 

response and a cytotoxic T cell response (by CD8+ T cells), which can lead to 

corneal allograft rejection. Moreover, Larkin and colleagues demonstrated that B 

cells were not part of the cellular infiltrate found in rejected corneal allografts in 

humans34 or rats,35 and several studies have revealed that although alloantibody 

production can damage the donor corneal endothelium, there is no correlation with 

antibody production and corneal allograft rejection,48 highlighting that the rejection 

of corneal allografts is T cell mediated. 

 

Th1 and Th2 cells are able to regulate one another mutually through their cytokine 

pattern.49 The Th1 cytokine IFN-γ can inhibit proliferation of Th2 cells whilst the 

Th2 cytokine IL-10 can inhibit cytokine synthesis by Th1 cells. Several studies have 

shown that Th2 cytokines can modulate corneal allograft rejection. Delivery of 

adenoviral vectors carrying IL-10 either to the donor corneal endothelium in sheep50 

or systemically in rats51 has prolonged corneal allograft survival. This indicates that 

it is possible to modulate the Th1 response using Th2 cytokines. However, Hargrave 

and co-workers have revealed that corneal allograft rejection can still occur in IFN-γ 

knockout mice in a Th2 manner.52 
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More recent murine experiments have changed the Th1/Th2 paradigm with the 

discovery that CD4+ T cells can also differentiate into Th17 cells which produce IL-

17. Th17 cells play a role in inflammation in autoimmune disease53-55 and have also 

been associated with acute renal and cardiac rejection in mice.56-57 Chen and 

colleagues have demonstrated that in mice, IL-17 was expressed highly in both the 

corneal allograft and the draining cervical lymph nodes in the early stages of 

rejection, whilst the Th1 cytokine, IFN-γ was produced in the later stages of 

rejection.58 In addition, corneal allograft survival in recipient IL-17 knockout mice 

showed delayed rejection kinetics.58 These results reveal that Th1 and Th17 cells 

play a role in corneal allograft rejection in mice. 

 

The above discussion suggests that corneal allograft rejection is predominantly 

initiated by CD4+ T cells (via Th1 and Th17 responses) and CD8+ T cells appear to 

be involved in the effector arm of the immune response.  

 

1.6.b. Antigen presenting cells (APCs) in the eye  

APCs play a crucial role in both innate and adaptive immunity. There are two main 

classes of professional APCs, dendritic cells (DCs) and macrophages. The role APCs 

play in immunity within the eye will be discussed below. 

 

1.6.b.1. Dendritic cells (DCs) 

DCs are potent APCs as they are able to induce primary immune responses and are 

thus critical for the development of immunological memory.59-61 A continuous 

production of DCs occurs within the bone marrow from haematopoietic stem cells, 

and immature DCs selectively migrate to lymphoid and non-lymphoid tissues where 
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they take up, process and present antigen to T cells.59,62-64 Immature DCs have high 

capacity for antigen uptake,65 and express low levels of MHC class II and the 

required costimulatory molecules for T cell activation, such as CD40, CD80 and 

CD86.65-66 Upon maturation, DCs express very high levels of MHC class II and 

costimulatory molecules such as CD40, CD80 and CD86 and are subsequently 

highly effective as activators of T cells, however, their capacity to capture antigen is 

diminished.65-67 Both immature and mature DCs have been identified within the 

cornea,26,68-74 uveal tract,75-79 limbus80 and conjunctiva.81  

 

1.6.b.2. Macrophages 

Macrophages are derived from bone-marrow monocytes and reside in most tissues. 

Compared to activated DCs, the expression of MHC class II and co-stimulatory 

molecules is relatively low on macrophages, however, resident macrophages are able 

to function as APCs and secrete proinflammatory cytokines.82 Macrophages take up 

and process antigen effectively, but are less effective than DC in inducing primary 

immune responses.83 Resident ocular macrophages have been identified in the 

cornea,69,71-72,84 uveal tract,76,83,85-86 limbus80 and conjunctiva.81  

 

1.6.b.3. Antigen presenting cells within the uveal tract 

Many studies have reported the presence of resident APCs within the uveal tract 

(iris, ciliary body and choroid).75,77-78,87-88 The majority of these APCs have been 

characterised as resident macrophages that express low levels or no MHC class 

II.76,86 A smaller population of MHC class II+ DCs has also been identified within 

the uveal tract.75-76,79,83,86  
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For many years it was believed that APCs within the uveal tract had reduced 

immunostimulatory abilities due to the immune privilege status of the eye and 

because of the involvement of resident iris and ciliary body APCs in deviant immune 

responses.89 However more recent studies have shown the contrary.83 The majority of 

antigen uptake after antigen injection into the anterior chamber is performed by 

macrophages in the iris and ciliary body.76,85,90 A DC population (CD11c+MHC class 

II+) has also been reported to phagocytose antigen,91 but at lower levels compared to 

macrophages.86  

 

Steptoe and colleagues showed potent allostimulatory abilities of resident iris DCs 

that were able to activate resting T cells in vitro.83 However, iris macrophages 

displayed negligible stimulating activity on resting T cells, but could induce 

proliferation of primed T cells in an antigen specific manner,83 suggesting a role in 

secondary immune responses.  

 

The direct interaction between antigen-loaded APCs and T cells has been reported in 

the iris,92and these APCs do not appear to migrate after antigen uptake.91-92 These 

studies suggest that uveal tract APCs are not involved in T cell priming in the 

draining lymph nodes and that antigen presentation of ocular antigens may occur 

within the eye itself.  

 

Uveal tract APCs have been seen to play an immunomodulatory role through the 

induction of deviant immune responses.89 Li et al., have also shown that after 

injection of antigen into the anterior chamber, CD11c+ DCs are able to suppress 

DTH by activating regulatory CD8+ T cells in mice.87  
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In summary, the evidence suggests that uveal tract APCs play a role in 

immunomodulatory responses. Firstly, even though uveal tract APCs have potent 

allostimulatory abilities, resident uveal tract APCs do not appear to migrate after 

antigen uptake. Secondly, there is extensive evidence highlighting the role uveal tract 

APCs play in the induction of deviant immune responses. 

 

1.6.b.4. Antigen presenting cells in the cornea 

APCs have been identified in both the central corneal stroma69,71-72,84 and the central 

corneal epithelium,70,73-74,93-94 in humans and in animal studies. This section will 

outline the different APC populations identified within the corneal stroma and the 

corneal epithelium. 

 

APCs were first identified in the corneal epithelium of humans, mice, guinea pigs 

and rats by Chandler and Gillette in the 1980s.93-94 In more recent years, the 

identification of APC-specific markers and improvements in tissue processing and 

confocal microscopy have resulted in further characterisation of the APC population 

in the corneal epithelium of mice70 and humans.73-74  

 

Within the murine corneal epithelium, a DC population (CD45+CD11c+CD11b-

MHC class II+) was characterised in the central and peripheral regions.70 Upon 

inflammation, MHC class II, CD80 and CD86 expression was up-regulated in these 

cells.70 In humans, Yamagami et al. characterised a DC population 

(CD45+CD11c+HLA-DR+) which was mainly situated in the basal cell layer but 

partly in the more superficial layer of the human corneal epithelium.73 In addition, 

Zhivov and colleagues performed a study on 112 healthy humans using in vivo 
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confocal microscopy in which they identified epithelial DCs known as Langerhans 

cells (LCs) within both the central and peripheral regions of the corneal epithelium in 

30 of these volunteers.74  

 

APCs have been identified in murine69,71,84 and human studies72 of the corneal 

stroma. Brissette-Storkus et al. identified a macrophage population which was 

present within the central region of the murine corneal stroma.84 The majority of 

these APCs were CD45+CD11b+ monocytes and macrophages, and MHC class II 

expression was detected at low levels in 30% of these cells.84 

 

Hamrah et al., identified a combination of DCs and macrophages within the mouse 

corneal stroma.69 The DC population (CD45+CD11c+CD11b+ ) was identified 

throughout the central, and peripheral regions of the anterior stroma, with 50% of 

these corneal DCs seen to express MHC class II and the costimulatory molecule 

CD80.69 The macrophage population (CD45+CD11b+CD11c-) was restricted to the 

posterior stroma.69 Yamagami and colleagues characterised an APC population 

within the human corneal stroma in both central and peripheral regions.72 These 

APCs were CD45+CD11b+CD11c+CD14+HLA (human leucocyte antigen)-DR+ 

with mainly round or spindle morphology. It is currently unclear whether these cells 

are immature macrophages and/or DCs.72  

 

The bone marrow origins of resident corneal APCs have been directly 

investigated.71,95 Bone marrow cells71,95 or bone marrow-derived haematopoietic 

stem/progenitor cells71 from transgenic GFP-expressing mice were transplanted into 

irradiated wild type mice and the distribution of these cells within the corneal stroma 
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was studied for 8 weeks95 or up to 6 months.71 Both studies found GFP+ bone 

marrow-derived cells within the corneal stroma 2 weeks post reconstitution,71,95 and 

Chinnery and colleagues characterised these cells to be predominantly within the 

anterior stroma.95 By 8 weeks71,95 these GFP+ bone marrow-derived cells were 

distributed evenly throughout the corneal stroma and were detected 6 months after 

reconstitution.71 

 

For many years it was believed that one of the factors necessary for immune 

privilege of the cornea was the lack of resident corneal APCs. However, from the 

studies discussed previously, it is evident that many APCs reside within the normal 

cornea. Now it is speculated that the characteristics of the resident corneal APCs 

provide the cornea with its immune privilege status.59 These characteristics include 

the immature state of corneal APCs26 and their reduced allostimulatory capacity 

when activated.26 On the other hand, there is also evidence to suggest that APCs 

within the cornea are involved in corneal lymphangiogenesis and antigen uptake and 

this will be discussed in this section. 

 

Cursiefen et al. showed that secretion of vascular endothelial growth factor (VEGF)-

C and VEGF-D by activated resident corneal macrophages in response to 

inflammation, promoted corneal lymphangiogenesis96 by binding to VEGF receptor-

3 (VEGR-3) which is critical for lymphangiogenesis.97 In mice, depletion of 

macrophages either within the eye or by whole-body irradiation prevented corneal 

lymphangiogenesis.96 In addition, resident corneal CD11b+ macrophages have been 

shown to form tube-like aggregates within the stroma of an inflamed cornea that 

grow towards and connect to existing lymphatic vessels in the limbus.98  
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Furthermore, nanotubes are long membrane structures that connect mammalian cells 

and it has been speculated that they function in intercellular communication between 

distant cells. Chinnery and colleagues have identified nanotubular membrane 

structures on DCs within the central corneal stroma in mice and the frequency of 

these nanotubes was significantly increased in response to inflammation.99 Chinnery 

and colleagues hypothesised that nanotube-bearing DCs within the central corneal 

stroma may act as a potential means of cell-cell signalling through the transfer of 

antigen-receptor complexes between widely separated DCs.99 

 

In the context of corneal transplantation, Liu and colleagues characterised a DC 

population (CD11c+MHC class II-) within the murine cornea, which became MHC 

class II+ in a time dependent manner after corneal transplantation or placement in 

culture.26 These resident corneal DCs had only modest allostimulatory capacity in 

vitro suggesting that their immunostimulatory capacity was being suppressed.26 In 

addition, this study revealed migration of donor APCs to the draining cervical lymph 

nodes within 24 hours after surgery under normal conditions and within 6 hours 

when grafting was performed within an inflamed corneal bed.  

 

Kuffova et al. also studied antigen transport after corneal transplantation to the 

draining cervical lymph nodes in mice.100 An APC population (CD45+CD11b+ 

CD11c-) within the central cornea (the area used for corneal transplantation) was 

identified,100 however these cells were not detected in the draining cervical lymph 

nodes. Instead, host antigen loaded-CD11c+ APCs were detected as early as 6 hours 

after allografting within the draining cervical lymph nodes and these host APCs 
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stimulated antigen specific T cell activation and clonal expansion within the draining 

lymph nodes.100  

 

In summary, corneal APCs appear to be involved in the erosion of ocular immune 

privilege. Firstly, macrophages have been shown to play an important role in 

inflammation-induced lymphangiogenesis,96-98 and DCs are able to form nanotube-

structures which might be involved in cell-cell signalled between widely spread DCs 

within the central cornea.99 Secondly, the studies from Liu et al.26 and Kuffova et 

al.100 reveal that both donor and host APCs might be involved in mediating the 

immune response against corneal allografts by activating T cells in the draining 

cervical lymph nodes.  

 

1.6.c. Allorecognition  

Allorecognition of T cells against alloantigens can occur either by direct or indirect 

pathways.101 Direct recognition occurs when a recipient T cell recognises intact 

donor MHC complexed with peptide on donor APCs. Indirect recognition occurs 

when a recipient APC processes alloantigen before presenting it to recipient T cells 

in a self-restricted manner.  

 

In animal models, the indirect pathway appears to be the main method of alloantigen 

presentation after corneal transplantation47 and minor histocompatibility rather than 

major histocompatibility alloantigens are more successful at triggering DTH and 

corneal allograft rejection.24-25,47 This contrasts with what is seen with the rejection 

of vascularised organs where MHC alloantigens are the primary target of DTH and 

allograft rejection.102  
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Boisgerault and colleagues have shown that only CD4+ (and not CD8+) T cells are 

able to mediate corneal allograft rejection in mice after antigen presentation via the 

indirect pathway.103 Kuffova and colleagues also revealed that antigen presentation 

of corneal alloantigens occurred via the indirect pathway, followed by T cell 

priming, activation and clonal expansion in the draining cervical lymph nodes.100 In 

contrast, Liu et al. demonstrated trafficking of donor APCs to the draining cervical 

lymph nodes of mice,26 and Huq and colleagues revealed that in the high-risk setting 

(grafting into inflamed recipient corneal bed), the direct pathway of antigen 

presentation can take place within the draining cervical lymph nodes during corneal 

transplantation and can lead to rejection.104 

 

These results show that in murine studies, the majority of antigen presentation in 

response to corneal transplantation occurs via the indirect pathway.47,100,103 However, 

the direct pathway has also been implicated in the inflamed setting.26,104 

 

1.6.d. Ocular lymphatic drainage  

Patterns of lymphatic drainage in the rat were first described by Tilney.105 This study 

identified lymphatic drainage from the head and neck to the cervical lymph nodes, 

including the superficial cervical, facial and internal jugular lymph nodes (Figure 

1.4).105 

 

It is important to note that many rodent studies refer to the submandibular lymph 

node separately to the superficial cervical lymph node.106-112 In this thesis, the 

submandibular and the superficial cervical lymph node will both be referred to as the  
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Figure 1.4: Diagrammatic representation of the regi onal head and neck 

lymph nodes in the rat.  Adapted from Tilney.105  
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superficial cervical lymph nodes as depicted in Figure 1.4, which is consistent with 

the nomenclature used by Tilney.105  

 

1.6.d.1. Corneal lymphatics 

In the mouse, inflammation stimulates the growth of both blood and lymph vessels 

within the healthy avascular cornea.32 When haemangiogenesis and 

lymphangiogenesis are inhibited, prolonged corneal allograft survival occurs.32 Until 

recently, little was known about lymphatic growth in response to inflammation 

within the cornea. Recent studies have characterised lymphangiogenesis within the 

cornea using lymphatic-specific markers such as prospero-related homeobox1 

(Prox1) transcription factor,113 VEGF-C114 and its receptor VEGFR-3,97,114-115 

lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1)32,96,114 and 

popoplanin.114 

 

Cursiefen and colleagues revealed that 8% of vessels within vascularised human 

corneas stained for lymphatic specific markers (LYVE-1 and popaplanin).114 

Lymphangiogenesis occurred only in association with haemangiogenesis, was more 

common in early neovascularisation and was always associated with stromal 

inflammatory cells.114 

 

In mice, the growth of blood and lymph vessels was similar after corneal 

transplantation into normal recipient beds in both allogeneic and syngeneic grafts,32 

indicating that the promotion of vessel growth was through the trauma of surgery 

rather than the allogeneic tissue.32 In a mouse model of corneal neovascularisation, 
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blood vessels were still present 6 months after trauma, whereas lymph vessels were 

not, indicating that lymph vessels regress earlier than blood vessels.116 

 

Moreover, VEGF-A recruitment of macrophages was critical for the growth of blood 

and lymph vessels, and systemic and local depletion of bone-marrow derived cells 

significantly inhibited haemangiogenesis and lymphangiogenesis within the inflamed 

mouse cornea.96 In addition, delivery of VEGF Trap, (a receptor-based fusion protein 

which binds to and neutralises VEGF-A), significantly reduced haemangiogenesis 

and lymphangiogenesis, and mice that underwent treatment with VEGF Trap 

experienced prolonged corneal allograft survival.96 

 

The extracellular matrix protein integrin α5 plays a crucial role in 

lymphangiogenesis.117 Dietrich and colleagues have shown that integrin α5 blockade 

inhibits lymphangiogenesis more potently than haemangiogenesis in mouse 

corneas.117 

 

The collective data reveal that lymphangiogenesis occurs in the inflamed cornea, 

creating a pathway for leucocytes to access corneal alloantigens, and that inhibiting 

lymphangiogenesis can prolong corneal allograft survival.  

 

1.6.d.2. Lymphatic drainage from the eye to the cer vical lymph nodes  

Lymphatic drainage from the eye to the cervical lymph nodes has been well 

documented in recent years and the uveoscleral pathway appears to be the main 

lymphatic drainage route from the eye to these lymph nodes in rodents.106-107,110-112 
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Bilateral lymphadenectomy of the cervical lymph nodes prior to corneal 

transplantation has proven to be a successful strategy to prolong corneal allograft 

survival in mice.118-121 Yamagami et al. reported indefinite survival of all allografts 

into normal recipient corneal beds,120 whilst Plskova showed prolonged survival in a 

similar study.118 Prolonged allograft survival was also reported after bilateral 

lymphadectomy of the cervical lymph nodes prior to corneal transplantation into 

prevascularised recipient corneal beds.119,121 These studies suggest that the cervical 

lymph nodes are a site of ocular antigen drainage, especially as their removal 

delays121 and even prevents120 the onset of DTH to alloantigen. However, a study by 

Schulte et al. revealed that mice that underwent bilateral cervical lymphadenectomy 

prior to corneal transplantation did not experience prolonged corneal allograft 

survival,111 which contradicts the findings of others,118-121 and an explanation for 

these differences will be considered in the final discussion (Section 5.3.e). 

 

Hoffmann and colleagues performed several tracer studies using radioactive 99mTc 

colloidal albumin (Nanocoll) to investigate drainage from the eye in mice.110-112 They 

showed that the majority of aqueous humour outflow drained into the ipsilateral 

cervical lymph nodes and not the contralateral cervical lymph nodes.110 In addition, 

both the lower lid and the subconjunctival outflow drained to the ipsilateral cervical 

lymph nodes.112 Removal of the ipsilateral cervical lymph nodes led to dramatically 

increased accumulation of radioactive antigen in the contralateral lymph nodes and 

failed to significantly prolong corneal allograft survival.111 This indicated that under 

certain conditions, the contralateral cervical lymph nodes could functionally replace 

the ipsilateral lymph nodes. Furthermore, a considerable increase in antigen specific 

IFN-γ production was observed in the contralateral lymph nodes in mice that had 
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their ipsilateral cervical lymph nodes removed. This suggests that drainage of 

antigenic material and the expression of a Th1 immune response was occurring in 

these lymph nodes.111  

 

Boonman and colleagues studied the drainage of ocular tumour-antigen in mice and 

found that intraocular tumour-antigen drained to the superficial cervical lymph nodes 

where antigen-specific cytotoxic T lymphocyte (CTL) activation occurred.122  

 

McMenamin and co-workers investigated the distribution of fluorescent dextran after 

injection into the anterior chamber by following its migration to the lymphoid tissues 

of rats.106-107 Using confocal microscopy, antigen-positive cells were identified 

within various lymphoid organs, including draining ipsilateral cervical lymph nodes 

(superficial cervical lymph node and deep cervical lymph node) as well as in the 

marginal zone of the spleen and in the mesenteric lymph nodes.106-107 The majority of 

antigen-positive cells within the various lymphoid organs were phenotypically 

characterised as macrophages.107 

Egan and co-workers showed that antigen injected into the posterior chamber of the 

eye could initiate the activation and clonal expansion of antigen-specific T cells in 

the ipsilateral superficial cervical lymph nodes within three days after antigen 

exposure in mice.109 The proliferating T cells secreted IL-2, indicating that an 

immunogenic rather than a immunomodulatory response was generated against the 

ocular antigen.109  

 

Liu and colleagues revealed that alloantigen from corneal grafts in mice was able to 

trigger T cell proliferation in the draining cervical lymph nodes.123 This was 
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observed in both allografts that had been accepted and allografts that had been 

rejected, which correlates with another study that revealed that a DTH response was 

generated regardless of acceptance or rejection of a corneal allograft.24 However, 

only mice with rejected allografts showed production IFN-γ and IL-12 within the 

draining cervical lymph nodes, indicating a Th1 immune response.123 

 

The weight of the evidence suggests that ocular lymphatic drainage in rodents occurs 

through the uveoscleral pathway to the ipsilateral cervical lymph nodes. APCs 

appear to activate T cells in an antigen-specific manner within the draining 

ipsilateral cervical lymph nodes in response to corneal alloantigens. Therefore, 

preventing lymphatic drainage to the cervical lymph nodes (a possible site of T cell 

sensitisation) could be a potential strategy which may prolong corneal allograft 

survival in the rat. 

 

1.6.e. Immune privilege in the eye  

Immune privilege was first reported by Medawar in 1948 when he showed long term 

survival of skin when grafted into areas such as the anterior chamber of the eye and 

the brain of rabbits.124 A number of physical and immunological factors are involved 

in the maintenance of ocular immune privilege. The physical factors that contribute 

to ocular immune privilege include the blood-ocular barrier and the avascular nature 

of the healthy cornea.30  

 

Soluble factors in the aqueous humour can inhibit the onset of DTH in response to 

corneal alloantigens. These factors include transforming growth factor-β (TGF-β),125-

126 α-melanocyte-stimulating hormone,127 vasoactive intestinal peptide128 and 
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calcitonin gene-related protein,129 and have been hypothesised to inhibit the 

migratory ability of iris APCs.91 

 

The widespread expression of Fas ligand (FasL)130-131 and TRAIL132-133 on the 

surface of most ocular cells plays a large role in immune privilege within the eye. 

FasL and TRAIL are members of the tumour necrosis factor family of membrane 

proteins and both cause the induction of apoptosis in inflammatory cells.130-133 

 

Streilein and colleagues discovered and characterised the phenomenon termed 

anterior chamber-associated immune deviation (ACAID). ACAID results in the 

suppression of a DTH response upon secondary exposure to antigen after injection of 

antigen or shedding of antigen from a corneal allograft into the anterior 

chamber.89,134-136 ACAID is induced when ocular APCs take up and process antigen 

within the anterior chamber. The antigen-loaded APCs then migrate to the spleen 

where a series of complex cellular interactions takes places between the ocular 

APCs, NK T cells, B cells and CD8+ T cells and leads to the production of CD8+ 

regulatory T cells. CD4+ CD25+ regulatory T cells are also involved in ACAID, but 

their role is unclear. The subsequent result of ACAID is the suppression of Th1 and 

Th2 responses in the eye.30,137  

 

In summary, under normal conditions the eye is an immune privileged site. However, 

inflammation and neovascularisation can erode this privilege and can result in 

irreversible immunological corneal allograft rejection. The next section will discuss 

the therapies currently available for the prevention and treatment of allograft 

rejection. 
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1.7 THERAPIES FOR CORNEAL GRAFT REJECTION 

1.7.a. Topical application of glucocorticosteroids 

Topical application of glucocorticosteroids is currently the most widely used and 

most effective therapy for prevention and treatment of corneal graft rejection in 

humans.14 Glucocorticosteroids inhibit leucocyte migration in the cornea and can 

prevent or even reverse corneal graft rejection.138 However, despite their universal 

use, approximately 40% of all corneal allografts reject within 10 years.13 To improve 

the survival rate of corneal allografts, an adjunctive therapy is needed. Potential 

adjunctive therapies include those which have been able to improve the survival of 

vascularised organs, including human leucocyte antigen (HLA)-matching16 and 

systemic immunosuppression.15 Another more novel therapy for the prevention and 

treatment of corneal allograft rejection is the use of immunosuppressive agents such 

as monoclonal antibodies (mAbs) or antibody fragments. These potential therapies 

will be discussed in more detail in the upcoming sections. 

 

1.7.b. HLA-matching 

HLA-matching has been used successfully to prevent renal allograft rejection.16 

However, the effectiveness of matching for HLA determinants for corneal 

transplantation has been an area for debate. The American Collaborative Corneal 

Transplant Study (CCTS) reported no benefit from matching HLA class I or class II 

antigens in corneal transplantation.139 However, benefits of HLA-matching on 

corneal allograft survival have been reported from Canada,140 Holland,141 

Germany142 and the United Kingdom.143  
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In summary, the benefits of HLA-matching for corneal transplantation are still 

unclear, and consequently, HLA-matching is not a widely used method for 

prevention of corneal allograft rejection. 

 

1.7.c. Systemic immunosuppression using calcineurin  blockers 

Calcineurin blockers such as cyclosporine and FK506 prevent IL-2-controlled T cell 

expansion138 and systemic immunosuppression using calcineurin blockers has been 

highly successful at preventing and treating rejection of vascularised organs.15 

However, there are conflicting reports on the effectiveness of systemic 

immunosuppression for preventing corneal transplantation.144-148 Some studies have 

shown beneficial affects of systemic cyclosporine on corneal allograft survival,144,148 

whilst other studies have revealed that its use failed to prolong corneal allograft 

survival.145-147 In addition, systemic delivery of calcineurin blockers is associated 

with serious side effects. Therefore, systemic delivery of calcineurin blockers is not a 

widely used treatment for prevention or treatment of corneal graft rejection. 

 

1.7.d. Antibodies and antibody fragments 

The use of immunosuppressive antibodies for the treatment and prevention of corneal 

allograft rejection is a relatively novel field and has shown success in animal 

models149 and in humans.150 Systemic delivery of CAMPATH-1H, (a humanised 

mAb against CD52) in humans, has been proven to reduce ocular inflammation in 

patients including those with corneal grafts, with no adverse side effects observed.150 

 

Systemic delivery of antibodies and antibody fragments that target molecules 

involved in antigen presentation and early T cell activation, has been a successful 
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method for prolonging corneal allograft survival in animal models (Table 1.1). 

Systemic delivery of anti-CD4 mAb has prolonged corneal graft survival in mice151-

152 and rats.153-154 Moreover, cytotoxic T-lymphocyte antigen-4 (CTLA-4) is a 

competitive inhibitor of CD28 and binds to CD80 and CD86 which are expressed on 

APCs. Delivery of a soluble CTLA-4 construct or an anti-CD28 mAb has prolonged 

corneal graft survival in mice,112,155-156 rats157-158 and rabbits.159 In addition, systemic 

delivery of anti-CD40L mAb has prolonged corneal allograft survival in mice.155,160  

 

1.7.d.1. Single chain fragment variables 

With the exception of one study,161 the topical application of whole antibodies to the 

cornea has shown limited success at prolonging corneal allograft survival in animal 

models.149 This is most likely due to the structure of the cornea, which forms a 

barrier to many therapeutics, including whole antibodies.149,162  

 

Genetic engineering has allowed for the isolation of the cDNA that encodes the 

variable heavy and the variable light regions from a whole antibody, which can be 

connected together using a linker peptide. These monomeric antibody fragments are 

referred to as single chain fragment variables (scFv) (Figure 1.5) and have been 

shown to penetrate pig corneas in vitro and rabbit corneas in vivo.162-163 In addition, 

scFv have reduced immunogenicity compared to whole antibodies, because they do 

not have an Fc region. ScFv are small enough to penetrate the corneal epithelium, 

however, one of their limitations as therapeutic agents is their rapid clearance.163 
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Table 1.1: Studies that have reported prolonged all ograft survival by 

inhibiting early T cell activation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LIP, liposome-incorporated; AdCTLA, adenoviral vector encoding CTLA-4 cDNA 

Target Mode of action Delivery Species Reference 

CD4 anti-CD4 mAb systemic rat 154 

CD4 anti-CD4 mAb systemic rat 153 

CD4 anti-CD4 mAb systemic mouse 151 

CD4 anti-CD4 mAb systemic mouse 152 

CD4 LIP anti-CD4 mAb topical rat 161 

CD28 CTLA4-fusion protein systemic rat 158 

CD28 anti-CD28 mAb systemic rat 158 

CD28 CTLA4-Ig systemic mouse 155 

CD28 CTLA4-Ig ex vivo rabbit 159 

CD28 AdCTLA ex vivo rat 157 

CD28 AdCTLA systemic rat 157 

CD28 CTLA4-Ig ex vivo rat 157 

CD28 CTLA4-Ig systemic rat 157 

CD28 CTLA4-Ig + IL-4 ballistic transfer mouse 112 

CD28 CTLA4-Ig + IL-4 ballistic transfer mouse 156 

CD40L anti-CD40L mAb systemic mouse 160 

CD40L anti-CD40L mAb systemic mouse 155 
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Figure 1.5: (A) A whole IgG antibody is approximate ly 146 kDa and (B) a 

single chain fragment variable is approximately 28 kDa (scFv).  The 

variable heavy (VH), variable light (VL), constant heavy (CH) and constant light 

(CL) regions are labelled. Antigen binding occurs at the Fab, as marked on (A). The 

scFv does not contain the inflammatory Fc region and allows for better tissue 

penetration because it is approximately 1/5 of the size of a whole IgG antibody. 
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In summary, scFv have good tissue penetration and negligible immunogenicity. 

Strategies need to be developed to overcome their rapid clearance after 

administration, as this will potentially increase their efficacy. One such method could 

be gene therapy and this will be discussed in the next section. 

 

1.8 GENE THERAPY 

1.8.a. Gene therapy overview 

The first use of gene transfer in a clinical trial was reported by Rosenberg and 

colleagues in 1990.164 A retroviral vector was used to transfer a neomycin resistance 

marker into tumour-infiltrating lymphocytes from 5 patients with metastatic 

melanoma. The lymphocytes were expanded in vitro and re-infused into the 

patients.164 Since this first trial, gene transfer has been used to treat an assortment of 

diseases including cancer, cardiovascular diseases, monogenic inherited disorders, 

ocular disease and many others. Approximately 1% of all gene therapy clinical trials 

worldwide are for the treatment of ocular diseases, including age-related macular 

degeneration, diabetic macular oedema, glaucoma, retinitis pigmentosa and 

superficial corneal opacity.165 

 

Delivery of transgenes can be performed using viral or non-viral vectors. Viral 

vectors make use of the natural ability of a virus to infect a target cell. For this 

reason, gene transfer is very efficient and almost 70% of clinical trials worldwide 

involve their use.165 There are concerns for the biosafety of viral vectors including 

the risk of insertional mutagenesis, their immunogenicity and the potential for 

replication competent recombinants (RCR) to develop during vector production. 

Viral vectors commonly used for gene transfer are adenoviral vectors, adeno-
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associated viral vectors (AAV) and retroviral vectors such as Molony murine 

leukaemia viral vectors (MLV) and lentiviral vectors. 

 

Non-viral vectors are currently far less efficient at gene transfer than viral vectors, 

but they are much safer.166 Ballistic transfer can be used to deliver plasmid DNA 

carrying a transgene to the target tissue using brute force.156 Another non-viral gene 

transfer method uses cationic lipids to coat the plasmid DNA and this is referred to as 

lipofection.167  

 

Gene therapy has the potential to produce sustained delivery of a scFv to the site of 

interest. This could be achieved by cloning the scFv gene into a gene transfer vector, 

then delivering the gene transfer vector to the target cells, which would then express 

the scFv protein. This strategy has the potential to produce sustained protein 

expression of a therapeutic scFv at the site where it is needed after a single 

intervention. 

 

1.8.b. Gene transfer to the corneal endothelium 

Gene transfer to the corneal endothelium has been performed using a variety of 

methods, including viral vectors168 and non-viral vectors.156 The use of gene therapy 

to prolong corneal allograft survival using viral vectors such as lentiviral, adenoviral 

and AAV vectors has been recently reviewed.168  

 

Adenoviral vectors have been used extensively as gene transfer vectors to the cornea, 

as they produce rapid, strong transgene expression, high titre yields, have a large 

transgene capacity and are able to transduce non-dividing cells169 (Table 1.2).  
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Table 1.2: Characteristics of adenoviral and lentiv iral vectors 

Characteristic Adenoviral vector Lentiviral vector 

Genetic material dsDNA ssRNA 

Chromosomal integration Episomal Integrated 

Transgene expression Rapid and transient Slow and long term 

Transgene capacity ~30 kb ~9 kb 

Inflammatory potential High Low 

Ability to transduce dividing and 

non-dividing cells 
Yes Yes 

Biosafety risks Systemic toxicity Insertional mutagenesis 

 
ds, double stranded; ss, single stranded 
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However, adenoviral vectors have their limitations for use as gene transfer vectors to 

the corneal endothelium. Firstly, adenoviral vectors are immunogenic, especially in 

ocular tissue.170 The development of “gutted” adenoviral vectors (vectors that are 

produced without viral sequences) has reduced the adaptive immune response to 

these constructs, but they have still been reported to generate innate immunity.171-172 

The second limitation is the transient transgene expression produced by these 

vectors, which is due to the episomal nature of the virus.173 

 

Lentiviral vectors possess many of the desirable characteristics of adenoviral vectors, 

such as the ability to transduce non-dividing cells, to produce high titre yields and 

they have a relatively large transgene capacity.174 Lentiviral vectors also possess 

features that the adenoviral vectors do not, which makes them an attractive 

alternative for use as a gene transfer vector for the corneal endothelium (Table 1.2). 

Firstly, lentiviral vectors have low inflammatory potential in ocular tissue.170,175 

Secondly, lentiviral vectors integrate into the host genome, therefore producing long-

term stable transgene expression.  

 

1.8.c. Lentivirus biology  

Lentiviruses are a genus in the family retroviridae and typically infect terminally 

differentiated cells.176-177 There are five serotypes of the lentivirus genus, each 

categorised by the host mammal with which the virus is associated, including bovine, 

equine, feline, ovine and primate. The most characterised of the lentivirus genus is 

the human immunodeficiency virus-1 (HIV-1), which infects human T cells and can 

lead to the development of acquired immunodeficiency syndrome (AIDS). HIV-1 

particles consist of a lipid-envelope, with a homodimer of linear positive-sense, 



Sarah Brice           CHAPTER 1: Introduction 38 

single-stranded RNA genome which is approximately 9.7 kb. These particles are 

approximately 110 nm in diameter.178 A schematic representation of a HIV-1 particle 

is shown in Figure 1.6 (A). Unlike simple gammaretroviruses, lentiviruses possess 

the ability to transduce non-dividing cells.179 

 

A schematic representation of the HIV-1 genome is shown in Figure 1.6 (B). The cis-

acting elements of the HIV-1 genome are common to all retroviruses and include two 

long terminal repeats (LTRs) which flank the gag, pol and env genes (Table 1.3). The 

HIV-1 genome encodes regulatory genes such as tat and rev, which are necessary for 

HIV-1 replication (Table 1.3) and accessory genes such as vif, vpr, vpu, and nef 

(Table 1.3) which are not essential for viral replication but are critical for 

pathogenesis.180 

 

1.8.d. Recombinant lentiviral vectors for gene tran sfer  

The development of recombinant lentiviral vectors for gene transfer has been 

reviewed elsewhere.174 The design of recombinant lentiviral vectors is based on the 

separation of the cis-acting sequences that are necessary for transfer of the viral 

genome to the target cell from the trans-acting sequences that encode the viral 

proteins.174,181-182 This is achieved by linking the cis-acting sequences to the 

expression vector containing the transgene of interest (the transfer vector construct), 

whilst the viral proteins that are required for the assembly of the viral particles are 

expressed from separate packaging constructs. Both cis- and trans-acting constructs 

are introduced in the same cell to produce vector particles. The non-replicative nature 

 



 

 

 

 

 

 

Figure 1.6: Schematic representation of (A) an HIV- 1 particle (adapted 

from Freed, 1998) 183 and (B) the HIV-1 genome (adapted from Freed, 

2001).184 HIV-1 particles consist of a lipid-envelope, with a homodimer of linear 

positive-sense, single-stranded RNA genome. LTRs flank the gag, pol and rev genes. 

The gag gene encodes structural proteins including the matrix protein (MA or p17), 

the nucleocapsid protein (NC or p7), the capsid protein, (CA or p24) the p6 protein 

and the spacer proteins p1 and p2. The enzymatic proteins such as reverse 

transcriptase (RT), protease (PR) and integrase (IN) are encoded by the pol gene. 

The envelope proteins including gp120 and gp41 are encoded on the env gene. The 

regulatory genes tat and rev are essential for viral replication The accessory genes 

vif, vpr, vpu and nef are not essential for viral replication but are critical for 

pathogenesis.  
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Table 1.3 HIV-1 genes and their protein products 

Gene Protein products Function 
Essential for 

infectivity 

gag matrix (MA or p17) Structural Yes 

 capsid (CA or p24) Structural Yes 

 nucleocapsid (NC or p7) Structural Yes 

 p6 protein Structural Yes 

 p2 (spacer) Structural Yes 

 p1 (spacer) Structural Yes 

pol viral protease (PR) Enzyme Yes 

 reverse transcriptase (RT) Enzyme Yes 

 integrase (IN) Enzyme Yes 

env gp120 Structural Yes 

 gp41 (transmembrane glycoprotein) Structural Yes 

rev rev Regulatory Yes 

tat tat Regulatory Yes 

vif vif (viral infectivity factor) Accessory No 

vpr vpr (viral protein r) Accessory No 

vpu vpu (viral protein u) Accessory No 

nef nef (negative factor) Accessory No 
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of these recombinant lentiviral vectors is due to the fact that only a single round of 

infection (transduction) is possible, because the recombinant particles can only 

encapsidate the transfer construct (which lacks the trans-acting viral sequences 

required for replication).174 Lentiviral vectors can be pseudotyped with an envelope 

protein from another virus such as vesicular stomatitis virus (VSV) enabling broader 

tropism and vector stability.179,185-187 

 

Since the initial development of first generation HIV-1 vectors for gene transfer by 

Naldini and colleagues in 1996,179 there has been continuous development into 

improving the biosafety and efficiency of these vectors. First generation HIV-1 

vectors consisted of a single packaging cassette that contained all the regulatory and 

accessory genes. The transfer vector construct carried the transgene. There was 

considerable risk of RCR developing from first generation HIV-1 vectors because of 

the sequence similarities with wild-type HIV-1 virus. In addition, because the first 

generation HIV-1 vectors contained the accessory genes, eventual RCR could have 

pathogenic properties. Methods used to improve the biosafety while maintaining the 

efficiency of the recombinant lentiviral vectors have focused on segregating the cis- 

and trans-acting functions of the viral genome,174 summarised in Table 1.4. 

 

The accessory genes vif, vpr, vpu and nef are not essential for HIV-1 replication. 

Thus, HIV-1 vectors were designed without these accessory genes and were termed 

second generation HIV-1 vectors (Table 1.4).188 The removal of accessory genes 

greatly improved the biosafety of the recombinant HIV-1 vectors because if a RCR 

arose during vector production, it would not be pathogenic. 
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Table 1.4: Advances in recombinant HIV-1 vector bio safety  

 
SIN, self inactivating; WT, wild type; RCR, replication competent recombinant; LTR, long 
terminal repeat 

Advancement References Method Improved biosafety 

2nd 

generation 
188 

Removal of accessory 

genes 

Eliminated pathogenic 

lentiviral properties 

3rd 

generation 
189 

Deletion of tat and 

expression of rev in a 

separate non-

overlapping 

expression construct 

Removal of tat and 

separation of rev further 

decreased risk of RCR 

development 

SIN 190,191,192 

Deletion in U3 region 

of LTR, results in 

transcriptional 

inactivation of LTR 

Diminished risk of 

oncogene activation by 

promoter insertion and 

reduces risk of vector 

mobilisation and 

recombination with WT 
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Further biosafety improvements were achieved with the development of third 

generation HIV-1 vectors (Table 1.4).189 These vectors did not encode the 

transcriptional activator gene, tat. Instead, strong constitutive promoters with 

elements of the HIV-1 LTR upstream of transfer vector allowed for the production of 

enough RNA for efficient encapsidation and transfer by the vector particles.174 In 

addition, the third generation HIV-1 vectors were designed with the expression of the 

rev gene in a separate non-overlapping expression construct, which further decreased 

the likelihood of recombination with wild type HIV-1. If an RCR were to develop, 

the only features shared with the eventual RCR and the parental virus would be those 

dependent on the gag and pol genes.  

 

Deletion of viral enhancer and promoter sequences in the LTR brought about further 

improvement in terms to biosafety with the development of self inactivating (SIN) 

transfer vectors (Table 1.4).190-192 SIN vectors greatly reduced the risk of oncogene 

activation by promoter insertion, because transgene expression from SIN vectors 

were controlled completely by an internal promoter, which allowed for the use of 

tissue-specific promoters193 or regulatable promoters194 without interference from the 

LTR.  

 

1.8.e.The Anson HIV-1 vector system 

Anson and colleagues have developed an HIV-1 vector system designed for optimal 

safety and large-scale production.195-197 The Anson HIV-1 vector system (Figure 1.7) 

has a transfer construct carrying the transgene of interest with codon optimised cis-

acting sequences necessary for transduction of target cells, including LTRs, central 



Sarah Brice           CHAPTER 1: Introduction 45 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7: Schematic of the transfer and packaging  constructs that 

make up the Anson HIV-1 vector system. 195-197 LTR, long terminal repeat; 

RRE, rev response element; cPPT, central polypurine tract; SV40, simian-like virus 

early promoter; ∆, deletion in U3; cmv, cytomegalovirus promoter; hCMV; human 

CMV; whv, woodchuck hepatitis virus post-transcriptional element, pA, 

polyadenylation signal; vsv-g, vesicular stomatitis virus G protein; dashed lines 

represent splicing signals from the rabbit β-globin gene. For more details on the viral 

genes tat, rev and gagpol refer to Table 1.3. 
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poly purine tract (cPPT), rev response element (RRE), 3’poly purine tract (PPT) and 

550 bp of the gag gene.197 It also has a deletion in the U3 sequence in 3’LTR, making 

it a SIN vector. The coding regions of the structural and regulatory proteins including 

gagpol, tat, rev and vsv-g are provided on separate packaging constructs.195 The 

Anson HIV-1 vector system is not tat independent. However, because all viral 

sequences are encoded on separate plasmids, this increases the number of steps 

required for RCR to occur during virus production, thus ensuring that biosafety is not 

compromised for viral efficiency. 

 

Using a construct containing the reporter gene enhanced yellow fluorescent protein 

(eYFP), the Anson HIV-1 vector system has been shown to transduce the rat, sheep 

and human corneal endothelium effectively.198 

 

1.9 BIOSAFETY ISSUES ASSOCIATED WITH GENE THERAPY  

1.9.a. The first gene therapy death 

Since the first gene therapy clinical trial in 1990,164 over 1340 clinical trials have 

taken place or have been approved world-wide.165 Gene therapy has treated many 

diseases including immunodeficiencies199-200 and blood clotting disorders.201 

However, the success of gene therapy has been limited by biosafety issues associated  

with the viral vectors used to deliver the therapeutic transgenes. The first death 

associated with gene therapy was that of Jesse Gelsinger in September 1999, who 

was part of a clinical trial at the University of Pennsylvannia.202 Jesse Gelsinger, an 

18 year old male, died from a massive immune response after systemic delivery of a 

modified serotype 5 adenoviral vector. After Gelsinger’s death, all gene therapy trials 
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were subject to more stringent regulation by the National Institutes of Health (NIH) 

and the Food and Drug Administration (FDA).166 

 

1.9.b. Insertional mutagenesis 

In Paris, 2000, Cavazzana-Calvo and colleagues reported the successful use of gene 

transfer using an MLV vector carrying a gene for a missing cytokine chain in 

patients who suffered from severe combined immunodeficiency disorder (SCID-

X1).199 Shortly after, Thrasher and colleagues reported the same success in a separate 

trial in London.200 However, between the two clinical trials, 5 of the 18 patients 

developed T cell leukaemia between 31-68 months after gene therapy.203-204 In all 5 

patients that developed leukaemia, proto-oncogenes (LMO2, BMI1, or CCND2) 

were activated as a result of vector integration.203 Two of the five patients that 

developed leukaemia have now died. 

 

Gammaretroviruses such as MLV favour integration near the 5’ ends of transcription 

start sites and associated CpG islands.205 Consequently, the viral enhancers of the 

gammaretroviruses have the potential to alter the expression of nearby genes, which 

appears to be the case with the SCID-X1 patients.206-208 In contrast, lentiviruses 

favour integration within active transcription sites and do not show any preference 

for integration near gene 5’ ends.205 There is evidence to show that HIV integration 

in active transcription sites is optimal for proviral gene expression. Conversely, it is 

unclear why gammaretroviruses integrate near the 5’ ends of transcription start sites. 

Consequently, there has been much research into how and why this occurs.203,206-209 

Lentiviral vectors currently appear to be a safer alternative to gammaretroviruses due 

to the random nature of their integration into active transcription sites. 
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1.9.c. Immune reactivity of viral vectors 

Besides insertional mutagenesis, other issues have hampered the clinical success of 

gene therapy. Immune reactivity against the cells tranduced with integrative viral 

vectors including MLV210 and AAV201 has subsequently resulted in only transient 

expression of the therapeutic genes. In April 2006, a male participant died in a gene 

therapy clinical trial in which an MLV vector was used to deliver a therapeutic gene 

for the treatment of chronic granulomatous disease (CGD). The death was attributed 

to a decrease in the expression of the therapeutic transgene, as the patient died from 

complications associated with CGD.210 This was likely to be a consequence of an 

immune response against the cells transduced with the MLV. Moreover, in a clinical 

trial to treat haemophilia by gene transfer using an AAV, the gene therapy was 

successful for only 8 weeks. After this, levels of the therapeutic gene dropped 

significantly.201 The decrease in transgene expression was caused by a cell-mediated 

immunity generated against the AAV capsid. It has been suggested that future gene 

therapy studies in humans may require the use of immunosuppressive drugs to 

prevent immune reactivity against the viral vectors.201 

 

1.9.d. Gene therapy for the treatment of non-life t hreatening disease 

The use of gene therapy for the treatment of non-life threatening diseases is an area 

for debate. In July 2007 a 36 year old women died in a rheumatoid arthritis gene 

therapy clinical trial after the administration of the second dose of the treatment.211 

An AAV vector carrying the therapeutic transgene was injected into the patient’s 

knee. This was the first clinical trial using an AAV vector where the viral vector was 

readministered. There was not enough evidence to link the gene transfer to her death, 

however readministration of the AAV vector could have led to severe immunologic 
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reaction in the now-sensitised patient, despite the use of immunosuppressive 

drugs.211 Another possibility is that the patient’s death was related to her systemic 

immunosuppression.211  

 

1.9.e. Ocular gene therapy 

Gene therapy for the treatment of ocular disease has also been performed in humans. 

In 2008, 3 separate gene therapy clinical trials began for the treatment of Leber’s 

congenital amaurosis type 2 (LCA2). LCA2 is a recessive inherited rod-cone 

dystrophy caused by a single gene defect and is characterised by moderate vision 

impairment in infancy that progresses to complete blindness by early to mid 

adulthood.212-214 In all three clinical trials, an AAV vector was used to deliver the 

retinal pigment epithelium-specific protein 65 kDa to the subretinal space. To date, 

some patients have shown increases in light sensitivity and visual acuity in all three 

studies,215 and so far no adverse events have been reported. For example, immune 

reactivity against the AAV vector and the transgene has been minimal and 

biodistribution levels have been negative thus far.215 These trials have paved the way 

for future gene therapy trials for the treatment of eye disease. 

 

1.9.f. Summary of the biosafety issues associated w ith gene therapy 

Gene therapy is a very young field and has the potential to cure many diseases that 

were thought once to be incurable. Gene therapy has enabled patients suffering from 

immunodeficiencies199 and blood clotting disorders201 to be cured after a single 

administration. Many would argue that the benefits of gene therapy outweigh its 

risks. The question arises as to whether the potential risks associated with gene 

therapy outweigh its use for the treatment of non-life threatening diseases including 



Sarah Brice           CHAPTER 1: Introduction 50 

ocular disease. However, the loss of vision is not a trivial matter and continued 

research into the development of safer more efficient gene transfer vectors will 

hopefully reduce or eliminate the biosafety concerns associated with gene therapy.  

 

1.10 SUMMARY AND AIMS  

The evidence provided in this chapter, highlights the need for improvements to the 

current therapies for the prevention of irreversible immunological corneal allograft 

rejection. Firstly, there has been no improvement in the survival rate of corneal 

allografts in humans over the last 20 years, and despite the universal use of topical 

glucocorticosteroids, approximately 40% of corneal allografts reject after 10 years.13 

Secondly, the therapies that have been able to greatly improve the survival rate of 

vascularised organ allografts including HLA-matching16 and systemic 

immunosuppression using calcineurin blockers15 have had mixed results for the 

prevention of corneal allograft rejection in humans.139-148 Thus a need for a novel 

therapy for the prevention of corneal allograft rejection is evident.  

 

Systemic delivery of antibodies and antibody fragments targeting antigen 

presentation and early T cell activation has proven to be a successful strategy for 

prolonging corneal allograft survival in animals models (Table 1.1). The CD4 

molecule might to be a suitable target for the prevention of corneal allograft rejection 

using immunosuppressive therapy because (1) CD4 is expressed abundantly on the 

surface of CD4+ T cells,38 which are primarily responsible for generating an immune 

response against corneal allografts,47 and (2) CD4 is essential for antigen 

presentation and early T cell activation, therefore inhibiting its function will inhibit  
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these processes and (3) inhibiting the function of CD4 at a specific anatomic site 

could potentially allow for the actual site of antigen presentation within the body to 

be determined. 

 

A regional immunosuppressive strategy, using an anti-CD4 antibody fragment could 

be a novel approach to prevent corneal allograft rejection. This could be achieved by 

delivering the antibody fragment to the actual site where the immune response is 

being generated. Regional immunosuppression has the potential to have a more 

potent effect, be more cost effective and may further reduce any potential side effects 

compared to systemic delivery of such an agent. 

 

Ideally, an immunosuppressive agent should modulate the targeted immune response 

without any undesired side effects. ScFv are small monomeric antibody fragments 

that have good tissue penetration and have low immunogenicity, however they do 

have rapid clearance from ocular tissue.163 ScFv appear to be a good choice for a 

regional immunosuppressive therapy. 

 

Gene delivery using an integrative vector such as a recombinant lentiviral vector, has 

the potential to produce sustained long term expression of a transgene after a single 

intervention.179 Thus, constitutive expression of an anti-CD4 scFv from lentiviral-

transduced tissue, would reduce the problem of rapid clearance associated with scFv, 

because the scFv would be constitutively expressed at the site of interest. 

 

Before regional immunosuppression can be performed, the best site for the delivery 

of an immunosuppressive agent (such as an anti-CD4 scFv) must first be identified. 
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It is still unclear as to whether this may be within the eye, the draining cervical 

lymph nodes or elsewhere in the body. Studies in rodents have revealed the 

importance of the cervical lymph nodes in relation to ocular antigen drainage 

(section 1.6.d.). In mice, one study has shown that the cervical lymph nodes are 

essential for corneal allograft rejection.120 In addition, the ocular environment may 

also be an important site of antigen presentation of ocular antigen, including within 

the cornea,34-35 or the uveal tract.92 

 

The aims of the work described in this thesis were: 

(1) to construct single-gene and dual-gene lentiviral vectors carrying the 

cDNA for an anti-rat CD4 scFv and the reporter gene eYFP; 

(2) to characterise the expression of the anti-rat CD4 scFv and eYFP from the 

single-gene and dual-gene lentiviral vectors; 

(3) to optimise the methods used to titrate lentiviral vector preparations that 

do not carry a reporter gene; 

(4) to use a lentiviral vector carrying the anti-rat CD4 scFv to investigate the 

potential sites where antigen presentation may occur in response to 

corneal transplantation in the rat. This was achieved by transducing the 

sites of interest, including the corneal endothelium and the cervical lymph 

nodes, with a lentiviral vector carrying the anti-rat CD4 scFv and 

assessing corneal allograft survival. 

 



 

 

 

 

 

 

 

CHAPTER 2: MATERIALS AND METHODS 
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2.1 MATERIALS  

2.1.a. General chemicals 

Chemicals were obtained from Sigma, St Louis, MO, USA Chemical Company (St 

Louis, MO, USA), AJAX Chemicals (Auburn, NSW, Australia) or BDH Chemicals 

(Kilsyth, Vic, Australia) and were analytical reagent grade unless otherwise stated. 

Recipes for buffers and solutions are detailed in Appendix 1. Water for irrigation 

(Baxter, Old Toongabbie), NSW, Australia) was used to prepare buffers and 

solutions.  

 

2.1.b. Antibodies 

Sources of antibodies are listed in Table 2.1. 

 

2.1.c. Antibody fragments 

Anti-rat CD4 antibody fragments were prepared by Mrs S Taylor (CSL Laboratories, 

Melbourne, Vic, Australia). Single-chain antibody fragments (scFv, derived from 

hybridoma OX38) were produced in bacteria and purified as previously described.163 

ScFv constructs with 20 amino acid (20-mer) linker sequence were generated. 

Fractions of scFv protein were eluted from an anion exchange column and 

concentrated to 2.3 mg/ml in buffer (20 mM HEPES, pH 8.0 with 50 mM NaCl), 

filter sterilised and stored at 4°C. 

 

2.1.d. Antibiotics  

Ampicillin (50 mg/ml; Boehringer, Mannheim, Germany) and kanamycin (10 mg/ml; 

Sigma, St Louis, MO, USA) stocks were prepared in sterile water and used at 

working concentrations of 100 µg/ml and 50 µg/ml, respectively. Chloramphenicol 

stocks (Sigma  



 
 

Table 2.1 Antibodies 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Designation Specificity Antibody Format Source (Accession number) 

X63 
Unknown                

(negative control) 
Monoclonal mouse IgG1 

Hybridoma 

supernatant 

H. Zola, Women's Children's Health 

Research Institiute, North Adelaide, SA 

Sal5 
Salmonella epitope 

(negative control) 
Monoclonal mouse IgG2a 

Hybridoma 

supernatant 

H. Zola, Women's Children's Health 

Research Institiute, North Adelaide, SA 

JJ319 Rat CD28 Monoclonal mouse IgG1 
Hybridoma 

supernatant 

T. Hunig, Institute of Virology and 

Immunology, University of Wurzburg, 

Germany  

OX38 Rat CD4 Monoclonal mouse IgG2a 
Hybridoma 

supernatant 
ECACC (88051303) 

OX35 Rat CD4 Monoclonal mouse IgG2a 
Hybridoma 

supernatant 
ECACC (86100904) 

Anti-

polyhistidine 
Polyhistidine tag Monoclonal mouse IgG2a 

Ascites fluid, clone 

HIS-1 

Sigma Chemical Company, St Louis, 

MO, USA 

Biotinylated 

goat anti-mouse 
Mouse Ig Goat Ig 

Purified, absorbed to 

human Ig and cow 

serum 
DakoCytomation, CA, USA 

Anti-CD3-FITC Rat CD3 Monoclonal mouse IgM 

Purified, fluorescein 

isothiocyanate 

conjugate 

Serotec, Oxford, UK 

ECACC, European Collection of Cell Cultures, Porton Down, Wiltshire, UK.; Ig, immunoglobulin 
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St Louis, MO, USA) were prepared in ethanol (34 mg/ml) and used at 34 µg/ml. All 

antibiotic stocks were stored at -20°C until required. 

 

2.1.e. Escherichia  coli (E. coli ) strains 

The Escherichia coli (E. coli) strains used in this project are listed in Table 2.2. 

 

2.1.f. Plasmids 

A list of plasmids used in this project can be found in Table 2.3. 

 

2.1.g. Molecular biology reagents 

Reagents used for molecular biology are listed in Table 2.4. 

 

2.1.h. Polymerase chain reaction (PCR) primers 

Polymerase chain reaction (PCR) primers used for both endpoint PCR and 

quantitative real-time PCR (qPCR) were constructed by GeneWorks Pty Ltd, 

(Thebarton, SA, Australia) to sequencing grade and are listed in Table 2.5. 

 

2.1.i. Mammalian cell culture reagents 

Tissue culture flasks, disposable pipettes and disposable graduated tubes were 

obtained from Nunclon (Copenhagen, Denmark) or Falcon (Franklin Lakes, NJ, 

USA). Powdered media for mammalian cell culture were obtained from Thermo 

Electron (Melbourne, Vic, Australia) and GIBCO BRL (Gaithersburg, MD, USA). 

HEPES-buffered RPMI and DMEM were prepared as described in Appendix 1 in 

endotoxin-low glassware treated  
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Table 2.2: E. coli  strains 

 

 

 

 

 

 

 

 

 

 

 

 

Strain Genotype Details 

DH5α 

supE44 ∆lacU169 (Ф80 
lacZ∆M15) hsdr17 recA1 

endA1 gyrA96 thi-1 relA1 

A recombination-deficient 

suppressing strain used for plating 

and growth of plasmids and cosmids. 

The Ф80 lacZ∆M15 permits α-

complementation with the amino acid 

terminus of β-galactosidase encoded 

in pUC vectors.  

GM48 

dam-3 dcm-6 thr-1 leuB6 

ara-14 tonA31 lacY1 tsx-78 

supE44 galK2 galT22 thi-1 

The prototype dam dcm double 

mutant. Transformed at high 

efficiency by plasmid DNA. Does not 

lack any restriction system.  

 



 
 

Table 2.3: Plasmids 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
eYFP, enhanced yellow fluorescent protein; SV40, simian-like virus type-40 early promoter; FMDV, foot and mouth disease virus; fHSS, factor H secretory 
sequence; CMV, cytomegalovirus; VSV-G, vesicular stomatitis virus glycoprotein G; EK5, human endostatin::kringle-5

Designation Description 
Sequence(s) of 
interest 

Resistance Source 

pHIV-eYFP 
HIV-1 lentiviral vector plasmid encoding eYFP under SV40 
promoter control 

SV40 promoter + 
eYFP 

Chloramphenicol 
D. Anson, Women's and Children's 
Hospital, Adelaide, SA 

pBS-CD55_F2A_CD59 
Plasmid encoding CD55 and CD59 with a furin cleavage 
site and a FMDV 2A sequence in between the two genes 

2A sequence + furin 
cleavage site 

Ampicillin 
P. J. Cowan, St Vincent's Health, 
Melbourne, Vic 

fHSSOX38scFv in 
pAdtrackCMV 

Adenoviral shuttle vector encoding fHSS and anti-rat CD4 
scFv controlled by the CMV promoter 

fHSS +             anti-
rat CD4 scFv 

Kanamycin 
C. Jessup, Flinders University, 
Adelaide, SA 

pAdEasy-1 (pAdeasy) E1-, E3-deleted adenovirus serotype-5 backbone 
Adenoviral 
sequences 

Ampicillin 
B. Vogelstein, Johns Hopkins 
University, Baltimore, MD, USA 

pcDNA3.1tat101ml Helper plasmid encoding HIV-1 Tat HIV-1 Tat Chloramphenicol 
D. Anson, Women's and Children's 
Hospital, Adelaide, SA 

pHCMVwhvrevml Helper plasmid encoding HIV-1 Rev HIV-1 Rev Chloramphenicol 
D. Anson, Women's and Children's 
Hospital, Adelaide, SA 

pHCMVwhvgagpolml Helper plasmid encoding HIV-1 GagPol HIV-1 GagPol Chloramphenicol 
D. Anson, Women's and Children's 
Hospital, Adelaide, SA 

pHCMV-G Helper plasmid encoding VSV-G  VSV-G  Chloramphenicol 
D. Anson, Women's and Children's 
Hospital, Adelaide, SA 

pBLAST41-hEndoKringle5 Expression vector containing EK5 EK5 Blasticidin InvivoGen, San Diego, CA, USA 

pHIV-EK5 HIV-1 plasmid encoding EK5 under SV40 promoter control EK5 Chloramphenicol 
L. Mortimer, Dept of Ophthalmology, 
Flinders University, Adelaide SA 

pHIV-CD4scFv_F2A 
HIV-1 plasmid encoding anti-rat CD4 scFv and F2A under 
SV40 promoter control 

anti-rat CD4 scFv + 
F2A 

Chloramphenicol 
eYFP was removed from                      
pHIV-CD4scFv_F2A_eYFP 

pHIV-CD4scFv_F2A_eYFP 
HIV-1 plasmid encoding  anti-rat CD4 scFv, F2A and eYFP 
under SV40 promoter control 

anti-rat CD4 scFv + 
F2A + eYFP 

Chloramphenicol 
anti-rat CD4 scFv cloned into      
pHIV-eYFP 

pHIV-eYFP_F2A_CD4scFv 
HIV-1 plasmid encoding  eYFP, F2A and anti-rat CD4 scFv 
under SV40 promoter control 

eYFP + F2A + anti-
rat CD4 scFv 

Chloramphenicol 
eYFP + F2A cloned into                       
pHIV-CD4scFv 

pHIV-CD4scFv_F2A_EK5 
HIV-1 plasmid encoding anti-rat CD4 scFv, F2A and EK5 
under SV40 promoter control 

anti-rat CD4scFv + 
F2A + EK5 

Chloramphenicol 
EK5 was cloned into                          
pHIV-CD4scFv_F2A_eYFP after the 
removal of eYFP 
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Table 2.4: Molecular biology reagents 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

bp, base pairs 

 

 

 

Reagent Manufacturer 

GelRedTM (10 000X)  Biotium Inc (Hayward, CA, USA) 

6X Loading dye Promega (Madison, WI, USA) 

20 bp ladder (20 bp-1 kb) Geneworks (Thebarton, SA, Australia) 

2 log DNA ladder (100 bp-10 kb) New England Biolabs (Beverly, MA, USA) 

Restriction endonucleases New England Biolabs (Beverly, MA, USA) 

Restriction endonuclease reaction 

buffers (NEBuffers, 1,2,3,4) 
New England Biolabs (Beverly, MA, USA) 

One-Phor-All® restriction endonuclease 

buffer 

Amersham Biosciences Corporation, 

(Piscataway, NJ, USA) 

T4 DNA ligase (2 000 000 units/ml) New England Biolabs (Beverly, MA, USA) 

10X T4 DNA Ligase Reaction Buffer 

(containing 10 mM ATP) 
New England Biolabs (Beverly, MA, USA) 

Elongase® Invitrogen (Carlsbard, CA, USA) 

Platinum® Taq DNA polymerase Invitrogen (Carlsbard, CA, USA) 

10X PCR buffer (specific for either 

Platinum® Taq or Elongase®)  
Invitrogen (Carlsbard, CA, USA) 

dNTPs (10 mM for each: dATP, dCTP, 

dGTP and dTTP) 

Amersham Biosciences Corporation, 

(Piscataway, NJ, USA) 

TURBO DNA-free™ DNAse I Ambion (Austin TX, USA) 

SuperScript III® First-Strand Synthesis 

System 
Invitrogen (Carlsbard, CA, USA) 

Quantitect™ SYBR Green Master Mix Qiagen (Hilden, Germany) 

Shrimp Alkaline Phosphatase (1000 

U/ml) 
USB (Cleveland, Ohio, USA) 

Klenow Fragment of DNA polymerase I 

(10 units/µl) 
Geneworks (Thebarton, SA, Australia) 
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Table 2.5: PCR primers 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
for, forward; rev, reverse; bp, base pairs; ClaI, ATCGAT; NdeI, CATATG; AgeI, ACCGGT; 
ARBP, acidic ribosomal phosphoprotein; HPRT hypoxanthine guanine phosphoribosyl-
transferase 
 

 

 

 

Designation 
Sense/ 
Antisense 

Sequence (5’          3’) bp 

ClaI fHSS for sense GTATCGATCAAAAAATGAGACTTCTAGCAAAGATT 35 

NdeI scFv rev2 antisense CACATATGCTAATGATGGTGATGATGGTGATCGGCC 36 

CD4 2A for sense ACCATCATTCTAGAGCCAAACGCGCTCCCGTGAAGC 36 

CD4 2A rev 2 antisense CGTTTGGCTCTAGAATGATGGTGATGATGGTGATCG 36 

ClaI 2A rev 3 antisense AGATCGATGCCAGGGTTGGACTCGACGTCGCCGGC 35 

anti-CD4 scFv for 2 sense GCCATGGCGGACTACAAA 18 

anti-CD4 scFv rev 2 antisense TGCAGGAAAGACTGACGCTAT 21 

human ARBP for sense TCATCAACGGGTACAAACGA 20 

human ARBP rev antisense GCAGATGGATCAGCCAAGA 19 

eYFP2 for sense TATATCATGGCCGACAAGCA 20 

eYFP2 rev antisense GGGTGTTCTGCTGGTAGTGG 20 

ovine β actin for sense CACCCAGCACGATGAAGAT 19 

ovine β actin rev antisense CAGGTGGAAGGTCGTCTAC 19 

human transferrin for sense GCCCTGCCTGCCTACA 16 

human transferrin rev antisense CAGGTTGTGCTTCTGACTCACT 22 

gag for sense AGCTAGAACGATTTCGCAGTTGAT 24 

gag rev antisense CCAGTATTTGTCTACAGCCTTCTGA 25 

rat ARBP for sense AAAGGGTCCTGGCTTTGTCT 20 

rat ARBP rev antisense GCAAATGCAGATGGATCG 18 

rat HPRT for sense TTGTTGGATATGCCCTTGACT 21 

rat HPRT rev antisense CCGCTGTCTTTTAGGCTTTG 20 

pHIV1SV for2 sense CTCGGCCTCTGAGCTATTC 19 

pHIV1SV rev2 antisense CAAGCGCGCAATTAACCCTC 20 

seq-VLfor antisense GGAGCCGCCGCCGCCA 16 

seq-VHback sense GGCTCCGGTGGTGGTGGA 18 

C+D NdeIn rev antisense AAGTGGCTAAGATCCATAGCATA 23 

GFP-Taq5' sense CCGACCACATGAAGCAGCA 19 

GFP-Taq3' antisense GTGCGCTCCTGGACGTAGC 19 

EK5 for2 sense CCATCGTCAACCTCAAGGAC 20 

AgeI EK5 for sense TCCCACCGGTATGTACAGGATGCAACTCCTGTCTT 35 

NdeI EK5 rev antisense GGAATTCCATATGCTAATCAAATGAAGGGGCCGCACA 37 
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with E-toxa-Clean™ (Sigma, St Louis, MO, USA) according to the manufacturer’s 

instructions, and 0.22 µm filter sterilised prior to use. 

 

2.1.j. Animals 

Fischer 344 (F344, RTlvl inbred albino) and Wistar Furth (WF, RTlu inbred albino) 

rats were kept in an approved animal house facility. Animals were housed at 21°C in 

50% humidity with a 12 hour light/12 hour dark cycle with water ad libitum and dry 

ration (“New Joint Stock” Ridley Agriproducts, Murray Bridge, SA, Australia). 

Experimental protocols were developed in accordance with the NHMRC guidelines 

for the use of animals in research. All adenoviral and lentiviral-treated animals were 

housed in a PC2 facility in the animal house. Approval for all experimentation was 

obtained from the institutional Animal Welfare Committee of Flinders University. 

Approval for viral treatment of animals was obtained from the institutional Biosafety 

Committee of Flinders University and the Office of the Gene Technology Regulator, 

Canberra, Australia. 

 

2.1.k. Miscellaneous reagents 

Miscellaneous reagents are listed in Table 2.6 

 

2.1.l. Filter cube specifications on fluorescence m icroscopes 

Filter cube specifications for Olympus BX50 and Olympus IX71 fluorescence 

microscopes (Olympus Optical Co., Japan) can be found in Table 2.7. 
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Table 2.6: Miscellaneous reagents 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reagent Description Source 

Water for irrigation Sterile, nonpyrogenic 
Baxter (Old Toongabbie, NSW 

Australia) 

Glycogen 20 mg/ml in distilled water Roche (Mannheim, Germany) 

Tween-20 
Polyethylene sorbitan 

monolaurate 
Sigma (St Louis, MO, USA) 

Hoechst-33258 dye Nuclear stain Sigma (St Louis, MO, USA) 

2-Mercaptoethanol 
β-mercaptoethanol ≥98%  

(M-7154) 
Sigma (St Louis, MO, USA) 

DEPC 
Diethylpyrocarbonate ≥97% 

(D-5758) 
Sigma (St Louis, MO, USA) 

Limulus amebocyte 

lysate assay 

Sensitivity: 0.06 EU/ml 

(N283-06) 
BioWhittaker, (Walkersville, MD, USA) 

Virkon tablets 

Postassium 

monopersulphate 50.4% 

active (174023) 

Antec International - A DuPont 

Company, (Sudbury, Suffolk, UK) 

SAPE 

Streptavidin R-

phycoerythrin conjugate, 1 

mg/ml in 0.1 M NaP, 0.1 M 

NaCl, pH 7.5, 2 mM azide 

Invitrogen (Carlsbad, CA, USA) 

Concentrating 

filters 

Centricon® Centrifugal Filter 

Units, 10 kDa cut off pore 

size (YM-10) 
Billerica (MA, USA) 

Bartels Buffered 

Glycerol Mounting 

Medium 

60% glyercol, pH 8.0-8.4 

(B1029-45B) 

Trinity Biotech plc (Bray, Co. Wicklow, 

Ireland) 
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Table 2.7: Filter cube specifications on fluorescen ce microscopes 

 

 

 

2.2 MOLECULAR METHODS 

2.2.a. Plasmid DNA preparation 

All plasmids were grown in DH5-α E. coli unless digestion with the ClaI restriction 

enzyme was required. In this case, plasmids were grown in GM48 (dam-) E coli 

(Table 2.2), because the ClaI restriction site is dam methylated. 

 

All plasmid preparations were prepared using Qiagen kits (Qiagen, Hilden, 

Germany). Small-scale plasmid preparations were prepared using the QIAprep® Spin 

Miniprep Kit (Qiagen, Hilden, Germany). A 2 ml overnight culture (LB medium plus 

antibiotic) was incubated at 37°C with vigorous shaking. Cells were pelleted at 10 

000 g. The supernatant was completely removed. Pellets were stored at -20°C or used 

immediately as per the manufacturer’s instructions to extract and purify the plasmid 

DNA. Medium-scale plasmid preparations were prepared using the QIAfilter™ 

Plasmid Midi Kit (Qiagen, Hilden, Germany). A 2 ml starter culture was incubated at 

37°C with shaking for 6-8 hours. The starter culture (50 µl) was used to inoculate 50 

ml LB medium (plus antibiotic) and was incubated at 37°C with vigorous shaking 

overnight. Cells were pelleted at 6000 g in 30 ml Oakridge tubes (Nalge Company, 

Rochester, NY, USA) at 4°C for 10 minutes. Supernatant was completely removed 

and discarded. Pellets were stored at -20°C or used immediately to extract and purify 

the plasmid using the methods described by the manufacturer. Large-scale endotoxin 

free plasmid preparations were prepared for virus production using the Endofree 

Microscope Label Filter name Wavelength 

      Excitation Dichroic Emission 

Olympus BX50 UV light Olympus U-MNUA 360-370 400 420-460 

Olympus BX50 Blue light Chroma 31001 465-495 505 515-555 

Olympus IX71 Blue light Olympus U-MWIBA3 460-495 505 510-550 
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Plasmid Mega Kit (Qiagen, Hilden, Germany). A 3 ml starter culture (LB medium 

plus antibiotic) was incubated for 8 hours at 37°C with vigorous shaking. The starter 

culture was diluted 1/500 by adding 1 ml of starter culture to 500 ml of LB (plus 

antibiotic) and was incubated overnight at 37°C with vigorous shaking. Cells were 

pelleted at 6000 g in 500 ml centrifuge tubes (Sorvall® Centrifuges, Asheville, NC, 

USA) at 4°C for 10 minutes. Supernatant was completely removed and discarded. 

Pellets were stored at -20°C or used immediately to extract and purify the plasmid 

using the protocol outlined by the manufacturer. 

 

2.2.b. Restriction endonuclease digestion 

Restriction digests were performed using the manufacturer’s instructions in 1.5 ml 

tubes. Between 500 ng to 5 µg of DNA was digested in each reaction. Solutions were 

mixed thoroughly and centrifuged for 5 seconds at 7000 g. Between 50 ng to 100 ng 

of each digest was analysed by agarose gel electrophoresis (Section 2.2.g.) to check 

for complete digestion.  

 

2.2.c. Dephosphorylation with shrimp alkaline phosp hatase (SAP)  

Shrimp alkaline phosphatase (SAP) (USB Corporation, Ohio, USA) was used to 

dephosphorylate double-digested, linearised vector ends to prevent re-ligation 

without an insert. One unit of SAP per 1 pmol of DNA ends was used. Treatment 

with SAP was performed immediately after restriction digestion by incubating the 

digest reaction plus the SAP enzyme at 37°C for 60 minutes. SAP was inactivated 

immediately after dephosphorylation by incubating the reaction at 65°C for 15 

minutes. 
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2.2.d. Purification of digested and/or SAP-treated DNA 

Digested plasmid (with or without SAP-treatment), and PCR product were purified 

using the QIAquick PCR Purification Kit (Qiagen, Hilden, Germany) as per the 

manufacturer’s instructions, before use in ligation reactions. 

 

2.2.e. Ligations 

Ligation reactions were performed on digested vector (200 ng) with digested insert 

(at 1:1 or 1:3 vector:insert molar ratio) using 2 units of T4 DNA ligase (New 

England Biolabs, Beverley, MA, USA) in a 20 µl reaction volume. Ligations were 

incubated overnight at 4°C in 0.5 ml tubes. 

 

2.2.f. Purification of ligation products 

Ligation reactions were diluted to a 200 µl volume and cleaned up by ethanol 

precipitation. Ethanol precipitation was performed by adding 2 µl of glycogen (20 

mg/ml; Roche, Mannheim, Germany) and 20 µl of 3M sodium acetate to each 

ligation and tubes were vortex-mixed. Ice cold ethanol (100%) was added to each 

ligation to make a final concentration of 70% ethanol (550 µl) and tubes were vortex-

mixed. Ligations were incubated at -20°C for 30 minutes to allow for DNA 

precipitation. Reactions were centrifuged at >10 000 g for 15 minutes and the 

supernatant was removed. Ligations were washed twice in ice cold 70% ethanol (500 

µl) and spun at  >10 000g. DNA pellets were air dried for 15 minutes, or until the 

pellet had completely dried. Ligations were dissolved in 10 µl water and 5 µl of each 

ligation was run on an agarose gel (Section 2.2.g.) to assess whether the ligation had 

been successful.  
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2.2.g. Agarose gel electrophoresis 

Agarose gels were prepared by dissolving agarose (Promega, WI, USA) in 0.5X TBE 

buffer (Appendix 1) by brief warming in a microwave. GelRed™ (8 µl of 10 000X 

stock; Biotium Inc, Hayward, CA, USA) was added to 80 ml of molten agarose/0.5X 

TBE solution. Agarose gels were set at room temperature. The molecular weight 

markers, 2 log DNA ladder (New England Biolabs, Beverley, MA, USA) and/or 20 

bp ladder (Geneworks, Thebarton, SA, Australia) were used to estimate the size of 

DNA fragments electrophoresed at 100 volts/cm for 60 minutes. DNA fragments 

were visualised under ultraviolet (UV) light using GeneGenius gel documentation 

and imaging software (Syngene, Cambridge, England). 

 

2.2.h. Preparation of electrocompetent cells ( E. coli  strains) 

Two single colonies of E. coli strains DH5α or GM48 were picked and used to 

inoculate 2 x 10 ml LB media. Cultures were incubated overnight at 37°C with 

vigorous shaking. The two overnight cultures were combined into one tube to make a 

total volume of 20 ml and were used to inoculate 1 L of low salt LB medium 

(Appendix 1), which was divided into 2 x 500 ml volumes into 1.5 L flasks. Cultures 

were incubated at 37°C and harvested when the optical density at 660 nm (OD660) 

was between 0.6-0.8 which usually occurred after 3 hours. The two cultures were 

combined into one flask and mixed well. The mixed culture was evenly divided into 

500 ml centrifuge tubes (Sorvall® Centrifuges, Asheville, NC, USA) and centrifuged 

at 2000 g for 15 minutes at 4°C. Each cell pellet was resuspended in 250 ml of 

chilled sterile water (Baxter, Old Toongabbie, NSW, Australia) and centrifuged at 

2000 g for 15 minutes at 4°C. Each cell pellet was resuspended in 62 ml of chilled 

sterile water (Baxter, Old Toongabbie, NSW, Australia) and combined into one tube. 

Cells were centrifuged at 2000 g for 15 minutes at 4°C and resuspended in 10 ml 
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chilled 10% glycerol. Cells were transferred into a 30 ml Oakridge tube (Nalge 

Company, Rochester, NY, USA) and centrifuged at 2000 g for 15 minutes at 4°C. 

Cells were resuspended in 1 ml chilled 10% glycerol, making a final suspension 

which was approximately 60% cells. Cells were distributed into 70 µl aliquots in 1.5 

ml tubes and were snap-frozen in liquid nitrogen. Electrocompetent cells were stored 

at -80°C until required. 

 

2.2.i. Electroporation of E. coli  strains DH5 α and GM48 

Aliquots of electrocompetent E. coli strains DH5α or GM48 (70 µl in a 1.5 ml tube) 

were thawed on ice for 20 minutes. Once thawed, 2 µl of a cleaned ligation reaction 

was added to the cells which were lightly mixed by gentle tapping on the tube and 

returned to ice for 5 minutes. Cells with added ligation reaction were transferred to a 

pre-cooled 0.1 cm electrode Gene Pulser® (Bio-Rad Laboratories, Hercules, CA, 

USA) cuvette. The electroporation was performed at 1.8 volts using a Gene Pulser® 

(Bio-Rad Laboratories, Hercules, CA, USA) and the time constant was recorded. 

Ideal time constants ranged from 3.5-5.0. SOC medium (1 ml; Appendix 1) was 

added to the cells in the cuvette and mixed by gentle pipetting, and then transferred 

back to the original 1.5 ml tube. Electroporated cells were incubated in a heat block 

at 37°C for 60 minutes. Cells were centrifuged at 2000 g for 5 minutes. Supernatant 

(800 µl) was removed and discarded. The remaining 200 µl of supernatant was used 

to gently resuspend the cell pellet. Cells were spread onto an LB agar plate (plus 

antibiotic) and incubated overnight at 37°C. Colonies were counted and picked for 

plasmid preparation. 
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2.2.j. End-point polymerase chain reaction (PCR) 

Unless otherwise specified, end-point polymerase chain reactions (PCR) were set up 

using 100 µM dNTPs, 1.5-2 mM MgCl2, 1 µm of each primer and 1 U Platinum® 

Taq DNA polymerase or Elongase Enzyme Mix (Invitrogen, Carlsbad, CA, USA) in 

a total reaction volume of 25 µl. Thermal cycles were performed in a Corbett 

Research Palm-Cycler ™ (Corbett Research Pty Ltd, NSW, Australia) using the 

following cycling conditions, denaturation at 94°C for 15 minutes, followed by 30-

35 cycles of 94°C denaturation for 1 minute, annealing at 55-65°C for 1 minute and 

72°C extension for 2 minutes. A final extension step was performed at 72°C for 15 

minutes. The number of amplification cycles and annealing temperature was 

modified depending on the specific PCR. PCR products were analysed and/or 

purified by agarose gel electrophoresis (Section 2.2.g.). 

 

Splice-overlap-extension (SOE)-PCR was used to assemble gene constructs. 

Methods were based on those described previously.216 Two initial thermal cycles 

were performed without primers as follows: 92°C for 1 minute, 63°C for 30 seconds, 

58°C for 50 seconds and 72°C for 1 minute, with 1:1 molar ratio of each template to 

be joined. These initial cycles allowed the templates to anneal to each other at their 

complementary regions. After these initial cycles, 50 pmol of the outer primers were 

added to amplify the entire spliced construct and the reaction was cycled 35 times as 

follows: 92°C for minute, 60°C for 30 seconds and 72°C for 1 minute. SOE-PCR 

reactions included 1.5 mM MgCl2
 and 2 U of Elongase Enzyme Mix (Invitrogen, 

Carlsbad, CA, USA). Tubes containing template DNA with pairs of internal primers 

alone served as positive PCR controls. SOE-PCR products were analysed and 

purified by agarose gel electrophoresis (Section 2.2.g.). 
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2.2.k. Total RNA extraction 

2.2.k.1. Total RNA extraction from cell lines  

Cell monolayers in 9.5 cm2 wells (on a 6 well plate) were washed in 1 ml phosphate 

buffered saline (PBS). Cell detachment was achieved by the addition of 500 µl of 

Trypsin-EDTA (Appendix 1) and cells were incubated for 3 minutes at 37°C. Once 

cells were detached, 1 ml of 1% fetal calf serum (FCS) in phosphate buffered saline 

(PBS) was added to neutralise the Trypsin-EDTA. Cells were suspended by gentle 

pipette mixing and transferred into 1.5 ml tubes. Cells were centrifuged at 3000 g for 

5 minutes. The supernatant was removed and the cells were washed in 1 ml PBS. 

Total cellular RNA was either extracted immediately, or cell pellets were snap-

frozen in liquid nitrogen and stored at -80°C until required. Total cellular RNA was 

isolated from mammalian cells using a QIAshredder and RNeasy Mini Kit (both 

Qiagen, Hilden, Germany), using the methods described by the manufacturer. 

 

2.2.k.2. Total RNA extraction from rat lymph nodes 

Rats were euthanised by isoflurane overdose and lymph nodes were placed in an 

autoclaved 1.5 ml screw capped tube using RNaseZap®- (Ambion Applied 

Biosystems, Austin, Texas, USA), treated forceps, snap frozen in liquid nitrogen and 

stored at -80°C until required. Frozen lymph nodes were thawed on ice for 20 

minutes. Once thawed, lymph nodes were placed in a 10 cm petri dish (Techno-plas, 

St Marys, SA) and 600 µl of RLT lysis buffer (from Qiagen kit) was added. A 

disposable 26 G needle and RNaseZap®-treated forceps were used to “tease” out the 

cells within the lymph node into the RLT lysis buffer. The lysed cells were 

transferred to a 1.5 ml tube and RNA was extracted using a QIAshredder and 

RNeasy Mini Kit (both Qiagen, Hilden, Germany) as per the manufacturer’s 

instructions.  



Sarah Brice CHAPTER 2: Materials and Methods 70 

2.2.k.3. Total RNA extraction from rat corneas 

Rats were euthanised by isoflurane overdose and corneas were excised using 

RNaseZap®-treated instruments, placed into autoclaved 1.5 ml screw capped tubes, 

snap frozen in liquid nitrogen and stored at -80°C until required. Frozen corneas 

were transferred into autoclaved 2 ml round bottom tubes containing a 5 mm 

stainless steel bead (Qiagen, Hilden, Germany) and 350 µl of RLT lysis buffer (from 

Qiagen kit). Tubes were placed in the outermost positions in the TissueLyser 

(Qiagen, Hilden, Germany) and corneas were homogenised for 3 minutes at 30 Hz. 

Homogenisation was repeated for 3 minutes at 30 Hz with tubes placed in the 

innermost positions (rearranging the tubes ensured uniform disruption and 

homogenisation of samples). RNase-free water (590 µl; from Qiagen kit) and 10 µl 

of proteinase K (20 mg/ml; Sigma-Aldich Inc, St Louis, MO, USA) was added to 

each homogenised lysate and mixed thoroughly by pipetting. Lysates were 

centrifuged for 3 minutes at 10 000 g and the supernatants were transferred to new 

tubes (being careful not to disrupt the fatty layer on top or the pellet at the bottom). 

Ethanol (100%; 0.5 volumes) was added to cleared lysates and mixed by pipetting. 

The RNeasy Mini Kit (Qiagen, Hilden, Germany) was used to extract the RNA from 

the corneal lysates as per the manufacturer’s instructions.  

 

2.2.l. DNase I treatment of RNA 

To remove contaminating viral or genomic DNA, total RNA was treated with 

TURBO DNA-free™ (Ambion Applied Biosystems, Austin, Texas, USA) as 

described by the manufacturer, prior to reverse transcription. Total RNA (up to 10 

µg) was digested with 2 units of TURBO DNase with 0.1 volume of 10X TURBO 

DNase I buffer and incubated at 37°C for 30 minutes. DNase Inactivation Reagent 

(0.1 volumes) was added and incubated for 2 minutes at room temperature with 
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occasional mixing. Tube contents were centrifuged at 13 000 g for 90 seconds at 

room temperature and then the supernatant was transferred to a fresh autoclaved 0.5 

ml tube and stored at -20°C. 

 

2.2.m. cDNA synthesis 

The synthesis of cDNA from DNaseI-treated RNA was performed through reverse 

transcription (RT) using the SuperScript™ III First-Strand Synthesis for RT-PCR 

(Invitrogen, Carlsbad, CA, USA), using the methods outlined by the manufacturer. In 

addition, a “non-reverse transcribed” control was prepared for every cDNA synthesis 

reaction to identify genomic or viral DNA contamination. Oligo dT primer (50 µM)      

(1 µl) was added to 1.5 µg DNase I-treated RNA in a total volume of 10 µl and 

incubated at 65°C for 5 minutes. Reactions were placed on ice immediately for at 

least 1 minute. The following components were added to each reaction, 2 µl 10X RT 

buffer,     4 µl 25 mM MgCl2, 2 µl  0.1 M DTT, 1 µl RNase OUT (40 U/µl) and 1 µl 

SuperScript III RT (200 U/µl) or 1 µl water (for “non-reverse transcribed” control). 

Tube contents were gently pipette mixed and incubated at 50°C for 50 minutes. 

Reactions were terminated by incubating at 85°C for 5 minutes and immediately 

chilled on ice. RNase H (1 µl; 2 U/µl) was added to the reaction and incubated for 20 

minutes at 37°C. The cDNA samples were stored at -20°C until required.  

 

2.3 QUANTITATIVE REAL-TIME PCR (QPCR) 

2.3.a. Primers for qPCR 

Primers were designed using Primer3 software (Whitehead Institute for Biomedical 

Research, Cambridge, MA, USA) using the parameters outlined in Table 2.8 and all 

other parameters were set to default. Primers were designed to cross intron/exon 
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boundaries and were synthesised by GeneWorks (Thebarton, SA, Australia) at 

sequencing grade (refer to Table 2.5 for primer sequences). 

 

Table 2.8: Parameters for qPCR primer design using Primer3 

 

 

 

 

 

2.3.b. qPCR set up 

All qPCRs were performed on a Rotor-Gene 6000 real-time thermal cycler (Corbett 

Research, Mortlake, NSW, Australia). Reactions were made up in a 20 µl volume, 

including 10 µl QuantiTech™ SYBR green master mix containing hot start Taq 

DNA polymerase, SYBR Green I, dNTPs and PCR buffer (5 mM MgCl2, Tris-Cl, 

KCl, (NH4)2SO4 pH 8.7) (Qiagen, Hilden, Germany), 2 µl of sense and antisense 

primers (0.5 µM final concentration) and 6 µl cDNA sample diluted 1/100 with Ultra 

Pure water (Fisher Biotech, West Perth, WA). Reactions underwent the following 

cycling conditions: initial denaturation (95°C, 15 minutes), 50 cycles of denaturation 

(94°C, 20 seconds), annealing (47.4°C, 20 seconds), extension (72°C, 30 seconds), 

final extension (72°C, 4 minutes, followed by 25°C, 5 minutes). A melt profile was 

performed on all qPCR products ranging from 60-99°C at 0.5°C increments every 5 

seconds. A pre-melt conditioning hold was performed at 60°C prior to the first 

increment. Every cDNA sample was tested in triplicate and a standard cDNA pool 

was included in triplicate in each qPCR run. A single reverse transcription (RT) 

control for each sample and two no template (water) controls were included in each 

qPCR run.  

Parameter   Parameter range   

  Minimum Optimum Maximum 

Product size (bp) 80 100 120 

Primer size (bp) 18 20 24 

Primer Tm (°C) 58 60 62 

Primer G/C% 30 - 70 

 
PCR, polymerase chain reaction; bp, base pairs; Tm, melting temperature 
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2.3.c. Determination of primer pair amplification e fficiency 

Standard curves were prepared for each primer pair on seven three-fold serial 

dilutions of a standard cDNA sample, made from a pool of experimental samples 

from each treatment group and controls. Each dilution of cDNA was run in triplicate 

in two individual qPCR runs. The mean threshold cycle (Ct) values of the triplicates 

of each cDNA dilution were plotted as a linear function against the logarithm (loge) 

of the cDNA dilution. Primer pair amplification efficiencies were determined using 

the gradient of the standard curve regression line as seen below.  

 

 

 

 

 

217 

2.3.d. Gene expression analysis  

The method used for gene expression analysis was based on the ∆ Ct method of 

relative quantification of Livak and Schmittgen.218 Modifications to this method were 

based on the quantification algorithm described in the public domain software 

GeNorm,219 and allowed for the separation of the normalisation step, which enabled 

the use of multiple reference (housekeeping) genes and differences in amplification 

efficiencies of primer pairs.  

AE = [e(1/-g)]-1 [217] 

 
AE is the amplification efficiency (the percentage change in 

fluorescence per cycle of PCR)  

 

e is Euler’s number (where the natural logarithm [loge] was used to 

transform cDNA concentration values) 

 

g is the gradient of the standard curve regression line 
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2.4 CELL CULTURE METHODS  

2.4.a. Maintenance of cell lines 

A list of cell lines can be found in Table 2.9. HEK-293A, HEK-293T and A549 were 

cultured in DMEM (5-10% vol/vol FCS) and CHO cells were cultured in HEPES-

buffered RPMI (5-10% FCS). Cells were maintained in 75 cm2 tissue culture flasks 

(Nunclon, Copenhagen, Denmark). Upon confluency, cells were passaged by 

washing once in 5 ml PBS and then cells were detached from plastic by incubating in 

2 ml Trypsin-EDTA (Appendix 1) for 5 minutes at 37°C. Once cells had detached, 8 

ml of fresh medium was added to trypsinised cells to make a single cell suspension 

and either 1 ml of cells (1:10 split) or 2 ml of cells (1:5 split) was added to a new 75 

cm2 flask containing fresh medium. Cell lines were incubated at 37°C, 5% CO2 in air. 

The delta Ct method of quantification 

 

Step 1:  

 

Q = (AE + 1)(Cts-CtA) 
 

Q is the relative quantity of each gene. 

 

AE is the amplification efficiency. 

 

Cts is the geometric mean of the standard sample replicates. 

 

CtA is the threshold cycle of a sample of interest 

 

 

Step 2: Normalisation step 

 

XA = Q/NF 
 

XA is the normalised relative quantity of each gene. 

 

NF is the normalisation factor (the geometric mean of the relative 
quantities (Q) of the reference genes. 
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Table 2.9: Cell lines 

 

 

 

 

 

 

 
ATCC, American Type Culture Collection, Manassas, VA, USA 
 

2.4.b. Freezing cell lines 

Cells were resuspended in growth medium with an additional 50% FCS at a density 

of 2 x 107 cells/ml. An equal volume of 30% dimethyl sulphoxide (DMSO) in growth 

medium was added dropwise at a rate of 1 ml per minute. Cell were dispensed into 

freezing vials (1.8 ml, Nunc, Roskilde, Denmark) and frozen slowly in insulated 

containers kept in the vapour phase of liquid nitrogen overnight, before being placed 

into liquid nitrogen for long-term storage. 

 

2.4.c. Thawing cells 

Cells were thawed from liquid nitrogen in a 37°C water bath. An equal volume 

(approximately 1 ml) of warm growth medium (5-10% FCS) was slowly added 

dropwise over 10 minutes. A further 10 ml of growth medium was added over 10 

minutes. Cells were pelleted (200 g for 5 min), resuspended in growth medium and 

placed in tissue culture flasks. 

Designation Description Growth Source 

HEK-293A 
Human embryonic kidney cell line with 

E1- region of adenovirus 5 
Adherent Qbiogene Inc, Carlbad, CA 

HEK-293T 
Human embryonic kidney cell line that 

constitutively expresses the SV40 large 

T cell antigen 

Adherent ATCC, CRL 11269 

A549 
Human lung adenocarcinoma epithelial 

cell line 
Adherent ATCC, CCL 185 

CHO-K1 Chinese hamster ovary cell line Adherent ATCC, CCL-61 
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2.4.d. Cell viability determinations 

Cell suspensions were diluted and mixed 1:1 with 0.1% Trypan Blue (Appendix 1). 

After 2 minutes cells were counted in a haemocytometer and viability and cell 

densities were determined. Non-viable cells were determined by the Trypan Blue 

staining.  

 

2.4.e. Liposome-mediated transfection of mammalian cells  

The adherent mammalian cells lines HEK-293A and CHO were transfected with 

recombinant plasmid using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). 

Transfections were performed in 6 well plates at a confluency of 80% (8 x 105 total 

cells) in either DMEM (5% FCS) or HEPES-buffered RPMI (5% FCS). 

Recombinant plasmid DNA (1.6 µg) was diluted in 200 µl serum-free OptiMEM 

medium (Life Technologies™ Gibco BRL, Gaithersburg, MD, USA). Lipofectamine 

(8 µl) was added to the diluted DNA and incubated for 20 minutes at room 

temperature. Concurrently, the old medium was aspirated off the cells and 960 µl 

serum-free OptiMEM medium was added and incubated at 37°C for at least 10 

minutes. The Lipofectamine-DNA mix was added drop-wise to the prepared well of 

cells and incubated at 37°C with 5% CO2 in air for 6 hours. The Lipofectamine-DNA 

mix was removed and replaced with 6 ml of DMEM (5% FCS) or HEPES-buffered 

RPMI (5% FCS) and transfected cells were cultured for up to 7 days at 37°C, 5% 

CO2 in air. Expression of eYFP from transfected cells was visualised by fluorescence 

microscopy (Section 2.4.i.) and quantified using flow cytometry (Section 2.4.h.). 

Culture medium from transfected cells was collected and the presence of the secreted 

products, anti-rat CD4 scFv and EK5 was performed using flow cytometry (Section 

2.4.g.1.) and ELISA (Section 2.4.j.) respectively.  
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2.4.f. Transduction of mammalian cells with lentivi ral vectors 

The adherent cells line HEK293A was transduced with lentiviral vectors. 

Transductions were performed in 6 well plates at a confluency of 30-40% (6.25 x 105 

total cells) in DMEM (5% FCS). Cells were transduced at a multiplicity of infection 

(MOI) of 5, which equates to 3.13 x 105 transducing units (TU)/well. Transductions 

were performed for 24 hours at 37°C, 5% CO2 in air. After this time, the transduction 

medium was removed and replaced with fresh DMEM (5% FCS). The transduced 

cells were cultured for 5 days at 37°C, 5% CO2 in air. Expression of eYFP from 

transduced cells was visualised by fluorescence microscopy (Section 2.4.i.) and 

quantified using flow cytometry (Section 2.4.h.). Culture medium from transduced 

cells was collected and the presence of the secreted product, anti-rat CD4 scFv, was 

performed using flow cytometry (Section 2.4.g.1).  

 

2.4.g. Flow cytometry to detect scFv binding 

2.4.g.1. ScFv detection in culture supernatant and rat plasma 

Histidine-tagged anti-rat CD4 scFv in cell culture medium, corneal organ culture 

medium or rat plasma was detected by flow cytometry following binding to CD4-

positive thymocytes. The thymus from a <12 week old rat was collected and placed 

in 20 ml of PBS. Cells were scraped from the thymus in a laminar flow hood using 

an 18G needle and forceps in a 10 cm petri dish (Techno-plas, St Marys, SA). Cells 

and PBS in the 10 cm Petri dish were transferred into a 25 ml v-bottomed tube and 

the dish was washed with an extra 10 ml PBS to collect as many cells as possible. 

The cell suspension (6 ml) was transferred into a 30 ml flat-bottomed tube and 20 ml 

Lymphoprep™ (Axis-Shield, PoC AS, Oslo, Norway) (prepared for rat cells by 

adding 5 ml Angiografin® (Schering, AG, Germany ) to 100 ml Lymphoprep) was 

added under the cell suspension using a 20 ml syringe and a mixing cannula. 
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Lymphoprep™-treated cells were centrifuged at 800 g for 20 minutes at 4°C. 

Thymocytes were collected at the medium/lymphoprep interface and placed into a 25 

ml v-bottomed tube. Thymocytes were washed in 20 ml ice-cold PBS-azide 

(Appendix 1) and centrifuged at 800 g for 10 minutes at 4°C. Supernatant was 

removed and discarded and cells were resuspended in 10 ml PBS-azide and mixed by 

inversion. The cells were counted using a haemocytometer and diluted to a 

concentration of 2 x 107 cells/ml.  

 

To each tube, 1 x 106 cells (50 µl of diluted cells suspension) was added. Supernatant 

and control antibodies were added to the thymocytes and mixed by brief vortexing 

followed by a 30 minute incubation on ice. Cells were washed in 3 ml PBS-azide and 

centrifuged at 500 g for 5 minutes at 4°C. Supernatant was aspirated using suction. 

Primary antibody, 50 µl anti-polyhistidine (Sigma-Aldich Inc, St Louis, MO, USA) 

was diluted 1/250 in PBS-azide and was added to each tube and incubated for 30 

minutes at 4°C. Cells were washed as above and incubated with 50 µl of secondary 

biotinlyated goat anti-mouse antibody (DakoCytomation, Glostrup, Denmark) 

(diluted 1/100 in PBS-azide) for 30 minutes at 4°C. Thymocytes were washed as 

above and incubated with    50 µl of Streptavidin R-phycoerythrin conjugate (SAPE) 

(Molecular Probes, Eugene, Oregon, USA) (diluted 1/100 in PBS-azide) for 30 

minutes at 4°C. Thymocytes were washed as above, resuspended in 50 µl FACS 

fixative (Appendix 1) and stored at 4°C until analysis at the FACScan using Cell-

Quest software v3.01f (Becton Dickinson, Franklin Lakes, NJ, USA).  
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2.4.g.2. ScFv detection on rat peripheral blood lym phocytes (PBL) 

Bound anti-rat CD4 scFv was detected on peripheral blood lymphocytes (PBL) 

through the HIS6 tag using flow cytometry. Primary antibody, 50 µl anti-

polyhistidine (Sigma-Aldich Inc, St Louis, MO, USA) was diluted 1/250 in PBS-

azide and was added to each tube containing whole blood cells (50 µl) and incubated 

for 30 minutes on ice. Whole blood cells were washed in 3 ml PBS-azide and 

centrifuged at 500 g for 5 minutes at 4°C. Supernatant was aspirated using suction. 

Secondary antibody, biotinylated goat anti-mouse antibody (DakoCytomation, 

Glostrup, Denmark) (diluted 1/100 in PBS-azide) was added to each tube containing 

whole blood cells and incubated for 30 minutes on ice. Whole blood cells were 

washed as above and incubated with 50 µl of SAPE (Molecular Probes, Eugene, 

Oregon, USA) (diluted 1/100 in PBS-azide) for 30 minutes on ice. Red blood cells 

(RBC) were lysed by the addition of 3 ml RBC lysis solution (Appendix 1) and 

incubated for 10 minutes at room temperature. Cells were centrifuged at 500 g for 5 

minutes, washed in 3 ml PBS-azide, resuspended in 50 µl FACS fixative (Appendix 

1) and stored at 4°C until analysis at the FACScan using Cell-Quest software v3.01f.  

 

2.4.h. Flow cytometry for eYFP detection in transfe cted or transduced 

cells  

Flow cytometry was used to detect eYFP expression from transfected of transduced 

cells. After 5 days in culture, transduced cells were trypsinised, transferred to a 10 ml 

FACS tube and washed in 2.5 ml 1% FCS in PBS (to neutralise the trypsin). Cells 

were centrifuged at 500 g for 3 minutes and the supernatant was aspirated. Cells were 

washed in 3 ml PBS, centrifuged at 500 g for 3 minutes and the supernatant was 

aspirated. Cells were resuspended in 100 µl of fluorescence-activated cell sorting 
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(FACS) fixative (Appendix 1) and stored at 4°C until analysis at the FACScan using 

Cell-Quest software v3.01f.  

 

2.4.i. Fluorescence microscopy of cell lines  

Fluorescence imaging of adherent cell lines was performed using the IX71 

fluorescence inverted microscope (Olympus Optical Co., Japan). Images were taken 

in 5 central fields within the 9.5 cm2 well (in a 6 well plate) using brightfield light (to 

visualise all cells) and blue light (to visualise eYFP expressing cells). Images were 

taken using the F-view digital camera and AnalySIS® getIT Software Imaging 

System (Olympus Soft Imaging Solutions GmbH, Münster, Germany). Filter cube 

specifications for the IX71 fluorescence inverted microscope can be found in Table 

2.7. 

 

2.4.j. Human endostatin::kringle-5 (EK5) detection in culture 

supernatant by ELISA 

A commercially available human endostatin ELISA Kit (R&D Systems, 

Minneapolis, MN, USA) was used to detect EK5 in the culture supernatant of 

transfected cells as per the manufacturer’s instructions. 

 

2.4.k. Determination of endotoxin levels in viral p reparations 

Endotoxin levels were determined in adenoviral and lentiviral vector preparations 

using the commercially available Limulus Amebocyte Lysate assay (BioWhittaker, 

Walkersville, MD, USA) as per the manufacturer’s instructions. The sensitivity of 

the assay was 0.06 endotoxin units (EU)/ml (or 6 pg/ml). Samples (10 µl) were 

diluted in a total volume of 100 µl, enabling the test to detect 0.6 EU/ml (60 pg/ml)  
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in the original sample. Water for irrigation (Baxter, Old Toongabbie, NSW, 

Australia) was used as the negative control and to prepare dilutions. 

 

2.5 LENTIVIRAL VECTOR PRODUCTION AND TESTING 

Lentiviral vectors were produced at the Gene Technology Unit, Dept of Genetic 

Medicine, Women’s and Children’s Hospital, Adelaide, SA, using methods based on 

those previously described.195-197 All procedures involving production and use of 

lentivirus were conducted with approval of the institutional Biosafety Committee of 

Flinders University and the Office of the Gene Technology Regulator in a PC2 

containment laboratory. 

 

2.5.a. Large scale lentiviral vector preparations 

To produce approximately 3 ml of purified, concentrated lentiviral vector stock, 

HEK-293T (SD3515, American Type Collection, Manassas, VA, USA) cells were 

seeded on 20 x 245 mm2 plates (Corning Incorporated, Corning, NY, USA) at a 

density of 3.75 x 105 cells/ml in 105 ml of DMEM (5% FCS) per plate. Transfection 

of HEK-293T cells was performed by calcium phosphate co-precipitation. This 

involved the use of 4 helper plasmids: pHCMV-G (encoding vesicular stomatitis 

virus glycoprotein G), pcDNA3tat101ml (encoding HIV-1 Tat), pHCMVwhvrevml 

(encoding HIV-1 Rev), and pHCMVwhvgagpolml (encoding HIV-1 GagPol), as well 

as a transfer construct carrying the transgene of interest. Cells were transfected using 

the ratios shown in Table 2.10. 
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Table 2.10: Lentiviral plasmid ratios for transfect ion of HEK-293T cells 

 

 

 

 

 

* Calculated for a 245 mm2 plate with 4 x 107 cells in total. 

 

All solutions were used at room temperature. Transfection was performed by adding 

one volume (6.5 ml) of DNA/2.5 M CaCl2 solution to one volume of 2 x HEPES-

buffered saline (HeBS) (6.5 ml) over 5 seconds, while vortexing. This DNA/CaCl2-

HeBS mixture was further vortexed for 20 seconds and then left to sit at room 

temperature for another 90 seconds before being gently poured onto the cells at the 

plate edge, being careful not to disturb the cell monolayer. This procedure was 

repeated until all plates had been through this process. Plates were incubated at 37°C, 

5% CO2 in air for 8 hours. After this incubation, the medium was replaced with 170 

ml of Opti-pro serum free medium (Invitrogen, Carlsbad, CA, USA) per plate, being 

careful not to disturb cells. After a 40 hour incubation at 37°C, 5% CO2 in air, all 

3400 ml of supernatant was harvested from the 20 plates. Supernatant was filtered 

through a 0.45 µm hollow fibre cartridge (CFP-4-E-4MA, Amersham Biosciences 

Corporation Piscataway, NJ, USA) at room temperature using the QuixStand™ 

bench top system (Amersham Biosciences Corporation, Piscataway, NJ, USA). The 

filtrate was concentrated to 150 ml with a 750 kDA cut-off hollow fibre 

ultrafiltration cartridge (UFP-750-E-4x2MA; Amersham Biosciences Corporation, 

Piscataway, NJ, USA) using the QuixStand™ benchtop system at room temperature. 

The retentate was passed through a 0.8 µm syringe filter unit (Millex-AA, Millipore, 

Plasmid 
Amount of DNA 
per plate* (µg) 

Transfer construct 158 

pcDNA3.1tat101ml 3.16 

pHCMVwhvrevml 3.16 

pHCMVwhvgagpolml 15.8 

pHCMV-G 7.9 
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Carrigtwohill, Co. Cork, Ireland) before ultracentrifugation at 50 000 g for 90 

minutes (using a SW32 Ti rotor in a Beckman ultracentrifuge; Beckman Coulter Inc, 

Fullerton, CA, USA) at 4°C. The lentiviral pellet was gently resuspended in 3 ml 

ophthalmic balanced salt solution (BSS) (Cytosol, Ophthalmics, Lenoir, NC, USA) 

and filtered through 0.45 µm filter (Minisart, Sartorius AG, Goettingen, Germany). 

The purified, concentrated lentiviral vector preparation was distributed into 27 µl 

aliquots and stored at -80°C until required. 

 

2.5.b. Medium scale lentiviral vector preparations 

To produce approximately 500 µl of purified concentrated lentiviral stock, HEK-

293T cells were seeded at 3.75 x 105 cells/ml in 105 ml DMEM (5% FCS) on 5 x 

245 mm2 plates and incubated for 20-24 hours at 37°C, 5% CO2 in air. Transfection 

was performed by calcium phosphate precipitation as described in Section 2.4.a., and 

incubated for 40 hours at 37°C, 5% CO2 in air. Supernatant (850 ml) was harvested 

and filtered through a 0.45 µm Polydisc™ TF filter device (Whatman, Kent, 

England, UK) at room temperature. Filtrate was concentrated to approximately 50 ml 

volume using the 750 kDa hollow fibre cartridge (UFP-750-E-4X2MA) at room 

temperature. Retentate was passed through a series of filters of pore size 5 µm, 1.2 

µm and 0.8 µm (Millex-AA, Millipore, Carrigtwohill, Cork, Ireland) to further filter 

the lentiviral solution, which was ultracentrifuged at 50 000 g for 90 minutes (using a 

SW32 Ti rotor in a Beckman ultracentrifuge; Beckman Coulter Inc, Fullerton, CA, 

USA) at 4°C. The lentiviral pellet was gently resuspended in 500 µl ophthalmic BSS. 

The purified, concentrated lentiviral vector preparation was put through a 0.45 µm 

filter and 27 µl aliquots were distributed and stored at -80°C. 
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2.5.c. Detection of replication-competent lentiviru s 

Detection of replication-competent viral particles in concentrated lentiviral vector 

preparations was performed by quantifying the level of p24 (HIV-1 Gag protein) in 

the culture medium of HEK-293T cells transduced with lentivirus. If no replication-

competent lentiviral particles were present, then the level of p24 dropped over 

several days after the initial transduction. HEK-293T cells were seeded at 5 x 105 

cells per well in DMEM (10%) in a 12 well plate. Cells were left for 4 hours at 37°C, 

5% CO2 to adhere to the plastic, and once attached, the medium was replaced with 1 

ml per well of DMEM (10% FCS) supplemented with 4 µg/ml polybrene (Sigma, St 

Louis, MO, USA) and 50 µg/ml gentamicin (Sigma). Lentiviral vector (1 µl) was 

added to triplicate wells and three wells were left untransduced as controls. Cells 

were incubated at 37°C, 5% CO2 in air. After 24 hours, the medium was replaced 

with fresh 1 ml DMEM (10% FCS) with 50 µg/ml gentamicin (Sigma, St Louis, MO, 

USA). Cells were split 1:10 every three days and 1 ml of supernatant was collected 

on days 6 and 12 and stored at -80°C. Culture supernatants collected on day 6 and 12 

from the transduced and untransduced HEK-293T cells were tested in a 

commercially available ELISA for the HIV p24 protein (PerkinElmer, Boston, MA, 

USA). A lentiviral vector preparation was judged to be free of replication-competent 

lentiviral particles if p24 levels declined to levels comparable to untransduced 

controls after 12 days of culture, indicating the absence of significant virus 

replication in the culture.  

 

2.5.d. Titration of lentiviral vector preparations 

A549 cells (CCL-185, American Type Culture Collection) were seeded at 2.5 x 105 

cells/well in DMEM (10% FCS) in a 24 well plate. Cells were left to attach to plastic 

for 3 hours at 37°C, 5% CO2 in air. Once attached, the medium was replaced with 0.5 
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ml per well of DMEM (10% FCS) supplemented with 4 µg/ml polybrene and 50 

µg/ml gentamicin. Two different doses of lentiviral vector were added to triplicate 

wells: a high dose (0.5 µl) and low dose (0.1 µl), and three wells were left 

untransduced as controls. Cells were incubated at 37°C, 5% CO2 in air. After 24 

hours, the medium was replaced with fresh 0.5 ml DMEM (10% FCS) with 50 µg/ml 

gentamicin. Cells were split 1:4 every 48 hours, were harvested after 5 days and cell 

culture continued for a total of 4 weeks, when a second cell harvest was performed. 

Titration of lentiviral vectors was performed by reporter gene (eYFP) quantification 

using flow cytometry (Section 2.5.d.1.) or by proviral DNA integration using real-

time PCR (qPCR) (Section 2.5.d.2.). 

 

2.5.d.1. Reporter gene (eYFP) titration of lentivir al vector preparations 

Flow cytometry was used to determine the viral titre of lentiviral vectors that 

expressed eYFP. Cells were harvested by washing in 0.5 ml PBS and then 

trypsinised in 200 µl Trypsin-EDTA (Appendix 1). Detached cells were transferred 

to a 5 ml FACS tube (Falcon®, Becton Dickinson Labware, Franklin Lakes, NJ, 

USA) containing 1% FCS in PBS. Tubes were centrifuged at 800 g for 5 minutes and 

supernatant was aspirated. PBS (1 ml) was added to tubes which were centrifuged at 

800 g for 5 minutes and supernatant was aspirated. FACS fixative (100 µl) 

(Appendix 1) was added to each tube. EYFP fluorescence was analysed from 

transduced cells using the FACScan and results were analysed using the Cell-Quest 

software v3.01f. Untransduced cells were used as a background control. The 

corrected percentage of eYFP positive cells in the lentivirus-transduced sample was 

calculated as the percentage of eYFP positive cells in the transduced cells minus the 

average percentage of positives in the untransduced control cells. The viral titre was 

determined by multiplying the corrected percentage of positive cells by the number 
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of cells plated and corrected for the amount of virus added. The calculation of viral 

titre using flow cytometric analysis is shown below. 

 

 

 

 

 

2.5.d.2. Titration of lentiviral vector preparation s by quantifying proviral 

integration 

The proviral integration qPCR viral titre assay was used to titrate lentiviral vectors in 

the absence of eYFP. This assay detects the beginning of the gag sequence in the 

lentiviral vector (as seen in Figure 3.9). Cells were washed in 0.5 ml PBS and then 

trypsinised using 200 µl Trypsin-EDTA (Appendix 1). Once cells had detached, they 

were transferred to a 10 ml tube (Sarstedt Australia Pty Ltd-Technology Park, 

Adelaide, SA, Australia) containing 2.5 ml 1% FCS in PBS. Cells were centrifuged 

at 800 g for 5 minutes and the supernatant was aspirated. PBS (3 ml) was added to 

cells which were centrifuged again at 800 g for 5 minutes and the supernatant was 

aspirated. Genomic DNA (gDNA) was isolated from cells using the Wizard® SV 

Genomic DNA Purification System (Promega Corporation, Madison, WI, USA) as 

per the manufacturer’s instructions. GDNA was stored at -80°C until required.  

Primers were designed to detect the gag sequence and human transferrin 

(housekeeper gene) (Table 2.5). Each qPCR reaction contained 20 µM of forward 

and reverse primers and 10 µl Quantitect™ SYBR Green PCR master mix containing 

hot start Taq DNA polymerase, SYBR Green I, dNTPs and PCR buffer (5 mM 

MgCl2, Tris-Cl, KCl, (NH4)2SO4, pH 8.7) (Qiagen, Hilden, Germany). Each assay 

included standards (gDNA isolated from A549 cells which contained 1 copy of the 

A549 eYFP viral titre in transducing units (TU)/ml 

= ((2.5 x 105 cells x (transduced % gated – untransduced % gated) / 100 x 

1000) / µl of lentivirus added per well. 
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viral genome per cell) and no template controls in triplicate for each gene. QPCR 

was performed using a Rotor-Gene™ 6000 real time thermal cycler (Corbett Life 

Science, Mortlake, NSW, Australia) under the following conditions: 50°C for 2 

minutes, 95°C for 10 minutes followed by 40 cycles of 95°C for 15 seconds and 

60°C for 1 minute. The fluorescence of each reaction was read at the end of each 

cycle. The data was analysed using the Rotor-Gene™ 6000 Series Software 1.7 

(Corbett Life Science, Mortlake, NSW, Australia). The threshold bar was placed in 

the linear part of the plot and the Ct for each sample was determined. The 

calculations used to determine the viral titre using qPCR can be seen below. 

 

 

 

 

 

 

2.6 ADENOVIRAL VECTOR PREPARATION 

2.6.a. Adenoviral vector production 

Dr Claire Jessup (Department of Ophthalmology, Flinders University, Bedford Park, 

SA) constructed fHSSOX38scFv in pAdtrackCMV (Table 2.3), which was used to 

make a replication-deficient E1-, E3- deleted serotype 5 adenovirus encoding anti-rat 

CD4 scFv with a fHSS and polyhistidine tag under cytomegalovirus immediate early 

promoter (CMV) control. This construct also encoded enhanced green fluorescence 

protein (eGFP) which was controlled under a separate CMV promoter.220 Ms Lauren 

Mortimer (Department of Ophthalmology, Flinders University, Bedford Park, SA) 

performed all adenoviral vector production and purification in this project, using 

methods based on those previously described.221-222  

∆Ct = Ct gag – Ct transferrin (housekeeper gene) 

∆∆Ct = ∆Ct of sample – average ∆Ct of standard 

Copy number per cell = 1/2∆∆Ct 

Titre = (copy number per cell x number of cells initially plated x 1000) / volume assayed  

(µl) 
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Three rounds of twenty flasks (75 cm2) were infected with 2 ml of passage 3 crude 

adenoviral lysate (0.5 ml passage 3 in 39.5 ml DMEM (5% FCS) into 20 flasks). 

Cells were harvested when most were displaying cytopathic effects (CPE), usually 

between 1-5 days. Cells were scraped from each flask using a rubber policeman and 

centrifuged at 600 g for 5 minutes. The supernatant was poured off and cells were 

resuspended in a total of 3 ml of the supernatant that had been poured off 

immediately prior. 

 

Adenovirus was released from the cell suspension by 5 rounds of freeze thawing. 

This was performed by pooling cells into a 50 ml tube, snap freezing for 30 seconds 

and thawing in a 37°C water bath for 3 minutes, with vigorous vortexing for 10 

seconds after 2 minutes and again once cells had thawed. The adenoviral lysate was 

stored at -80°C until required.  

 

The crude adenoviral lysate was purified using the ViraBind™ Adenovirus 

Purification Kit (Cell Biolabs Inc, San Diego, CA, USA) as per the manufacturer’s 

instructions. Briefly, viral lysates were thawed and all three rounds were pooled and 

made up to 20 ml with fresh DMEM (5% FCS). Viral lysate was centrifuged at 3000 

g for 10 minutes at room temperature. The viral lysate was passed through a glass 

fibre prefilter (Millipore, Carrigtwohill, Cork, Ireland) assembled on top of a 0.22 

µm stericup unit (Millipore, Carrigtwohill, Co. Cork, Ireland), attached to a vacuum 

source. Benzonase (50 µl at 25 U/µl; Novagen; EMD Chemicals Inc; Merck KGaA, 

Darmstadt, Germany) was mixed with lysate and incubated at 37°C for 30 minutes. 

The ViraBind™ adenovirus purification filter was washed with 5 ml 1 x wash buffer 

by gravity flow. The flow-through was passed over the filter again, with gentle 

pressure applied to the syringe. The filter was washed with 10 ml 1 x wash buffer 



Sarah Brice CHAPTER 2: Materials and Methods 89 

and repeated twice for a total of three times. Adenovirus was eluted with 2 ml 1 x 

elution buffer. Purified adenovirus was dialysed using a 2 ml Slide-A-Lyzer® 

dialysis cassette (10 kDa membrane; Thermo Scientific; Pierce Biotechnology, 

Rockford, IL, USA) against 5 changes of 500 ml endotoxin low HeBS (Appendix 1), 

at 4°C over 18-24 hours. Purified adenovirus was filter sterilised using a 0.22 µm, 13 

mm disposable low protein binding filter (Millipore, Carrigtwohill, Cork, Ireland) 

and stored at -80°C in 55 µl aliquots until required. 

 

2.6.b. Titration of adenoviral vector preparations 

The titre of adenoviral vector preparations was determined using the tissue culture 

infectious dose method (TCID50) which has been previously described.220-221,223 

HEK-293A cells (104 cells/well) were plated in 96 well flat-bottomed plates (Nunc, 

Roskilde, Denmark). Ten fold dilutions of adenovirus in DMEM (2% FCS) were 

added into wells with 100 µl added per well, and 10 wells per dilution. Plates were 

incubated at 37°C and 5% CO2 in air for 10 days. Wells were scored for eGFP 

expression. The test was deemed valid if all of the wells containing the most 

concentrated adenovirus dilution were positive and all of the wells containing the 

least concentrated adenovirus dilution were negative. A well was scored positive 

even if there was only one isolated patch or a few cells that showed eGFP 

expression. Adenoviral titres were calculated using the equation below (based on 

Poisson distribution) and expressed in plaque forming units (pfu)/ml. 

 

 

 

*Duplicates should be within 0.7 log of each other.223 

 

Adenoviral titre* (pfu/ml) = 10s+0.8  

 

s = sum of percentages of positive wells per virus dilution 
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2.7 ANIMAL AND TISSUE METHODS  

2.7.a. Conventional histology 

Tissue samples were fixed in buffered formalin (Appendix 1) for at least 24 hours 

prior to processing. Tissue samples were dehydrated in 70% ethanol for 1 hour, 90% 

ethanol for 1 hour and 100 % ethanol (3 x 30 minute washes). Tissue was placed in 

chloroform for 18 hours then melted wax (Paraplast tissue embedding medium, 

TycoHealthcare Group, Mansfield MA, USA) for 45 minutes at 37°C. Tissue 

samples were transferred to fresh melted wax under vacuum at 37°C and this was 

repeated once more before tissue samples were embedded in wax blocks. Sections (5 

µm) were cut at the microtome (Lieca RM2/35, Leica Microsystems, Gladesville, 

NSW, Australia) and mounted onto chrome-alum subbed microscope slides 

(Appendix 1). Slides were cleared in xylene (2 x 4 minutes) and hydrated in 100% 

ethanol (2 x 2 minutes), 90% ethanol (2 minutes) and 70% ethanol (2 minutes) before 

being rinsed in DDH2O. Slides were stained in haematoxylin (Appendix 1) for 10 

minutes and rinsed in tap water for 1 minute. Sections were dipped in lithium 

carbonate solution and rinsed in de-ionised water before being stained with eosin 

(Appendix 1) for 2 minutes and washed in tap water for 1 minute. Sections were 

dehydrated in 100% ethanol (three brief washes), cleared in xylene (2 x 2 minutes) 

and mounted in DePex mounting medium (BDH Laboratory Supplies, Poole, UK). 

 

2.7.b. Nuclear staining of tissues 

All nuclear staining of tissues was performed using Hoechst 33258 dye (Sigma, St 

Louis, MO, USA) diluted to 10 µg/ml in BSS immediately prior to use. Staining was 

performed at room temperature in the dark. 
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2.7.b.1. Nuclear staining of corneal flatmounts 

Corneas were fixed in ice cold buffered formalin for 10 minutes and rinsed twice in 

PBS prior to staining. Hoechst 33258 (10 µg/ml at 100 µl) was added to corneas for 

30 minutes at room temperature in the dark, followed by two washes in PBS. 

Corneas were flatmounted endothelium up, in Bartels Buffered Glycerol Mounting 

Medium (Trinity Biotech PLC, Bray, Wicklow, Ireland) onto chrome-alum subbed 

microscope slides. Four small incisions were made at the scleral edge to lay the 

cornea flat on the slide. Weight was applied to the coverslip overnight to flatten 

corneas. Cell nuclei were observed using a fluorescence microscope. 

 

2.7.b.2. Nuclear staining of whole globes 

Whole globes were pricked at scleral/corneal border and placed in ice cold buffered 

formalin for 20 minutes. The cornea, iris and retina were stained separately with 

Hoechst 33258 (100 µl at 10 µg/ml) for 30 minutes at room temperature in the dark 

and washed twice in PBS and flatmounted onto chrome-alum subbed microscope 

slides in Bartels Buffered Glycerol Mounting Medium. Incisions were made in 

corneal and retinal flatmounts to flatten the preparations. Cell nuclei were observed 

using fluorescence microscopy. 

 

2.7.c. Fluorescence microscopy of rat tissues 

Flatmounted tissue was examined at the fluorescence microscope (BX50, Olympus 

Optical Co., Japan) using a digital camera (CoolSNAP high resolution cooled CCD, 

1.0X tube) and image analysis software (AnalySIS® FIVE, Software Imaging 

System; Olympus Soft Imaging Solutions GmbH, Münster, Germany). Fields were 

examined under blue light (for detection of eYFP and eGFP positive cells) and UV 

light (for detection of Hoechst 33258-stained nuclei). Viral transduction efficiency 
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into corneal cells was calculated from five central fields (each 0.15 mm2) and 

expressed as the percentage of eYFP or eGFP positive cells divided by total the 

number of endothelial cells. Filter cube specifications for the BX50 fluorescence 

microscope can be found in Table 2.7. 

 

2.7.d. Transduction of rat tissues with viral vecto rs 

2.7.d.1. Ex vivo transduction of the rat cornea wit h viral vectors 

HEPES-buffered RPMI (Appendix 1) was used for all corneal organ culture and, 

unless otherwise stated, media were supplemented with penicillin (100 IU/ml), 

streptomycin (100 µg/ml) and L-glutamine (2 µM) (all from Gibco GRL, 

Gaithersburg, MD, USA). L-glutamine was replenished every 14 days. 

 

The donor rat was euthanised by inhalation anaesthetic overdose (active constituent: 

isoflurane 1 ml/ml, Veterinary Companies of Australia Pty Ltd, Kings Park, NSW, 

Australia). Globes were removed and decontaminated in 10% w/v povidine-iodine 

(Faulding Pharmaceuticals, Salisbury, SA) for 2 minutes. Globes were rinsed twice 

in ophthalmic BSS. Under aseptic conditions and using a dissecting microscope, 

corneas were dissected using Vannas scissors with a 1-2 mm scleral rim. The iris was 

detached from the cornea by running fine smooth-tipped forceps around the scleral 

rim, while the holding the scleral edge with toothed forceps. Corneas were placed in 

HEPES-buffered RPMI (2% FCS) before being transferred to a round-bottom 96 

well plate (Nunc, Roskilde, Denmark), endothelium up. HEPES-buffered RPMI (2% 

FCS) (100 µl) containing either a lentiviral vector (2.5 x 107 TU/cornea) or an 

adenoviral vector (2 x 107 pfu/ml) was added dropwise to the cornea and incubated 

for 3 hours at 37°C, 5% CO2 in air. Corneas to be used for transplantation were 

washed twice in HEPES-buffered RPMI (without serum or L-glutamine) and rinsed 
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in ophthalmic BSS ≤ 10 minutes prior to transplantation into a recipient rat. Corneas 

that were used only for culture, as well as rims from corneas used for transplantation, 

were placed in 2 ml HEPES-buffered RPMI (10% FCS) supplemented with 2.5 

µg/ml amphotericin B (Amphostat, Thermo Electron, Melbourne, Vic, Australia) in a 

24 well plate. Corneas were cultured for up to 10 days at 37°C, 5% CO2 in air, with a 

medium change every 48-72 hours. 

 

2.7.d.2. Anterior chamber injection of virus into t he rat eye 

Rats were placed in an isoflurane nose cone (2.5-3% oxygen). The left eye was taped 

to prevent drying. A drop of Ophthetic© local anaesthetic (ophthaine; Allergen 

Australia Pty Ltd, French Forest, NSW, Australia) was applied to the right eye for 1 

minute and a drop of Mydriacyl© (10 mg/ml tropicamide; Abbott Laboratories, 

North Chicago, IL, USA) was added to dilute the pupil. A 4.0 silk suture (No. S405; 

Dynek Pty Ltd, London, UK) was threaded through the conjunctiva at 12 o’clock and 

6 o’clock and artery forceps were attached to proptose the eye. A drop of 

Neosynephrine© (Abbott Laboratories, North Chicago, IL, USA) was added for 1 

minute to further dilate the pupil and was rinsed away thoroughly with ophthalmic 

BSS. A detached 31G non-coring needle (Hamilton Co., Reno, Nevada, USA) was 

used to make a full thickness paracentesis at 12 o’clock, being careful to avoid the 

iris and lens. Conjunctival sutures were removed to release pressure in the eye. A 

36G non-coring needle attached to a 10 µl syringe (Hamilton Co., Reno, Nevada, 

USA) was used to slowly inject 5 µl of virus into the anterior chamber at 6 o’clock, 

avoiding the iris and lens. Once the virus had been injected, the needle was left in the 

anterior chamber for 30 seconds before removing. Chloromycetin (1%; Park Davies, 

NSW, Australia) was applied to the eye which was sutured closed using 10-0 nylon 

sutures (No. 9005G; Ethicon Inc, Somerville, NJ, USA) for 24 hours. 
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2.7.d.3. Intranodal injection of virus into the rat  

Rats were placed in an isoflurane nose cone (2.5-3% oxygen). The fur underneath the 

chin was clipped and the area was decontaminated with 10% w/v povidone-iodine. 

An incision was made under the chin using a scalpel to expose the cervical 

(superficial cervical and facial) lymph nodes (Figure 2.1). A 31G non-coring needle 

attached to a 10 µl syringe was used to slowly inject 5 µl of virus into each of the 

exposed cervical lymph nodes (usually 4-6 nodes). The needle was left in place for 

30 seconds before removing carefully. The wound was closed with 4-5 disposable 

tissue staples (Royal 35W disposable skin stapler; United States Surgical 

Corporation, Norwalk, ST, USA). 

 

2.7.e. Rat orthotopic corneal transplantation  

Mrs Kirsty Kirk (Department of Ophthalmology, Flinders University, Bedford Park, 

SA, Australia) performed all orthotopic rat corneal grafts. Recipient rats were adult 

male Fischer 344 (F344) (RTlvl). Allograft corneal donors were adult male Wistar 

Furth (WF) (RTlu) and isografts corneal donors were adult male F344 rats. The 

methods used for rat orthotopic corneal transplantation were based on those 

previously described.18 Only the right eye of each recipient rat was used for 

transplantation. As described in Section 2.7.d.1., corneas that had been treated with 

virus were washed twice in HEPES-buffered RPMI (without serum or L-glutamine) 

and placed in ophthalmic BSS for ≤ 10 minutes prior to transplantation. The donor 

cornea was placed endothelium up (to prevent endothelial damage) on a sterile 

Teflon block. A 3.1 mm trephine was used to punch the central corneal button and 

Vannas scissors were used to complete the dissection. The donor button was kept 

moist in ophthalmic BSS while the recipient eye was being prepared. The recipient  
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rat was anesthetised with isoflurane inhalation anaesthetic delivered with a nose cone 

(2.5-3% in oxygen). The left eye was taped to prevent drying. A drop of Ophthetic© 

local anaesthetic was applied to the right eye for 1 minute and a drop of Mydriacyl© 

(10 mg/ml tropicamide) was added to dilute the pupil. A 4.0 silk suture (No. S405) 

was threaded through the conjunctiva at 12 o’clock and 6 o’clock and artery forceps 

were attached to proptose the eye. A drop of Neosynephrine© was added for 1 

minute to further dilate the pupil and was rinsed thoroughly with ophthalmic 

balanced salt solution. A 2.9 mm trephine (to slightly undersize the graft bed) was 

used to cut a partial thickness disc on the recipient cornea. A diamond knife was used 

to complete the initial full thickness incision. The dissection was completed using 

Vannas scissors and the recipient button was removed. The donor button was 

transferred endothelium down to the recipient bed and eight interrupted sutures (10-0 

nylon) were used to hold the graft in place.  

 

2.7.f. Post-operative assessment of corneal grafts 

Rats were examined daily under the operating microscope and grafted eyes were 

scored for clarity, corneal neovascularisation and inflammation on a 0-4 numerical 

scale with 0.1 increments. Corneal graft clarity was used to determine graft failure. 

Grafts were deemed transplant failures if they had clarity scores ≥2.0 (graft 

obscuring observation of iris vessels). Corneal grafts that did not reach a clarity score 

of ≤1.5 by day 7 were classified as technical failures. Other reasons for technical 

failure included the development of cataract or severe intraocular bleeding. The 

technical failure rate was 4% for all corneal grafts performed in this study. Failure of 

corneal allografts that had previously been clear were regarded as rejected. After 

rejection or after 60 days (for isografts or long-surviving allografts), rats were 

euthanised by isoflurane overdose. Eyes were removed and processed for 
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Figure 2.1: The superficial cervical and facial lym ph nodes in the rat. 

Named as reported by Tilney.105 

superficial 
cervical nodes superficial 

cervical nodes

facial nodes facial node
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conventional histology (Section 2.7.a.) or corneas were snap frozen in liquid nitrogen 

and stored at -80°C for RNA extraction (Section 2.2.k.3). 

 

2.7.g. Collection of rat blood by tail tipping  

Rats were placed on an electric heating pad (A.E.M. Co. Pty. Ltd., Sydney, NSW, 

Australia) and anaesthetised using isoflurane inhalation anaesthetic delivered with a 

nose cone (2.5-3% in oxygen). A scalpel was used to cut 10 mm off the end of the 

tail, and plastic-clad heparinised microhaematocrit tubes (Becton Dickinson, 

Franklin Lakes, NJ, USA) were used to collect approximately 500 µl of blood into a 

lithium heparin tube (12.5 IU per tube; Termumo Medical Corporation, Elkton, MD, 

USA) containing 500 µl of PBS-azide-heparin (10 units/ml). Heparinised blood 

samples were immediately mixed by inversion and centrifuged at 2500 g for 5 

minutes. Plasma was collected and transferred to a 1.5 ml tube and centrifuged again 

at 2500 g for 5 minutes. Plasma was transferred to a fresh 1.5 ml tube, 1 µl sodium 

azide (4M) was added and plasma samples were stored at 4°C until required. Pelleted 

cells were resuspended in 300 µl of PBS-azide and 50 µl aliquots of cells were 

transferred to 10 ml FACS tubes. Detection of anti-rat CD4 scFv in plasma and PBL 

was performed using flow cytometry (Section 2.4.g.1.). 

 

2.7.h. Lymphadenectomy of cervical lymph nodes 

Rats were placed in an isoflurane nose cone (2.5-3% in oxygen). The fur underneath 

the chin was clipped and the area was decontaminated with 10% w/v povidone-

iodine. An incision was made under the chin using a scalpel to expose the cervical 

lymph nodes (Figure 2.1). Bilateral lymphadenectomy of the exposed cervical lymph 

nodes (superficial cervical and facial lymph nodes, between 4-6 lymph nodes) was  
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performed using sterile instruments, including forceps and a pair of sharp scissors. 

The wound was closed with 4-5 disposable tissue staples. 

 

2.8 STATISTICAL ANALYSIS  

2.8.a. Statistical analysis of transgene expression  

To identify statistical differences in transgene expression from cells transduced or 

transfected with virus or plasmid respectively, an unpaired Student T-test was 

performed using Microsoft Office Excel 2003 (Microsoft Corporation, Redmond, 

WA, USA). P values <0.05 were considered significant. 

 

2.8.b. Statistical analysis of corneal graft surviv al and inflammation 

data 

Corneal graft survival and inflammation data were analysed using non-parametric 

statistical analysis. For comparisons between three or more groups, a Kruskal-Wallis 

test (corrected for ties) was performed, and to further identify which groups were 

statistically different from one another, pair-wise Mann Whitney-U tests (corrected 

for ties) using Bonferroni adjustment were performed. For comparisons between two 

groups, Mann Whitney U tests (correct for ties) were performed. Non-parametric 

statistical analysis was performed using SPSS statistical software (SPSS Inc., 

Chicago, IL, USA). P values <0.05 were considered significant. 
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3.1 ABSTRACT 

Aims: To construct and characterise single-gene and dual-gene lentiviral vectors 

carrying therapeutic transgenes and reporter genes. In addition, the methods used to 

titrate lentiviral vector preparations were optimised. Methods: Dual-gene vectors 

were constructed by inserting the F2A self-processing sequence between two 

transgenes. This allowed for expression of two transgenes within a single open 

reading frame (ORF). Single-gene vectors were also constructed. The transgenes 

cloned into the single-gene and dual-gene vectors included eYFP, anti-rat CD4 scFv 

and EK5. The expression of the transgenes cloned into the dual-gene vectors was 

compared to the expression from single-gene counterparts by transfecting and 

transducing mammalian cell lines with these vectors in vitro. Moreover, the methods 

used to titrate eYFP and non-eYFP expressing lentiviral vectors were optimised. 

Results: Lentiviral vector titration by eYFP quantification (using flow cytometry) 

produced similar titres after 5 days and 4 weeks of culture, suggesting that 5 days of 

culture was adequate for reliable titration using this method. However, lentiviral 

titration by quantifying proviral integration in A549 cells using qPCR was greatly 

improved when the transduced A549 cells were cultured for 4 weeks compared to 5 

days, suggesting that 4 weeks of culture is necessary for reliable titration using this 

method. The characterisation of transgene expression from three separate dual-gene 

vectors (each containing the F2A sequence), showed reduced expression when a 

transgene was positioned downstream of F2A (ranging from 2-20 fold lower), 

compared to when the same transgene was situated upstream of F2A in a different 

dual-gene construct, or when compared to the expression from a single-gene 

construct. Conclusions: Proviral integration is a reliable functional titration method 

that can be used to titrate lentiviral vectors that do not carrying a reporter gene, as 
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long as the transduced cells are cultured for 4 weeks prior to quantification of 

proviral integration. Moreover, although there is reduced expression of a protein 

when it is positioned downstream of 2A in a dual-gene vector compared to a single-

gene counterpart, expression of the downstream protein might still be adequate for its 

intended function. In relation to the pHIV-CD4scFV_F2A_eYFP vector, the 

downstream protein (eYFP) was not expressed at high enough levels to be used to 

determine transduction efficiency, to perform vector titration using flow cytometry or 

to track transduced cells in vivo. However, expression of the upstream protein (anti-

rat CD4 scFv) showed similar expression levels when compared to the single-gene 

vector (pHIV-CD4scFv_F2A) and was judged to be suitable for in vivo work on 

regional immunosuppression. 

 

3.2 INTRODUCTION 

3.2.a. Gene transfer to the eye 

Gene transfer has the potential to provide long term expression of a transgene after a 

single intervention. There have been many reports of successful gene transfer to the 

anterior segment of the eye in animals including mice,112,156 rats,221 rabbits,37 

sheep50,224 and non-human primates.225 

 
3.2.b. Lentiviral vectors for gene transfer 

Lentiviral vectors have little immunogenicity170 and their ability to provide stable 

integration of a transgene into chromosomal DNA enables long-term expression. 

Lentiviral vectors are also able to transduce both mitotic and post-mitotic cell 

types226 which is extremely useful as the human corneal endothelium (a potential 

target for prolonging corneal graft survival) is post-mitotic.227  
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Anson and colleagues have developed a VSV-G-pseudotyped lentiviral vector, which 

is based upon HIV-1 and is self-inactivating.195-197 Anson’s lentiviral vector has 

codon-optimised reading frames and is constructed using multiple plasmids, which 

enables safe and efficient production of large-scale quantities. Parker and colleagues 

have shown successful transduction of rat, sheep and human corneas in vitro, with 

long term gene expression in a rat model of corneal transplantation using the Anson 

lentiviral vector.198 For these reasons, Anson’s lentiviral vector was selected for use 

in this project. 

 

3.2.c. CD4 as a target for T cell activation 

The most common mechanism involved in corneal graft rejection is a DTH response, 

mediated by CD4+ T cells.46 As part of this process, antigen presentation between an 

APC and a CD4+ T cell triggers an immune insult on the graft, which can lead to 

rejection. CD4 was selected as the molecule to be targeted in this project, because it 

is critical to the process of T cell sensitisation and is expressed on the surface of T 

cells. Systemic delivery of a whole antibody against CD4 has already been shown to 

prolong survival of corneal grafts in rats.154  

 

3.2.d. ScFv as a potential treatment to the cornea  

Genetic engineering has allowed for the isolation of the genes encoding the variable 

heavy and variable light domains of antibody binding sites and their covalent linkage 

into a scFv (Figure 1.5). ScFvs are approximately 28 kDa, which is significantly 

smaller than a whole antibody (IgG is 146 kDa).228 ScFvs do not contain the 

inflammatory Fc region, which is present in a whole antibody. For these reasons a 
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scFv targeting the T cell molecule CD4 was selected as a tool to block T cell 

sensitisation.  

 

3.2.e. The Foot and Mouth Disease Virus (FMDV) 2A s elf-processing 

sequence 

The Foot and Mouth Disease Virus (FMDV) 2A sequence is a short (18 amino acids) 

self-processing sequence, which cleaves at its C-terminus through a ribosomal ‘skip’ 

mechanism.229 The self-processing activity of the 2A sequence has been exploited in 

many multi-gene transfer vectors including retroviral,230-237 AAV,238-240 oncolytic 

adenoviral241 and lentiviral vectors.242-243 The FMDV 2A self-processing sequence 

was selected for use in this study because of its small size, and its reported ability to 

produce equimolar expression of multiple genes within a single ORF.237-239,244  

 

3.2.f. Specific aims 

The specific experimental aims of the work described in this chapter were: 

(1) to construct single-gene lentiviral vectors;  

(2) to construct dual-gene lentiviral vectors using the 2A self-processing 

sequence; 

(3) to compare the different methods of lentiviral titration; 

(4) to assess the effects of long term lentiviral vector storage and freeze 

thawing; 

(5) to quantify transgene expression in vitro in cell lines transfected or 

transduced with single-gene and dual-gene plasmids or lentiviral vectors 

respectively.  
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3.3 RESULTS 

3.3.a. Construction of lentiviral plasmids 

The plasmids that were constructed by others that were used in this project are listed 

below. Additional information about these plasmids can be found in Table 2.3 and 

vector maps can be found in Appendix 2. 

- pBS-CD55-F2A-CD59 was a kind donation from Professor Peter Cowan, St 

Vincent’s Hospital, Melbourne, Victoria, Australia. 

- pHIV-eYFP was a kind donation from Associate Professor Donald Anson, 

Women’s and Children’s Hospital, Adelaide, South Australia, Australia. 

- pBLAST41-hEndoKringle5 is a commercially available expression vector 

purchased from InvivoGen, San Diego, CA, USA. 

- pHIV-EK5 was cloned by Ms Lauren Mortimer, Dept of Ophthalmology, 

Flinders University, Adelaide, South Australia, Australia. 

 

The plasmids constructed as part of this thesis are listed below. The construction of 

pHIV-CD4scFv can be found in Appendix 3 and the construction of the other 

plasmids will be described in this chapter. 

- pHIV-CD4scFv  

- pHIV-CD4scFv_F2A_eYFP  

- pHIV-eYFP_F2A_CD4scFv  

- pHIV-CD4scFv_F2A  

- pHIV-CD4scFv_F2A_EK5  
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3.3.a.1. Construction of pHIV-CD4scFv_F2A_eYFP  

A dual-gene plasmid carrying anti-rat CD4 scFv and eYFP was constructed using the 

FMDV 2A sequence (19 amino acids, including the 2B proline at the C-terminus of 

2A) with a furin cleavage site (arginine, alanine, lysine, arginine) immediately 

upstream of 2A (F2A). Fang and colleagues have shown that the addition of a furin 

cleavage site upstream of 2A was able to successfully remove the 2A amino acids 

attached to the C-terminus of the protein upstream of 2A during post-translational 

modification in the Golgi apparatus.238 

 

SOE-PCR was performed to assemble the anti-rat CD4 scFv_F2A fragment using the 

methods described in Section 2.2.j. and a diagrammatic representation is shown in 

Figure 3.1. Firstly, the anti-rat CD4 scFv without its stop codon and the F2A self-

processing sequence were amplified from pHIV-CD4scFv (Table 2.3, Appendix 3) 

and pBS-CD55-F2A-CD59 (Table 2.3; Appendix 2) respectively (Figure 3.2). These 

PCR products were joined together using SOE-PCR (Figure 3.2). The anti-rat CD4 

scFv_F2A SOE-PCR product was ligated into the pHIV-eYFP plasmid (Table 2.3; 

Appendix 2) between the SV40 promoter and eYFP at the ClaI site and 

electroporated into DH5α electrocompetent E. coli (Figure 3.3). A PCR screen was 

performed on 22 colonies and 14 were detected as containing the anti-rat CD4 

scFv_F2A insertion in the pHIV-eYFP plasmid (Figure 3.4). Colony 4.11 was 

randomly selected for sequence analysis and was found to have the anti-rat CD4 

scFv_F2A insertion in the correct orientation and in the correct reading frame 

(Appendix 4). The pHIV-CD4scFv_F2A_eYFP plasmid (Figure 3.5) was used for 

lentiviral vector production.  
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Figure 3.1: Diagrammatic representation of the asse mbly of the          

anti-rat CD4 scFv_F2A fragment using splice-overlap  extension      

(SOE-PCR). (A) Anti-rat CD4 scFv without its stop codon and F2A were amplified 

from pHIV-CD4scFv and pBS-CD55-F2A-CD59, respectively. The ClaI_fHSS for 

primer was designed to add a ClaI site 5’ of anti-rat scFv. The ClaI_2A rev 3 primer 

was designed to add a ClaI site 3’ of the F2A sequence (refer to Table 2.5 for primer 

sequences). (B) The first three SOE-PCR cycles were performed with the products 

from (A) without the addition of primers. This allowed for the two templates to 

anneal at their complementary region (highlighted in grey-striped area). The strands 

were completed using a DNA polymerase with proof-reading activity (represented by 

dashed arrows). (C) The external primers ClaI_fHSS for and ClaI_2A rev 3 were 

added to the reaction to amplify the full length double stranded PCR product for the 

remaining 35 cycles. Primers are indicated as short, filled arrows alongside their 

binding region. 
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Figure 3.2: An agarose gel showing the anti-rat CD4  scFv PCR product 

(0.9 kb bp), the F2A PCR product (0.1 kb) and the a nti-rat CD4 scFv_F2A 

SOE-PCR product (1 kb ). Non specific bands are present in the anti-rat CD4 scFv 

(<0.1 kb) and anti-rat CD4 scFv_F2A (0.15 kb) lanes, but at lower abundance than 

the expected species. The lane marked M contained the 2-log DNA ladder. 
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Figure 3.3: Diagrammatic representation of the cons truction of        

pHIV-CD4scFv_F2A_eYFP. (A)  The anti-rat CD4 scFv_F2A SOE-PCR product 

was digested with ClaI. (B) pHIV-eYFP was digested with ClaI and then treated with 

Shrimp Alkaline Phosphatase (SAP) which de-phosphorylated the ends of the 

plasmid to prevent self re-ligation. (C) The SOE-PCR product was ligated into the 

plasmid to create pHIV-CD4scFv_F2A_eYFP which was electroporated into DH5α 

electrocompetent E. coli.  
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Figure 3.4: A PCR screen revealed 14 from 22 coloni es contained the    

anti-rat CD4 scFv_F2A insert. The primers used in the PCR screen were CD4 

2A for and CD4 2A rev 2 (refer to Table 2.5 for primer sequences). The expected 

product size was 0.1 kb. Colony 4.11 (* ) was randomly selected for sequence 

analysis from the colonies that amplified the correct size product.  
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Figure 3.5: pHIV-CD4scFv_F2A_eYFP vector map.  Sequences of interest are 

marked with arrows. Expression of anti-rat CD4 scFv (anti-CD4 scFv), the F2A self-

processing sequence and eYFP were all controlled by the internal SV40 promoter. 

The 5’ and 3’ long terminal repeats (LTRs), the extended rev response element 

(RRExt) and the gag primer amplicon are also highlighted. 
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3.3.a.2. Construction of pHIV-eYFP_F2A_CD4scFv  

A dual-gene plasmid, pHIV-eYFP_F2A_CD4scFv, carrying the same transgenes as 

pHIV-CD4scFv_F2A_eYFP, but in the reverse order (eYFP followed by anti-rat 

CD4 scFv), with the F2A sequence in between, was constructed. For the construction 

of pHIV-eYFP_F2A_CD4scFv, the experimental design was prepared by me and 

laboratory assistance was provided by Mr Yazad Irani, Ophthalmology, Flinders 

University, Adelaide, South Australia. 

 

SOE-PCR was used to assemble the eYFP_F2A fragment using the methods 

described in Section 2.2.j. The eYFP sequence without its stop codon was amplified 

from pHIV-eYFP using primers that attached a ClaI restriction site at its 5’ end. The 

F2A sequence was amplified from pBS_CD55_F2A_CD59 using primers that 

attached a ClaI site to its 3’ end. The eYFP_F2A SOE-PCR product was ligated into 

the pHIV-CD4scFv plasmid at the ClaI site and electroporated into DH5α 

electrocompetent E. coli.  

 

A PCR screen on 9 colonies revealed 4 with a single insertion of the eYFP_F2A 

fragment in the correct orientation (Figure 3.6). Colony 3 was randomly selected for 

sequence analysis, which revealed an identical match to the predicted sequence of 

eYFP_F2A (Appendix 4). The pHIV-eYFP_F2A_CD4scFv plasmid (Figure 3.7) was 

used in lentiviral vector production. 
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Figure 3.6: A PCR was performed on selected colonie s to screen for 

those containing a single eYFP_F2A fragment in the correct orientation 

within the pHIV-CD4scFv plasmid.  The primers used for the PCR screen were 

pHIVSV for2 (within the SV40 promoter) and eYFP rev2 (within the insert) (refer to 

Table 2.5 for primer sequences). The expected product size was 0.6 kb. The lane 

marked M contained the 2-log ladder. NTC = no template control (water). Colony 3 

(* ) was randomly selected for sequence analysis from the 4 colonies that amplified 

the correct size product. The PCR screen was performed by Mr Yazad Irani, 

Ophthalmology, Flinders University, Adelaide, South Australia, Australia.  
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Figure 3.7: pHIV-eYFP_F2A_CD4scFv vector map.  Sequences of interest are 

marked with arrows. The expression of eYFP, the F2A self-processing sequence and 

anti-rat CD4 scFv (anti-CD4 scFv) were all controlled by the internal SV40 

promoter. The 5’ and 3’ long terminal repeats (LTRs), the central polypurine tract 

(cppt), the extended rev response element (RRExt) and the gag primer amplicon are 

also highlighted. 
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3.3.a.3 Construction of pHIV-CD4scFv_F2A 

A single-gene anti-rat CD4scFv lentiviral plasmid (pHIV-CD4scFv) was constructed 

(Appendix 3). However, expression of the anti-rat CD4 scFv was very low from this 

construct when it was used to transfect HEK-293A cells (data not shown). The dual-

gene pHIV-CD4scFv_F2A_eYFP plasmid produced strong expression of anti-rat 

CD4 scFv when transfected into HEK-293A cells (Figure 3.19), so an alternative 

single-gene plasmid was developed from this construct, as a control vector for further 

experiments.  

 

The new single-gene anti-rat CD4 scFv plasmid was constructed by removing the 

eYFP sequence from pHIV-CD4scFv_F2A_eYFP by restriction digestion with XmaI 

and NdeI, leaving anti-rat CD4 scFv and F2A (Figure 3.8). The incompatible 

cohesive ends of XmaI and NdeI were filled using the Klenow fragment of DNA 

polymerase I to create blunt ends. The blunt ends were ligated together to form the 

pHIV-CD4scFv_F2A construct which was electroporated into DH5α 

electrocompetent E. coli. Cleavage of the furin cleavage site after translation (in the 

Golgi apparatus) will result in the removal of the remaining F2A residues attached to 

the C-terminus of the anti-rat CD4 scFv, so they were not removed from the plasmid. 

In addition, the anti-rat CD4 scFv gene in the pHIV-CD4scFv_F2A construct does 

not encode a stop codon, thus the transcript will stay attached to the ribosome during 

translation. 
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Figure 3.8: Diagrammatic representation of the cons truction of              

pHIV-CD4scFv_F2A.  (A) The pHIV-CD4scFv_F2A_eYFP plasmid was digested 

with XmaI and NdeI restriction enzymes to remove eYFP. (B) The incompatible 

cohesive ends of XmaI and NdeI were filled using the Klenow fragment of DNA 

polymerase I and were ligated together. (C) The pHIV-CD4scFv_F2A plasmid was 

electroporated into DH5α electrocompetent E. coli. 
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A PCR screen on potential pHIV-CD4scFv_F2A colonies revealed all 20 colonies 

lacked eYFP (Figure 3.9). Colony 1 was selected for sequence analysis, which 

confirmed the removal of eYFP from the vector (Appendix 4). The                        

pHIV-CD4scfv_F2A construct (Figure 3.10) was used in lentiviral vector 

production.  

 

3.3.a.4 Construction of pHIV-CD4scFv_F2A_EK5 

A dual-gene plasmid encoding anti-rat CD4 scFv and EK5 with an F2A self 

processing sequence situated in between the two transgenes was constructed. A 

diagrammatic representation outlining the construction of pHIV-

CD4scFv_F2A_EK5 is shown in Figure 3.11. The pHIV-CD4scFv_F2A_eYFP 

plasmid was digested with the XmaI and NdeI restriction enzymes to remove the 

eYFP sequence. However, the EK5 gene contains an XmaI site within its sequence, 

so, using PCR techniques, an AgeI site (with the same cohesive ends as XmaI) was 

added onto the 5’ end of the EK5 PCR product (which was amplified from 

pBLAST41-hEndokringle5; Table 2.3; Appendix 2) and an NdeI site was added to 

the 3’ end. EK5 was ligated into the digested plasmid and the pHIV-

CD4scFv_F2A_EK5 construct was electroporated into DH5α electrocompetent E. 

coli. 

 

A PCR screen on potential pHIV-CD4scFv_F2A_EK5 colonies revealed 16 of 20 

colonies had successful insertion of EK5 (Figure 3.12). Colony 12 was selected for 

sequence analysis, which confirmed successful ligation of the pHIV-CD4scFv_F2A 

plasmid and EK5 (Appendix 4). The pHIV-CD4scfv_F2A_EK5 construct (Figure 

3.13) was used in lentiviral vector production. 
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Figure 3.9: A PCR was performed on 20 colonies to s creen for those 

that had successful removal of eYFP, to create the pHIV-CD4scFv_F2A 

construct.  The primers used for the PCR screen were pHIV1SV for2 and C+D 

NdeIn rev (refer to Table 2.5 for primer sequences). The expected product size was 1 

kb. The control templates in the PCR screen were pHIV-CD4scFv_F2A_eYFP which 

amplified a 1.8 kb product (that contained anti-rat CD4 scFv, F2A and eYFP) and 

pHIV-CD4scFv which amplified a 0.9 kb product (that consisted of the anti-rat CD4 

scFv sequence without F2A). The lane marked M contained the 2-log ladder. NTC = 

no template control (water). Colony 1 (* ) was randomly selected for sequence 

analysis from the colonies that amplified the correct size product. 
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Figure 3.10: pHIV-CD4scFv_F2A vector map:  Sequences of interest are 

marked with arrows. Expression of anti-rat CD4 scFv (anti-CD4 scFv) and F2A were 

controlled by the internal SV40 promoter. The 5’ and 3’ long terminal repeats 

(LTRs), the central polypurine tract (cppt), the extended rev response element 

(RRExt) and the gag primer amplicon are also highlighted. Note: F2A residues 

attached to the C-terminal end of anti-rat CD4 scFv will be removed during post-

translational modification in the Golgi by cleavage at the furin site. 

 

 

 

pHIV-SV40-CD4scFv F2A

6859 bp

anti-CD4 scFv

5' LTR

Gag amplicon

RRext

cppt

3' LTR

SV40 promoter

F2A

pHIV-CD4scFv_F2A 



 
 
 

 

 

 

 

Figure 3.11: Diagrammatic representation of the con struction of           

pHIV-CD4scFv_F2A_EK5.  (A) Endostatin::kringle-5 (EK5) was amplified from 

the pHIV-EK5 plasmid. The forward primer (AgeI EK5 for; refer to Table 2.5 for the 

primer sequence) was designed to add an AgeI restriction site to the 5’ end of the 

PCR product and the reverse primer (NdeI EK5 rev; refer to Table 2.5 for the primer 

sequence) was designed to add an NdeI restriction site to the 3’ end of the PCR 

product and these restriction sites were digested. (B) The pHIV-

CD4scFv_F2A_eYFP plasmid was digested with XmaI and NdeI restriction enzymes 

to remove eYFP. The digested plasmid was treated with Shrimp Alkaline 

Phosphatase (SAP) to prevent rejoining of the plasmid without an insert. (C) The 

AgeI and XmaI sites from the PCR product and the plasmid respectively, had 

compatible cohesive ends and were ligated together along with the NdeI sites on the 

PCR product and the plasmid. The pHIV-CD4scFv_F2A_EK5 plasmid was 

electroporated into DH5α electrocompetent E. coli. 
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Figure 3.12 : A PCR was performed on 20 colonies to screen for t he EK5 

insertion, to create pHIV-CD4scFv_F2A_EK5. The primers used for the PCR 

screen were EK5 for2 and C+D NdeIn rev (refer to Table 2.5 for primer sequences). 

The expected product size was 0.7 kb. The negative control template                             

(pHIV-CD4scFv_F2A_eYFP) amplified nothing. The lane marked M contained the 

2-log ladder. NTC = no template control (water). Colony 12 (* ) was randomly 

selected for sequence analysis from the colonies that amplified the correct size 

product. 
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Figure 3.13: pHIV-CD4scFv_F2A_EK5 vector map:  Sequences of interest are 

highlighted. Expression of the anti-rat CD4 scFv (anti-CD4 scFv), F2A and the 

endostatin::kringle-5 fusion protein were driven by the internal SV40 promoter. The 

5’ and 3’ long terminal repeats (LTRs), the central polypurine tract (cppt), the 

extended rev response element (RRExt) and the gag primer amplicon are also 

highlighted.  
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3.3.b. Analysis of lentiviral vector titration  

3.3.b.1. Lentiviral titration by quantifying report er gene (eYFP) 

expression 

The established method used in our laboratory to titrate eYFP-expressing lentiviral 

vectors involved the transduction of A549 cells with a small amount of a lentiviral 

vector (0.1 and 0.5 µl), culture of the cells for 5 days and quantification of the 

number of eYFP-expressing cells using flow cytometry. The number of lentiviral 

particles was expressed in TU/ml. A detailed method can be found in Section 2.5.d.1.  

 

An experiment was performed to determine whether extending the period of time 

that the transduced A549 cells were in culture, would have an effect on eYFP 

expression from these cells, and subsequently, whether this would affect the 

calculated titre. To test this, a preparation of the lentiviral vector LV-eYFP was used 

to transduce A549 cells. The transduced cells were then cultured for either 5 days or 

4 weeks. The lentiviral titres calculated after 5 days and 4 weeks were very similar to 

each other, (Table 3.1), indicating that 5 days in culture was sufficient to produce a 

reliable titre using this method.  

 

Table 3.1:Titration of LV-eYFP by reporter gene (eY FP) quantification on 

A549 cells. Mean values are shown with standard deviation, n=3. 

 

 

5 days (109 TU/ml)  4 weeks (109 TU/ml) 

2.43 ± 0.45 2.41 ± 0.24 
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3.3.b.2. Titration of lentiviral vectors by quantif ying proviral integration 

Previously, the standard method used in our laboratory for titration of lentiviral 

vectors that do not express a reporter gene, involved the transduction of A549 cells 

with a small amount of a lentiviral vector (0.1 and 0.5 µl) and culture of these cells 

for 5 days. The genomic DNA (gDNA) was then harvested from these cells and 

qPCR using primers specific for the gag sequence was performed to quantify 

integration of proviral DNA into the transduced cells (Section 2.5.d.2.). However, 

this method of titration produced titres that were inconsistent, hard to replicate and 

were not comparable to the titres obtained from reporter gene quantification.  

 

Considering this, it was hypothesised that extending the period of time that the 

transduced cells were in culture before quantifying proviral integration, might result 

in more consistent titres. To test this, three lentiviral vectors were titrated by 

quantifying proviral integration after 5 days and 4 weeks in culture (Table 3.2). For 

all three lentiviral vector preparations, the calculated viral titres were higher after 5 

days, than they were after 4 weeks and there was no similarity in the fold difference 

between the 5 day and 4 week titres amongst the three lentiviral vector preparations 

(Table.3.2). The number of calculated copies/cell varied greatly amongst all three 

lentiviral vector preparations after 5 days, with one lentiviral vector calculated as 

having greater than 100 copies/cell (Table 3.2). However, by 4 weeks, the calculated 

copies/cell was less than 4 for all three lentiviral vector preparations and the 4 week 

titres were comparable to each other and were in a similar range to the viral titres 

calculated by reporter gene (eYFP) quantification (Table 3.1).  

 



 
 

 

Table 3.2: Proviral integration titration of lentiv iral vectors on A549 cells. Mean values are shown with standard deviation, n=6. 

 

 

 

 

 

 

n/a, not applicable 

 

 

 

 

  5 days 4 weeks 5 weeks 

Lentiviral vector 109 TU/ml  copies/cell 109 TU/ml copies/cell 109 TU/ml copies/cell 

LV-CD4scFv 35.3 ± 10.3 46.1 ± 38.46 3.46 ± 0.88 3.88 ± 2.61 n/a n/a 

LV-CD4scFv_F2A_eYFP 90.6 ± 23.7 112.28 ± 93.32 1.25 ± 0.17 1.46 ± 1.04 n/a n/a 

LV-eYFP 187 ± 198 39.17 ± 45.58 2.38 ± 0.67 0.58 ± 0.31 1.71 ± 0.59 0.66 ± 0.17 
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Furthermore, when one of these lentiviral vectors was cultured for an extra week (5 

weeks in total), the viral titre (1.71 x 109 TU/ml l) was similar to the titre calculated 

after 4 weeks (2.38 x 109 TU/ml) (Table 3.2). These results suggested that 4 weeks in 

culture was long enough to produce stable and consistent titres by quantifying 

proviral integration.  

 

3.2.b.3. Comparison of titre methods 

Next, I wanted to directly compare the proviral integration method of titration to the 

reporter gene quantification method of titration. Titration was performed by 

quantifying eYFP expression (using flow cytometry) and proviral integration (using 

qPCR on gDNA) on the same transduced A549 cells after 5 days and 4 week in 

culture (Table 3.3). After 5 days in culture, titration using the proviral integration 

method produced a viral titre much greater than that produced by eYFP 

quantification. However, after 4 weeks of culture, the proviral integration titre was 

comparable to the eYFP quantification viral titre. 

 

Table 3.3: Titration of LV-eYFP using the proviral integration (qPCR) 

and reporter gene (eYFP) quantification methods on the same A949 

cells. Mean values are shown with standard deviation, n≥3. 

 

 

 

 

5 days 4 weeks 

eYFP            

(109 TU/ml) 

qPCR        

(109 TU/ml) 

qPCR 

(copies/cell) 

eYFP           

(109 TU/ml) 

qPCR         

(109 TU/ml) 

qPCR 

(copies/cell) 

2.43 ± 0.45 187 ± 198 39.17 ± 45.58 2.41 ± 0.24 2.38 ± 0.67 0.58 ± 0.31 
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3.3.b.4. Long-term storage of a lentiviral vector a t -80°C 

The effect of long-term storage of lentiviral vectors at -80°C was tested. A lentiviral 

vector (LV-eYFP) was titrated initially after its production in September 2006 on 

A549 cells after 5 days of culture using flow cytometry. The same viral batch was 

titrated once again, 21 months after the initial titration (June 2008), using the same 

method as before and a 10 fold decrease in lentiviral particles was observed (Table 

3.4). So, thereafter lentiviral preparations that were used 6 months after production 

were re-titrated prior to use.  

 

Table 3.4: Reporter gene (eYFP) titration of LV-eYF P after 21 months in 

storage on A549 cells. Mean values are shown with standard deviation, n=3. 

 

 

 

3.3.b.5. Titration of previously thawed then refroz en lentiviral vector 

preparations 

To determine whether freeze-thawing would reduce the activity of lentiviral vectors, 

two aliquots of the same non-eYFP-expressing lentiviral vector (LV-CD4scFv), were 

titrated on A549 cells after 4 weeks in culture, using qPCR (Table 3.5). One aliquot 

had been thawed and refrozen previously and the other was a fresh aliquot of the 

same virus. There was no difference in the number of lentiviral particles calculated in 

the aliquot which had been previously thawed and refrozen compared to the fresh 

aliquot, indicating that a single freeze-thaw had not reduced the activity of the virus.  

Date of titration 109 TU/ml 

Sep-06 1.33 ± 0.34 

Oct-08 0.18 ± 0.06 
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Table 3.5: Proviral integration titration of fresh and previously thawed 

then refrozen LV-CD4scFv aliquots on A549 cells aft er 4 weeks in 

culture. Mean values are shown with standard deviation, n=6.  

 

 

 

3.3.c. Transgene expression from single-gene and du al-gene vectors 

3.3.c.1. Expression of proteins targeted to differe nt cellular 

compartments 

3.3.c.1.a EYFP expression from single-gene and dual-gene vectors 

Experiments were performed to characterise the expression of eYFP from dual-gene 

constructs carrying the F2A sequence, LV-CD4scFv_F2A-eYFP and                            

LV-eYFP_F2A_CD4scFv, compared to expression from a single-gene construct      

(LV-eYFP). HEK-293A cells were transduced with lentiviral vectors at an MOI of 5 

for 24 hours, and the cells were cultured for 5 days. Six biological replicates were 

performed for each vector in a 6 well plate. Fluorescence microscopy was used to 

visualise eYFP expression of the transduced cells (Figure 3.18A) and flow cytometry 

was used quantify the number of cells expressing intracellular eYFP (Figure 3.18B 

and Figure 3.18C). When comparing the expression of eYFP from the two dual-gene 

vectors, eYFP expression was approximately 2 fold higher in cells transduced with 

the vector which had eYFP positioned upstream of F2A (LV-eYFP_F2A_CD4scFv), 

compared to expression of eYFP from cells transduced with the vector which had 

eYFP positioned downstream of F2A (LV-CD4scFV_F2A_eYFP) (p=0.005). Also, 

eYFP expression  

Sample 109 TU/ml copies/cell 

Fresh 3.46 ± 0.88 3.88 ± 2.62 

Previously thawed then refrozen 3.28 ± 1.54 3.47 ± 2.13 

 



 
 
 

 

 

 

 

 

Figure 3.18: EYFP expression from HEK-293A cells tr ansduced with 

lentiviral vectors.  HEK-293A cells were transduced with lentiviral vectors at an 

MOI of 5 for 24 hours, and cultured for 5 days. (A) Representative fluorescence 

images of eYFP positive cells were taken using a 20x objective lens. (B) Flow 

cytometry was used to quantify the number of eYFP-positive cells from each well 

and representative histograms are shown (n=6). (C) The eYFP-flow cytometric data 

was quantified. The biological replicates were averaged (mean), (n = 6). Error bars 

represent one standard deviation from the mean. * = Statistically lower eYFP 

expression from cells transduced with LV-CD4scFv_F2A_eYFP compared to cells 

that were transduced with LV-eYFP_F2A_CD4scFv (p=0.005), and compared to 

expression from cells transfected with LV-eYFP (p=0.005) (unpaired Student T-test). 

** = Statistically lower eYFP expression compared to expression from LV-eYFP 

(p<0.005) (unpaired Student T-test). 
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was 2 fold higher from cells transduced with the single-gene eYFP vector (LV-

eYFP) compared to expression from LV-eYFP_F2A_CD4scFv (p=0.005) and almost 

4 fold higher when compared to expression from LV-CD4scFv_F2A_eYFP 

(p<0.005). 

 

In summary, eYFP expression was significantly lower from each dual-gene vector 

compared to expression from the single-gene vector. Also, eYFP expression was 

lowest when positioned downstream of F2A in a dual-gene vector. 

 

3.3.c.1.b. Anti-rat CD4 scFv expression from single-gene and dual-gene 

vectors 

Next, expression of anti-rat CD4 scFv from the dual-gene constructs containing the 

F2A sequence, pHIV-CD4scFv_F2A_eYFP and pHIV-eYFP_F2A_CD4scFv was 

compared to expression from a single-gene construct (pHIV-CD4scFv_F2A). HEK-

293A cells were transfected with the plasmid constructs for 16 hours and then 

cultured for 5 days, and five biological replicates were performed for each construct 

in a 6 well plate. Secretion of anti-rat CD4 scFv into the culture supernatant was 

detected by flow cytometry on rat thymocytes (which express CD4 highly on their 

cell surface) (Figure 3.19A). A serial dilution of bacterially-produced anti-rat CD4 

scFv was used to quantify the amount of scFv present in each supernatant (Figure 

3.19B). Comparable levels of anti-rat CD4 scFv expression were detected in cells 

transfected with the single-gene anti-rat CD4 scFv vector (pHIV-CD4scFv_F2A) 

compared to expression from the dual-gene vector, in which the anti-rat CD4 scFv 

was situated upstream of F2A (pHIV-CD4scFv_F2A_eYFP) (p>0.05). However 

expression of the anti-rat CD4 scFv  



 
 
 

 

 

 

 

Figure 3.19: Anti-rat CD4 scFv detection in culture  supernatant of HEK-

292A cells after plasmid transfection. Flow cytometry on rat thymocytes was 

performed to detect the anti-rat CD4 scFv via the histidine tag. (A) Representative 

histograms (green) show the expression of anti-rat CD4 scFv from transfected cells. 

The mean fluorescence intensity (MFI) is labelled on each histogram. The 

untransfected cell supernatant (which is negative for anti-rat CD4 scFv), is 

represented on each panel in red. (B) Anti-rat CD4 scFv expression was quantified 

from a standard curve prepared from serial dilutions of bacterially produced anti-rat 

CD4 scFv. The biological samples were averaged (mean), (n = 5). Error bars 

represent one standard deviation from the mean. * = Statistically lower expression of 

anti-rat CD4 scFv from cells transfected with pHIV-eYFP_F2A_CD4scFv compared 

to expression from cells transfected with    pHIV-CD4scFV_F2A_eYFP (p=0.012) 

and compared to expression from cells transfected with pHIV-CD4scFv_F2A 

(p=0.007) (unpaired Student T-tests). 

. 
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from the dual-gene construct in which the anti-rat CD4 scFv was situated 

downstream of the F2A sequence (pHIV-eYFP_F2A_CD4scFv), was 20 fold lower 

when compared to expression of the anti-rat CD4 scFv from the dual-gene vector 

which had the anti-rat CD4 scFv situated upstream of 2A (pHIV-

CD4scFv_F2A_eYFP) (p=0.012). Anti-rat CD4 scFv expression was also 20 fold 

lower from cells transfected with pHIV-eYFP_F2A_CD4scFv, compared to 

expression of the anti-rat CD4 scFv from cells transfected with the single-gene 

vector (pHIV-CD4scFv_F2A) (p=0.007).  

 

In summary, anti-rat CD4 scFv expression was lowest when the anti-rat CD4 scFv 

was positioned downstream of F2A in a dual-gene vector. However, when anti-rat 

CD4 scFv was positioned upstream of F2A, anti-rat CD4 scFv expression was 

comparable to the expression from the single-gene anti-rat CD4 scFv vector. 

 

3.3.c.2. Expression of proteins targeted to differe nt cellular 

compartments 

It was postulated that the reduced detection of the protein downstream of F2A may 

have been due to “slip-streaming”,242,245 which occurs when both proteins within a 

dual-gene 2A construct are translocated through the exocytic pathway, even when 

the protein upstream contains a leader sequence and the protein downstream does not 

(i.e., the anti-rat CD4 scFv had a secretory leader sequence and was targeted for 

secretion, whilst eYFP lacked a leader sequence and remained cytoplasmic). 

Therefore, the next experiment was performed to determine whether a dual-gene 

vector carrying two proteins targeted for secretion, (the anti-rat CD4 scFv and EK5), 

would express similar levels of the protein situated downstream of F2A (EK5), 

compared to a single-gene EK5 construct, because both anti-rat CD4 scFv and EK5 
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would be targeted to the same cellular compartment. To test this, CHO cells were 

transfected with plasmid constructs for 16 hours and then cultured for 5 days. Each 

plasmid was used to transfect triplicate wells in a 6 well plate. Secretion of anti-rat 

CD4 scFv into the culture supernatant was detected by flow cytometry on rat 

thymocytes and a serial dilution of bacterially-produced anti-rat CD4 scFv was used 

to quantify the amount of scFv present in each supernatant (Figure 3.20). Secretion 

of EK5 into the culture supernatant was quantified by ELISA (Figure 3.21). Anti-rat 

CD4 scFv was situated upstream of the F2A sequence in the pHIV-

CD4scFv_F2A_EK5 vector, and expression of the anti-rat CD4scFv from cells 

transfected with this construct produced similar levels of anti-rat CD4 scFv 

compared to the expression from cells transfected with the single-gene anti-rat CD4 

scFv vector (pHIV-CD4scFv_F2A) (p>0.05) (Figure 3.20). EK5 was located 

downstream of the F2A sequence in the pHIV-CD4scFv_F2A_EK5 vector, and 

expression of EK5 from cells transfected with this construct was approximately 10 

fold lower than expression from cells transfected with the single-gene EK5 construct   

(pHIV-EK5) (p=0.00001) (Figure 3.21).  

 

These results reveal that regardless of whether the proteins either side of the F2A 

sequence are targeted to the same or different cellular compartments, expression of 

the protein downstream of F2A appears to be reduced when compared to expression 

of the same protein from a single-gene construct. 

 



 
 

 

 

 

 

 

Figure 3.20: Anti-rat CD4 scFv detection in the cul ture supernatant of 

CHO cells transfected with plasmid constructs. CHO cells were transfected 

with plasmid constructs for 16 hours and cultured for 5 days. Flow cytometry on rat 

thymocytes was performed to detect the anti-rat CD4 scFv via the histidine tag. (A) 

Representative histograms (green) show the expression of anti-rat CD4 scFv from 

transfected cells. The mean fluorescence intensity (MFI) is labelled on each 

histogram. The untransfected cell supernatant (which is negative for anti-rat CD4 

scFv), is represented on each panel in red. (B) Anti-rat CD4 scFv expression was 

quantified from a standard curve prepared from serial dilutions of bacterially 

produced anti-rat CD4 scFv and triplicates were averaged (mean). Error bars 

represent one standard deviation from the mean, n=3. p>0.05, (unpaired Student T-

test). 
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Figure 3.21: Endostatin::Kringle-5 (EK5) detection in culture 

supernatant of CHO cells transfected with plasmid c onstructs. CHO cells 

were transfected with plasmid constructs for 16 hours and cultured for 5 days. 

Secretion of EK5 within the culture supernatant was quantified using a commercially 

available ELISA kit (R&D Systems, Minneapolis, MN, USA) designed to detect 

human endostatin. Error bars represent one standard deviation from the mean, n=3. * 

= statistically lower expression of EK5 compared to expression from pHIV-EK5, 

p=0.00001 (unpaired Student T-test). 
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3.4: SUMMARY AND DISCUSSION 

3.4.a. Summary 

In this chapter, I described the construction and titration of single-gene and dual-gene 

lentiviral vectors. Transgene expression from these vectors was characterised in vitro 

on adherent cells lines. Functional titration of lentiviral vectors on A549 cells by 

reporter gene (eYFP) detection yielded comparable titres after 5 days and 4 weeks in 

culture. When titration was performed by quantifying proviral integration, the 5 day 

titre produced much higher titres when compared to the eYFP titres, however, after 4 

weeks in culture, the proviral integration titres dropped to comparable levels to the 

eYFP titres. Long term storage of lentiviral vectors at -80°C produced a one-log drop 

in activity. However, a single freeze-thaw did not affect the activity of a lentiviral 

vector.  

 

The expression of eYFP from LV-CD4scFv_F2A_eYFP and LV-

eYFP_F2A_CD4scFv was significantly lower, 2 fold and 4 fold respectively, 

compared to expression of eYFP from the single-gene vector (LV-eYFP). EYFP 

expression was also 2 fold higher when expressed from the dual-gene construct 

where it was positioned upstream of F2A     (LV-eYFP_F2A_CD4scFv) compared to 

when it was positioned downstream of F2A (LV-CD4scFv_F2A_eYFP).  

 

It was proposed that the reduced expression of eYFP may have been due to “slip-

streaming”, which occurs when both proteins within a dual-gene 2A construct are 

translocated through the exocytic pathway. This can occur when the protein upstream 

contains a leader sequence and the protein downstream does not. However, the  
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expression of two proteins (each with secretory leader sequences) from a dual-gene 

construct (pHIV-CD4scFv_F2A_EK5), showed 10 fold lower expression of the 

protein positioned downstream of F2A (EK5), when compared to expression from a 

single-gene vector (pHIV-EK5). Therefore, the reduced detection of the protein 

downstream of F2A within a dual-gene vector was unlikely to have been caused by 

“slip-streaming”.  

 

The expression of anti-rat CD4 scFv from the pHIV-CD4scFv_F2A_eYFP construct 

was comparable to expression from the single-gene counterpart (pHIV-

CD4scFv_F2A). However, expression of anti-rat CD4 scFv from pHIV-

eYFP_F2A_CD4scFv was 20 fold lower compared to the expression from a single-

gene vector (pHIV-CD4scFv_F2A). Therefore, the in vivo experiments described in 

the following chapter were performed using the pHIV-CD4scFv_F2A_eYFP 

construct, because it produced strong expression of the therapeutic transgene (anti-rat 

CD4 scFv), even though the expression of eYFP from this vector was too low to be 

used to determine transduction efficiency, to perform eYFP quantification for vector 

titration or to track transduced cells in vivo. 

 

3.4.b. Titration of lentiviral vector preparations 

There are several methods currently used to titre lentiviral preparations (Table 3.6) 

and most can be categorised into two main groups: non-functional and functional 

titration methods.246 Non-functional titration is performed directly on the lentiviral 

vector preparations, whereas functional titration requires transduction of a cell line 

followed by quantification of transgene expression. 
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Table 3.6: The methods used to titrate lentiviral v ectors 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

179,247-270 

Method of titration 
Non-functional/ 

Functional 
References 

Quantification of RNA in viral supernatant Non-functional 250 

  265 

  270 

  259 

  264 

  256 

  254 

  261 

   

Quantification of gag (p24) in viral supernatant Non-functional 271 

  251 

  254 

  261 

   

Quantification of reporter protein expression Functional 252 

  255 

  264 

  251 

  256 

  257 

  261 

  254 

   
Drug resistance Functional 260 

   

Quantification of mRNA expression of a transgene  Functional 263 

  256 

  266 

  254 

  247 

   

Quantification of integrated proviral DNA  Functional 253 

  267 

  268 

  248 

  262 

  264 

  256 

   249 
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Non-functional titration methods include the quantification of viral 

RNA250,256,259,261,264-265,270 or p24 protein251,254,261,271 within lentiviral vector 

preparations. While non-functional titration methods produce rapid results, they 

grossly overestimate functional titre due to the presence of defective interfering 

particles and inhibitors of transduction within the viral preparations.256,264 It has also 

been shown that only between 0.1-1% of a typical viral particles present in a viral 

preparation are actually infectious.265 

 

Functional titration methods traditionally involve the transduction of a cell line with 

a lentiviral vector followed by quantification of a reporter gene by flow 

cytometry,251-252,255-257,261,264 β-galactosidase staining257 or drug resistance.260 

Functional titres are highly reliable and produce consistent titres. 

 

The development of lentiviral vectors carrying therapeutic transgenes rather than 

reporter genes has created a need for functional titration methods that do not rely on 

reporter gene expression or drug resistance. For these lentiviral vectors, mRNA 

expression of a transgene can be quantified using qRT-PCR. This titration method 

has been proven to be a reliable alternative when a reporter gene is not present, 

producing viral titres comparable to those yielded by reporter gene quantification 

using flow cytometry.254,256  

 

Functional titration of lentiviral vectors that do not express a reporter gene can also 

be determined by calculating the number of integrated proviral particles per 

cell.256,264 I demonstrated that after 5 days in culture, proviral integration titres were 

much higher than eYFP flow cytometric titres on the same viral preparation (Table 
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3.3). The high copies per cell calculated after 5 days in culture are most likely due to 

carry-over of plasmid DNA from the transfection process. Anson revealed that 

treatment of viral preparations with nucleases did not remove contaminating DNA 

(Anson, personal communication). A possible explanation may be that the DNA used 

in the transfection is bound with the calcium phosphate co-precipitate, which is 

protects the DNA from nuclease attack. On the other hand, Sastry et al. showed that 

<0.01% of contaminating DNA in lentiviral preparations is transferred to cells during 

transduction.264 The variation in plasmid contamination between studies may be due 

to differences in the cell lines used for virus production and titration, the transduction 

conditions, and the amount of contaminating DNA present in the viral preparation.  

 

Other studies have also reported higher titres from quantification of proviral 

integration compared to quantification of reporter gene (GFP) expression on the 

same viral preparation after less than a week in culture256,264 and after 2 weeks in 

culture.264 The conclusions made by these authors were that the reporter gene titres 

were lower than the proviral integration titres due to the lack of GFP expression by 

some of the integrated lentiviral particles and/or that a significant proportion of the 

viral vectors integrated into areas of the genome that were not amenable to gene 

transcription.256,264 However, in this chapter, proviral titration on cells that had been 

in culture for 4 weeks produced viral titres comparable to the reporter gene (eYFP) 

titres (Table 3.3). Also, the copies per cell dropped from 39 after 5 days in culture to 

<1 after 4 weeks in culture (Table 3.3).  

 

Functional titration methods rely on the transduction of a viral vector into cells in 

vitro. Several variables need to be carefully monitored in order to produce consistent 
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results. Zhang and co-workers studied the effects of controlling parameters when 

transducing cell lines with lentiviral vectors.272 They demonstrated that factors such 

as the volume of viral inoculum used, the number and type of cells being transduced, 

and the susceptibility and viability of these cells, were all variables that affected the 

transduction of the target cells.272 They also found that the exposure time to the viral 

vector and the vector half-life were other parameters that must be kept consistent in 

order to produce comparable transduction conditions between experiments.272  

 

A number of groups have compared different lentiviral vector titration methods 

(Table 3.7). Delenda and Gaillard published a comprehensive review of the literature 

on qPCR methods of titration, such as RNA quantification in viral preparations, 

mRNA transgene expression and proviral integration and came to the conclusion, 

that proviral integration is the most accurate method of titration using qPCR.246 

 

The findings from this chapter strongly suggest that when the transduced cells are 

cultured for 4 weeks, prior to testing, proviral integration is a reliable functional 

titration method, and produces titres that are comparable to titres obtained by reporter 

gene quantification.  

 

 



 
 

Table 3.7: Studies that have compared two or more m ethods of lentiviral titration 254,256,261,264 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Viral components assayed Reference Conclusions 

RNA in viral supernatant + reporter protein expression 264 
Quantification of RNA in viral supernatant overestimates functional titre due to presence 
of defective lentiviral particles. 

RNA in viral supernatant + reporter protein expression 256 
Quantification of RNA in viral supernatant overestimates functional titre due to presence 
of defective lentiviral particles. 

RNA in viral supernatant + reporter protein expression 261 
The novel hybridisation assay developed to quantify RNA in viral supernatant produced 
consist titres, but they were not comparable with the reporter protein expression titres. 

RNA in viral supernatant + reporter protein expression 254 
Cannot predict functional titre by quantifying the RNA in viral supernatant because 
functional titre is dependent on vector construct and the cell type transduced. 

mRNA transgene expression + reporter protein expression 256 
mRNA transgene expression showed a strong correlation with reporter protein 
expression. 

mRNA transgene expression + reporter protein expression 254 
Quantifying the mRNA transgene expression is a good alternative for non-fluorescent 
transgenes. 

Proviral integration + reporter protein expression 264 GFP titres were consistently 1-log lower than proviral integration titres. 

Proviral integration + reporter protein expression 256 
Titres calculated by reporter protein expression were 20 fold lower than proviral 
integration. 

p24 in viral supernatant + reporter protein expression 261 
Titres calculated from p24 quantification in viral supernatant were higher than titres 
calculated from reporter protein expression 

p24 in viral supernatant + reporter protein expression 254 
Cannot predict functional titre by quantifying the p24 protein in viral supernatant 
because functional titre is dependent on vector construct and the cell type transduced. 

p24 in viral supernatant + RNA in viral supernatant 261 
Titration of p24 in viral supernatant quantified the total number of viral particles (both 
empty and packaged with RNA genomes) and subsequently calculated higher titres than 
titres that quantified the RNA in viral supernatant 

Proviral integration + mRNA transgene expression 256 
Proviral integration produced higher titres than those that quantified mRNA transgene 
expression 
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3.4.c. Multigenic expression using the 2A self-proc essing sequence 

Picornaviruses are positive strand RNA viruses that encode all their proteins in a 

single ORF in the form of a 225 kDa polyprotein.273 In some genera of the 

picornavirus family, including the enterovirus and rhinovirus, primary cleavage of 

the P1 capsid protein precursor and the replicative domains of the polyprotein are 

cleaved by a virus-encoded proteinase (2Apro) which is ~17 kDa. However, 

aphthoviruses, such as the FMDV, encode a relatively small 2A self-processing 

sequence (18 amino acids) which undergoes self-processing in between the 2A C-

terminal glycine and the 2B N-terminal proline residue in an enzyme-independent 

manner.274-276 FMDV 2A-like sequences with self-cleavage activity have been 

identified in other organisms, including other picornaviruses, Type C rotaviruses, 

insect viruses, parasitic protists and a bacterium.277 The cleavage of 2A and 2A-like 

sequences occurs in only eukaryotic ribosomes and not in prokaryotic ribosomes.278 

 

The mechanism of 2A self-processing has been identified as a translational 

‘skipping’ of peptide bond formation between the 2A glycine and the 2B proline 

residues at the ribosome.229,279 In its native state, 2A/2B cleavage is complete, 

however, many studies have shown incomplete cleavage in an artificial setting 

ranging from 5-20% accumulation of uncleaved polyprotein products.229,240-242,275,277-

278 Cleavage of 2A can be enhanced by the addition of the FMDV 1D sequence 

upstream of 2A.229,242,277-278 The addition of 5 1D amino acids reduced the 

accumulation of uncleaved material and the addition of 14 1D amino acids resulted 

in complete cleavage.277 The addition of 39 1D amino acids has been shown to result 

in complete cleavage in an artificial setting. However, the additional residues 

attached to the upstream protein interfered with its function.241 These results indicate 
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that the upstream protein structure within the ribosomal exit tunnel plays a role in the 

processing of 2A.  

 

To reduce and/or eliminate interference of the 2A residues that remain attached to the 

C-terminus of the upstream protein, some groups have added a 3 amino acid spacer 

(glycine, serine, glycine) between 2A and the upstream protein232,241 and others have 

added a furin cleavage site which causes the removal of the attached 2A residues by 

furin cleavage in the Golgi apparatus.238-239 The dual-gene vectors constructed as part 

of the work described in this chapter, consisted of the first transgene followed by the 

F2A sequence, which consisted of a furin cleavage site located immediately 

upstream of 5 FMDV 1D residues, 18 FMDV 2A residues and the FMDV 2B proline 

residue. The second transgene was positioned downstream of the F2A sequence 

(Figure 3.22). 

 

I discovered that a dual-gene vector carrying an upstream transgene with a secretory 

sequence (anti-rat CD4 scFv) and a downstream transgene without a signal sequence 

(eYFP) showed reduced expression of the downstream transgene after transduction 

into HEK-293A cells, when compared to a single-gene eYFP vector (Figure 3.18). 

Also, a dual-gene vector carrying the same transgenes in the reverse order was used 

to transfect HEK-293A cells. In this vector the upstream transgene (eYFP) lacked a 

signal sequence and the downstream transgene contained the secretory sequence 

(anti-rat CD4 scFv). Once again there was lower expression of the downstream 

transgene (this time it was anti-rat CD4 scFv), compared to expression from a single-

gene vector (Figure 3.19).  
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Figure 3.22: Schematic of the dual-gene open readin g frame (ORF) used 

in this study.  The first gene was positioned upstream of the F2A sequence. The 

F2A sequence consisted of a furin cleavage site which was upstream of 5 FMDV 1D 

residues, followed by 18 FMDV 2A residues and the FMDV 2B proline residue. The 

second gene was positioned downstream of the F2A sequence. Expression was 

controlled by the internal SV40 promoter. 

2BSV40 Gene 1Gene 1 1D1D 2A2A

F2A sequence
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It was also noted that both anti-rat CD4 scFv and eYFP expression was lower when 

positioned downstream of 2A compared to when they were situated upstream of 2A 

(Figures 3.18 and 3.19). It was postulated that a ‘slipstreaming’ effect was the cause 

of lower expression of the downstream protein. ‘Slipstreaming’ occurs when the 

protein upstream of 2A (carrying a signal sequence), and the protein downstream 

protein of 2A (lacking a signal sequence), are both translocated through the exocytic 

pathway.242,245 To test whether ‘slipstreaming’ was causing lower detection of the 

downstream protein, an additional vector was constructed,                                  

pHIV-CD4scFv_F2A_EK5, which contained the anti-rat CD4 scFv and EK5, both of 

which carry secretory signals and should therefore be targeted for secretion into the 

culture supernatant after transfection. Expression of the transgene downstream of 

F2A, EK5, was approximately 10 fold lower compared to the expression of EK5 

from a single-gene vector (Figure 3.21). On the other hand, expression of the 

transgene upstream of F2A (anti-rat CD4 scFv) was comparable to the expression of 

anti-rat CD4 scFv from the single-gene vector (Figure 3.20). These results suggest 

that it was not the ‘slipstreaming’ effect which was causing lower detection of 

proteins positioned downstream of F2A.  

 

Furthermore, eYFP expression was lower when positioned upstream of 2A in a dual-

gene vector, compared to expression from a single-gene construct. However, anti-rat 

CD4 scFv expression was comparable from a dual-gene vector when positioned 

upstream of 2A compared to expression from a single-gene construct. A possible 

explanation for the differences in expression of anti-rat CD4 scFv and eYFP when 

situated upstream of F2A could be that not all polyproteins undergo self-cleavage at 

the 2A sequence during translation.229,279 If this were the case, then folding of the 
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upstream protein might be affected and the eYFP protein might be more sensitive to 

misfolding than the anti-rat CD4 scFv, and subsequently might therefore not be 

detectable under blue light.  

 

Multiple studies have reported equimolar ratios of proteins upstream and 

downstream of the 2A self-processing sequence.238-239,244 However, there also have 

been reports of an imbalance of protein expression when using 2A to express two 

transgenes within a single ORF, with the protein upstream of 2A being expressed at 

higher levels than the protein downstream of 2A.229,241,279 The molar excess of the 

upstream protein was the initial inspiration for the 2A ribosomal ‘skip’ mechanism 

hypothesis.229,279 The hypothesis stated that molar excess of the protein upstream of 

2A may be caused when the translational ‘pause’ occurs at the ribosome. In this 

ribosome ‘skip’ model there are three proposed outcomes. The first outcome results 

in no ‘skip’ between the 2A glycine and 2B proline, producing an uncleaved 

polyprotein. The second outcome results in a ‘pause’ and a break in the peptide bond 

between the 2A glycine and the 2B proline, followed by resumption of translation of 

the downstream protein after the 2B proline. The third outcome results in termination 

of translation at the 2A glycine/2B proline bond. This model accounts for the 

imbalance in the downstream and upstream 2A proteins as well as the small amount 

of uncleaved product.229,279 Funston et al. also reported a molar excess of the protein 

upstream in a dual-gene construct containing a FMDV 2A, but not in a dual-gene 

construct encoding a porcine teschovirus 2A-like sequence.241  

 

In summary of my own data, regardless of whether the upstream or downstream 

protein contains a secretory signal sequence, there is consistently lower expression 
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(between 2 and 20 fold) of the downstream protein compared to a single-gene vector 

carrying the same transgene, or when the same transgene is located upstream of 2A 

in the reverse-order construct. The molar imbalance described above may explain 

these findings. One possible explanation for the molar excess observed in some 

studies and not others, may be that the upstream protein is influencing the ‘skip’ 

mechanism (the importance of the sequence upstream of 2A has already been 

discussed). Another explanation may be that some authors are assuming equimolar 

expression of both transgenes, when this may not in fact be the case. 

 

Other methods that have been used to express multiple transgenes from a single 

construct include the use of internal ribosome entry sites (IRES),231,280-282 internal 

promoters231 and bidirectional promoters.242 The expression of multiple genes from 

vectors containing either 2A or IRES sequences has been directly compared. The 

first gene produced similar expression levels from both 2A and IRES constructs, 

however expression of the second gene was higher from 2A constructs.240,242-243 

Also, a 2A dual-gene vector produced higher expression of both genes when 

compared to a dual-gene vector using internal promoters.231 

 

Amendola et al. have developed a dual-gene construct using a bidirectional promoter 

consisting of a minimal core promoter from elements of human cytomegalovirus 

joined upstream and in opposite orientation to an efficient promoter, 

phosphoglycerate kinase (PGK). These bidirectional constructs produced more 

efficient expression of both gene products than 2A or IRES constructs and both 

transgenes were expressed at levels comparable to single-gene counterparts in vitro, 

ex vivo and in vivo.242  
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Multi-gene transfer vectors have been used for a variety of functions, such as the 

expression of a therapeutic gene coupled to a reporter gene for simple detection of 

transduction efficiency and vector titration233,236 or to track the location of gene 

delivery in vivo.240,242 Dual-gene vectors have been used to confer a proliferative 

potential upon transduced cells235 and to express various subunits of a large 

molecule.237-239,244,283  

 

The results described in this chapter suggest that there is reduced expression of the 

transgene situated downstream of 2A. However others have shown that expression of 

the downstream transgene is still higher using 2A compared to dual-gene vectors 

carrying internal promoters or IRES. The use of bidirectional promoters appears to 

be a more efficient method of dual-gene expression; however for expression of three 

or more transgenes within a single construct, 2A appears to be the best choice 

currently. Quad-gene 2A vectors have already been developed using 2A sequences 

from different viruses.237  

 

In summary, even though there is reduced expression of a protein when it is 

positioned downstream of 2A in a dual-gene vector compared to a single-gene 

counterpart vector, expression of the downstream protein might still be adequate for 

its intended function. Further testing should be performed to determine the level of 

expression required for a particular protein to produce a desired outcome. In the in 

vivo experiments described in the following chapter, the pHIV-CD4scFv_F2A_eYFP 

construct was used because it produced strong expression of the therapeutic 

transgene (anti-rat CD4 scFv), even though the expression of eYFP from this vector 
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was too low to be used to determine transduction efficiency, to perform eYFP 

quantification for vector titration or to track transduced cells in vivo. 

 



 
 

 

 

 

 

 

 

 

CHAPTER 4: EXPRESSION OF ANTI-RAT CD4 SCFV AT 

POTENTIAL SITES OF ANTIGEN PRESENTATION 
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4.1 ABSTRACT 

Aim: To investigate the anatomic site of antigen presentation during corneal 

transplantation in the rat. To achieve this, an anti-rat CD4 scFv was delivered in a 

lentiviral vector (LV-CD4scFv_F2A_eYFP) to sites of interest, including the donor 

corneal endothelium, the anterior segment of the eye and the cervical lymph nodes. 

Methods: Transduction of the donor corneal endothelium with LV-

CD4scFv_F2A_eYFP was performed immediately prior to corneal transplantation by 

ex vivo transduction. Transduction of both the donor and recipient corneal 

endothelium 5 days prior to grafting was achieved by anterior chamber injection of 

the lentiviral vector. LV-CD4scFv_F2A_eYFP was injected into the cervical lymph 

nodes of recipient rats 2 days prior to corneal transplantation. A group of rats 

underwent bilateral lymphadenectomy of the cervical lymph nodes 7 days prior to 

corneal transplantation. Corneal allografts were scored daily for signs of rejection, 

inflammation and neovascularisation. Expression of the anti-rat CD4 scFv from 

transduced tissues was detected using flow cytometry and PCR. Results: Significant 

prolongation of corneal allograft survival was experienced by rats that received ex 

vivo transduction of the donor corneas with LV-CD4scFv_F2A_eYFP immediately 

prior to corneal transplantation. However, delivery of the lentiviral vector 5 days 

prior to corneal transplantation by anterior chamber injection into both the donor and 

recipient, did not prolong corneal allograft survival. Intranodal injection of LV-

CD4scFv_F2A_eYFP did not affect the survival of the corneal allografts and neither 

did bilateral lymphadenectomy of the cervical lymph nodes 7 days prior to corneal 

transplantation. Conclusions: Neither expression of the anti-rat CD4 scFv in the 

cervical lymph nodes nor the removal of these nodes was able to prolong corneal 

allograft survival in rats, suggesting that antigen presentation can occur elsewhere, 
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even though extensive evidence from other studies has highlighted the critical role 

these lymph nodes play in corneal allograft rejection in mice. Expression of the anti-

rat CD4 scFv from the donor corneal endothelium was able to prolong corneal 

allograft survival. These results suggest antigen presentation does occur within the 

anterior segment of the eye as expression of the anti-rat CD4 scFv from the donor 

corneal endothelium was able to modulate antigen presentation. However, because 

all corneal allografts did eventually reject, suggests that rejection was merely delayed 

and that antigen presentation could also occur elsewhere in the body. Potential sites 

include the conjunctiva-associated lymphoid tissue (CALT), the cervical lymph 

nodes or other secondary lymphoid organs. 

 

4.2 INTRODUCTION 

4.2.a. Corneal graft rejection 

In Australia, human corneal grafts experience high survival rates of >90% at one 

year post surgery.13 However, the survival rate drops considerably within ten years 

post surgery, with a ten-year Kaplan Meier corneal graft survival of 60%.13 In 

addition, there have only been modest improvements to the survival rates of corneal 

allografts over the last 20 years, mainly because the approach for preventing and 

treating corneal graft rejection has not changed significantly over this period.13 For 

these reasons, it is evident that a novel therapy for the prevention of corneal graft 

rejection is necessary.  

 

4.2.b. Regional immunosuppression 

A novel approach to prevent corneal allograft rejection could be to use a regional 

immunosuppressive strategy. This might be achieved by delivering an antibody 
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fragment to the actual site where the immune response is being generated. Regional 

immunosuppression has the potential to have a more potent effect, be more cost 

effective and may further reduce any potential side effects compared to systemic 

delivery of an antibody fragment. Regional immunosuppression can only be 

performed if the site of antigen presentation has been identified. Currently, this is 

uncertain. As discussed in Section 1.6.d.2., the cervical lymph nodes have been 

reported to be essential for corneal allograft rejection in mice.120 Their role in rat 

corneal allograft rejection is not currently known, however the work of Tilney105 and 

the McMenamin group,106-107 has provided insight into the drainage of ocular antigen 

in the rat, which appears to follow a similar pattern to that seen in the mouse (into the 

cervical lymph nodes).106-107 

 

Another potential site of antigen presentation could be within the ocular tissue. 

Infiltrating T cells, NK cells and APCs have been identified within the rat and human 

cornea at the time of rejection.34-35 Moreover, Rosenbaum and colleagues have 

reported the interaction of stationary APCs with mobile T cells within the iris,92 and 

Dullforce and colleagues have reported that uveal tract APCs do not appear to 

migrate after antigen uptake.91 For these reasons it is believed that antigen 

presentation might be occurring within the cornea or the uveal tract.  

 

In summary, the potential sites of antigen presentation in response to corneal 

transplantation might be within the cervical lymph nodes, or in the ocular 

environment, including the cornea, or the anterior segment of the eye. The work 

described in this chapter aimed to identify which of these sites (if any) were involved 
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in antigen presentation in response to corneal transplantation in the rat, by expressing 

an anti-rat CD4 scFv in these tissues. 

 

4.2.c. Anti-rat CD4 scFv as an immunosuppressive ag ent 

The anti-rat CD4 scFv is a suitable immunosuppressive agent to investigate the site 

of antigen presentation in response to corneal transplantation for several reasons. 

CD4 is abundantly expressed on T cells and because CD4 is essential for antigen 

presentation,38 inhibiting its function will prevent T cell activation and prolong 

corneal allograft survival (Table 1.1). In addition, by inhibiting the function of CD4 

with the local expression of an anti-rat CD4 scFv, the actual site of antigen 

presentation can be identified, because CD4 is expressed on T cells and not on 

migratory or stationary APCs. 

 

An anti-rat CD4 scFv has been shown to inhibit alloproliferation in a mixed 

lymphocyte reaction (MLR).221 However, when the anti-rat CD4 scFv was delivered 

to the corneal endothelium of donor corneas using an adenoviral vector immediately 

prior to corneal transplantation in rats, there was no prolongation of allograft 

survival.221 Further, when the donor corneas were transduced with the adenoviral 

vector carrying the anti-rat CD4 scFv three days prior to corneal transplantation (by 

anterior chamber injection into the donor rat, so that the scFv was being expressed at 

the time of grafting), there was still no prolongation of corneal allograft survival.221 

Adenoviral expression of the anti-rat CD4 scFv peaked 4-5 days after transduction 

and by day 8-14 very little anti-rat CD4 scFv was detected.221 Thus sustained 

expression of the anti-rat CD4 scFv may be required for prolonged corneal allograft 

survival, or alternatively, antigen presentation may not occur within the eye, but 



Sarah Brice  CHAPTER 4: Expression of anti-rat CD4 scFv at potential sites of antigen presentation 159 

   

rather in the cervical lymph nodes or other secondary lymphoid organs. Another 

explanation could be that the immunogenicity of the adenoviral vector might have 

counteracted the immunosuppressive ability of the anti-rat CD4 scFv. 

 

It is hypothesised that sustained expression of the anti-rat CD4 scFv at the site of 

antigen presentation using a viral vector with minimal immunogenicity (such as a 

lentiviral vector), will prevent antigen presentation and T cell activation and 

subsequently prolong corneal allograft survival. 

 

4.2.d. Specific aims 

The experimental aims of the work described in this chapter were to investigate the 

site of antigen presentation in response to corneal transplantation in the rat. To 

identify the actual site of antigen presentation, an anti-rat CD4 scFv was expressed at 

potential sites, including the donor corneal endothelium and the cervical lymph 

nodes of the recipient. Successful inhibition of antigen presentation was assessed by 

comparing the survival of the corneal allografts in rats treated with the anti-rat CD4 

scFv, to the survival of unmodified corneal allografts. A lentiviral vector was 

selected for gene transfer of the anti-rat CD4 scFv to target tissues because (1) 

lentiviral vectors produce long term stable transgene expression in transduced 

cells179,226 and (2) lentiviral vectors have low immunogenicity in ocular tissue.170 
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4.3 RESULTS 

4.3.a Lentiviral transduction of the corneal endoth elium 

4.3.a.1. Optimisation of lentiviral transduction ti me for corneal 

transplantation 

Initial experiments were performed to optimise the incubation time required for a 

donor rat cornea to be efficiently transduced with a lentiviral vector, without 

compromising the quality of the cornea for transplantation. Rat corneas were 

transduced with a lentiviral vector carrying the reporter gene eYFP (LV-eYFP) at a 

MOI of 400, for either 3 or 24 hours and cultured for 5 days in vitro. Corneal 

flatmounts were stained with the nuclear dye, Hoechst 33258, and visualised under 

UV light at the fluorescence microscope, where the different layers of the cornea 

could be seen distinctly, including the epithelium, the stroma and the endothelium 

(Figure 4.1). Endothelial cell densities were calculated by counting the cell nuclei in 

5 central fields (each 0.15 mm2). Unmodified corneas had a mean endothelial cell 

density of 2103 ± 445 mm2 (n=3). EYFP expression was visualised at the 

fluorescence microscope under blue light (Figure 4.2) and the percentage of eYFP 

positive endothelial cells was determined by counting the number of eYFP positive 

endothelial cells divided by the endothelial density. The percentage of eYFP positive 

cells expressed from a transduced cornea represented the transduction efficiency of a 

given lentiviral vector. 

 

There was no significant difference in the mean number of eYFP positive endothelial 

cells expressed in corneas transduced for 24 hours (45% ± 30) compared to 3 hours 

(49% ± 13) (p > 0.05) (Figure 4.3). The mean endothelial cell density for corneas 

transduced for 24 hours was 1653 ± 204 mm2 which was not significantly different 
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Figure 4.1: Hoechst 33258  staining of a transduced rat cornea. Cell nuclei 

were detected in various layers of the corneal flatmounts including (A) the 

epithelium (B) the stroma and (C) the endothelial monolayer. Original magnification 

of all panels: 20X. 

A 

B 
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Figure 4.2: Representative eYFP expression from the  rat corneal 

endothelium after a 3 hour transduction with LV-eYF P. Rat corneas were 

transduced with LV-eYFP at an MOI of 400 for 3 hours and cultured for 5 days. 

Corneal flatmounts were stained with the nuclear dye, Hoechst 33258. Fluorescence 

images were taken of (A) the cell nuclei (under UV light) and of (B) the eYFP 

expression (under blue light), within the same field. Original magnification of all 

panels: 20X.  

  

A B 
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Figure 4.3:  Quantification of  eYFP expression from rat corneas after a 

24 or 3 hour transduction with LV-eYFP.  Rat corneas were transduced with     

LV-eYFP at an MOI of 400, for either 24 hours or 3 hours and cultured for 5 days. 

Rat corneas were stained with the nuclear dye, Hoechst 33258, flatmounted and 

fluorescence images were taken. The endothelial cell density was calculated by 

counting the number of endothelial nuclei stained with Hoechst 33258 in 5 central 

fields (each 0.15 mm2). The percentage of eYFP positive cells was determined by 

counting the number of eYFP positive cells divided by the endothelial density in 

each field. Error bars represent one standard deviation from the mean, n = 3 corneas. 

p>0.05, (unpaired Student T-test).  
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to the mean endothelial cell density of corneas transduced for 3 hours, which was 

1346 ± 189 mm2 (p>0.05) (Figure 4.3). When comparing the mean endothelial cell 

density of unmodified corneas to corneas transduced with lentivirus, (for either 24 or 

3 hours), there was also no significant difference (p>0.05). 

 

Thus in summary, a 3 hour transduction was as efficient as the 24 hour transduction, 

as it produced a comparable percentage of eYFP-expressing endothelial cells. In 

addition, the corneas appeared to be in a condition suitable for transplantation (with 

no oedema) after the 3 hour, but not after the 24 hour transduction. Subsequent 

experiments were performed using a 3 hour transduction with a lentiviral vector. 

 

4.3.a.2. Expression of anti-rat CD4 scFv from rat c orneas transduced 

with lentiviral and adenoviral vectors 

A previous study showed that when the rat corneal endothelium was transduced with 

an adenoviral vector, strong expression of an anti-rat CD4 scFv was achieved for 4-5 

days.221 However, expression was transient and by days 8-14, very little anti-rat CD4 

scFv was expressed from the transduced corneas. In addition, allografts that were 

transduced ex vivo with the adenoviral vector carrying the anti-rat CD4 scFv did not 

experience prolonged corneal allograft survival.221 In another study, a rat corneal 

isograft showed reporter gene expression 60 days post lentiviral transduction, 

indicating long-term, stable transgene expression.198 

 

An experiment was performed to compare the expression of the anti-rat CD4 scFv 

after transduction of the rat corneal endothelium with either a lentiviral vector     

(LV-CD4scFv_F2A_eYFP) at an MOI of 400, or an adenoviral vector                 
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(Adv-CD4scFv) at an MOI of 320. Rat corneas were transduced with the viral 

vectors for 3 hours and cultured for 11 days. The culture supernatant was collected 

and replaced every three days and secretion of the anti-rat CD4 scFv into the culture 

supernatant was detected using flow cytometry on rat thymocytes (as CD4 is 

expressed highly on the surface of rat thymocytes) (Figure 4.4).  

 

Significantly higher levels of the anti-rat CD4 scFv were detected in the culture 

supernatant of rat corneas transduced with the adenoviral vector, compared to the 

lentiviral vector from days 2-8 (p<0.05), with a 10 fold difference seen at day 5 

(Figure 4.4). By day 11 post transduction, the difference in anti-rat CD4 scFv 

expression was not significant between the rat corneas transduced with either the 

adenoviral or the lentiviral vector (p>0.05) (Figure 4.4). Anti-rat CD4 scFv 

expression was detected from adenoviral-transduced corneas 2 days after 

transduction, whilst lentiviral-transduced corneas did not express detectable levels of 

anti-rat CD4 scFv until day 5 post transduction. Untransduced corneas did not 

produce detectable expression of the anti-rat CD4 scFv (as expected) (Figure 4.4). 

These results reveal a more rapid and stronger expression of the anti-rat CD4 scFv 

from rat corneas transduced with the adenoviral vector compared to the rat corneas 

transduced with the lentiviral vector.  

 

4.3.a.3. Ex vivo transduction of rat corneas prior to transplantation 

4.3.a.3.a LV-eYFP corneal isograft 

A previous study reported long term transgene expression in rats after transduction of 

the donor corneal endothelium with a lentiviral vector.198 To replicate this and to 

confirm functionality of the LV-eYFP vector, a single donor cornea was transduced  
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Figure 4.4: Anti-rat CD4 scFv expression from rat c orneas transduced 

with LV-CD4scFv_F2A_eYFP and Adv-CD4scFv.  Rat corneas were 

transduced with lentiviral (MOI of 400) and adenoviral (MOI of 320) vectors for 3 

hours and cultured for 11 days. Culture supernatant was collected and replaced every 

3 days from day 2. Flow cytometry on rat thymocytes using culture supernatants was 

performed to detect anti-rat CD4 scFv via the histidine tag. Error bars represent one 

standard deviation from the mean, n=3 corneas. *** represents p<0.0005, ** 

represents p < 0.01 and * represents p < 0.05, (unpaired Student t-test). 

0

50

100

150

200

250

Day 2 Day 5 Day 8 Day 11

an
ti-

ra
t C

D
4 

sc
F

v 
(n

g/
m

l)

** 

*** 

* 

Untransduced

Adv-CD4scFv

LV-CD4scFv_F2A_eYFP



Sarah Brice  CHAPTER 4: Expression of anti-rat CD4 scFv at potential sites of antigen presentation 167 

   

with LV-eYFP prior to transplantation as an isograft. The corneal isograft remained 

clear for the duration of the experiment (60 days). After 60 days, the LV-eYFP-

tranduced corneal isograft was flatmounted and Hoechst 33258 stained (Figure 4.5). 

Images were taken in 5 central fields to visualise both Hoechst 33258-stained nuclei 

and eYFP expression. Five percent of the endothelial monolayer was seen to express 

eYFP after 60 days and the endothelium appeared healthy with a cell density of 2699 

cell/mm2 (n=1). 

 

4.3.a.3.b. Transduction of the donor corneal endothelium with viral vectors 

carrying the anti-rat CD4 scFv  

Donor corneas were transduced ex vivo with a lentiviral vector carrying the anti-rat 

CD4 scFv (LV-CD4scFv_F2A_eYFP) at an MOI of 400, for three hours, 

immediately prior to corneal transplantation of allografts. The control groups for this 

experiment included unmodified allografts, allografts transduced with LV-eYFP at 

an MOI of 400, and allografts transduced with Adv-CD4scFv at an MOI of 320 

(which previously was shown not to be able to prolong corneal allograft survival).221  

 

To detect successful transduction of the donor corneas using the lentiviral and 

adenoviral vectors carrying the anti-rat CD4 scFv, the remaining donor corneal tissue 

left over after surgery (the donor corneal rims), were cultured for 5 days and flow 

cytometry on rat thymocytes was used to detect anti-rat CD4 scFv (via the histidine 

tag) in the culture supernatants. Anti-rat CD4 scFv expression was detected in every 

donor corneal rim that was cultured, indicating that the donor corneas had been 

successfully transduced with both adenoviral and lentiviral vectors (Figure 4.6). 
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Figure 4.5: An isograft transduced with LV-eYFP sho ws eYFP 

expression after 60 days.  The donor cornea was transduced with LV-eYFP prior 

to transplantation. After 60 days, the cornea was flatmounted and the endothelial cell 

nuclei were stained with Hoechst 33258. (A) A representative image of the Hoechst 

33258-stained endothelial nuclei, visualised under UV light. (B) A representative 

image of eYFP expressing-endothelial cells visualised under blue light. Original 

magnification of all panels: 20X.  
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Figure 4.6: Anti-rat CD4 scFv expression from donor  corneal rims 

transduced with either LV-CD4scFv_F2A_eYFP or Adv-C D4scFv. Flow 

cytometry on rat thymocytes was performed to detect anti-rat CD4 scFv (via the 

histidine tag) in the culture supernatant of transduced donor corneal rims after 5 days 

in culture. Expression of anti-rat CD4 scFv was detected in all donor rims in this 

experiment. Error bars represent one standard deviation from the mean. The number 

of corneal rims in each group is marked on the graph. There was no significant 

difference in anti-rat CD4 scFv expression between the two groups, p>0.05 (unpaired 

Student t-test). 
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Prolonged survival was observed in allografts that were transduced with                                         

LV-CD4scFv_F2A_eYFP with a median day of rejection of 22 days, compared to 

allografts transduced with Adv-CD4scFv which had a median day of rejection of 17 

days (p=0.018) (Table 4.1). Prolonged survival was also observed from corneal 

allografts transduced with LV-CD4scFv_F2A_eYFP when compared to the 

unmodified allografts and allografts that were transduced with LV-eYFP (both had a 

median day of rejection of 17 days) (p=0.004) (Table 4.1). All of the corneal 

allografts transduced with LV-CD4sFv_F2A_eYFP did eventually reject. Ocular 

inflammation was also assessed daily on a 0-4 numerical scale with 0.1 increments. 

Ocular inflammation was similar amongst all groups from days 1-10 post 

transplantation, however, at day 15, LV-CD4scFv_F2A_eYFP-transduced allografts 

showed significantly less inflammation than allografts transduced with Adv-

CD4scFv (p<0.005), or allografts transduced with LV-eYFP (p<0.01) (Table 4.2). 

The median day of blood vessel infiltration into the grafted tissue was comparable 

amongst all groups (Table 4.1).  

 

4.3.a.4. Anterior chamber injection of  lentiviral vectors  

4.2.a.4.a. Anterior chamber injection of LV-eYFP 

Data presented in Figure 4.4 revealed a 5 day lag in anti-rat CD4 scFv expression 

from corneas transduced with the lentiviral vector. Since there was a moderate 

prolongation of graft survival observed when donor corneas were transduced ex vivo 

with a lentiviral vector carrying the anti-rat CD4 scFv (Table 4.1), the next set of 

experiments were performed so that corneal transplantation was performed when 

donor corneas were actively expressing the anti-rat CD4 scFv, i.e. 5 days after 

transduction. 



 
 

 

Table 4.1: Summary of rat corneal allograft surviva l after ex vivo  transduction with viral vectors prior to transplan tation 
 

 
 
 
 
 
 
 
 
 
 
 

n = number of animals used in analysis 
^ = graft did not reject 
* = statistically significant compared with Adv-CD4scFv (p=0.018, Mann Whitney U test, corrected for ties) and compared to the unmodified and LV-eYFP 
allografts, p=0.004, (Kruskal-Wallis, corrected for ties with Bonferroni adjustment) 
 

 

 

 

 

Treatment Graft  n 
Median day of vessel 

infiltration into graft 
Day of rejection  

Median day of 

rejection  

Unmodified allograft 10 10 11, 12, 14, 15, 16, 18, 19, 19, 20, >60^  17 

LV-eYFP allograft 10 10 10, 11, 14, 15, 16, 18, 19, 19, 27, 30 17 

LV-CD4scFv_F2A_eYFP allograft 8 10 17, 20, 20, 21, 22, 25, 27, 38 22* 

Adv-CD4scFv allograft 8 11 13, 13, 14, 16, 17, 18, 21, 22 17 
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Table 4.2: Summary of the ocular inflammation in al lografts after ex 

vivo  transduction with viral vectors prior to corneal t ransplantation.  

Inflammation was scored daily on a 0-4 numerical scale with 0.1 increments. This 

table summarises the median inflammation scores at days 1, 5, 10 and 15 post 

transplantation for each group.  

 
 
 
 
 
 
 
 
 
 
 

* = statistically different compared to the Adv-CD4scFv group (p<0.005), and the LV-eYFP 
group (p=0.01), at day 15 post transplantation (Mann Whitney U tests, corrected for ties). 
 
 

 

 

 

Treatment  Median inflammation scores 

 n Day 1 Day 5 Day 10 Day 15 

Unmodified 10 0.5 0.6 0.4 0.1 

LV-eYFP  10 0.8 0.9 0.2 0.5 

LV-CD4scFv_F2A_eYFP 8 0.65 0.75 0.3 0.05* 

Adv-CD4scFv 8 0.7 0.7 0.15 0.9 
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Because rat corneas are not in a condition suitable for transplantation after 5 days in 

culture, to achieve active expression at the time of grafting, anterior chamber 

injections were performed.  

 

Initial experiments involved the injection of LV-eYFP (5 x 106 TU/injection) into the 

anterior chamber of 15 rats. Eyes were harvested 5 days after injection, fixed in 

buffered formalin and the cornea, iris and retina were stained with the nuclear stain 

Hoechst 33258, and the tissues were flatmounted. Fluorescence microscopy was use 

to detect eYFP-expressing cells within the flatmounts and their corresponding cell 

nuclei within the same field.   

 

EYFP was expressed in the cornea, iris and retina after initial anterior chamber 

injection of LV-eYFP (Table 4.3; Figure 4.7). Varying degrees of traumatic damage 

occurred in some rats after anterior chamber injection, with 4 of 15 rats developing 

cataracts (Table 4.3). 

 

Table 4.3: EYFP expression from rat eyes 5 days aft er receiving an 

anterior chamber (AC) injection of LV-eYFP (5 x 10 6 TU/injection).  

 

 

Total number of 

AC injections 

eYFP+ 

corneas 

eYFP+ 

irides 

eYFP+ 

retinae 

No. of 

cataracts 

15 11/15 7/15 4/15 4/15 
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Figure 4.7: Detection of eYFP-expressing cells with in the eye after 

anterior chamber injection of LV-eYFP (5 x 10 6 TU/injection).  Five days 

post injection, eyes were harvested and fixed in buffered formalin. The cornea, iris 

and retina were Hoechst 33258 stained, flatmounted and images were taken using the 

fluorescence microscope to visualise Hoechst 33258 stained cell nuclei (under UV 

light) and eYFP expression (under blue light), within the same field. Panels A, C and 

E show Hoechst 33258 stained cell nuclei. Panels B, D and F show eYFP-expressing 

cells. Original magnification of all panels: 20X. 
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EYFP-expression was observed in 11 of the 15 corneas after anterior chamber 

injection of LV-eYFP (Table 4.3). However, transduced cells were not uniformly 

spread throughout the cornea. EYFP-expressing cells within the cornea were mainly 

observed around the injection and paracentesis sites, with bright eYFP-expression 

observed within the central area of the cornea. These cells were a combination of 

endothelial cells and cells with the morphology of APCs (Figure 4.7B). Fainter 

eYFP-positive cells (in both the endothelium and the stroma) were observed within 

the peripheral region of the cornea (data not shown). Almost half the total number of 

eyes that received an anterior chamber injection of LV-eYFP had detectable eYFP 

expression within the iris (Table 4.3). The eYFP-expressing cells had the 

morphology of APCs and were uniformly dispersed throughout the iris (Figure 

4.7D). Expression of eYFP in the retina was patchy (Figure 4.7F) and was only 

detected in 4 of the 15 rats that received anterior chamber injection of LV-eYFP 

(Table 4.3). The eYFP-expressing cells within the retina are likely to be retinal 

ganglion cells. To determine the actual phenotype of the eYFP-expressing cells with 

APC morphology, future experiments will involve immunophenotyping using anti-

leucocyte mAbs. 

 

4.3.a.4.b. Anterior chamber injection of a lentiviral vector carrying the anti-rat 

CD4 scFv prior to corneal transplantation 

Preliminary experiments revealed that it was possible to transduce the cells within 

the cornea, iris and retina with a lentiviral vector after anterior chamber injection. 

The next step was to determine whether injecting a lentiviral vector carrying the 

anti-rat CD4 scFv (5 x 106 TU/injection), into both the donor and recipient anterior 
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chambers, 5 days prior to corneal transplantation, would modulate corneal allograft 

survival.  

 

All recipient rats that received anterior chamber injections of LV-eYFP developed 

some degree of lens damage; 4 exhibited minor damage and 4 developed cataracts. 

The cataracts were only mild and these rats maintained deep anterior chambers with 

no lens swelling observed and were subsequently used in the allografting experiment. 

All of the recipient rats that received anterior chamber injections of                          

LV-CD4scFv_F2A_eYFP showed minor lens damage from the injections, however 

no cataracts formed, which might have been a reflection of improved technique as 

time went by.  

 

Allografts performed in rats that received anterior chamber injection of                                   

LV-CD4scFv_F2A_eYFP, had a median day of rejection of 13 days, which was 

comparable to the survival of rats that received anterior chamber injection of        

LV-eYFP, which had a median day of rejection of 11 days (p>0.05) (Table 4.4). 

There was no significant difference in graft survival between the two anterior 

chamber injected-allograft groups, compared to the unmodified allografts, which had 

a median day of rejection of 17 days (p>0.05) (Table 4.4). The median day of vessel 

infiltration into the donor tissue was similar amongst all groups (Table 4.4). 

 

Inflammation scores at day 1 and 5 after grafting were higher in the recipients that 

received anterior chamber injection of LV-eYFP compared to recipients that 

received anterior chamber injection of LV-CD4scFv_F2A_eYFP (p<0.01) (Table 

4.5), indicating that the anti-rat CD4 scFv might have inhibited inflammation  



 
 

 

 

Table 4.4: Summary of rat corneal allograft surviva l data after  anterior chamber injection of lentiviral vectors in  both 

donor and recipient eyes.  

 

 
 
 
 
 
 
 
 
 
 

n = number of animals used in analysis 
^ = graft did not reject 
p > 0.05 (Kruskal-Wallis, corrected for ties) 
 

 

Treatment Graft n 
Median day of vessel 

infiltration into graft 
Day of rejection 

Median day of 

rejection 

Unmodified allograft 10 10 11, 12, 14, 15, 16, 18, 19, 19, 20, >60^ 17 

LV-eYFP allograft 7 11 9, 10, 11, 11, 14, 15, 22 11 

LV-CD4scFv_F2A_eYFP allograft 7 10 11, 12, 12, 13, 14, 22, 33 13 
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Table 4.5: Summary of the ocular inflammation in al lografts after 

anterior chamber injection of lentiviral vectors pr ior to corneal 

transplantation.  Inflammation was scored daily on a 0-4 numerical scale with 0.1 

increments. This table summarises the median inflammation scores at days 1, 5, 10 

and 15, post transplantation for each group.  

 
Anterior chamber injection  Median inflammation scores 

 n Day 1 Day 5 Day 10 Day 15 

Unmodified 10 0.5 0.6 0.4 0.1 

LV-eYFP  7 1.15* 1* 1 0.6 

LV-CD4scFv_F2A_eYFP 7 0.3 0.4 0.2 0.1 

 
* = statistically significant difference compared to the anterior chamber injection of                                 
LV-CD4scFv_F2A_eYFP at days 1 and 5 (p<0.01, Mann Whitney U test, corrected for ties). 
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triggered either by the trauma of the injection or transplantation. Another possibility 

could be that the eYFP transgene was immunogenic. Following rejection, the cornea 

(both the donor button and recipient bed), iris and retina from rats that received 

anterior chamber injection of LV-eYFP, were flatmounted and residual transduction 

was assessed (Table 4.6). All donor corneal buttons contained eYFP-positive cells 

and 2 of 7 recipient corneal beds showed eYFP-positive cells. Two types of eYFP-

expressing cells were observed (similar to what was shown in Figure 4.7), in both the 

donor corneal buttons and the recipient corneal beds: eYFP-positive endothelial cells, 

and eYFP-positive cells that resembled APCs within the stroma (Figure 4.8).  

 

Table 4.6: eYFP expression in rats with rejected gr afts after anterior 

chamber injection of LV-eYFP. 

 

 

 

After rejection, PCR analysis revealed expression of the anti-rat CD4 scFv mRNA 

from 5 out of 7 corneas that had received anterior chamber injection of                           

LV-CD4scFv_F2A_eYFP (Figure 4.9), indicating successful transduction of cells 

within the corneal tissue in these animals. Some corneas only amplified a very faint 

band using the anti-rat CD4 scFv primers, indicating that only low levels of anti-rat 

CD4 scFv were detected in these corneas at the time of rejection. All corneas 

amplified the correct size product when using primers to amplify ARBP (the 

housekeeping gene). It is important to note that it was not technically feasible to 

distinguish between the donor corneal tissue and the recipient bed in the PCR. 

 

No. of 
grafts 

performed 

No. of grafts 
expressing eYFP in 

donor tissue 

No. of rats with eYFP 
expression in 
recipient bed 

No. of rats with 
eYFP expression 

in the iris 

No. of rats with 
eYFP expression in 

the retina 

7 7/7 2/7 4/7 1/7 
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Figure 4.8: Representative images showing the diffe rent types of cells 

transduced with LV-eYFP within both the donor corne al button and the 

recipient corneal bed after rejection.  Fluorescence images were taken of 

Hoechst 33258 stained cell nuclei (under UV light) in the same field as eYFP-

expressing cells (under blue light). Panels A and C show Hoechst 33258 stained cell 

nuclei. Panels B and D show eYFP-expressing cells. Panels (A) and (B) are images 

taken from within the peripheral stroma of a recipient bed. Panels (C) and (D) are 

images taken of the endothelium of a donor button. Original magnification of all 

panels: 20X.  
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Figure 4.9: Anti-rat CD4 scFv mRNA expression from rejected corneas 

from rats that received anterior chamber injections  of                            

LV-CD4scFv_F2A_eYFP.  Primers specific for anti-rat CD4 scFv and the 

housekeeper rat ARBP (refer to Table 2.5 for primer sequences) were used in 

separate reactions. Anti-rat CD4 scFv cDNA was amplified in 5 from 7 treated 

corneas, with nothing amplifying from the untreated cornea cDNA or in the no 

template control (NTC; water). Rat ARBP (housekeeper) amplified in all cDNA-

containing reactions (as expected). The lane marked M contained the 20 bp ladder. 
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4.3.b. Lentiviral transduction of the cervical lymp h nodes 

Local immunosuppression by expression of the anti-rat CD4 scFv from the donor 

corneal endothelium after ex vivo lentiviral transduction, resulted in a moderate 

prolongation of allograft survival, but eventually all allografts did reject (Table 4.1). 

Some studies have shown lymphatic drainage from the eye to the cervical lymph 

nodes in rodents (section 1.6.d.)26,106-107,111 The next set of experiments involved 

expressing the anti-rat CD4 scFv, using a lentiviral vector, within the cervical 

(superficial and facial) lymph nodes in the rat (Figure 2.1) (named as reported by 

Tilney),105 prior to corneal transplantation. 

 

Preliminary experiments involved the injection of LV-CD4scFv_F2A_eYFP                 

(5 x 106 TU/injection) into the cervical lymph nodes (between 4-6 lymph nodes) in 3 

rats. Expression of the anti-rat CD4 scFv was determined by qRT-PCR after 2, 5, and 

14 days post injection from each individual lymph node. Similar levels of anti-rat 

CD4 scFv expression were measured at days 2 and 5 post injection, however, by day 

14 no anti-rat CD4 scFv was detected (Figure 4.10). 

 

Anti-rat CD4 scFv mRNA was detected 2 days after intranodal injection (Figure 

4.10), therefore it was decided that corneal transplantation would be performed 2 

days after intranodal injection of a lentiviral vector (5 x 106 TU/injection). Allograft 

survival in rats that received intranodal injection of LV-CD4scFv_F2A_eYFP 

showed comparable graft survival to allografts in rats that had received an intranodal 

injection of LV-eYFP, with a median day of rejection of 18 and 17 days respectively 

(p>0.05) (Table 4.7). The survival of corneal allografts in rats that had received 

intranodal injection of either LV-CD4scFv_F2A_eYFP or LV-eYFP was also  
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Figure 4.10: Anti-rat CD4 scFv expression in the ce rvical lymph nodes, 

after injection of LV-CD4scFv_F2A_eYFP (5 x10 6 TU/injection).  Three rats 

were injected with LV-CD4scFv_F2A_eYFP into four-six lymph nodes. At each 

time point (days 2, 5 and 14 post injection), a single rat was euthanised, all injected 

lymph nodes were collected, RNA was extracted and anti-rat CD4 scFv mRNA was 

detected by qRT-PCR in each individual lymph node. Anti-rat CD4 scFv expression 

was normalised to the housekeepers ARBP and HPRT (refer to Table 2.5 for primer 

sequence). Error bars represent one standard deviation from the mean of the 

biological replicates (the different lymph nodes from a single rat). n≥4 lymph nodes 

from a single rat. 
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Table 4.7: Summary of the survival of corneal allog rafts in rats that had received injections of lenti viral vectors 2 days 

prior to transplantation into the cervical lymph no des. 

 

 

 

 
 
n = number of animals used in analysis 
^ = graft did not reject 
p>0.05 (Kruskal-Wallis, corrected for ties) 
 

 

 

Treatment Graft  n 
Median day of vessel 

infiltration into graft 
Day of rejection 

Median day of 

rejection  

Unmodified allograft 10 10 11, 12, 14, 15, 16, 18, 19, 19, 20, >60^  17 

LV-eYFP allograft 10 10 15, 16, 17, 17, 20, 21, 24 17 

LV-CD4scFv_F2A_eYFP allograft 8 10 12, 15, 16, 17, 19, 19, 20, 23 18 
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comparable to the survival of corneal allografts in the unmodified animals, with a 

median day of rejection of 17 days (p>0.05) (Table 4.7). The day of vessel 

infiltration into the donor cornea was similar amongst all groups (Table 4.7). There 

was also no difference in inflammation at any time point post transplantation 

between groups (p>0.05) (Table 4.8). 

 

To detect circulating anti-rat CD4 scFv, blood was collected from recipients once a 

week after grafting until rejection. PBL were isolated, and flow cytometry was 

performed to detect anti-rat CD4 scFv bound to circulating leucocytes. To detect 

soluble anti-rat CD4 scFv, flow cytometry using rat plasma was performed against 

rat thymocytes. No cell bound (Figure 4.11) or soluble (Figure 4.12) anti-rat CD4 

scFv was detected within the circulation of any recipient rat at any time point.  

 

It is important to note that there is background fluorescence present in the 

phycoerythrin (PE) channel of the flow cytometer, even when the anti-histidine 

antibody is not used (Figure 4.11). This is most likely non-specific binding of the 

mouse anti-biotin antibody. Positive anti-histidine binding on CD3+ T cells was 

detected over this background, when rat PBL was incubated with the anti-rat CD4 

whole antibody (OX35) (Figure 4.11D). 

 

4.3.c. Bilateral lymphadenectomy of the cervical ly mph nodes 

A previous study has shown that removal of the cervical lymph nodes prior to 

corneal transplantation resulted in indefinite corneal allograft survival in all mice.120 

To determine whether the cervical lymph nodes were essential for the rejection of  
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Table 4.8: Summary of the ocular inflammation in al lografts after 

intranodal injection of lentiviral vectors into the  cervical lymph nodes 

prior to corneal transplantation.  Inflammation was scored daily on a 0-4 

numerical scale with 0.1 increments. This table summarises the median inflammation 

scores at days 1, 5, 10 and 15, post transplantation for each group.  

 

Intranodal injection  Median inflammation scores 

  n Day 1 Day 5 Day 10 Day 15 

Unmodified 10 0.5 0.6 0.4 0.1 

LV-eYFP  10 0.6 0.7 0.1 0 

LV-CD4scFv_F2A_eYFP 8 0.6 0.4 0.2 0.1 

 
p>0.05 at each time point between all groups (Kruskal-Wallis, corrected for ties). 
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Figure 4.11: Representative histograms revealing th e absence of cell 

bound anti-rat CD4 scFv in rats that received intra nodal injection of    

LV-CD4scFv_F2A_eYFP into the cervical lymph nodes.  Peripheral blood 

lymphocytes (PBL) were isolated from rats weekly after intranodal injection and 

flow cytometry was performed to detect the presence of cell-bound anti-rat CD4 

scFv via the histidine tag. PBL were incubated with an antibody against histidine 

(visualised by phycoerythrin (PE)-fluorescence) and an antibody against CD3 (an 

antigen abundant on most T cells) conjugated to FITC. (A) PBL incubated with the 

anti-histidine antibody and anti-CD3 FITC. No cell bound anti-rat CD4 scFv was 

detected. (B) PBL incubated with the CD3 FITC alone. (C) PBL incubated with anti-

histidine alone. (D) Positive control: PBL incubated with an anti-rat CD4 whole 

antibody (OX35). A population of CD3+ T cells with bound anti-rat CD4 scFv was 

detected. Representative histograms are of rat SB46 PBL collected 3 weeks after 

intranodal injection of LV-CD4scFv_F2A_eYFP. 
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Figure 4.12: Representative histogram revealing the  absence of soluble 

anti-rat CD4 scFv in the circulation of rats that r eceived injection of   

LV-CD4scFv_F2A_eYFP into the cervical lymph nodes. Blood was 

collected from each rat immediately prior to corneal transplantation (baseline) and 

weekly there after until rejection. Plasma was collected from blood samples and flow 

cytometry on rat thymocytes was performed to detect soluble anti-rat CD4 scFv. The 

positive control was bacterially-produced anti-rat CD4 scFv incubated with the rat 

thymocytes. Histograms are of rat SB46 plasma data (i.e. from one representative 

rat). 
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corneal allografts in our WF into F344 rat model of corneal transplantation, 4-6 

contralateral and ipsilateral cervical lymph nodes were removed 7 days before 

corneal transplantation.  

 

Rats that underwent bilateral lymphadenectomy exhibited a median day of rejection 

of 15 days, which was comparable to the median day of rejection of the unmodified 

controls, which was 17 days (Table 4.9). This suggests that the cervical lymph nodes 

are not essential for corneal allograft rejection in our rat model. There was also no 

difference in blood vessel infiltration into the donor tissue (Table 4.9). The degree of 

ocular inflammation in the grafted eyes (Table 4.10) in rats that underwent the 

bilateral lymphadenectomy was significantly less at day 10 post transplantation, 

compared to unmodified controls (p=0.008), suggesting that trafficking of infiltrating 

leucocytes to the eye may have been reduced. 

 

4.4 SUMMARY AND DISCUSSION 

4.4.a. Summary 

The experiments presented in this chapter describe the outcomes of expressing an 

anti-rat CD4 scFv (using a lentiviral vector) in the corneal endothelium, the anterior 

segment of the eye, and the cervical lymph nodes, prior to corneal transplantation in 

the rat. Ex vivo transduction of donor corneas with LV-CD4scFv_F2A_eYFP 

significantly prolonged corneal allograft survival compared to controls (p=0.004). In 

contrast, ex vivo transduction of donor corneas with Adv-CD4scFv did not prolong 

corneal allograft survival compared to unmodified allografts (p>0.05). Inflammation 

was significantly lower in allografts transduced with LV-CD4scFv_F2A_eYFP  



 
 

 

 

Table 4.9: Summary of corneal allograft survival da ta from rats that underwent bilateral lymphadenecto my of the cervical 

lymph nodes. 

Treatment Graft  n 
Median day of vessel 

infiltration into graft 
Day of rejection 

Median day of 

rejection  

Unmodified allograft 10 10 11, 12, 14, 15, 16, 18, 19, 19, 20, >60^  17 

Removal of lymph nodes allograft 8 11 12, 14, 14, 14, 15, 18, 21, 27 15 

 
n = number of animals used in analysis 
^ = graft did not reject 
p>0.05 (Mann-Whitney U test, corrected for ties) 
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Table 4.10: Summary of the ocular inflammation in a llografts after 

bilateral lymphadenectomy of the cervical lymph nod es prior to corneal 

transplantation.  Inflammation was scored daily on a 0-4 numerical scale with 0.1 

increments. This table summarises the median inflammation scores at days 1, 5, 10 

and 15, post transplantation for each group.  

 

Treatment Median inflammation scores 

 Day 1 Day 5 Day 10 Day 15 

Unmodified 0.5 0.6 0.4 0.1 

Removal of lymph nodes 0.6 0.35 0* 1.5 

 
* = statistically significant difference (p=0.008, Mann-Whitney U test, corrected for ties) 
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compared to allografts transduced with Adv-CD4scFv and allografts transduced with 

LV-eYFP. Anterior chamber injection of a lentiviral vector into recipient and donor 

eyes was able to transduce cells within the cornea, iris and retina, but delivery of the 

anti-rat CD4 scFv into the anterior segment using this method, did not prolong 

corneal allograft survival (p>0.05). However, significantly reduced ocular 

inflammation was observed in rats after anterior chamber injection with LV-

CD4scFv_F2A_eYFP compared rats that received anterior chamber injection of LV-

eYFP, 1-5 days post transplantation (p<0.01). Injection of LV-CD4scFv_F2A_eYFP 

into the cervical lymph nodes did not prolong corneal allograft survival and neither 

did bilateral lymphadenectomy of these nodes prior to corneal transplantation 

(p>0.05). However, 10 days after transplantation, ocular inflammation was lower in 

allografts performed in rats that underwent bilateral lymphadenectomy of the 

cervical lymph nodes, compared to unmodified controls (p=0.008). 

 

4.4.b. Immunosuppression produced by the corneal en dothelium 

The results presented in this chapter indicate that a modest but significant 

prolongation of corneal allograft survival can be achieved after ex vivo transduction 

of the donor corneal endothelium with a lentiviral vector carrying an anti-rat CD4 

scFv immediately prior to corneal transplantation, compared to unmodified allografts 

and allografts that were transduced with LV-eYFP (p=0.004) (Table 4.1). Despite 

expression of the anti-rat CD4 scFv being approximately 10 fold higher from 

adenoviral-transduced corneas compared to lentiviral-transduced corneas after 5 days 

in culture (Figure 4.4), donor corneas transduced with a lentiviral vector carrying the 

anti-rat CD4 scFv showed prolonged allograft survival compared with donor corneas 

transduced with an adenoviral vector carrying the anti-rat CD4 scFv (p=0.018) 
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(Table 4.1). Allografts transduced with a lentiviral vector carrying the anti-rat CD4 

scFv showed significantly lower levels of inflammation 15 days post transplantation, 

compared to allografts transduced with an adenoviral vector carrying the anti-rat 

CD4 scFv and allografts transduced with LV-eYFP (p≤0.01) (Table 4.2). Similar to 

what has been reported previously,221 ex vivo transduction of the donor corneal 

endothelium with an adenoviral vector carrying an anti-rat CD4 scFv did not prolong 

corneal allograft survival compared to unmodified allografts (p>0.05) (Table 4.1). 

These results suggest that the immunogenicity of the adenoviral vector might be off-

setting the immunosuppressive abilities of the anti-rat CD4 scFv, and preventing the 

modulation of corneal allograft survival. On the other hand, these results reveal that 

sustained expression of an antibody fragment targeting a T cell from the donor 

corneal endothelium (even at low levels), can prolong corneal allograft survival, 

when expressed from a lentiviral vector. 

 

It is conceivable that if stronger expression of the anti-rat CD4 scFv could be 

achieved from the donor corneal endothelium, then a more pronounced prolongation 

of allograft survival might be experienced. Transgene expression from all lentiviral 

vectors used in this study was controlled by the constitutive SV40 promoter. The use 

of a stronger constitutive promoter such as cytomegalovirus (CMV) (Clarke, 

personal communication) could increase expression of the anti-rat CD4 scFv and a 

greater prolongation of corneal allograft survival might thereby be achieved.  

 

The results described in this chapter suggest that expression of anti-rat CD4 scFv 

from the donor corneal endothelium is able to modulate T cell sensitisation and 

subsequently delay allograft rejection. Whether the anti-rat CD4 scFv is remaining 
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within the ocular tissue or draining to other areas of the body remains unclear. The 

fact that all of the corneal allografts did eventually reject indicates that sensitisation 

and the generation of an effector cell response did occur, but with delayed kinetics. 

 

Rosenbaum and colleagues have described the migration of T cells into the anterior 

chamber after intravitreal injection of antigen in mice.92 T cells were seen in close 

proximity of the resident APCs within the iris, suggesting that T cell sensitisation 

may occur within the eye before sequestration to the secondary lymphoid tissues 

such as the cervical lymph nodes,106-107,110-111 the mesenteric lymph nodes,106-107 or 

even within CALT, which is induced in response to cornea transplantation in the 

rat.81  

 

APCs within the eye have been well documented, with APCs detected in the 

cornea,69-70,72-73,84 and the uveal tract.75-77,87-88,284 Whether ocular APCs are involved 

in the generation or the suppression of an immune response remains unclear. There is 

evidence to suggest that ocular APCs are involved in immune deviation responses 

within the eye (ACAID).89,134-136 Whilst the data presented in this chapter suggests 

that antigen presentation may be occurring within the anterior segment, as low levels 

of the immunosuppressive anti-rat CD4 scFv expressed from the donor corneal 

endothelium was able to prolong corneal allograft survival. This implies that ocular 

APCs might be activating the CD4+ T cells within the anterior segment which can 

lead to a DTH response and corneal allograft rejection. It is possible that ocular 

APCs are involved in both the generation and suppression of an immune response, 

depending on what cytokines are present within the ocular tissues and within the 

aqueous humour at the time of antigen exposure. 
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4.4.c. Immunosuppression within the anterior segmen t 

Expression of the anti-rat CD4 scFv from corneas after lentiviral transduction was 

detected 5 days post transduction (Figure 4.4). It was consequently hypothesised that 

if transplantation of the donor cornea were performed when expression of the anti-rat 

CD4 scFv was already occurring, then this may further prolong allograft survival, 

compared to when the donor cornea was transduced immediately prior to corneal 

transplantation. It was also hypothesised that if the surrounding tissues within the 

anterior chamber (such as the iris) were expressing the anti-rat CD4 scFv at the time 

of transplantation, then this might further suppress T cell sensitisation to donor 

alloantigen. 

 

To achieve this, anterior chamber injection of a lentiviral vector carrying the anti-rat 

CD4 scFv was injected into both the donor and recipient anterior chamber 5 days 

prior to corneal transplantation. The survival of these corneal allografts was not 

significantly different to the survival of the controls (Table 4.4). Ocular inflammation 

was significantly higher in recipients that received anterior chamber injection of LV-

eYFP, compared to recipients that received anterior chamber injection of the 

lentiviral vector carrying the anti-rat CD4 scFv, within the first 5 days post 

transplantation (p<0.01) (Table 4.5). A possible explanation for the increased ocular 

inflammation after anterior chamber injection of LV-eYFP could be that the eYFP 

protein is immunogenic. In support of this theory, Table 4.2 reveals that allografts 

transduced ex vivo with LV-eYFP also showed increased ocular inflammation 

compared to allografts transduced with LV-CD4scFv_F2A_eYFP.  
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There are several possible explanations for why anterior chamber injection of a 

lentiviral vector carrying the anti-rat CD4 scFv did not modulate corneal allograft 

survival. Firstly, the transduction efficiency might have been too low to produce 

levels of the anti-rat CD4 scFv sufficient for a therapeutic effect. Ex vivo 

transduction of LV-eYFP showed uniform expression of eYFP throughout the 

corneal endothelium (Figure 4.2).198 However, after anterior chamber injection of 

LV-eYFP, eYFP-expression from transduced cells was very bright near the injection 

site and the paracentesis (in both the endothelium and the stroma) (Figure 4.7), but 

the number of eYFP-positive cells was sparse in the other areas of the cornea, and 

the expression of eYFP from these cells was low, making transduction efficiency 

difficult to calculate. Also, the number of lentiviral particles injected into the anterior 

chamber (5 x 106 TU/injection) was 5 times less than the number of viral particles 

used in the ex vivo transductions to the corneal endothelium with a lentiviral vector 

(2.5 x 107 TU/cornea). The limiting factor for the number of lentiviral particles 

injected into the anterior chamber was volume (with the maximum volume injected 

being 5 µl). Improvements in lentiviral vector processing and concentration could 

permit for an increased number of viral particles injected into the anterior chamber, 

and this might improve the transduction efficiency when using this method.  

 

Furthermore, transduced cells were detected in the retina of some rats after anterior 

chamber injection with LV-eYFP, indicating that the lentiviral vector spread outside 

the anterior segment. This suggests, that injection of a lentiviral vector into the 

anterior chamber, can drain to other areas (including the retina), therefore potentially 

reducing the number of cells within the anterior segment transduced by this method.  
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In addition, inflammatory signals have been shown to promote the upregulation of 

MHC class II expression in resident immature APCs within the corneas of mice.68 

The results described in this chapter showed that after anterior chamber injection of 

LV-eYFP, eYFP-expressing cells with a dendriform morphology were observed 

within the central region of the corneal stroma (Figures 4.7 and 4.8). The expression 

of MHC class II on these APCs might have been upregulated in response to the 

trauma of the anterior chamber injection, and consequently, these resident corneal 

MHC class II+ APCs might have been ready to phagocytose antigen from the donor 

cornea at the time of transplantation. A future experiment could involve injecting a 

lentiviral vector carrying the anti-rat CD4 scFv only into the anterior chamber of the 

donor rat, and grafting into an unmodified recipient. However, if there are MHC 

class II+ APCs within the donor cornea, these cells could potentially present antigen 

to recipient T cells via the direct pathway and could lead to corneal graft rejection.26  

In summary, anterior chamber injection of a lentiviral vector carrying an anti-rat 

CD4 scFv was not able to prolong corneal allograft survival. The possible reasons for 

this might be that (1) the transduction efficiency was too low to produce therapeutic 

levels of the anti-rat CD4 scFv after anterior chamber injection of the lentiviral 

vector, (2) the lentiviral vector drained outside the anterior segment after anterior 

chamber injection, and this might have reduced the number of cells transduced 

within cornea and the iris or (3) the APCs in the cornea might have been expressing 

high levels of MHC class II after the trauma caused by the anterior chamber 

injection, and were thus able to take-up and process donor antigen immediately after 

grafting. 
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4.4.d. Immunosuppression within the cervical lymph nodes  

The main pathway for aqueous outflow from the anterior segment of the eye is 

reportedly through the Schlemm’s canal into the circulation and to the spleen.286 

However, recent studies have revealed that ocular antigen from the anterior segment 

can leave the eye through an unconventional pathway, which drains through the 

ciliary body into the suprachoroidal space, the conjunctiva and into the ipsilateral 

cervical lymph nodes (uveoscleral drainage).106-107,110 In the mouse, an antigen-

specific increase in the number of activated T cells within the ipsilateral cervical 

lymph nodes occurred within 3-6 days of antigen exposure in the eye.100,109 These 

activated T cells expressed IL-2, suggesting the development of a Th1 response.109 

 

In this study, an anti-rat CD4 scFv was delivered to the ipsilateral and contralateral 

cervical lymph nodes prior to corneal transplantation in the rat, with the intention of 

inhibiting sensitisation to the corneal allograft. However, injection of a lentiviral 

vector carrying the anti-rat CD4 scFv into the cervical lymph nodes 2 days before 

transplantation did not prolong corneal allograft survival compared to controls 

(p>0.05) (Table 4.7). Transduction of the cells within the lymph nodes was 

successful, however, expression of the anti-rat CD4 scFv was transient, and 

sufficient scFv may not have been expressed within the cervical lymph nodes at the 

time when T cell sensitisation was occurring. It was considered that the transient 

expression of the anti-rat CD4 scFv might have been due to migration of the 

transduced cells into the circulation. However, no soluble or cell bound anti-rat CD4 

scFv was detected in the blood of any recipient at any time point (Figures 4.11 and 

4.12). Another explanation for the transient expression of anti-rat CD4 scFv after 

intranodal injection, was that the transduced cells had died, as bone-marrow derived 
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DCs located within the peripheral lymph nodes have a turnover of approximately 10 

days.287  

 

Antigen-bearing APCs have been observed within the ipsilateral cervical lymph 

nodes as early as 6 hours after corneal transplantation, and were still detected 3 days 

after transplantation in mice.26,100 If the migration of antigen-bearing APCs to the 

draining lymph nodes in our rat model of corneal transplantation was similar to that 

observed in mice,26,100 then the anti-rat CD4 scFv should have been expressed at the 

same time the antigen-bearing APCs were present in the ipsilateral cervical lymph 

nodes. Therefore, it seems unlikely that the transient expression of anti-rat CD4 scFv 

was the main contributing factor for the failure to prolong corneal allograft survival. 

 

Another plausible explanation for why intranodal injection of a lentiviral vector 

carrying the anti-rat CD4 scFv into the cervical lymph nodes did not prolong corneal 

allograft survival, may be that antigen presentation was occurring elsewhere, such as 

in the anterior segment of the eye, or in other secondary lymphoid tissues including 

the mesenteric lymph nodes,106-107 or in the CALT.81 In support of this possibility, 

rats that underwent bilateral lymphadenectomy of the cervical lymph nodes prior to 

corneal transplantation did not show prolonged corneal allograft survival compared 

with controls (p>0.05) (Table 4.9). However, inflammation was reduced in these 

allografts 10 days after transplantation, compared to unmodified controls (p=0.008) 

(Table 4.10), suggesting that trafficking of infiltrating leucocytes to the eye might 

have been reduced.  
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The corneal allograft survival data from this study is at variance with those obtained 

from some studies in mice, in which prolonged allograft survival after removal of the 

cervical lymph nodes was observed.118-121 Yamagami et al. showed indefinite 

survival of all allografts after bilateral removal of the cervical lymph nodes when 

corneal transplantation was performed into normal recipient corneal beds in mice,120 

and significant prolongation of graft survival was achieved when grafting into 

vascularised beds.121 In these studies, the onset of DTH was delayed121 or 

inhibited.120 Plskova and colleagues discovered that in mice, an immune response to 

a corneal allograft was generated within a specific superficial cervical lymph node 

(referred to as the submandibular lymph node).118 This study found that both 

bilateral and ipsilateral removal of the superficial cervical lymph nodes significantly 

prolonged corneal allograft survival, and the authors concluded that corneal allograft 

acceptance after bilateral lymphadenectomy was due to immunological ignorance 

rather than tolerance, as the site at which antigen presentation may occur was 

removed (i.e. the draining superficial cervical lymph nodes).119  

 

The difference in corneal allograft survival after bilateral lymphadenectomy of the 

cervical lymph nodes, between the different studies, could be due to the different 

strengths of the immunological barriers between the inbred strain combinations used 

in each study. The murine model described by Yamagami et al. grafted C57BL/6 

donor corneas into BALB/c recipients.120-121 This is a weak immunological barrier in 

which approximately 50% of untreated corneal allografts do not undergo rejection.120 

The large proportion of corneal allografts that experience indefinite survival using 

the C57BL/6 to BALB/c murine model has been well documented by others,25,47 and 

the high acceptance rate of unmodified allografts in this murine model might be the 
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reason why such successful corneal allograft survival was achieved after the removal 

of the cervical lymph nodes.  

 

In contrast, in the rat model of corneal transplantation described in this chapter, only 

10% of unmodified allografts remained clear after 60 days, which represents a strong 

immunological barrier (Table 4.1). No prolongation of corneal allograft survival 

occurred in rats after bilateral lymphadenectomy of the cervical lymph nodes. 

Furthermore, in a C3H to BALB/c mouse model of corneal transplantation, which 

represents a strong immunological barrier in which all unmodified corneal allografts 

did reject, bilateral lymphadenectomy of the cervical lymph nodes prior to corneal 

transplantation did not significantly prolong the survival of corneal allografts 

compared to untreated mice.111 The evidence suggests that the strength of the 

immunological barrier between the donor and recipient strains might influence 

allograft survival after bilateral lymphadenectomy of the cervical lymph nodes.  

 

In summary, when using inbred rodent strains, a weak immunological barrier 

between the donor and recipient can lead to higher acceptance of corneal allografts. 

The rat model described in this thesis is a strong immunological barrier, and is likely 

to reflect the rejection process seen in an outbred species such as humans.  

 

4.4.e. Regional immunosuppression for corneal trans plantation in the 

rat 

The results presented in this chapter suggest that regional immunosuppression using 

an anti-CD4 antibody fragment is possible when expressed from the donor corneal 

endothelium. However, all corneal allografts did reject with delayed kinetics, 
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suggesting that antigen presentation may occur at a site other than the anterior 

segment of the eye. It is possible that antigen presentation during corneal 

transplantation is occurring at multiple sites, including within the anterior chamber of 

the eye as well as in the in the secondary lymphoid tissues such as the cervical lymph 

nodes,106-107 the mesenteric lymph nodes106-107 or CALT.81 An immunosuppressive 

strategy that targets multiple sites of antigen presentation simultaneously might be 

more effective at inhibiting antigen presentation in response to corneal alloantigens 

and may result in indefinite survival of corneal allografts. 

 

4.4.f. Splenectomy prior to corneal transplantation  

It is well established that the spleen is critical for the induction of ACAID.89 Thus, 

future experiments could involve the removal of the spleen prior to corneal 

transplantation. If the spleen is playing a critical role in the presentation of corneal 

antigens, then its removal will result in prolonged corneal graft survival.  
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This project investigated the potential of regional immunosuppression for corneal 

transplantation by using an integrative lentiviral vector to deliver an 

immunosuppressive transgene to various anatomic locations within the rat. The 

following sections will discuss the major findings of this project. 

  

5.1 SUMMARY OF THE MAJOR FINDINGS FROM THIS THESIS 

In this project dual-gene vectors were designed to contain an immunosuppressive 

transgene (anti-rat CD4 scFv) and a reporter gene (eYFP) using the F2A self-

processing sequence. These vectors had the potential to modulate an immune 

response (through the expression of anti-rat CD4 scFv) whilst expression of the 

reporter gene eYFP had the potential to permit simple titration of the lentiviral 

vector, quantification of transduction efficiency and tracking of transduced cells in 

vivo. I first examined the levels of transgenic proteins expressed from dual-gene 

vectors carrying the F2A self-processing sequence. Transgenes situated downstream 

of the F2A sequence expressed from dual-gene vectors produced significantly lower 

levels of protein (between 2 and 20 fold lower) when compared to expression of the 

same protein from a single-gene vector. This occurred in three individual dual-gene 

vectors. Expression was also significantly lower when a transgene was positioned 

downstream of F2A compared to when the same transgene was positioned upstream 

of F2A in a different dual-gene construct.  

 

A major aim of this project was to determine the anatomic site of antigen 

presentation in response to corneal transplantation in the rat. Modest, but significant 

prolongation of corneal allograft survival was observed after ex vivo transduction of 

donor corneas with a lentiviral vector carrying an anti-rat CD4 scFv. However, when 
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the lentiviral vector carrying the anti-rat CD4 scFv was injected into the anterior 

chamber in both recipient and donor rats 5 days prior to corneal transplantation, no 

prolongation of graft survival was observed. Intranodal injection of the lentiviral 

vector carrying an anti-rat CD4 scFv into the cervical lymph nodes 2 days prior to 

corneal allografting did not prolong graft survival. Moreover, when the cervical 

lymph nodes were removed from recipient rats 7 days before corneal allografting, 

graft survival was not prolonged. These results indicated that the cervical lymph 

nodes were not essential for corneal allograft rejection in the WF into F344 rat strain 

combination. However, expression of an anti-rat CD4 scFv from the donor corneal 

endothelium was able to inhibit sensitisation and prolong corneal allograft survival, 

suggesting that antigen presentation might occur locally. 

 

In this final chapter I will discuss how multi-gene vectors using the 2A self-

processing sequence can be used to develop novel strategies to prevent 

immunological rejection of corneal allografts. This chapter will also explain how the 

findings discussed in this thesis add to the knowledge of antigen presentation during 

corneal transplantation in rodents. 

 

5.2 MULTI-GENE EXPRESSION USING THE 2A SELF-PROCESS ING 

SEQUENCE 

5.2.a. Expression of multiple transgenes from a sin gle lentiviral 

construct 

Until recently, the expression of multiple transgenes from a single construct could 

only be achieved using individual promoters to control the expression of each 

transgene. However, when using integrative vectors such as lentivirus, this can cause 
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variations between the sites of integration of each of the transgenes and the number 

of copies integrated into the genome,288 which can lead to further issues, including 

transgene separation after successive generations and a lack of coordination of 

transcriptional activity of the transgenes. 

 

The development of IRES greatly improved the delivery of multiple transgenes from 

a single construct. IRES are able to direct ribosomes to initiate translation at internal 

sites within the mRNA and have been used extensively to express multiple transgene 

from a single vector.289 However, IRES are large (approximately 500 bp) and 

produce much lower expression of the second ORF.242  

 

The 2A self-processing sequence derived from the FMDV has enabled the expression 

of multiple transgenes within a single ORF by the insertion of the 2A sequence 

between transgenes.275 The FMDV 2A self-processing sequence is a short (18 amino 

acid) region that is hypothesised to undergo a unique processing event during 

translation at the ribosome. This processing is believed to involve translational 

“skipping” of the peptide bond formation between the 2A glycine and the 2B proline 

residues.279 A number of studies have reported equimolar ratios of the proteins 

situated upstream and downstream of 2A within multi-gene constructs.234,237-239,244  

 

Amendola and colleagues have recently developed a dual-gene vector using a 

bidirectional promoter consisting of a minimal core promoter element of the human 

CMV joined upstream and in reverse orientation to an efficient promoter PGK.242 

Strong expression of both the upstream and downstream proteins has been shown 

when using a bidirectional vector in vitro and in vivo.242 In fact, these bidirectional 
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constructs produced more efficient expression of both transgenes than 2A-containing 

dual-gene vectors in at least one study.242 

 

In summary, the use of the 2A self-processing sequence has improved the expression 

of multiple transgenes from a single construct, with reports of equimolar expression 

of both the upstream and downstream proteins.234,237-239,244 However, the results 

described in this thesis reveal significantly lower expression of the transgene 

downstream of the 2A sequence compared to expression of the same transgene when 

positioned upstream of 2A. The next section will discuss this finding in more detail. 

 

5.2.b. Stoichiometry of upstream and downstream pro teins expressed 

from 2A vectors 

The original model proposed by Ryan and colleagues to elucidate the process of 2A 

self-processing during translation at the ribosomes was based on the imbalance 

between the expression of proteins situated downstream and upstream of 2A when 

using cell-free translation systems (rabbit reticulocyte lysates).229,279 Several studies 

have since reported equimolar expression of the upstream and downstream proteins 

from mammalian cells and animals.234,237-239,244  

 

The results reported in this thesis revealed significantly lower expression (between 2 

and 20 fold) of a transgene when positioned downstream of 2A compared to when 

the same transgene was positioned upstream of 2A in dual-gene constructs. 

Furthermore, using three separate dual-gene constructs, the expression of the 

downstream transgene was considerably lower when compared to the expression of 

the same transgene from a single-gene vector.  
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Critical assessment of the studies that reported equimolar expression of the upstream 

and downstream proteins when using the 2A self-processing sequence revealed that 

some of these studies did not report quantitative data to validate their claims,238-239,244 

and these studies did not directly compare the expression of the proteins from the 

dual-gene vectors to the expression from single-gene constructs.238-239,244 For these 

reasons, it is possible that an accurate assessment of expression efficiency was not 

made for the proteins expressed from the 2A-containing dual-gene vectors used in 

these studies.238-239,244 

 

Using multiple 2A sequences, Szymczak et al. constructed multi-gene vectors 

containing two to four transgenes per vector.237 In this study equimolar ratios of 

proteins were reported from multi-gene vectors using western blot analysis.237 

However, the authors did not compare the expression of each protein from the multi-

gene vectors to the expression of the same protein from a single-gene vector,237 

therefore expression efficiency from the multi-gene vectors could not be accurately 

assessed. 

 

Lorens et al. reported similar expression of proteins from a dual-gene vector 

compared to expression from single-gene constructs.234 However, based on the data 

provided in the paper, it is difficult to reach this conclusion. According to my 

interpretation, the protein situated upstream of 2A appeared to show lower 

expression compared to expression from a single-gene counterpart vector.234 

Furthermore, although the authors stated that they produced comparable levels of the 

protein downstream of 2A using a dual-gene vector compared to a single-gene 

vector, no data was presented to back up this claim.234 
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At least two studies have compared transgenic protein expression from multi-gene 

2A-containing vectors to the expression of the same protein from single-gene 

constructs.242-243 Chinnasamy et al. constructed dual-gene and tri-gene vectors using 

various combinations of 2A and IRES.243 Transgene expression from the multi-gene 

constructs was compared to the expression from single-gene vectors. The authors 

reported between 2.2-2.5 fold lower expression of proteins when they were 

positioned downstream of 2A in either dual-gene or tri-gene vectors, when compared 

to expression from a single-gene construct.243 In a separate study, Amendola and 

colleagues also compared expression of the downstream protein from a dual-gene 

2A-containing construct to the expression from a single-gene vector. The authors 

reported significantly lower expression of the protein situated downstream of 2A 

compared to expression from a single-gene vector.242 Thus the results reported by 

Chinnasamy et al.243 and Amendola et al.242 are similar to the findings described in 

this thesis, which show lower expression of a protein positioned downstream of 2A 

compared to expression from a single-gene vector. 

 

In summary, the findings described in this thesis showed that when using the 2A self-

processing sequence to construct multi-gene vectors, the protein situated downstream 

of 2A consistently expressed at a significantly lower level when compared to the 

expression of the same protein situated upstream of 2A, or when the same protein 

was expressed from a single-gene vector. However, the fact that there have been so 

many successful reports of multi-gene transfer using the 2A self-processing sequence 

suggests that in many instances, equimolar expression might not be required for the 

intended biological outcome to be achieved.  
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5.2.c. The use of the 2A self-processing sequence t o prevent corneal 

allograft rejection 

The 2A self-processing sequence has been used for many biotechnological 

applications, recently reviewed by de Felipe and colleagues.288 The reason for the 

development of the dual-gene 2A-containing vectors described in this thesis was to 

couple the expression of a therapeutic transgene (anti-rat CD4 scFv) with a reporter 

gene (eYFP). However, because the expression of eYFP was extremely low when 

positioned downstream of the 2A sequence in a dual-gene vector, lentiviral vector 

titration, quantification of transduction efficiency or the tracking of transduced cells 

in vivo, by way of eYFP expression was not possible. For these reasons the dual-gene 

vectors constructed as part of this study were not used for their intended purpose. 

Nevertheless, many other studies have reported the successful use of 2A for their 

intended purposes,288 suggesting that reduced expression of the downstream protein 

still might be at functional levels.  

 

In light of this, multi-gene vectors using the 2A self-processing sequence might be 

useful in the context of preventing corneal allograft rejection in the future. 

Irreversible immunological corneal allograft rejection occurs through the erosion of 

ocular immune privilege, which is achieved through several independent but not 

mutually exclusive mechanisms, including inflammation, neovascularisation, T cell 

activation and the generation of a DTH response.  

 

Disrupting one of these mechanisms, (as was performed in this study), can prolong 

corneal allograft survival. However, in most instances graft acceptance is not 

universal and rejection is only delayed in some animals, which do eventually 
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undergo corneal allograft rejection. The reasons for this might be that blocking only 

one arm of the rejection process is not enough to prevent failure of the corneal 

allograft. Therefore, blocking multiple mechanisms of rejection might have the 

potential to have a more powerful impact on the survival of a corneal allograft. 

 

It is possible that a multi-gene vector containing transgenes that can prevent each 

process known to be involved in the immunological failure of a corneal allograft, 

could prevent rejection. A recent review by Parker et al. has summarised the 

transgenes which have been able to prolong corneal allograft survival in animal 

models when used individually as gene therapy.168 These transgenes include 

immunosuppressive molecules targeting antigen presentation and early T cell 

activation (CTLA-Ig), immunomodulatory molecules that can modulate the effector 

immune response (IL-10, IL-4) and anti-angiogenic molecules that can prevent 

neovascularisation of the cornea (sflt-1 and EK5). It is proposed that a multi-gene 

construct (using the 2A self-processing sequence) that contains transgenes targeting 

each potential mechanism of corneal allograft rejection could be a successful strategy 

to prevent corneal allograft rejection.  

 

5.3 ANTIGEN PRESENTATION DURING CORNEAL TRANSPLANTA TION 

5.3.a. Antigen travels from the eye to the secondar y lymphoid organs in 

soluble form  

There is evidence to show that in rodents, antigen delivered to the eye via topical 

application, injection into the anterior and posterior chamber, or shed from a corneal 

allograft can travel to the secondary lymphoid tissues either through the 

circulation106-107,111-112 or through lymphatic drainage,26,91,100,106-107,110-112 where 
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antigen-specific T cell priming and expansion can occur.109 Hoffman and colleagues 

have shown that 16% of the aqueous outflow drains to the cervical lymph nodes in 

mice, whilst the remaining aqueous outflow drains into the circulation.110 A detailed 

discussion on lymphatic drainage from the eye to the cervical lymph nodes can be 

found in Section 1.6.d.2. 

 

The form (soluble or cell-bound) in which antigen leaves the eye and arrives at the 

secondary lymphoid tissues such as the cervical lymph nodes (a potential site of 

antigen presentation), can determine the process of T cell sensitisation (either via the 

direct or indirect pathway), and is an important factor to be considered when 

investigating the site of antigen presentation in relation to corneal transplantation. In 

this section I will discuss how in rodents (in most instances), antigen drains from the 

eye in soluble and not cell-bound form to the secondary lymphoid tissues (Table 5.1). 

 

Camelo et al. investigated the pathways of antigen drainage from the eye in rats and 

discovered that antigen injected into the anterior chamber mimicked the drainage of 

antigen injected into the subconjunctival space.106 The majority of antigen drained to 

the ipsilateral cervical lymph nodes and a small quantity of antigen reached the 

spleen and the mesenteric lymph nodes. Bilateral ocular injection of different 

coloured antigen showed dual uptake of the fluorescent antigen by resident APCs 

within the cervical lymph nodes, indicating that antigen drained in soluble form from 

the anterior segment of the eye.106  

 



 
 

 

Table 5.1: Evidence for antigen drainage to the sec ondary lymphoid organs in soluble form 

 

 

 

 

 

 

 

CB-Dx, cascade blue dextran, 70 kDa; OVA, Ovalbumin peptide; AC, anterior chamber; CLN, cervical lymph nodes; Ag, antigen 
 

 

 

 

Species Type of Ag Method of delivery Findings Reference 

Rat CB-Dx 
Bilateral injection of CB-Dx 

into the AC 

Bilateral injection of different coloured antigen into the AC 

showed dual uptake of the fluorescent Ag by resident APCs 

within the CLN 

106 

Mouse 

Fluorescent 

OVA + 

fluorescent 

latex beads 

Injection of fluorescent OVA 

or fluorescent latex beads 

into the AC 

Soluble Ag was detected in the CLN and the spleen after AC 

injection. Phagocytosis by uveal tract APCs was observed after 

Ag inj into AC, however these Ag-loaded cells did not appear to 

migrate. 

91 

Mouse 
C5' and eGFP 

DNA plasmids 

DNA plasmids were applied 

to donor cornea as droplets 

after mild epithelial abrasion 

prior to grafting 

Donor MHC class II+ APCs were identified in the central 

cornea. However, donor MHC class II+ APCs did not migrate to 

the CLNs. Instead, Ag-loaded recipient APCs were detected in 

the CLN and in the spleen.  

100 
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Dullforce and co-workers have monitored antigen uptake by uveal tract APCs after 

the injection of fluorescent antigen into the anterior chamber using intravital time-

lapse videomicroscopy in mice.91 This study reported phagocytosis of the fluorescent 

antigen by uveal tract APCs.91 However, the fluorescently-labelled APCs within the 

anterior segment failed to move during multiple observation times,91 suggesting that 

antigen-loaded APCs within the uveal tract do not migrate after antigen uptake. The 

authors of this study also identified soluble antigen within the cervical lymph nodes 6 

hours after antigen exposure, however there was no sign of cell-bound antigen in 

these nodes.91 

 

In mice, Kuffova et al. identified a donor MHC class II+ APC population within 

corneal allografts and showed no evidence that these donor APCs draining to the 

cervical lymph nodes at any time point after grafting.100 Instead, donor-derived 

antigen was associated with recipient APCs within the cervical lymph nodes within 6 

hours of grafting, and antigen-specific T cell activation and expansion was 

subsequently detected within these nodes and peaked between 4-6 days after 

transplantation.100  

 

It should be noted here, that a study by Liu and co-workers identified MHC class II+ 

donor APCs in the cervical lymph nodes in mice within 6 hours after corneal 

transplantation, and the trafficking of the donor APCs increased when allografts were 

performed in high-risk corneal beds (which had been prevascularised prior to corneal 

transplantation).26 However, these donor APCs had reduced allostimulatory function 

compared to splenic APCs in MLR experiments.26 The fact that the donor APCs had 

reduced allostimulatory function suggests that soluble donor antigen may have 
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drained to the cervical lymph nodes, and that recipient APCs may have been 

involved in indirect allorecognition and corneal graft rejection. It is unclear why 

migration of donor APCs to the cervical lymph nodes was detected by Liu et al.26 

and not by Kuffova et al.100 as both studies used the C57BL/6 into BALB/c murine 

strain combination.  

 

In summary, based on the findings discussed in this section, I suggest that in rodents, 

under most circumstances, antigen delivered to the anterior segment of the eye drains 

to the secondary lymphoid organs in soluble rather than cell-bound form. 

 

5.3.b. Evidence for antigen presentation within the  anterior segment of 

the eye 

The results described in this thesis revealed a modest (5 days), but significant 

(p=0.004) prolongation of corneal allograft survival in rats when an antibody 

fragment targeting CD4 (a molecule expressed on T cells which is known to be 

essential for antigen presentation), was expressed from the donor corneal 

endothelium. These data suggest that antigen presentation can occur within the 

anterior segment of the eye and can be inhibited by the expression of the anti-CD4 

antibody fragment. However, all allografts did eventually reject, implying that the 

rejection process was merely delayed. In a separate experiment, when the cervical 

lymph nodes were removed from recipient rats prior to corneal transplantation, 

corneal allograft survival was comparable to rats that were unmodified, indicating 

that antigen presentation can occur at a site besides the draining cervical lymph 

nodes. 
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To support the hypothesis that antigen presentation can occur within the anterior 

segment of the eye, a recent study by Rosenbaum and colleagues reported the 

interaction of a migrating T cell with an antigen-loaded APC within the iris.92 This 

study used videomicroscopy to visualise the interaction of a T cell with an antigen-

loaded APC within the irides of murine eyes after intravitreal injection of fluorescent 

antigen (OVA) and lipopolysaccharide (to induce inflammation within the eye).92 T 

cells lingered when adjacent to antigen-loaded APCs, suggesting that they were 

physically interacting. This T cell “interaction” was observed with most T cells 

within the iris during a single observation period (mean 99 min).92 This study is the 

first to report the interaction of a T cell with an antigen-loaded APC within the 

anterior segment, and provides evidence that antigen presentation might occur at this 

site. 

 

To further support the hypothesis that antigen presentation can occur within the 

anterior segment of the eye, Kuffova and colleagues have reported infiltration of 

macrophages, DCs and neutrophils into a corneal graft within 24 hours after 

transplantation and T cells within 2 days after transplantation, in both isografts and 

allografts.33 The fact that this cellular infiltration occurred in both allografts and 

isografts suggests it was initiated by an innate immune response triggered by the 

trauma of surgery.33 It is possible that within the infiltrating T cell population were 

naïve antigen-specific CD4+ T cells, that could potentially interact with either 

antigen-loaded recipient APCs within the anterior segment or mature MHC class II+ 

donor APCs from within the donor cornea. 
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In summary, the studies described in this section suggest that antigen presentation 

can occur within the anterior segment of the eye. Based on these findings, I propose a 

model of how and where antigen presentation occurs in rodents following orthotopic 

corneal transplantation, which will be discussed in the next section. 

 

5.3.c. A proposed model of antigen presentation dur ing corneal 

transplantation in rodents 

A diagrammatic representation of the proposed model of antigen presentation during 

corneal transplantation in rodents is shown in Figure 5.1. It is proposed that the 

immune response against the donor corneal allograft is initiated by an innate 

inflammatory response brought on by the trauma of surgery.33 This innate response 

causes the infiltration of inflammatory cells to the graft including macrophages, DCs 

and neutrophils within 24 hours of transplantation.33 These inflammatory cells 

release proinflammatory cytokines such as IL-1, IFN-γ and TNF-α,31 which start an 

assault on the corneal allograft.  

 

The first arm of this model proposes that proinflammatory cytokines trigger the 

infiltration of T cells to the site of inflammation (i.e. the corneal allograft).33 

Amongst this population of infiltrating T cells is a sub-population of naïve CD4+ T 

cells with specificity for donor-derived antigen.290 Once at the site of inflammation,  



 
 

 

 

 

 

Figure 5.1: Diagrammatic representation of the prop osed model of 

antigen presentation during corneal transplantation  in rodents. (A) The 

innate inflammatory response against the corneal allograft releases donor-derived 

antigens in soluble form, which either remain within the anterior segment of the eye, 

or drain to the secondary lymphoid tissue through the lymph to CALT and the 

cervical lymph nodes (CLN), or through Schlemm’s canal and into the circulation to 

the spleen (involved in deviant immune responses) and mesenteric lymph nodes 

(MLN). (B) The inflammatory response also stimulates the infiltration of naïve T 

cells to the corneal allograft and naïve CD4+ T cells recirculate through to the 

secondary lymphoid tissue. (C) Direct processing takes place within the anterior 

segment and the donor APCs activate the antigen-specific CD4+ T cells. (D) 

Recipient APCs within the anterior segment and the secondary lymphoid tissue 

phagocytose and process antigen and present processed peptide to naïve CD4+ T 

cells, causing their activation via indirect processing. (E) Activated T cells from the 

anterior segment are sequestered to the secondary lymphoid tissue via the lymph and 

the circulation. (F) Clonal expansion of the activated CD4+ T cells occurs within the 

secondary lymphoid tissue and (G) a DTH response against the corneal allograft is 

generated and can lead to rejection. 
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indirect processing through the interaction between a naïve CD4+ T cell with 

specificity for donor-derived antigen associated with a recipient APC, occurs within 

the anterior segment,92 thus activating antigen-specific CD4+ T cells. 

 

Moreover, the inflammatory cytokines also stimulate the up-regulation of MHC class 

II and costimulatory molecules such as CD40, CD80 and CD86 on donor APCs.26 

The migrating naïve CD4+ T cells with specificity for donor-derived MHC epitopes 

interact with the donor APCs and antigen presentation takes place via the direct 

pathway.  

 

T cells activated via both the indirect and the direct pathways are sequestered to the 

secondary lymphoid tissue including CALT81 and the cervical lymph nodes100,109 

through the lymph and the circulation. Within the cervical lymph nodes and other 

secondary lymphoid tissues, a DTH response is generated through the release of Th1 

cytokines100,109 (such as IL-2 and IFN-γ) which can lead to corneal allograft 

rejection.100 Activated CD4+ T cells can also amplify the CD8+ T cell response,291 

which can subsequently aid in the rejection of the corneal allograft.292  

 

The second arm of the proposed model hypothesises that soluble donor-derived 

antigen within the aqueous humour leaves the anterior segment and travels to the 

secondary lymphoid tissues using two separate routes; via the uveoscleral pathway to 

CALT81 and the cervical lymph nodes26,91,100,106-107,109-112 (Section 1.6.d.2) or via 

Schlemm’s canal into the circulation and thus to the spleen106-107,111-112 and the 

mesenteric lymph nodes,106-107 where it is taken up and processed by recipient 

APCs.100 Naïve CD4+ T cells within the secondary lymphoid tissues are 
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subsequently activated by antigen-loaded recipient APCs via the indirect pathway of 

antigen presentation.100 A DTH response is then generated through the release of Th1 

cytokines (such as IL-2 and IFN-γ)100,109 and the activation of CD8+ T cells can also 

occur through help from the activated CD4+ T cells.291-292 These immune responses 

can consequently lead to corneal allograft rejection.100,292  

 

This proposed model hypothesises that the direct pathway of antigen presentation 

occurs primarily within the anterior segment of the eye, rather than in the secondary 

lymphoid tissues. It should be noted that there is between 100-fold to 1000-fold more 

CD4+ T cells that can recognise foreign MHC on donor APCs for direct processing, 

compared to CD4+ T cells with specificity for a specific foreign-peptide complexed 

with recipient MHC for indirect processing.293 The direct pathway of antigen 

presentation is much stronger than the indirect pathway at mounting an immune 

response against alloantigen. Moreover, in rodent models of renal and cardiac 

transplants, the number of alloreactive T cells specific for donor APCs decreases 

with time.102 This suggests that the direct pathway of antigen presentation may be 

most critical for sensitisation shortly after transplantation and that sensitisation 

through the indirect pathway may occur at a later stage after transplantation. This 

proposed model hypothesises that the most potent immune response against the 

corneal allograft is likely to occur within the anterior segment shortly after 

transplantation via the direct pathway and the indirect processing appears to take 

place at a later stage after transplantation and can occur within the anterior segment 

or within the secondary lymphoid tissues. 
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In summary, this model proposes that two independent branches of the immune 

response work concurrently to survey and eliminate foreign antigen within the 

anterior segment of the eye. The premise is that CD4+ T cells can be activated within 

(1) the anterior segment of the eye by antigen presentation via both indirect and 

direct pathways, and (2) within the secondary lymphoid tissue via the indirect 

pathway of antigen presentation after drainage of soluble donor-derived antigen 

through the lymph and the blood to these tissues. It is hypothesised that disrupting 

one arm of the antigen presentation process has the potential to delay the course of 

corneal allograft rejection. However, to abolish all antigen presentation during 

corneal transplantation, disruption of both arms of the antigen presentation process 

must take place to achieve universal corneal allograft acceptance. 

 

5.3.d. Inhibition of antigen presentation with anti -CD4 antibodies and 

antibody fragments in rodents 

Experiments described in this thesis showed that expression of an anti-CD4 antibody 

fragment from the donor corneal endothelium was able to significantly prolong the 

median day of rejection by 5 days in rats, indicating that antigen presentation within 

the anterior segment of the eye was suppressed. However, rejection did occur in all 

recipients, also suggesting that antigen presentation can occur elsewhere. If antigen 

shed from a corneal allograft were to travel to the secondary lymphoid tissues in 

soluble form, whilst also remaining locally within the anterior segment of the eye, 

then expression of the anti-CD4 antibody fragment from the donor corneal 

endothelium is likely to suppress only the immune response within the anterior 

segment and is unlikely to modulate antigen presentation in the distant tissues. 

Consequently, only one branch of the antigen presentation process would be 
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inhibited, and sensitisation and DTH would occur within the secondary lymphoid 

tissues, which could then lead to corneal allograft rejection. This may be the reason 

why expression of the anti-CD4 antibody fragment from the donor corneal 

endothelium was only able to delay corneal allograft rejection in my experiments.  

 

It is possible that the anti-rat CD4 scFv expressed from the donor corneal 

endothelium may travel to the secondary lymphoid tissues, in a similar way as 

soluble antigen does when it is delivered to the anterior chamber.91,106-107 However, if 

a small amount of scFv were able to reach the secondary lymphoid tissues, it is likely 

to be cleared rapidly from the tissues,163 and is unlikely to have an impact on antigen 

presentation. 

 

Previous studies in mice and rats have revealed that systemic delivery of anti-CD4 

mAbs have been able to significantly delay corneal allograft rejection after 

transplantation into healthy recipient corneal beds.151,153-154 Using strong 

immunological strain combinations where no unmodified allografts survived 

indefinitely, a proportion of recipients that received the systemic delivery of the anti-

CD4 mAbs survived indefinitely in all studies, suggesting that antigen presentation 

had been suppressed in these recipients. Although indefinite survival was reported in 

some rats in each study, there were also reports of corneal allograft rejection in each 

study. When applying my proposed model of antigen presentation during corneal 

transplantation to explain these findings, it is likely that systemic delivery of the anti-

CD4 mAbs would reach most secondary lymphoid organs through the vasculature 

and the lymphatics. Therefore, the indirect pathway of antigen presentation within 

these tissues was possibly suppressed and inhibited. However, the systemic delivery 
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of the anti-CD4 mAb might not have been able to reach the anterior segment of the 

eye and antigen presentation via either the indirect or direct pathway might have 

occurred locally. If this were the case, it would explain why rejection was not 

completely suppressed in all animals but rather simply delayed.  

 

Vitova and colleagues reported prolonged survival of corneal allografts after 

systemic delivery of an anti-CD4 mAb in mice that had prevascularised corneal beds 

prior to transplantation. However, rejection did eventually occur in all allografts.152 

This study shows that in a high-risk setting systemic delivery of the anti-CD4 mAb 

was not able to abolish T cell sensitisation, but might have been able to inhibit at 

least the one arm of the process (i.e. antigen presentation within the secondary 

lymphoid organs). 

 

In summary, I hypothesise that in the rat, expression of an anti-rat CD4 scFv from 

the donor corneal endothelium using a lentiviral vector, coupled with the systemic 

delivery of an anti-CD4 mAb (which will be retained within tissue for longer than a 

scFv), will inhibit sensitisation within the anterior segment and within the secondary 

lymphoid organs. This immunosuppressive strategy has the potential to completely 

eliminate sensitisation of alloantigens and might therefore lead to complete 

acceptance of all corneal allografts indefinitely. 

 

5.3.e. The outcome of corneal allograft survival af ter bilateral 

lymphadenectomy of the cervical lymph nodes in rode nts 

Bilateral lymphadenectomy of the cervical lymph nodes prior to corneal 

transplantation has proven to be a successful strategy to prolong corneal allograft 
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survival in some studies (Table 5.2).118-121 Yamagami et al. reported indefinite 

survival in all mice that received allografts into normal recipient corneal beds,120 

whilst Plskova reported prolonged survival in a similar study.118 Bilateral 

lymphadenectomy of the cervical lymph nodes was also able to prolong corneal 

allograft survival in recipients with prevascularised corneal beds119,121 but not in 

presensitised mice.119 These studies suggest that the cervical lymph nodes are a site 

of ocular antigen drainage, as their removal delays121 and even prevents120 the onset 

of DTH to alloantigen.  

 

However, in my experiments bilateral lymphadenectomy of the cervical lymph nodes 

prior to corneal transplantation did not prolong corneal allograft survival in the WF 

into F344 rat strain combination. A study by Schulte et al. also showed that mice that 

underwent bilateral cervical lymphadenectomy prior to corneal transplantation did 

not experience prolonged corneal allograft survival.111  

 

A possible explanation for the differences between the different studies may be 

because antigen presentation does not occur within the eye when using the C57BL/6 

into BALB/c strain combination (used by Yamagami and colleagues) and this might 

be why this study showed indefinite survival of all corneal allografts after the 

bilateral removal of the cervical lymph nodes.120  

 

If antigen presentation did not occur within the eye when using the C57BL/6 into 

BALB/C strain combination, this would account for the prolonged survival of the 

corneal allografts when the cervical lymph nodes were removed,120 because these 

nodes would be the main site of antigen presentation in these recipients. To support 



 
 

Table 5.2: Corneal allograft survival outcome after  bilateral lymphadenectomy of the cervical lymph no des 

 

 

 

 

 

 

 

 

 

 

 

* = Indefinite survival of all corneal allografts; ACAID, anterior chamber-associated immune deviation 

Note: All rodent strain combinations had MHC and multiple minor histocompatibility mismatches  

 

Species 
Donor 
strain 

Recipient  
strain 

Corneal bed 
Corneal allograft 
survival  

Survival of 
unmodified allografts 

Additional information Reference 

Rat WF F344 Healthy  Not prolonged 10% - Table 4.9 

Mouse C3H  BALB/c  Healthy  Not prolonged 0% 
Increased aqueous outflow found 
in the blood, liver and spleen 

111 

Mouse C57BL/6  BALB/c  Healthy  Prolonged*  50% 
C57BL/6 donor is able to induce 
ACAID 

120 

Mouse C57BL/6  BALB/c  Vascularised Prolonged 0% 
C57BL/6 donor is able to induce 
ACAID 

121 

Mouse C57BL/10  BALB/c  Healthy  Prolonged 0% - 118 

Mouse C57BL/10  BALB/c  Vascularised Prolonged 0% - 119 

Mouse C57BL/10  BALB/c  
Presensitised with 
corneal allograft 

Not prolonged 0% - 119 

Mouse 
C57BL/10 
(H-2b) 

BALB/c 
(H-2d) 

Presensitised with 
skin graft 

Not prolonged 0% - 119 
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this hypothesis, the removal of the cervical lymph nodes appeared to have the 

greatest impact on sensitisation and subsequent corneal allograft survival in the 

C57BL/6 into BALB/C mouse model,120 when compared to other rodent strain 

combinations (Table 5.2). Plskova and colleagues also reported prolonged corneal 

allograft survival after bilateral removal of the cervical lymph nodes in a different 

murine strain combination (C57BL/10 into BALB/c mice),118-119 however indefinite 

survival in all corneal allografts was not reported in these studies.118-119 It could be 

speculated that the C57BL/10 into BALB/c strain combination might have reduced 

ability for antigen presentation within the anterior segment, but not to the same 

extent as the C57BL/6 into BALB/c strain combination, which might explain how 

corneal allograft survival was prolonged in the Plskova et al. studies.118-119  

 

The C57BL/6 into BALB/C strain combination is known to produce between 50-

60% indefinite survival of unmodified allografts (Table 5.2).25,47,120-121 To further 

support the hypothesis that antigen presentation does not occur within the eye when 

using the C57BL/6 into BALB/C strain combination, Yamada and co-workers 

revealed that the C57BL/6 into BALB/C strain combination more readily induces 

ACAID compared to other murine strain combinations.25  

 

In summary, I suggest that the strength of the immunological barrier between the 

recipient and the donor when using inbred rodent strains can determine the anatomic 

site at which antigen presentation occurs during corneal graft rejection, and can 

subsequently affect the outcome of corneal allograft survival after bilateral 

lymphadenectomy of the cervical lymph nodes. Since humans are an outbred species 

it is likely that the immune response that occurs in humans is more similar to the 
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immune response that occurs when using a strong immunological barrier, such as the 

WF into F344 rat strain combination, compared to the immune response that occurs 

when using a weaker immunological barrier such as the C57BL/6 into BALB/C 

murine strain combination. Therefore, the results obtained when using a strong 

immunological barrier may be more reflective of the human immune response during 

corneal transplantation. 

 

5.3.f. Regional immunosuppression for human corneal  transplantation 

This project aimed to identify the anatomic site where antigen presentation occurred 

in response to corneal transplantation for the purpose of identifying the most suitable 

location for a regional immunosuppressive therapy to prevent corneal allograft 

rejection. The findings described in this thesis showed that in the rat, moderate 

success was achieved when the donor corneal endothelium was transduced with a 

lentiviral vector carrying an anti-CD4 antibody fragment prior to corneal 

transplantation. These recipients experienced modest prolongation of corneal 

allograft survival compared to controls. However, all corneal allografts did 

eventually reject, suggesting that the immune response was merely delayed, and that 

sensitisation to the corneal allograft occurred at a site other than within the anterior 

segment of the eye.  

 

Several studies have identified the cervical lymph nodes as another potential site of 

antigen presentation during corneal transplantation in rodents,26,100,111-112,118-121,123,292 

and the systemic delivery of anti-CD4 mAbs has also been able to prolong corneal 

allograft survival.151-154 In humans, systemic delivery of CAMPATH-1H, (a 
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humanised mAb against CD52), reduced ocular inflammation in patients including 

those with corneal grafts, with no adverse side effects observed.150 

 

I propose that in order to abolish sensitisation to corneal allografts in humans, a 

regional and systemic immunosuppressive strategy is required. This could involve 

regional immunosuppression by transducing the donor corneal endothelium prior to 

transplantation with a lentiviral vector carrying an anti-CD4 antibody fragment, in 

addition to systemic delivery of an anti-CD4 mAb (which will be retained within the 

tissue for longer than a scFv) to the recipient. This strategy would be adjunctive to 

the topical administration of glucocorticosteroids. This strategy has the potential to 

inhibit antigen presentation and early T cell activation at all potential anatomic sites. 

Expression of the anti-CD4 antibody fragment from the donor corneal endothelium 

may inhibit sensitisation within the anterior segment of the eye and systemic delivery 

of the anti-CD4 mAb may reach the secondary lymphoid organs via the circulation 

and the lymphatics where sensitisation may also be inhibited. In summary, this 

regional and systemic immunosuppressive strategy has the potential to completely 

eliminate the generation of an immune response to a corneal allograft and could 

potentially prevent corneal allograft rejection. 
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A1.1 Chrome-alum-subbed microscope slides 

Prepare 0.05% Cr(SO4)2.12H2O w/v in DDH2O. Submerge glass microscope slides 

for 5 min. Allow to dry. 

 

A1.2 DEPC-H2O 

 1 ml  diethylpyrocarbonate (DEPC) 

 Up to 1L DDH2O 

 
A1.3 DMEM (high glucose) 

1 sachet DMEM powdered medium (MulticelTM # 50-114-PA, 

ThermoElectron, Melbourne, Australia) 

 3.7 g   NaHCO3 

 3 g   D-glucose (anhydrous) 

 

A1.4 Eosin stain 

Stock: 1 g  eosin Y 

 20 ml  DDH20 

 80 ml  95% ethanol 

Add 25 ml eosin stock to 75 ml ethanol (80%). Immediately prior to use add 0.5 ml 

glacial acetic acid. 
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A1.5 FACS fixative  

 10 g   D-glucose 

 13 ml  formaldehyde 

 625 µl  4M sodium azide 

 Up to 500 ml PBS 

Adjust pH to 7.3. Protect from light and store at 4°C. 

 

A1.6 GelRed TM agarose plates 

 1 g   agarose 

 100 ml  DDH20 

Combine and melt in the microwave. Add 10 µl GelRedTM (10 000X; Biotium Inc, 

Hayward, CA, USA) and swirl to mix. Pour into gel tank with comb placed at top of 

tank to set wells. Allow gel to set before loading DNA into wells.  

 

A1.7 Haematoxylin solution 

 125 g   haematoxylin powder 

 75 ml  glycerol  

 0.25 ml sodium iodate 

 12.5 g  aluminium potassium sulphate 

 0.5 ml  glacial acetic acid 

 2-4 ml  absolute ethanol 

 175 ml DDH20 

Stir alum in 100 ml water over gentle heat until it forms a paste and then add 

remaining H20. Dissolve in ethanol. Cool and add haematoxylin powder. In fume 

hood, add sodium iodate, acid and glycerol. Store at RT for at least 24 hours. Filter 

through Whatmans No 1 (Whatman, Maldstone, UK) prior to use. 
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A1.8 HEPES-buffered RPMI medium 

1 sachet RPMI 1640 medium (GibcoTM #23400-021, with L glutamine, 

25 mM HEPES buffer, no NaHCO3; Invitrogen, Vic) 

2.0 g NaHCO3 

up to 1L DDH2O 

 

A1.9 HEPES-buffered Saline 

 HEPES 2.39 g 

 MgCl  0.406 g 

 Sucrose 20 g 

 NaCl  6.65 g 

 NaOH (10 M) 0.8 ml 

 Up to 1L Water for irrigation (Baxter) 

Adjust pH to 8.0 

 

A1.10 LB medium 

10 g Bactoc Tryptone (Becton, Dickinson and Company, Sparks, 

MD, USA) 

 5 g  Bacto™ Yeast extract (Becton, Dickinson and Company) 

 Up to 1L DDH20 

Adjust pH to 7.0 with NaOH and autoclave. 



Sarah Brice APPENDIX 1: Buffers and solutions 234 

   

A1.11 LB agar plates 

 1.5 g  Bacto™ Agar (Becton, Dickinson and Company) 

 100 ml  LB 

Combine and autoclave. Allow to cool until bottle can be held. Add appropriate 

antibiotic and pour into Petri dishes. Allow plates to set and dry before sealing and 

storing at 4ºC. Leftover agar can be stored at RT and melted in microwave prior to 

use. 

 

A1.12 Low salt LB medium 

 5 g  Bacto™ Tryptone (Becton, Dickinson and Company) 

 2.5 g  Bacto™  Yeast extract (Becton, Dickinson and Company) 

 2.5 g  NaCl 

Adjust pH to 7.0 with NaOH and autoclave. 

 

A1.13 PBS (10x) 

 28.55 g Na2HPO4.2H2O 

 (or 22.85 g) Na2HPO4) 

 6.26 g  NaH2PO4.2H2O 

 70 g  NaCl 

 up to 1 L DDH20 

Autoclave. 
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A1.14 PBS-azide 

 4 M sodium azide stock 

 10X PBS stock 

 DDH20 

 

A1.15 RBC lysis solution (10X) 

16.52 g   NH4Cl 

 2 g   KHCO3 

 0.074 g  EDTA 

Make up to 200 ml with water for irrigation; adjust pH to between 7.3-7.5 with 1 M 

NaOH and autoclave. 

 

A1.16 SOC medium 

2 g Bacto™ Tryptone (Becton, Dickinson and Company) 

 0.5 g  Bacto™ Yeast extract (Becton, Dickinson and Company) 

 0.06 g  NaCl 

 0.08 g  KCl 

 0.25 g  MgSO4.7H2O 

 up to 100 ml DDH20 

Adjust pH to 7.0 and autoclave. Add 2 ml sterile glucose (1 M) and 1 ml sterile 

MgCl2 (1 M). 

 

A1.17 Sodium azide 4M stock 

 26 g  NaN3 

 up to 100 ml DDH2O 
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A1.18 TBE (10x)  

 108 g  Tris base 

 55 g  Boric acid 

 40 ml  0.5 M EDTA pH 8 

Dissolve in 1L DDH2O and autoclave. Dilute in DDH2O prior to use. 

 

A1.19 Trypan blue stock 

 1 g   Trypan Blue 

 Up to 100 ml DDH2O 

Filter through Whatman No 1 paper and store at 4oC. Use at 1:10 in PBS. 

 

A1.20 Trypsin-EDTA 

 0.5 g   trypsin (1:250) 

 0.2 g   EDTA 

 100 ml  PBS (10X) 

 Up to 1 L  DDH2O 

Filter sterilise (0.2 µm) and store at -20oC in 20 ml aliquots. Store at 4oC during use. 
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A2.1: pBS-CD55-F2A-CD59 vector map 

Refer to Chapter 2, Table 2.3 for more details. 

 

 

 

Figure A2.1: pBS-CD55-F2A-CD59 vector map:  Sequences of interest are 

marked with arrows including the human CD55 open reading frame (ORF) (hCD55 

ORF), the FMDV 2A self-processing sequence (F2A) and the human CD59 ORF 

(hCD59 ORF).  

 

pBS-CD55-F2A-CD59

4631 bp
F2A

hCD55 ORF

hCD59 ORF
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A2.2: pHIV-eYFP vector map 

Refer to Chapter 2, Table 2.3 for more details. 

 
 
 

 
 

 

Figure A2.2: pHIV-eYFP vector map:  Sequences of interest are marked with 

arrows. The internal SV40 promoter controls expression of eYFP. The 5’ and 3’ 

long terminal repeats (LTRs), the central polypurine tract (cppt), the extended rev 

response element (RRExt) and the gag primer amplicon are also highlighted.  

pHIV-SV40-eYFP

6625 bp

eYFP

3' LTR

5' LTR

cppt

RRExt

gag primer amplicon

SV40 Promoter

pHIV-eYFP 
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A2.3 fHSSOX38scFv in pAdtrackCMV vector map 

Refer to Chapter 2, Table 2.3 for more details. 

 

 

 

 

Figure A2.3: fHSSOX38scFv in pAdtrackCMV vector map : Sequences of 

interest are shown with arrows. The anti-rat CD4 scFv gene consists of a variable 

light (VL) domain and a variable heavy (VH) domain joined together with a 20 

amino acid linker sequence. The anti-rat CD4 scFv gene had a factor H secretory 

sequence (fHSS) at its amino terminus and a 6 histidine tag (HIS6) at its carboxyl 

terminus. The origin of replication and the Right AdV homologous arm are also 

highlighted. 

fHSSOX38scFv in pAdtrackCMV

9809 bp

Right AdV homologous arm

VL region

VH region

HIS6 tag

fHSS

linker

CMV promoter

Ori
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A2.4 pHIV-EK5 vector map 

Refer to Chapter 2, Table 2.3 for more details. 

 

 

 

Figure A2.4: pHIV-EK5 vector map:  Sequences of interest are shown with 

arrows. The internal SV40 promoter drove expression of Endostatin::Kringle-5. The 

5’ and 3’ long terminal repeats (LTRs), the central polypurine tract (cppt), the 

extended rev response element (RRExt) and the gag primer amplicon are also 

highlighted.  

pHIV-SV40-EK5

6860 bp

Endostatin::Kringle-5

3' LTR

5' LTR

cppt

RRExtgag primer amplicon

SV40 Promoter

Endostatin

Kringle 5

pHIV-EK5 
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A2.5 pBLAST41-hEndoKringle5 vector map 

 

 

Figure A2.5: pBLAST41-hEndoKringle5 vector map: This commercially 

available expression vector contains the hEndostatinXVIII::Kringle5 fusion protein 

(InvivoGen, San Diego, CA, USA). 

 

pBLAST41-hEndoKringle5

3986 bp

hEndostatin XVIII::Kringle5
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The anti-rat CD4 scFv sequence was amplified from fHSSOX38scFv in 

pAdtrackCMV (Table 2.3; Appendix 2) using primers that added a ClaI restriction 

site to the 5’ end of the PCR product and an NdeI restriction site to the 3’ end of the 

PCR product (Figure A3.1). The anti-rat CD4 scFv sequence was ligated into the 

pHIV-eYFP plasmid (Appendix 2) using the ClaI and NdeI restriction sites and 

electroporated into DH5α electrocompetent E. coli (Figure A3.1). 

 

A PCR was performed on the plasmid DNA from potential pHIV-CD4scFv clones 

and all eight clones were seen to contain the anti-rat CD4 scFv insert (Figure A3.2). 

Clone 7 was randomly selected for sequence analysis and was found match the 

predicted sequence for anti-rat CD4 scFv in the correct orientation within the 

plasmid (Figure A3.3). The pHIV-CD4scFv plasmid (Figure A3.4) was used to 

construct the pHIV-CD4scFv_F2A_eYFP plasmid (Section 3.3.a.1.), the              

pHIV-eYFP_F2A_CD4scFv plasmid (Section 3.3.a.2.) and was used for lentiviral 

vector production. 



 
 

 

 

 

 

 

Figure A3.1: Diagrammatic representation of the con struction of                

pHIV-CD4scFv.  (A) Anti-rat CD4 scFv was amplified from the fHSSOX38scFv in 

pAdtrackCMV plasmid. The forward primer (ClaI fHSS for; refer to Table 2.5 for 

the primer sequence) was designed to add a ClaI restriction site to the 5’ end of the 

PCR product and the reverse primer (NdeI scFv rev; refer to Table 2.5 for the primer 

sequence) was designed to add an NdeI restriction site to the 3’ end of the PCR 

product and these restriction sites were digested. (B) The eYFP sequence was 

removed from the pHIV-SV40-eYFP plasmid by digestion with ClaI and NdeI 

restriction enzymes. The digested plasmid was treated with Shrimp Alkaline 

Phosphatase (SAP) which de-phosphorylated the ends of the plasmid to prevent them 

from self re-ligation. (C) The ClaI/NdeI digested anti-rat CD4 scFv PCR product and 

the ClaI/NdeI digested pHIV-SV40 linearised plasmid were ligated together and 

electroporated into DH5α electrocompetent E. coli.  
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Figure A3.2: Detection of the anti rat CD4 scFv ins ert (0.9 kb) in        

pHIV-CD4scFv clones. Anti-rat CD4 scFv amplified in all plasmid DNA extracts 

from potential pHIV-SV40-CD4scFv constructs using ClaI fHSS for and NdeI scFv 

rev2 primers (refer to Table 2.5 for primer sequences). Clone 7 (* ) was randomly 

selected for sequence analysis. Lane M contained 2 log DNA ladder. 
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Figure A2.3: Clone 7 sequencing results show insert ion of anti-rat CD4 

scFv into the pHIV-SV40 plasmid in the correct orie ntation. (A)  

Sequencing reactions were performed using three primers (as seen in diagram; refer 

to Table 2.5 for primer sequences) to determine the exact sequence of the anti-rat 

CD4 scFv insert. (B) Alignment of the predicted sequence against the actual 

sequence of the anti-rat CD4 scFv insert in clone 7 is shown. Numbers represent base 

pair count and coding regions of interest are coloured. | represents exact nucleotide 

matches. VL, variable light; VH, variable heavy.s 

.
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predicted                     1 CGATCAAAAA ATGAGACTTCTAGCAAAGATTATTTGCCTTATGTTATGGG     50  
                                ||||||||||||||||||| ||||||||||||||||||||||||||||||| 
pHIV-SV40-CD4scFv_clone_7     1 CGATCAAAAAATGAGACTT CTAGCAAAGATTATTTGCCTTATGTTATGGG     50 
 
predicted                    51 CTATTTGTGTAGCAGAAGATTGCCTCGAGGCCCAGCCGGCCATGGCGGAC    100 
                                ||||||||||||||||||| ||||||||||||||||||||||||||||||| 
pHIV-SV40-CD4scFv_clone_7    51 CTATTTGTGTAGCAGAAGA TTGCCTCGAGGCCCAGCCGGCCATGGCGGAC    100 
 
predicted                   101 TACAAA GACATTGTGCTCACTCAGTCTCCAGCCACCCTGTCTGTGACTCC    150 
                                ||||||||||||||||||| ||||||||||||||||||||||||||||||| 
pHIV-SV40-CD4scFv_clone_7   101 TACAAAGACATTGTGCTCA CTCAGTCTCCAGCCACCCTGTCTGTGACTCC    150 
 
predicted                   151 AGGAGATAGCGTCAGTCTTTCCTGCAGGGCCAGCCGAANTATTAGCAACA    200 
                                ||||||||||||||||||| ||||||||||||||||||||||||||||||| 
pHIV-SV40-CD4scFv_clone_7   151 AGGAGATAGCGTCAGTCTT TCCTGCAGGGCCAGCCGAANTATTAGCAACA    200 
 
predicted                   201 ACCTACACTGGTATCAACAAAAATCACATGAGTCTCCAAGGCTTCTCATC    250 
                                ||||||||||||||||||| ||||||||||||||||||||||||||||||| 
pHIV-SV40-CD4scFv_clone_7   201 ACCTACACTGGTATCAACA AAAATCACATGAGTCTCCAAGGCTTCTCATC    250 
 
predicted                   251 AAGTATGCTTCCCAGTCCATCTCTGGGATCCCCTCCAGGTTCAGNGGCAG    300 
                                ||||||||||||||||||| ||||||||||||||||||||||||||||||| 
pHIV-SV40-CD4scFv_clone_7   251 AAGTATGCTTCCCAGTCCA TCTCTGGGATCCCCTCCAGGTTCAGNGGCAG    300 
 
predicted                   301 TGGATCAGGGACAGATTTCACTCTCAGTATCAACAGTGTGGAGACTGAAG    350 
                                ||||||||||||||||||| ||||||||||||||||||||||||||||||| 
pHIV-SV40-CD4scFv_clone_7   301 NGGATCAGGGACAGATTTC ACTCTCAGTATCAACAGTGTGGAGACTGAAG    350 
 
predicted                   351 ATTTTGGAATGTATTTCTGTCAACAGAGTAACAGCTGGCCGTACACGTTC    400 
                                ||||||||||||||||||| ||||||||||||||||||||||||||||||| 
pHIV-SV40-CD4scFv_clone_7   351 ATTTTGGAATGTATTTCTG TCAACAGAGTAACAGCTGGCCGTACACGTTC    400 
 
predicted                   401 GGAGGGGGGACCAAGCTGGAAATAAAACGTGGTGGTGGTGGTTCTGGTGG    450 
                                ||||||||||||||||||| ||||||||||||||||||||||||||||||| 
pHIV-SV40-CD4scFv_clone_7   401 GGAGGGGGGACCAAGCTGG AAATAAAACGTGGTGGTGGTGGTTCTGGTGG    450 
 
predicted                   451 TGGTGGTTCTGGCGGCGGCGGCTCCGGTGGTGGTGGATCCGAAGTGAAGC    500 
                                ||||||||||||||||||| ||||||||||||||||||||||||||||||| 
pHIV-SV40-CD4scFv_clone_7   451 TGGTGGTTCTGGCGGCGGC GGCTCCGGTGGTGGTGGATCCGAAGTGAAGC    500 
 
predicted                   501 TTGAGGAGTCTGGCCCTGGGATATTGAAGCCCTCACAGACCCTCAGTCTG    550 
                                ||||||||||||||||||| ||||||||||||||||||||||||||||||| 
pHIV-SV40-CD4scFv_clone_7   501 TTGAGGAGTCTGGCCCTGG GATATTGAAGCCCTCACAGACCCTCAGTCTG    550 
 
predicted                   551 ACTTGTTCTTTCTCTGGGTTTTCACTGAGCACTTCTGGTATGGGTGTAGG    600 
                                ||||||||||||||||||| ||||||||||||||||||||||||||||||| 
pHIV-SV40-CD4scFv_clone_7   551 ACTTGTTCTTTCTCTGGGT TTTCACTGAGCACTTCTGGTATGGGTGTAGG    600 
 
predicted                   601 CTGGATTCGTCAGCCTTCAGGGAAGGGTCTGGAGTGGCTGGCACACATTT    650 
                                ||||||||||||||||||| ||||||||||||||||||||||||||||||| 
pHIV-SV40-CD4scFv_clone_7   601 CTGGATTCGTCAGCCTTCA GGGAAGGGTCTGGAGTGGCTGGCACACATTT    650 
 
predicted                   651 GGTGGGATGATGATAAGTACTATAACCCATCCCTGAAGAGCCAGCTCACA    700 
                                ||||||||||||||||||| ||||||||||||||||||||||||||||||| 
pHIV-SV40-CD4scFv_clone_7   651 GGTGGGATGATGATAAGTA CTATAACCCATCCCTGAAGAGCCAGCTCACA    700 
 
predicted                   701 ATCTCCAAGGATACCTCCAGAAACCAGGTATTCCTCAAGATCACCAGTGT    750 
                                ||||||||||||||||||| ||||||||||||||||||||||||||||||| 
pHIV-SV40-CD4scFv_clone_7   701 ATCTCCAAGGATACCTCCA GAAACCAGGTATTCCTCAAGATCACCAGTGT    750 
 
predicted                   751 GGACACTGCAGATACTGCCACTTACTACTGTGCTCGAAATTATGATTACG    800 
                                ||||||||||||||||||| ||||||||||||||||||||||||||||||| 
pHIV-SV40-CD4scFv_clone_7   751 GGACACTGCAGATACTGCC ACTTACTACTGTGCTCGAAATTATGATTACG    800 
 
predicted                   801 ACGGGTACTTCGATGTCTGGGGCGCAGGGACCTCAGTCACCGTCTCCTCG    850 
                                ||||||||||||||||||| ||||||||||||||||||||||||||||||| 
pHIV-SV40-CD4scFv_clone_7   801 ACGGGTACTTCGATGTCTG GGGCGCAGGGACCTCAGTCACCGTCTCCTCG    850 
 
predicted                   851 GCCTCGGGGGCCGATCACCATCATCACCATCATTAGCATATG    892 
                                ||||||||||||||||||| ||||||||||||||||||||||| 
pHIV-SV40-CD4scFv_clone_7   851 GCCTCGGGGGCCGATCACC ATCATCACCATCATTAGCATATG    892 

SSVV4400  ll iinnkkeerr   VVHH  HHIISS66  

pHIVSV_for2 
seqVL_for 
seqVH_back 

fHSS 

VL 

linker 

VH 

HIS6 

A 

B 

VVLL  ffHHSSSS  
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Figure A2.4: pHIV-CD4scFv vector map.  Sequences of interest are shown with 

arrows. The anti-rat CD4 scFv gene consists of a variable light (VL) domain and a 

variable heavy (VL) domain joined together with a 20 amino acid linker sequence. 

The anti-rat CD4 scFv has a factor H secretory sequence (fHSS) at its amino 

terminus and a 6 histidine tag (HIS6) at its carboxyl terminus. The internal SV40 

promoter controls the expression of anti-rat CD4 scFv. The 5’ and 3’ long terminal 

repeats (LTRs), the central polypurine tract (cppt), the extended rev response 

element (RRExt) and the gag primer amplicon are also highlighted. 
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APPENDIX 4: SEQUENCE ANALYSIS 

 

 

 



 
 
 

 

 

 

 

 

Figure A4.1: Colony 4.11 sequencing results show in sertion of the anti-

rat CD4scFv_F2A SOE-PCR product into the pHIV-SV40 plasmid at the 

ClaI restriction site.  (A) Sequencing reactions were performed using three 

primers (as seen on the diagram; refer to Table 2.5 for primer sequences) to 

determine the exact sequence of the SOE-PCR product. (B) Alignment of the 

predicted sequence against the actual sequence of colony 4.11 is shown. Refer to 

Section 3.3.a.1. for the construction of pHIV-CD4scFv_F2A_eYFP. Numbers 

represent base pair count and coding regions of interest are colour coded. Exact 

nucleotide matches are represented by *.  
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A4.1 Sequence analysis of pHIV-CD4scFv_F2A_eYFP  

 

 

predicted                            CGATCAAAAAATGAGACTTCTAGCAAAGATTATTTGCCTTATGTTATGGG 50 
HIV-SV-CD4_F2A_eYFP_colony_4.11      CGATCAAAAAATGA GACTTCTAGCAAAGATTATTTGCCTTATGTTATGGG 50 
                                    *************** *********************************** 
 
predicted                            CTATTTGTGTAGCAGAAGATTGCCTCGAGGCCCAGCCGGCCATGGCGGAC 100 
HIV-SV-CD4_F2A_eYFP_colony_4.11      CTATTTGTGTAGCA GAAGATTGCCTCGAGGCCCAGCCGGCCATGGCGGAC 100 
                                    *************** *********************************** 
 
predicted                            TACAAAGA CATTGTGCTCACTCAGTCTCCAGCCACCCTGTCTGTGACTCC 150 
HIV-SV-CD4_F2A_eYFP_colony_4.11      TACAAAGACATTGT GCTCACTCAGTCTCCAGCCACCCTGTCTGTGACTCC 150 
                                    *************** *********************************** 
 
predicted                            AGGAGATAGCGTCAGTCTTTCCTGCAGGGCCAGCCGAANTATTAGCAACA 200 
HIV-SV-CD4_F2A_eYFP_colony_4.11      AGGAGATAGCGTCA GTCTTTCCTGCAGGGCCAGCCGAANTATTAGCAACA 200 
                                     ************** ************************************ 
 
predicted                            ACCTACACTGGTATCAACAAAAATCACATGAGTCTCCAAGGCTTCTCATC 250 
HIV-SV-CD4_F2A_eYFP_colony_4.11      ACCTACACTGGTAT CAACAAAAATCACATGAGTCTCCAAGGCTTCTCATC 250 
                                     ************** ************************************ 
 
predicted                            AAGTATGCTTCCCA GTCCATCTCTGGGATCCCCTCCAGGTTCAGNGGCAG 300 
HIV-SV-CD4_F2A_eYFP_colony_4.11      AAGTATGCTTCCCA GTCCATCTCTGGGATCCCCTCCAGGTTCAGNGGCAG 300 
                                     ************** ************************************ 
 
predicted                            TGGATCAGGGACAGATTTCACTCTCAGTATCAACAGTGTGGAGACTGAAG 350 
HIV-SV-CD4_F2A_eYFP_colony_4.11      TGGATCAGGGACAG ATTTCACTCTCAGTATCAACAGTGTGGAGACTGAAG 350 
                                     ************** ************************************ 
 
predicted                            ATTTTGGAATGTATTTCTGTCAACAGAGTAACAGCTGGCCGTACACGTTC 400 
HIV-SV-CD4_F2A_eYFP_colony_4.11      ATTTTGGAATGTAT TTCTGTCAACAGAGTAACAGCTGGCCGTACACGTTC 400 
                                    *************** *********************************** 
 
predicted                            GGAGGGGGGACCAAGCTGGAAATAAAACGTGGTGGTGGTGGTTCTGGTGG 450 
HIV-SV-CD4_F2A_eYFP_colony_4.11      GGAGGGGGGACCAA GCTGGAAATAAAACGTGGTGGTGGTGGTTCTGGTGG 450 
                                     ************** ************************************ 
 
predicted                           TGGTGGTTCTGGCGGCGGCGGCTCCGGTGGTGGTGGATCCGAAGTGAAGC 500 
HIV-SV-CD4_F2A_eYFP_clone_4.11      TGGTGGTTCTGGCGG CGGCGGCTCCGGTGGTGGTGGATCCGAAGTGAAGC 500 
                                    *************** *********************************** 
 
predicted                            TTGAGGAGTCTGGCCCTGGGATATTGAAGCCCTCACAGACCCTCAGTCTG 550 
HIV-SV-CD4_F2A_eYFP_colony_4.11      TTGAGGAGTCTGGC CCTGGGATATTGAAGCCCTCACAGACCCTCAGTCTG 550 
                                     ************** ************************************ 
 
predicted                            ACTTGTTCTTTCTCTGGGTTTTCACTGAGCACTTCTGGTATGGGTGTAGG 600 
HIV-SV-CD4_F2A_eYFP_colony_4.11      ACTTGTTCTTTCTC TGGGTTTTCACTGAGCACTTCTGGTATGGGTGTAGG 600 
                                     ************** ************************************ 
 
predicted                            CTGGATTCGTCAGCCTTCAGGGAAGGGTCTGGAGTGGCTGGCACACATTT 650 
HIV-SV-CD4_F2A_eYFP_colony_4.11      CTGGATTCGTCAGC CTTCAGGGAAGGGTCTGGAGTGGCTGGCACACATTT 650 
                                     ************** ************************************ 
 
 
predicted                            GGTGGGATGATGATAAGTACTATAACCCATCCCTGAAGAGCCAGCTCACA 700 
HIV-SV-CD4_F2A_eYFP_colony_4.11      GGTGGGATGATGAT AAGTACTATAACCCATCCCTGAAGAGCCAGCTCACA 700 
                                     ************** ************************************ 
 
predicted                            ATCTCCAAGGATACCTCCAGAAACCAGGTATTCCTCAAGATCACCAGTGT 750 
HIV-SV-CD4_F2A_eYFP_colony_4.11      ATCTCCAAGGATAC CTCCAGAAACCAGGTATTCCTCAAGATCACCAGTGT 750 
                                     ************** ************************************ 
 
predicted                            GGACACTGCAGATACTGCCACTTACTACTGTGCTCGAAATTATGATTACG 800 
HIV-SV-CD4_F2A_eYFP_colony_4.11      GGACACTGCAGATA CTGCCACTTACTACTGTGCTCGAAATTATGATTACG 800 
                                     ************** ************************************ 
 
predicted                            ACGGGTACTTCGATGTCTGGGGCGCAGGGACCTCAGTCACCGTCTCCTCG 850 
HIV-SV-CD4_F2A_eYFP_colony_4.11      ACGGGTACTTCGAT GTCTGGGGCGCAGGGACCTCAGTCACCGTCTCCTCG 850 
                                     ************** ************************************ 
 
predicted                            GCCTCGGGGGCCGATCACCATCATCACCATCATTCTAGAGCCAAACGCGC 900 
HIV-SV-CD4_F2A_eYFP_colony_4.11      GCCTCGGGGGCCGA TCACCATCATCACCATCATTCTAGAGCCAAACGCGC 900 
                                     ************** ************************************ 
 
predicted                            TCCCGTGAAGCAGACCCTGAACTTTGACCTTCTGAAACTTGCCGGCGACG 950 
HIV-SV-CD4_F2A_eYFP_colony_4.11      TCCCGTGAAGCAGA CCCTGAACTTTGACCTTCTGAAACTTGCCGGCGACG 950 
                                     ************** ************************************ 
 
predicted                            TCGAGTCCAACCCTGGCCCCGGGACATCGATA 982 
HIV-SV-CD4_F2A_eYFP_colony_4.11      TCGAGTCCAACCCT GGCCCCGGGACATCGATA 982 
                                     ************** ****************** 

CCDD44  ssccFFvv  ((nnoo  ssttoopp))  FF22AA  
pHIVSV_for2 

seqVHback 
seqVLfor 

fHSS 

ClaI 

F2A 

anti-rat CD4 scFv 

ClaI 

ffHHSSSS  SSVV4400  

B 

A 
eeYYFFPP  



 
 
 

 

 

 

 

Figure A4.2: Colony 3 sequencing results show inser tion of eYFP_F2A 

SOE-PCR product into the pHIV-CD4scFv plasmid at th e ClaI restriction 

site. (A)  Sequencing reactions were performed using three primers (as seen on the 

diagram; refer to Table 2.5 for primer sequences). (B) Alignment of the predicted 

sequence against the actual sequence of colony 3 is shown. Refer to Section 3.3.a.2 

for the construction of pHIV-eYFP_F2A_CD4scFv. Coding regions of interest are 

colour coded. Exact nucleotide matches are represented by * 

. 
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A4.2 Sequence analysis of pHIV-eYFP_F2A_CD4scFv 

 

 

 
predicted       ATCGATGCCACCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTG 
eYFP_F2A        ATCGATGCCACCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTG 
                *********************************** ************************* 
 
predicted       GTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGC 
eYFP_F2A        GTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGC 
                *********************************** ************************* 
 
predicted       GATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTG 
eYFP_F2A        GATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTG 
                *********************************** ************************* 
 
predicted       CCCTGGCCCACCCTCGTGACCACCTTCGGCTACGGCCTGCAGTGCTTCGCCCGCTACCCC 
eYFP_F2A        CCCTGGCCCACCCTCGTGACCACCTTCGGCTACGGCCTGCAGTGCTTCGCCCGCTACCCC 
                *********************************** ************************* 
 
predicted       GACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAG 
eYFP_F2A        GACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAG 
                *********************************** ************************* 
 
predicted       CGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAG 
eYFP_F2A        CGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAG 
                *********************************** ************************* 
 
predicted       GGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAAC 
eYFP_F2A        GGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAAC 
                *********************************** ************************* 
 
predicted       ATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGAC 
eYFP_F2A        ATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGAC 
                *********************************** ************************* 
 
predicted       AAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGC 
eYFP_F2A        AAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGC 
                *********************************** ************************* 
 
predicted       GTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTG 
eYFP_F2A        GTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTG 
                *********************************** ************************* 
 
predicted       CCCGACAACCACTACCTGAGCTACCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGC 
eYFP_F2A        CCCGACAACCACTACCTGAGCTACCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGC 
                *********************************** ************************* 
 
predicted       GATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAG 
eYFP_F2A        GATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAG 
                *********************************** ************************* 
 
predicted       CTGTACAAGAGAGCCAAACGCGCTCCCGTGAAGCAGACCCTGAACTTTGACCTTCTGAAA 
eYFP_F2A        CTGTACAAGAGAGCCAAACGCGCTCCCGTGAAGCAGACCCTGAACTTTGACCTTCTGAAA 
                *********************************** ************************* 
 
predicted       CTTGCCGGCGACGTCGAGTCCAACCCTGGCCCCATCGAT 
eYFP_F2A        CTTGCCGGCGACGTCGAGTCCAACCCTGGCCCCATCGAT 
                *********************************** **** 
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Figure A4.3: Colony 1 sequencing results show remov al of eYFP, to 

create the pHIV-CD4scFv_F2A construct. (A)  Sequencing reactions were 

performed using two primers (as seen on the diagram; refer to Table 2.5 for primer 

sequences). (B) Alignment of the predicted sequence against the actual sequence of 

colony 1 is shown. It is important to note that there is no stop codon after the anti-rat 

CD4 scFv gene or the F2A sequence therefore translation will continue on. Refer to 

Section 3.3.a.3. for the construction of pHIV-CD4scFv_F2A. Coding regions of 

interest are colour coded. Exact nucleotide matches are represented by *. 
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A4.3 Sequence analysis of pHIV-CD4scFv_F2A 

 

 

 

predicted       AGAGCCAAACGCGCTCCCGTGAAGCAGACCCTGAACTTTGACCTTCTGAAACTTGCCGGC 
F2A_3'LTR       AGAGCCAAACGCGCTCCCGTGAAGCAGACCCTGAACTTTGACCTTCTGAAACTTGCCGGC 
                *********************************** ************************* 
 
predicted       GACGTCGAGTCCAACCCTGGCCCCGGTATGCTATGGATCTTAGCCACTTTTTAAAAGAAA 
F2A_3'LTR       GACGTCGAGTCCAACCCTGGCCCCGGTATGCTATGGATCTTAGCCACTTTTTAAAAGAAA 
                *********************************** ************************* 
 
predicted       AGGGGGGACTGGAAGGGCTAATTCACTCCCAACAAAGACAAGATCTGCTTTTGCCTGTAC 
F2A_3'LTR       AAAGGGGGGACTGGAAGGGCTAATTCACTCCCAACAAAGACAAGATCTGCTTTTGCCTAC 
                *********************************** ************************* 
 
predicted       TGGGTCTCTCTGGTTAGACCAGATCTGAGCCTGGGAGCTCTCTGGCTAGCTAGGAAACCC 
F2A_3'LTR       TGTGGGTCTCTCTGGTTAGACCAGATCTGAGCCTGGGAGCTCTCTGGCTAGCTAGGAACC 
                *********************************** ************************* 
predicted       ACTGCTTAAGCCTCAATAAAGCTTGCCTTGAGTGCTTTAAGTAGTATGTGCCCGTCTGTT 
F2A_3'LTR       ACACTGCTTAAGCCTCAATAAAGCTTGCCTTGAGTGCTTTAAGTAGTATGTGCCCGTCTT 
                *********************************** ************************* 
 
predicted       GTGTGACTCTGGTAACTAGAGATCCCTCAGACCCTTTTAGTCAGTGTGGAAAATCTCTAG 
F2A_3'LTR       GTGTGTGACTCTGGTAACTAGAGATCCCTCAGACCCTTTTAGTCAGTGTGGAAAATCTAG 
                *********************************** ************************* 
 
predicted       CA 
F2A_3'LTR       CA 
                ** 
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Figure A4.4: Colony 12 sequencing results show inse rtion of the 

Endostatin:Kringle-5 fusion protein (EK5) into the pHIV-CD4scFv_F2A 

plasmid at the XmaI and NdeI restriction sites.  (A) Sequencing reactions 

were performed using two primers (as seen on the diagram; refer to Table 2.5 for 

primer sequences) to determine the exact sequence of the EK5 insert. (B) Alignment 

of the predicted sequence against the actual sequence of Colony 12 is shown. Coding 

regions of interest are colour coded. Exact nucleotide matches are represented by *.  
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A4.4 Sequence analysis of pHIV-CD4scFv_F2A_EK5 

 

 
 
 
 
predicted                      ------- CCCCGGTATGTACAGGATGCAACTCCTGTCTTGCATTGCACTA 
pHIV-SV40-CD4scFv_F2A_EK5      ACCCTGGCCCCGGTATGTAC AGGATGCAACTCCTGTCTTGCATTGCACTA 
                                      ************* ****************************** 
 
predicted                      AGTCTTGCACTTGTCACGAATTCGGCCCACAGCCACCGCGACTTCCAGCC 
pHIV-SV40-CD4scFv_F2A_EK5      AGTCTTGCACTTGTCACGAA TTCGGCCCACAGCCACCGCGACTTCCAGCC 
                               ******************** ****************************** 
 
predicted                      GGTGCTCCACCTGGTTGCGCTCAACAGCCCCCTGTCAGGCGGCATGCGGG 
pHIV-SV40-CD4scFv_F2A_EK5      GGTGCTCCACCTGGTTGCGC TCAACAGCCCCCTGTCAGGCGGCATGCGGG 
                               ******************** ****************************** 
 
predicted                      GCATCCGCGGGGCCGACTTCCAGTGCTTCCAGCAGGCGCGGGCCGTGGGG 
pHIV-SV40-CD4scFv_F2A_EK5      GCATCCGCGGGGCCGACTTC CAGTGCTTCCAGCAGGCGCGGGCCGTGGGG 
                               ******************** ****************************** 
 
predicted                      CTGGCGGGCACCTTCCGCGCCTTCCTGTCCTCGCGCCTGCAGGACCTGTA 
pHIV-SV40-CD4scFv_F2A_EK5      CTGGCGGGCACCTTCCGCGC CTTCCTGTCCTCGCGCCTGCAGGACCTGTA 
                               ******************** ****************************** 
 
predicted                      CAGCATCGTGCGCCGTGCCGACCGCGCAGCCGTGCCCATCGTCAACCTCA 
pHIV-SV40-CD4scFv_F2A_EK5      CAGCATCGTGCGCCGTGCCG ACCGCGCAGCCGTGCCCATCGTCAACCTCA 
                               ******************** ****************************** 
 
predicted                      AGGACGAGCTGCTGTTTCCCAGCTGGGAGGCTCTGTTCTCAGGCTCTGAG 
pHIV-SV40-CD4scFv_F2A_EK5      AGGACGAGCTGCTGTTTCCC AGCTGGGAGGCTCTGTTCTCAGGCTCTGAG 
                               ******************** ****************************** 
 
predicted                      GGTCCGCTGAAGCCCGGGGCACGCATCTTCTCCTTTGACGGCAAGGACG 
pHIV-SV40-CD4scFv_F2A_EK5      GGTCCGCTGAAGCCCGGGGCACGCATCTTCTCCTTTGACGGCAAGGACG 
                               ***** ************** ****************************** 
 
predicted                      TCCTGAGGCACCCCACCTGGCCCCAGAAGAGCGTGTGGCATGGCTCGGAC 
pHIV-SV40-CD4scFv_F2A_EK5      TCCTGAGGCACCCCACCTGG CCCCAGAAGAGCGTGTGGCATGGCTCGGAC 
                               ******************** ****************************** 
 
predicted                      CCCAACGGGCGCAGGCTGACCGAGAGCTACTGTGAGACGTGGCGGACGGA 
pHIV-SV40-CD4scFv_F2A_EK5      CCCAACGGGCGCAGGCTGAC CGAGAGCTACTGTGAGACGTGGCGGACGGA 
                               ******************** ****************************** 
 
predicted                      GGCTCCCTCGGCCACGGGCCAGGCCTCCTCGCTGCTGGGGGGCAGGCTCC 
pHIV-SV40-CD4scFv_F2A_EK5      GGCTCCCTCGGCCACGGGCCAGGCCTCCTCGCTGCTGGGGGGCAGGCTCC 
                               ******************** ****************************** 
 
predicted                      TGGGGCAGAGTGCCGCGAGCTGCCATCACGCCTACATCGTGCTCTGCATT 
pHIV-SV40-CD4scFv_F2A_EK5      TGGGGCAGAGTGCCGCGAGCTGCCATCACGCCTACATCGTGCTCTGCATT 
                               ******************** ****************************** 
 
 
predicted                      GAGAACAGCTTCATGACTGCCTCCAAGGTACCAGGAGTAGGTACGAATTC 
pHIV-SV40-CD4scFv_F2A_EK5      GAGAACAGCTTCATGACTGC CTCCAAGGTACCAGGAGTAGGTACGAATTC 
                               ******************** ****************************** 
 
predicted                      GCCTGTTGTCCTGCTTCCAGATGTAGAGACTCCTTCCGAAGAAGACTGTA 
pHIV-SV40-CD4scFv_F2A_EK5      GCCTGTTGTCCTGCTTCCAG ATGTAGAGACTCCTTCCGAAGAAGACTGTA 
                               ******************** ****************************** 
 
predicted                      TGTTTGGGAATGGGAAAGGATACCGAGGCAAGAGGGCGACCACTGTTACT 
pHIV-SV40-CD4scFv_F2A_EK5      TGTTTGGGAATGGGAAAGGA TACCGAGGCAAGAGGGCGACCACTGTTACT 
                               ******************** ****************************** 
 
predicted                      GGGACGCCATGCCAGGACTGGGCTGCCCAGGAGCCCCATAGACACAGCAT 
pHIV-SV40-CD4scFv_F2A_EK5      GGGACGCCATGCCAGGACTG GGCTGCCCAGGAGCCCCATAGACACAGCAT 
                               ******************** ****************************** 
 
predicted                      TTTCACTCCAGAGACAAATCCACGGGCGGGTCTGGAAAAAAATTACTGCC 
pHIV-SV40-CD4scFv_F2A_EK5      TTTCACTCCAGAGACAAATC CACGGGCGGGTCTGGAAAAAAATTACTGCC 
                               ******************** ****************************** 
 
predicted                      GTAACCCTGATGGTGATGTAGGTGGTCCCTGGTGCTACACGACAAATCCA 
pHIV-SV40-CD4scFv_F2A_EK5      GTAACCCTGATGGTGATGTA GGTGGTCCCTGGTGCTACACGACAAATCCA 
                               ******************** ****************************** 
 
predicted                      AGAAAACTTTACGACTACTGTGATGTCCCTCAGTGTGCGGCCCCTTCATT 
pHIV-SV40-CD4scFv_F2A_EK5      AGAAAACTTTACGACTACTG TGATGTCCCTCAGTGTGCGGCCCCTTCATT 
                               ******************** ****************************** 
 
predicted                      TGATTAGCATATG 
pHIV-SV40-CD4scFv_F2A_EK5      TGATTAGCATATG 
                               *************       
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